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The IceCube Neutrino Observatory opened the window on high-energy neutrino astronomy by

confirming the existence of PeV astrophysical neutrinos and identifying the first compelling

astrophysical neutrino source in the blazar TXS0506+056. Planning is underway to build an

enlarged detector, IceCube-Gen2, which will extend measurements to higher energies, increase

the rate of observed cosmic neutrinos and provide improved prospects for detecting fainter sources.

IceCube-Gen2 is planned to have an extended in-ice optical array, a radio array at shallower depths

for detecting ultra-high-energy (>100 PeV) neutrinos, and a surface component studying cosmic

rays. In this contribution, we will discuss the simulation of the in-ice optical component of the

baseline design of the IceCube-Gen2 detector, which foresees the deployment of an additional

∼ 120 new detection strings to the existing 86 in IceCube over ∼ 7 Antarctic summer seasons.

Motivated by the phased construction plan for IceCube-Gen2, we discuss how the reconstruction

capabilities and sensitivities of the instrument are expected to progress throughout its deployment.
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1. Introduction

Neutrinos are unique messengers to the distant and high-energy reaches of the Universe. Unlike

cosmic rays and gamma rays, neutrinos are chargeless and weakly interacting particles, capable

of travelling in straight lines from their birthplace in astrophysical accelerators. The IceCube

observatory opened the window on high-energy neutrino astronomy by detecting an astrophysical

neutrino flux in 2013 [1]. IceCube has characterized the flux of astrophysical neutrinos, concluding

it is consistent with an isotropic arrival direction distribution. A fit to the energy (�) distribution

of the form a single single power law �−W yields a spectral index 2 < W < 3. It also appears the

three neutrino flavors contribute roughly equally to the total flux [2–5]. In addition to measuring

this diffuse flux of neutrinos, IceCube has also searched for the sources of neutrinos, identifying

the first compelling evidence of a neutrino source in the blazar TXS0506+056 [6, 7]. The IceCube

detector itself is an array of 5,160 photomultiplier tubes deployed instrumenting a cubic kilometer

of clear glacial ice near the geographic South Pole, and is designed to detect the Cherenkov light

emitted by charged particles produced in neutrino interactions in the ice.

To discover ultra-high-energy neutrinos above 10 PeV, better characterize the flux of astrophys-

ical neutrinos with a larger sample size, and identify more neutrino sources, a new, larger detector

is needed. To meet this need, the IceCube-Gen2 detector is under development [8]. IceCube-Gen2

will feature an extended in-ice optical array, which is the focus of this proceeding, as well as a

new shallow-radio array for the detection of ultra-high energy neutrinos, and a surface array for

studying cosmic rays and for providing a veto to downgoing atmospheric neutrinos. IceCube-Gen2

will play an important and complimentary role to other next-generation neutrinos telescopes—such

as KM3NeT [9], Baikal-GVD [10], P-ONE [11], etc.—in characterizing the astrophysical neutrino

flux and searching for sources of neutrinos.

The construction of the IceCube-Gen2 detector is expected to take approximately seven years.

Similarly to IceCube, during the construction phase the Gen2 array can already deliver a compelling

scientific program. We discuss how the science capabilities evolve with the partially constructed

array. In Sec. 2 we describe in the enlarged optical component of the IceCube-Gen2 facility. In

Sec. 3 we describe the simulation and performance of the detector, and in Sec. 4 we describe the

resulting expected sensitivity. Finally, in Sec. 5 we review our results and discuss the outlook going

forward.

2. The Gen2-Optical Instrument

In this section, we describe the enlarged optical array, which is shown in a "top-down" view in

Fig. 1. The array consists of 120 new strings of optical modules (OMs) deployed in a "sunflower"

pattern around the original 86 IceCube strings. The total volume of the Gen2-Optical detector is

∼8 km3, about an order of magnitude larger than the IceCube detector. As can be seen in Fig. 1, the

lateral spacing between strings has been roughly doubled, from 125 m in IceCube to 240 m. The

optimization of the string spacing is the topic of another proceeding at this conference [12]. The

vertical spacing between OMs is 17 m, the same as in IceCube; however, the OMs are distributed

across a slightly larger range of depths, from 1340-2700 m in depth, instead of 1446-2451 m.
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After the photons arrive at the module, they must be converted into measured photoelectrons.

For OMs in the original 86 IceCube strings, we apply the full IceCube simulation and pulse unfolding

process: the photons are convolved with the response of the PMT and electronics, resulting in

waveforms; those waveforms are then deconvolved back into a reconstructed pulse series. OMs for

IceCube-Gen2 are in the conceptual design phase, hence no full PMT or electronics simulation is

yet available. Instead, the photoelectrons are binned in time (mimicking the effects of a digitizer)

and converted directly into reconstructed pulses.

Finally, a likelihood based reconstruction is applied to estimate the direction and energy of the

muon. The method compares the observed number of photons to that expected for a hypothetical

incident muon with incoming direction \, q and energy � , and minimizes the difference in a

likelihood to identify a best-fit hypothesis [17].

3.2 Performance

For evaluating detector performance, we focus on two metrics that drive the sensitivity of

analyses utilizing throughgoing tracks, e.g. astrophysical neutrino source searches. These are the

effective area and the angular resolution. We begin by applying cuts to identify well-reconstructed

tracks. This is done by imposing requirements on the reconstructions, such as requiring a minimum

number of hit OMs, a minimum reconstructed track length, etc. The energy (�) and zenith (\)

dependent efficiency for passing these cuts defines the selection efficiency: [(�, \).

To calculate the muon effective area in a given energy and zenith bin, we take the product of

the projected geometric area of the detector �geo(\) and the selection efficiency [(�, \). �geo(\)

is found by placing a convex hull around the strings, defining a solid. To calculate the angular

resolution, we apply the event selection, and then calculate the opening angle, or the difference

between the reconstructed and true direction ΔΨ. The distribution of ΔΨ defines the point spread

function of the detector, which is parameterized as a function of energy and zenith using the

“Moffat/King" function, as is done in e.g. the Fermi gamma ray telescope [18–20]. The full

parameterization ΔΨ(�, \) is needed for sensitivity studies in Sec. 4. We take the median opening

angle, ΔΨmed, as the angular resolution.

The two metrics, muon effective area and angular resolution, are plotted in Fig. 4. They are

plotted as a function of deployment season, and both are shown for two different energies and two

different declinations; for context, we also show the performance of the IceCube detector at one

representative choice of declination and energy. We assume a schedule for deployment where an

equal number of strings are deployed each year. As can be seen, even by the middle of the scheduled

deployment process, the total aperture for horizontal events, which provide the best reconstruction

performance, will have increased by more than a factor of two, and the angular resolution will

have improved by ∼50%. To be conservative, these metrics do not factor in the optical modules

enhanced directional reconstruction capabilities from having directional light sensing capabilities

through multiple PMTs, a major improvement over IceCube DOMs.

4. Sensitivity

In assessing the sensitivity of the detector, we continue to focus our science goals on the search

for sources of astrophysical neutrinos. We quantify this in two different ways: a) the time-integrated
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5. Conclusion and Outlook

In this proceeding, we have described the IceCube-Gen2 optical instrument, and the simulation

process to determine sensitivities. Motivated by the ∼ 7 year deployment schedule, we determined

the performance and sensitivity of the detector over time. For the performance, we focused on

throughgoing tracks, which provide the best discovery potential for astrophysical sources. We have

evaluated the effective area and angular resolution of such events, finding an approximately four

times greater effective area and an approximately two times improved angular resolution. Finally,

we show the projected sensitivity of the detector to both steady and flaring sources of neutrinos,

showing that in the time that IceCube observed the TXS flare at 3.5f, the full IceCube-Gen2 detector

would have seen it at more than 10f. These performance characteristics show that even during

construction, IceCube-Gen2 will have a rapidly increasing discovery potential for astrophysical

neutrino sources and will be essential for multi-messenger science.
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