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IceCube-Gen2 is a planned extension of the IceCube Neutrino Observatory at the South
Pole designed to study the high-energy neutrino sky from TeV to EeV energies with a five
times better point source sensitivity than the current IceCube detector. This is achieved by
deploying 120 new strings with attached optical sensors in a pattern around IceCube that
features considerably larger distances between individual strings than the ~125m for the
existing detector. Here, we present the results of an optimization study searching for the best
point source sensitivity while varying the IceCube-Gen2 string spacing between 150 m and 350 m.
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IceCube-Gen2 geometry studies

1. IceCube-Gen2

IceCube is a cubic-kilometer neutrino detector installed in the ice at the geographic South
Pole [1] between depths of 1450 m and 2450 m, completed in 2010. Reconstruction of the direction,
energy and flavor of the neutrinos relies on the optical detection of Cherenkov radiation induced
by charged particles produced in the interactions of neutrinos in the surrounding ice or the nearby
bedrock.

IceCube-Gen2 will be an extension of the existing IceCube [2] array aiming to explore the high-
energy neutrino sky. 120 new strings with attached optical sensors will be installed around IceCube
with considerably larger distances between individual strings, increasing the sensitivity for neutrino
energies above 10 TeV. A large surface array will enhance the veto of cosmic-ray (CR) air showers
and, thus, lower the energy threshold for the identification of neutrino interactions on the Southern
sky. The detection of neutrinos with energies above 100 PeV is the main goal of the radio array [3].
As a first step towards IceCube-Gen2, IceCube Upgrade [4], currently under construction, lowers
the detection threshold for neutrinos to 1 GeV leading to significant improvements for oscillation
measurements, dark matter, and other beyond Standard Model physics searches. Here we focus
on the optimization of the inter-string spacing for best point source sensitivity of the high-energy
optical array that is comprised of the 86 IceCube and 120 additional strings.

The IceCube-Gen?2 optical array will, like IceCube, detect neutrinos via the relativistic products
of charge current (CC) and neutral current (NC) interactions. Muons created in v, CC interactions
produce tracks when passing through the detector. Cascades are produced for all v, and v, as well
as v, NC interactions. In this work, we study the sensitivity to point sources with tracks.

2. “‘Sunflower’ geometries

A previous study of geometrical shapes of the IceCube-Gen2 optical array [5] has shown that
a “Sunflower”-like geometry is advantageous compared to IceCube’s regular grid. The location of
the strings in “Sunflower” geometry is defined in a polar coordinate system as

r=syn, ¢=2—72Tn (1)
8

where g = “T\B (golden ratio), s is a spacing parameter, and # is a natural number that defines string
position. To generate the “Sunflower” geometry, the spiral starts at the center of IceCube. All the
string positions that are inside of IceCube region or outside of the allowed (cf. Fig. 1) construction
region are removed. The process is stopped when the total number of 120 strings is reached.

The IceCube-Gen2 optical sensors will be placed between 1325 m and 2575 m underground
with 16 m spacing between the DOMs along the string. Eight values of inter-string spacing
parameter s were chosen for the optimization study: 150 m, 200 m, 220 m, 240 m, 260 m, 280 m,
300 m, and 350 m. Fig.1 shows the schematic top view of the high-energy optical array layout for
three of these parameters (150 m, 240 m, and 350 m).
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Figure 1: Visualization of IceCube-Gen2 geometries with inter-string spacings of 150 m (a), 240 m (b),
and 350 m (c). The black dots represent the location of existing IceCube strings. The small red region near
the IceCube detector is an old South Pole station and unsuitable for deployment. The allowed region for
IceCube-Gen2 construction is limited to the light-green sector. All other sectors are reserved for different
purposes.

3. Monte Carlo simulations

IceCube-Gen2 will have novel optical sensors such as mDOMs and D-Eggs [2]. The multi-
PMT DOM (mDOM) is an optical module with 24 3-inch photo-multiplayers (PMTs). This type of
DOM will have 2.2 times higher photocathode area in comparison with IceCube pDOM, isotropic
sensitivity, and opportunity to obtain information from individual “pixels” (24 PMTs). To be able to
use already developed and well-tested techniques to reconstruct simulated events with new sensors,
mDOMs were simulated as pDOM type modules, installed on existing IceCube strings, that have
~3 times higher quantum efficiency and isotropic angular acceptance.

The IceCube-Gen2 point source sensitivity is dominated by the detection and reconstruction
capabilities for tracks produced in v, CC interactions due to larger effective area and better angular
resolution compared to cascades. Therefore, for this study, an isotropic distribution of muons having
a power-law energy spectrum with a spectral index y = —1.4 in the energy range between E,,;,
=300 GeV and E,,, = 100 PeV is generated. The spectral index is chosen to keep the spectrum
approximately flat in logarithmic scale after the event selection. Individual stochastic muon energy
deposits are simulated inside of a cylindrical region that encloses IceCube-Gen2 with the height
H = 1700 m and the radius R = 2500 m. In the next step, the CLSim package is used — a simulation
software package to propagate photons from Cherenkov radiation [6]. The final simulation step is
the detector simulation that simulates noise and the charge response of the PMTs.

The properties of the simulated tracks are reconstructed using IceCube’s reconstruction algo-
rithms. The best performing muon track direction reconstruction algorithm (SplineMPE) is based
on a maximum likelihood method using the arrival time distribution of Cherenkov photons regis-
tered by the experiment’s PMTs [7]. It uses the results of simpler reconstruction algorithms, such
as the LineFit algorithm [8], as starting hypothesis.

Eight datasets (one per geometry) were produced containing ~ 50 000 triggered events in each.
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Figure 2: Distribution of the reduced log-likelihood parameter for two different high-energy array geometries.
The part of dataset remaining when applying the (unaltered) cut motivated from IceCube analysis is marked
green.

4. Event selection

An event selection is needed to exclude poorly reconstructed tracks from the dataset. Four
parameters are used to discriminate well-reconstructed tracks from poorly-reconstructed tracks:

* LineFit velocity is a parameter describing an apparent track velocity in the LineFit algorithm.
As a “sanity cut”, this value should be less than twice the speed of light in ice. The major
part of IceCube events have LineFit velocity less than speed of light in ice.

* Reduced log-likelihood is the absolute value of the best-fit log-likelihood divided by the
number of degrees of freedom which is analogous to )(2 /naor. “Good” tracks in IceCube
have a value of less than 8.5 in this variable.

* Number of DOMs with “direct” photons, i.e. that arrive between -15 ns and +50 ns of the
expected arrival time in a scatter-free medium, given the best-fit track. Good quality tracks
in IceCube have a value larger than 6 for this parameter.

* Track length within the instrumented volume of IceCube. The direction of tracks that inter-
sect only a small portion of the instrumented volume can usually not be well reconstructed.
Therefore, the reconstructed track length must be greater than 120 m in IceCube.

The IceCube quality cuts might be inapplicable for IceCube-Gen2, therefore the performance
of this event selection was examined for Gen2. The distributions of LineFit velocity, number of
DOMs with direct photons, and track length did not change with inclusion of the high-energy
array, unlike the reduced log-likelihood, which heavily depends on the spacing parameter. This is
demonstrated also in Fig.2: The part of dataset that remains after the standard IceCube selection
procedure is marked green (on left from the red line) . The high cut efficiency for IceCube (125 m
inner-string spacing) or “Sunflower” 150 m drops dramatically for the Sunflower with 350 m inter-
string spacing. Therefore the reduced log-likelihood parameter had to be re-optimized individually
for each geometry for this study.
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Zenith 90 + 10° Zenith 70 = 10° Zenith 50 = 10°

n Yso Woo| n Wso Woo | 7 W50 Woo
150 8.5 97% 023 3.8 | 93% 0.27 109 | 90% 0.28 14.3
200 9.0 96% 0.21 5.0 |93% 033 11.8 | 89% 0.36 14.8
220 9.0 97% 022 6.1 | 97% 033 11.2|93% 040 314
240 9.5 98% 023 49 | 98% 040 174 | 96% 0.43 13.3
260 9.5 95% 0.22 85 |94% 0.30 103 | 89% 041 18.9
280 10.0 96% 020 52 | 92% 035 8.1 | 8% 049 127
300 10.5 93% 020 83 | 89% 0.31 82 | 87% 049 18.7
350 11.5 95% 021 7.7 | 78% 034 7.6 | 72% 0.57 20.7

s, m ‘rlogl’ cut

Table 1: Reduced log-likelihood cuts optimized for the high-energy muon sample (£, > 100 TeV). n
denotes cut efficiency on this sample (i.e. fraction of events that remain after the application of the cut), ¥5q
is the median opening angle (degrees), and Wog is the 99% quantile of the opening angle (degrees).

Two alternate sets of cuts were defined monitoring the selection efficiency in two different
energy ranges. A high-energy (HE) set, aiming for a high efficiency for muons with E,, > 100 TeV,
and a low-energy (LE) set, aiming for a high-efliciency for muons with E,, < 50 TeV. As the former
selection is more stringent than the latter, the LE selection implicitly features a high efficiency
also for high-energy tracks. The efficiency is checked separately in three zenith bins. The main
criterion for defining the cut values was to maintain a small median opening angle between true
and reconstructed direction and have simultaneously a good cut efficiency. In addition, the 99%
quantile of the point spread function was considered as an estimate for the size of the tails of poorly
reconstructed events in the set. Lacking a dedicated simulation of atmospheric muon background,
the 99% quantile of the PSF has been used as a proxy for the angular reconstruction performance on
this background. The selection cut has been adjusted to ensure that > 99% of the muons arriving
from zenith angles < 80 degrees are reconstructed outside the region with zenith angles > 90°. The
values of the selection cuts, as well as median opening angle, 99% quantile for the point spread
function (PSF), and cut efficiency are shown in Table 1 and Table 2 for the high- and low-energy
sample, respectively. For horizontal muons, the angular resolution is approximately the same for
all geometries. However, in zenith bin 50 + 10°, the denser instrumentation will show significantly
better angular resolution.

5. Sensitivity to astrophysical neutrinos

In the following, we use the method described in [9] to obtain expected neutrino event rates
and point source sensitivities from basic detector performance quantities such as the muon effective
area and the energy resolution.

The performance of each of the eight proposed detector geometries was parametrized. For
muon tracks, the detector performance is characterized by four quantities: the muon effective area,
the selection efficiency, the energy resolution, and the point spread function.

Muon effective area. Fig. 3 shows the muon effective area of the “Sunflower” geometries
with spacings from 150 m to 350 m for muons entering the detector with 1 PeV energy.
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Zenith 90 + 10° Zenith 70 = 10° Zenith 50 = 10°

n Yso Woo| n Wso Woo | 7 W50 Woo
150 8.5 91% 024 54 | 90% 034 69 |87% 044 10.8
200 9.5 89% 026 7.2 | 8% 037 9.5 |85% 048 153
220 10.0 88% 0.25 6.9 | 88% 0.36 10.1 | 85% 0.51 129
240 10.5 90% 0.25 6.6 | 89% 038 95 | 87% 0.54 169
260 10.5 83% 0.25 9.2 | 82% 0.38 139 | 81% 0.55 152
280 11.0 84% 026 7.7 | 84% 040 8.6 | 79% 0.53 20.2
300 11.5 84% 026 85 | 84% 040 13.0| 78% 0.59 15.8
350 12.5 83% 027 6.6 | 78% 040 139 | 77% 0.58 21.0

s, m ‘rlogl’ cut

Table 2: Reduced log-likelihood cuts optimized for the low-energy muon subsample (E, < 50 TeV). n
denotes cut efficiency on this sample (i.e. fraction of events that remain after the application of the cut), 5
is the median opening angle (degrees), and Wog is the 99% quantile of the opening angle (degrees).
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Figure 3: The average muon effective area after quality cuts as a function of zenith angle is shown for 1 PeV
muons.

Muon energy resolution. The stochastic energy losses of highly energetic muons cause a
significant spread in observed muon energy. The muon energy resolution is a parameterization of
the reconstructed energy distribution for muons entering the detector with a specific energy, after
the selection described above.

Muon selection efficiency is a ratio of the number of tracks that passed selection cuts to the
full number of triggered tracks.

Point spread function parameterizes the distribution of the angular distance between the true
muon direction and the reconstructed direction as a function of zenith angle and muon energy.

6. Point source discovery potential

The 50 discovery potential for point sources is used as measure to compare the sensitivity of
different inter-string spacings. It is defined as the neutrino flux from a candidate neutrino source
that is required to produce an excess of neutrinos over background equivalent to a significance of
5o in half of all simulated experiments.



IceCube-Gen2 geometry studies

. . 2 . .
10 year Discovery Potential, E 300 s Discovery Potential, E~2
IceCube-Gen2 Preliminary IceCube-Gen?2 Preliminary
10—11 4
,\“m 10-14
‘ &
|

§ £
> —— Sunflower 150 m ;
|a_) Sunflower 200 m T —— Sunflower 150 m
) 10—12 4 Sunflower 220 m 9 Sunflower 200 m
K Sunflower 240 m =107 e e m
eﬁ( Sunflower 260 m w sunflower 260 m
Tu —— Sunflower 280 m —— Sunflower 280 m

—— Sunflower 300 m —— Sunflower 300 m

—— Sunflower 350 m —— Sunflower 350 m

1 —— IceCube — IceCube
10— T T T T T T T T 1034 : r . : T T T T
—1.00-0.75-0.50-0.25 0.00 0.25 0.50 0.75 —-1.00-0.75-0.50-0.25 0.00 0.25 0.50 0.75 1.00
sind sind
(a) HE cuts set for event selection (b) LE cuts set event selection

Figure 4: IceCube-Gen2 (optical array, “Sunflower” geometries) discovery potential for (a) 10 years of
exposure, high-energy cuts applied, (b) 300 seconds of exposure, low-energy cuts applied.

While IceCube measurements have confirmed the existence of an astrophysical neutrino flux
in multiple energy bands and for different neutrino flavors [10-12], the observation of individual
sources is limited to only few candidates [13, 14]. However, the significantly larger instrumented
area of IceCube-Gen2 will allow detection of fluxes from individual sources that are much fainter
than current limits.

Figures 4 (a) and 4 (b) show the discovery potentials to an E~2 flux from a single source over
10 years and 300 seconds of exposure time, respectively, using only through-going tracks made
by muons formed around IceCube and passing through the detector. The atmospheric background
is assumed to be isotropic within one declination bin. For long exposure, the values of discovery
potentials for the geometries with inter-spacing parameters from 200 m to 300 m differ only slightly
(especially at the horizon where these values coincide within 5% margin). “Sunflower” 350 m
and “Sunflower” 150 m would have slightly worse sensitivity at the horizon compared to other
geometries. For the “burst” discovery potentials (short signal duration), the smaller spacing values
lead to better discovery potential, although the difference between the values of discovery potential
is relatively small, as in case of 10 years of exposure.

The sensitivity in the direction of the Northern celestial pole is lower, because a significant
fraction of high-energy neutrinos is absorbed in the Earth. In the Southern sky, the overall sensitivity
is reduced due to the energy threshold imposed by the rejection of CR muon background, and the
limited target mass for neutrino interactions between the surface and the detector. The largest
projected density of instrumentation, the available target material and the large possible range of
neutrino-induced muons make the celestial horizon (6 = 0) the region with the best sensitivity for
both, IceCube and IceCube-Gen?2.

7. Summary

IceCube-Gen2 will be a multi-component facility that targets the detection of neutrinos with
energies from several GeV to several EeV. Here we have presented sensitivity studies for the high-
energy optical array by varying the inter-string spacing. Good quality tracks have been selected
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to determine the relation between point source discovery potential and inter-string spacing. Two

selections have been defined, one that focuses on high efficiency for tracks with energies below

50 TeV and one that focuses on high efficiency for tracks above 100 TeV. For sources with a

generic power-law spectrum with index —2, inter-string spacings between 200 m and 280 m show

a similar performance with both event selections, while for larger and smaller inter-string spacings

the discovery potential is comparatively worse.
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