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IceCube DeepCore, the existing low-energy extension of the IceCube Neutrino Observatory, was
designed to lower the neutrino detection energy threshold to the GeV range. A new extension,
called the IceCube Upgrade, will consist of seven additional strings installed within the DeepCore
fiducial volume. The new modules will have spacings of about 20 m horizontally and 3 m
vertically, compared to about 40-70 m horizontally and 7 m vertically in DeepCore. It will be
deployed in the polar season of 2025/26. This additional hardware features new types of optical
modules with multi-PMT configurations, as well as calibration devices. This upgrade will more
than triple the number of PMT channels with respect to current IceCube, and will significantly
enhance its capabilities in the GeV energy range. However, the increased channel count also
poses new computational challenges for the event simulation, selection, and reconstruction. In
this contribution we present updated oscillation sensitivities based on the latest advancements in
simulation, event selection, and reconstruction techniques.
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1. Introduction

The IceCube Neutrino Observatory has been detecting atmospheric neutrinos in the GeV
energy range using its low-energy extension DeepCore for the past decade [1, 2]. This data has been
used to make precision measurements of the atmospheric neutrino oscillation parameters [3–5], tau
neutrino appearance [4] and preference for the neutrino mass ordering (NMO) [6]. A new extension,
called the IceCube Upgrade, will be deployed in the polar season of 2025/26 and will consist of
seven additional strings installed within the DeepCore fiducial volume. The new modules will have
spacings of about 20 m horizontally and 3 m vertically, compared to about 40-70 m horizontally
and 7 m vertically in DeepCore. This additional hardware features new types of optical modules
with multi-PMT configurations. DEggs consist of two 8-inch PMTs pointing up and downards [7],
while mDOMs consist of 24 3-inch PMTs pointing in all directions [8], as well as new calibration
devices. This Upgrade will more than triple the number of PMT channels with respect to current
IceCube, and will significantly enhance its capabilities in the GeV energy range.

The work presented here uses events simulated for the full 93-string detector configuration
(“IC93”) using the state-of-the-art IceCube simulation chain, and new techniques that have been
developed to clean the raw data, reconstruct events, and reject backgrounds (Sec. 2). We quantify
the expected performance of the Upgrade detector extension, and compare to a scenario without the
extension (Sec. 3). The sensitivities presented here supersede previous ones [9].

2. Simulation & Processing

2.1 Simulation

Events are simulated following a similar procedure to Ref. [5], including neutrino interactions
with GENIE [10] and the two primary backgrounds (atmospheric muons and pure detector noise
triggers), assuming our latest ice model which takes into account birefreingence due to the crystalline
structure of the ice [11]. For the IceCube and DeepCore strings, extra ice scattering and absorption
in the refrozen boreholes is included due to different optical properties compared to the original
glacial ice. For the Upgrade strings, the local ice property changes are not necessary because of a
planned de-gassing procedure that will be used to eliminate air bubbles introduced in deployment.
Event trigger and filtering is based on the current DeepCore implementation but adjusted to take into
account the new multi-PMT Upgrade modules, delivering a realistic baseline performance, while
further studies for optimized triggers and detector calibration with the new devices are ongoing.

2.2 Noise Cleaning

Radioactive decays in the glass housing of the optical modules are the largest source of noise
pollution in the data. In the past, it has been sufficient to use cuts on the temporal and spatial
distance of hits for noise cleaning. However, because of the increased channel count and the
increased levels of radioactivity in the new modules’ glass, these cuts are no longer sufficient for
the IceCube Upgrade. We developed a new cleaning algorithm based on a Graph Neutral Network
(GNN) specifically for the IceCube Upgrade. It performs a binary classification to predict whether
a pulse is signal or noise. The GNN encodes the irregular grid of the detector and the irregular
topology by representing each event as a point-cloud graph, where each node represents an observed
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IceCube DeepCore UpgradeIceCube DeepCore Upgrade

Figure 1: Event display of a 4.7 GeV muon neutrino interaction in the IceCube Upgrade. The existing
IceCube and DeepCore strings are shown in grey and cyan, respectively, while the new IceCube Upgrade
strings are shown in olive. This event has 96 hits caused by the neutrino interaction, of which 93 are correctly
identified by the GNN (blue markers) and 3 are rejected (orange). The remaining 242 hits are caused by
random detector noise: 240 are correctly rejected (grey) while 2 incorrectly pass the cleaning (red).

pulse in the detector and edges are drawn to the 8 nearest hits. For each node, we use features that
describe the observed pulse such as charge and arrival time, and features that describe the PMT
such as its position, relative optical efficiency, direction, and surface area.

We train a customized version of the GNN DynEdge [12] from the open-source framework
GraphNeT [13], using a dataset with about 4 million neutrino and muon events. We apply a
threshold of 0.7 on the classification output. An example event cleaned by the GNN is shown in
Fig. 1. The GNN reduces the average amount of noise per neutrino event by a factor of about 10
with only a minor loss in signal. Before cleaning, 70% of hits in the uncleaned pulse series are
noise, and after cleaning an average of 6.8% of noise hits remain. In addition, when the GNN is
applied to pure noise events, less than 1% of these events survive. Neutrino events with at least 8
hits after cleaning on average retain 91% of the signal.

2.3 Reconstruction & Classification

After events are cleaned, four separate instances of DynEdge are trained to reconstruct and
classify events based on the cleaned pulse series. These tasks include reconstructing the neutrino
energy, zenith angle & uncertainty, and classifying events by particle type (muon vs. neutrino)
and event topology (track vs. cascade). Each of the 4 models is trained on a different task-
specific subsamples. Sample balancing is performed for the classification tasks. Figure 2 shows the
reconstruction performance for energy and cos(zenith). We find that the neutrino/muon classifier
provides several orders of magnitude of background reduction. The track/cascade classifier achieves
a 0.82 Area Under the Curve (AUC) score, which is a significant improvement compared to what’s
previously been reported for DynEdge for IC86 [12].

2.4 Event Selection

Several levels of cuts are used to suppress the main backgrounds (atmospheric muons and
noise) and achieve a high-purity neutrino sample, summarized in Fig. 3. The first round con-
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(a) Energy (b) Zenith Angle

Figure 2: Performance for the reconstruction of neutrino energy (left) and zenith angle (right). Shown are
the median and central 68% region of the reconstructed quantity as a function of the simulated truth. The
bending of the angle towards the edges is due the quantity being bound ∈ [−1, 1].

sists of a few simple straight cuts, similar to what was used in Ref. [5], that eliminate the most
obvious background events. The cut with the largest rejection power is the number of pulses

Figure 3: Event rates as a function of selection
step, from filter level up to the analysis level.

remaining after the noise cleaning procedure de-
scribed above. After the straight cuts, a collection
of machine learning classifiers are used to iden-
tify muon background events. One of these is the
muon/neutrino GNN classifier described above.
There are also two Boosted Decision Trees (BDTs)
that use reconstructed quantities and variables de-
scribing the spatial and temporal distribution of
the hits. These three classifiers are able to sup-
press the remaining muon background by three
orders of magnitude resulting in a sample that is
heavily dominated by neutrinos. A few final cuts
are made to focus on the the events for which most of the oscillation signal comes from. Figure 4
shows the final level event distributions after these cuts are made.

(a) Energy (b) Zenith Angle (c) Event Type Classifier

Figure 4: Distributions of final level event rates as a function of the three analysis observables. The shaded
bands show 1𝜎 statistical uncertainty, most visible for the muon background due to lower MC statistics.
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3. Expected Oscillation Analysis Sensitivities

The analyses presented here largely follow previous DeepCore analyses, such as [5], and reflect
realistic baseline sensitivities, while there is still room for improvement from better knowledge of
systematic uncertainties and further optimization of the event selection and analysis choices. New,
necessary parameters are added to take into account the new module types such as a new optical
efficiency scale, and additional low energy cross section uncertainties are added since the energy
threshold is lowered to 3 GeV. This leads to a different treatment for (simulated) data coming before
and after the new strings are deployed. Therefore, the different time periods are treated as separate
data sources and we run a combined, simultaneous fit with correlated parameters.

We present the IceCube sensitivities to the atmospheric oscillation parameters (Δ𝑚2
31 and 𝜃23),

a non-unitarity test with tau neutrinos, and the neutrino mass ordering. We compare two scenarios:
one with no new hardware installed and data-taking continuing as it is today (denoted as “IC86”,
reflecting the current 86 string detector). The other scenario includes the combined fit between
12 years of IC86 with additional years using the extra seven strings of the IceCube Upgrade from
2026 onwards (denoted as “IC86 (12 yr) + IC93”). Since the NMO signal is at a lower energy
than the other analyses, different systematic uncertainties become more/less relevant, and therefore
a slightly different set of parameters is used for the NMO analysis. An overview of the systematic
uncertainties used is provided in Table 1, and more details on each can be found in Ref. [5]. The
largest contributions to uncertainty are currently from flux parameters, though this can be improved
in the future by switching to newer flux models with reduced uncertainty [14]. The analyses assume
true normal ordering and oscillation parameter values from NuFit 5.2 [15].

Description Parameter(s) Atm. osc. 𝜈𝜏 NMO
Flux
Spectral index 𝛾 x x x

Uncertainty on Pion and Kaon production (Barr et al. [16])
𝑑𝜋 - - x
𝑔𝜋 , ℎ𝜋 , 𝑖𝜋 , 𝑤𝐾 , 𝑧𝐾 x x x
𝑦𝐾 x x -

Neutrino and Muon Normalizations 𝐴𝑒 𝑓 𝑓 , 𝜇𝑎𝑡𝑚 x x x
Cross sections
Deep inelastic scattering uncertainty [17] DISCSMS x x -
Axial masses for Resonant CC and Quasi-elastic scattering 𝑀𝐶𝐶

𝐴,𝑟𝑒𝑠
, 𝑀𝐴,𝑄𝐸 x x x

Axial masses for Resonant NC and Coherent 𝜋 scattering 𝑀𝑁𝐶
𝐴,𝑟𝑒𝑠

, 𝑀𝐴,𝑐𝑜ℎ - - x
Model uncertainty on tau neutrino cross section [18] 𝜈𝜏 xsec - - x
Detector
Bulk ice properties scattering and absorption scat., abs. x x x
Optical module efficiencies (IceCube and Upgrade modules) OMeff,ICDC, OMeff,ICU x x x
Angular acceptance (IC86 configuration only) 𝑝0, 𝑝1 x x x
Oscillations

Mixing Angles
𝜃13 - - x
𝜃23 M x x

Mass splitting Δ𝑚2
31 M x x

Unitarity breaking parameter 𝜈𝜏 norm - M -
Neutrino Mass Ordering NMO NO NO M

Table 1: Configuration of nuisance parameters for the analyses presented. The marker “x” indicates that a
systematic is included in the fit, “-” means not included, and “M” denotes the measurement variable(s).
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3.1 Atmospheric Oscillation Parameters

We follow a similar analysis procedure to existing IceCube measurements of the atmospheric
oscillation parameters [5]. Figure 5a shows the sensitivity at the 90% confidence level after 3 years
with the new strings. In Fig. 5b, one dimensional projections to the oscillation parameters are
shown. The new strings increase IceCube’s sensitivity to Δ𝑚2

31 and 𝜃23 by about 20-30% and allow
for a significantly better constraint of the atmospheric neutrino oscillation parameters.

(a) Joint 90% CL sensitivity contours for the
mixing angle 𝜃23 and mass splitting Δ𝑚2

31.
(b) One dimensional profile Δ𝜒2 curves separately for both measurement
parameters

Figure 5: Sensitivity contours and profiles, respectively, for the standard atmospheric mixing analysis. The
solid black lines show the scenario where the IceCube Upgrade is in place, while the dashed lines show the
performance without additional hardware. The assumed true value is indicated in red.

3.2 Non-unitary Mixing: Tau Neutrinos

This analysis shows how well we can constrain the unitarity of the PMNS matrix in the tau
sector by scaling the amount of 𝜈𝜏 appearance. More information about how IceCube measures 𝜈𝜏
appearance can be found in [4]. Figure 6a compares the sensitivity to the 𝜈𝜏 normalization with
and without IceCube Upgrade. With the 3 years of data including Upgrade strings, the uncertainty
can be almost reduced by a factor of two. To illustrate the evolution of this sensitivity, Fig. 6
shows the 1𝜎 uncertainty on the 𝜈𝜏 normalization as a function of the detector livetime. The new
instrumentation will significantly improve IceCube’s ability to constrain this parameter.

(a) Profile Δ𝜒2 curves for 15 years of live-
time with and without including Upgrade

(b) Width of the 1𝜎 CL as a function of livetime

Figure 6: Sensitivity to the norm of the 𝜈𝜏 unitarity breaking parameter for the scenario with DeepCore only
(dashed line) and with the Upgrade included (solid lines).
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3.3 Neutrino Mass Ordering

Finally, the sensitivity to the neutrino mass ordering is shown, where median sensitivity is
defined according to [19]. More information about how IceCube determines the NMO can be found
in [6]. Note that while the systematic parameters used for the NMO sensitives were updated with
respect to the previous two sections, however the other analysis choices are not fully optimized in
the sensitivities presented below. IceCube’s sensitivity to the NMO strongly depends on the true
value of 𝜃23; Fig. 7 shows the sensitivity as a function of 𝜃23 for both possible orderings separately.
The sensitivity is significantly improved by adding the new strings. Figure 8 shows the evolution
of the NMO sensitivity over time. With the additional strings, IceCube will reach more than 2𝜎
within a few years for any allowed value of 𝜃23 and either true ordering. Assuming a true normal
ordering and preferential value of 𝜃23, more than 3𝜎 sensitivities are expected within 5 years.

Figure 7: Sensitivity to the NMO as a function of 𝜃23 for the scenario with DeepCore only (dashed line) and
with the Upgrade included (solid lines). The left panel assumes a true NO, while the right panel assumes a
true IO. The red line and band indicates the current NuFit best-fit value and ±3𝜎 uncertainty on 𝜃23.

Figure 8: Sensitivity to the NMO as a function of livetime for the scenario with DeepCore only (dashed
line) and with the Upgrade included (solid lines). The left panel assumes a true NO, while the right panel
assumes a true IO. While the black lines assume the current best-fit value of 𝜃23 by NuFit, the blue bands
show the range of possible sensitivities within the ±3𝜎 uncertainty on 𝜃23.

4. Conclusions

In this work we presented the first end to end, full Monte Carlo based analysis for IceCube
Upgrade oscillation physics, including new, realistic methods such as the GNN event cleaning and
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reconstruction, as well as a new event selection pipeline. Strong improvements over the current
IceCube DeepCore detector are expected. For a livetime of 3 years of the Upgrade detector,
we expect to collect 315 thousand neutrinos with the selection presented here. This combined
with the 277 thousand neutrinos expected from the 12 year data taken by IceCube DeepCore up
until deployment, uncertainties are reduced at the order of 20-30% for the atmospheric neutrino
oscillation parameters, around 40% for the tau normalization and a factor of almost 4× boost in
NMO sensitivity is seen. The sensitivities presented are expected to improve in the future when
leveraging the additional calibration devices that will be deployed with the Upgrade, and further
optimizing the triggers, event selection & processing, and analysis choices.
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