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In order to develop a consistent quantum theory of gravity, we must understand the nature of
spacetime at the Planck scale. In particular if it exhibits quantum fluctuations, they may cause
propagating particles to evolve in an apparently non-unitary manner. Neutrinos, which interact
only via the weak force and gravity, maintain quantum coherence while propagating over large
distances. Thus, neutrino oscillations serve as a precise interferometer to search for Planck-scale
fluctuations of spacetime. The IceCube Neutrino Observatory is the world’s largest neutrino
telescope, located in the Antarctic icecap. We search the data on atmospheric neutrinos detected
by IceCube in the energy range 0.5-100 TeV to test for neutrino decoherence. In this contribution,
we present the sensitivity of the analysis, which shows significant improvement compared to
previous IceCube results as a result of improved reconstruction and a larger sample of events.
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Quantum Decoherence in IceCube

1. Introduction

The possible quantum nature of spacetime and gravity at very high energies approaching the
Planck scale is difficult to probe experimentally. Since neutrinos interact only very weakly with
matter and maintain their quantum coherence over large distances, neutrino oscillations serve as
a precise interferometer to search for Planck-scale fluctuations of spacetime, which would cause
apparent violation of unitarity [1]. In order to study this, we need a well-understood beam of
neutrinos propagating over long baselines.

We use an atmospheric muon neutrino sample from the IceCube Neutrino Observatory to
search for this signature. A previous search with 7.6 years of data has produced the strongest
experimental constraints on neutrino decoherence due to quantum gravity to date [2]. We present
the latest developments on an updated search with 10.7 years of data and improved treatment of
systematics.

2. The IceCube Detector

The IceCube Neutrino Observatory [3] is a detector that encloses a cubic kilometer of glacial
ice at the South Pole. It consists of 5,160 Digital Optical Modules (DOMs), each containing a
photomultiplier (PMT), distributed among 86 strings. The strings are spaced 125 meters apart.
The DOMs record Cherenkov light emitted along the path of relativistic charged particles produced
in neutrino interactions. Reconstruction allows us to calculate properties of the primary particles
(energy and direction). There is also a more densely-instrumented region of 8 strings, called
DeepCore, at the center of the detector, which is useful for reconstruction of low-energy events.

3. Quantum Decoherence

Oscillations of atmospheric neutrinos are well understood experimentally [4], since neutrinos
interact only very weakly with matter. Thus, neutrino wavefunctions can propagate in a coherent
manner over large distances. However, if there exist even very weak Planck-scale fluctuations of
spacetime, over large distances these may destroy the coherence of the oscillating neutrinos. We
focus on neutrino interactions with virtual black holes (VBHs) produced by spacetime fluctuations
[5]. We study two different heuristic models for these interactions: democratic mass/flavor state
selection and mass state phase perturbation. We will refer to these two interaction models as state
selection and phase perturbation, respectively. The effect of these two models on an ensemble of
propagating neutrinos can be seen in Figure 1.

We use the formalism of open quantum systems to encode the time evolution of a neutrino
coupled to its environment, using the Lindblad master equation (in natural units with ℏ = 𝑐 = 1):

¤𝜌 = −𝑖[𝐻, 𝜌] − D[𝜌] (1)

where 𝐻 is the Hamiltonian of the neutrino system and D[𝜌] is the decoherence superoperator [6].
The decoherence superoperator is dependent on the underlying physics causing the decoherence
effect. For a three-neutrino system, it can be expanded in the basis of the Gell-Mann matrices (𝑏𝜇):

D[𝜌] = (𝐷𝜇𝜈𝜌
𝜈)𝑏𝜇 (2)
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Quantum Decoherence in IceCube

Figure 1: Decoherence of an oscillating neutrino ensemble. The emergence of non-unitary behavior from
various types of interactions between neutrinos and VBHs. The top two rows correspond to the state selection
model where the neutrino wavefunction is collapsed into a democratically selected flavor or mass eigenstate.
The bottom row corresponds to the phase perturbation model, where the neutrino wavefunction’s phase in
the mass basis is perturbed. Taken from [2]

where 𝜌𝜈 are the coefficients of the system’s density matrix expanded in the basis of 𝑏𝜇. The
matrix 𝐷𝜇𝜈 is an 9 × 9 matrix that parametrizes the decoherence effects in a chosen model. The
state selection model, in the long-distance limit, predicts a flux that is equally weighted in all
neutrino flavors, independent of the basis of randomization. The phase perturbation model, in the
long-distance limit, predicts a flux that tends towards an incoherent sum of mass eigenstates. The
simplest way to encode these averaging behaviors is by taking 𝐷 as diagonal matrices parametrized
by a single parameter Γ:

𝐷state selection = diag(0, Γ, Γ, Γ, Γ, Γ, Γ, Γ, Γ) (3)

𝐷phase perturbation = diag(0, Γ, Γ, 0, Γ, Γ, Γ, Γ, 0) (4)

where we assume that Γ has a power law energy dependence:

Γ(𝐸) = Γ0
( 𝐸
𝐸0

)𝑛 (5)

where 𝐸0 is a reference energy. Thus, our model has two free parameters: 𝑛 and Γ0. The parameter
𝑛 denotes the energy-dependence of decoherence, while Γ0 denotes the strength of decoherence
at the reference energy. An example oscillogram for a representative set of parameters is shown
inFigure 2, showing the change in 𝜈𝜇 flux as a function of energy and zenith angle across the
high-energy IceCube 𝜈𝜇 sample.
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Figure 2: Muon neutrino oscillogram. Ratio of the predicted 𝜈𝜇 flux for the state selection model with the
decoherence parameters listed compared to the standard model prediction.

4. Event Selection and Systematic Uncertainties

This analysis constrains 𝜈VBH models with 10.7 years of IceCube data using 368, 071 up-going
𝜈𝜇 events with reconstructed energies ranging from 0.5 to 100 TeV. The updated event selection is
described in detail in [7] and has been used by the IceCube collaboration for searches for eV-scale
sterile neutrinos, and other searches currently in progress.

The 𝜈VBH interaction signature was previously searched for with 7.6 years of IceCube data
[2], but this new analysis has not only a larger livetime but also a higher purity (increased from
99% to 99.9%). The updated analysis also has improved treatment of systematics. These include
parameters associated with the conventional and non-conventional neutrino fluxes, normalization,
ice properties, detector response, and neutrino attenuation. Each uncertainty contribution is treated
as a continuous nuisance parameter in a likelihood maximization analysis, comparing the best-
fit likelihood at many values of Γ to establish a frequentist confidence interval for each energy
dependence exponent 𝑛 and decoherence model. This new analysis also separates starting vs.
throughgoing tracks and has an improved BDT selection for final-level cuts.

5. Analysis Method and Sensitivity

The likelihood test statistic accounts for both data and Monte Carlo statistical uncertainties,
following Ref. [8]. We constrainΓ0 for 𝑛 = 0, 1, 2, 3 using events separated into starting and through-
going (events with vertices inside and outside the instrumented detector volume, respectively)
which are each binned logarithmically into 24 bins in reconstructed muon energy, log(𝐸𝜇

reco),
where 𝐸

𝜇
reco ∈ [500 GeV, 100 TeV] and uniformly in 18 bins in zenith angle, cos(𝜃𝜇reco), where

cos(𝜃𝜇reco) ∈ [−1.0,−0.1]. The Asimov sensitivities are shown in Figure 3 in comparison to the
sensitivities and upper limits obtained from the previous analysis [2]. From this, we see that our
sensitivities are greatly improved compared to the prior analysis.
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Figure 3: Sensitivities of the old (dashed) [2] and new (solid) analyses for both models: phase perturbation
(top) and state selection (bottom). The prior analysis’s upper limit is also shown (dotted). The sensitivity
has greatly improved since the last iteration of the analysis.

6. Conclusions

An updated quantum decoherence analysis using improved systematic treatment and 10.7
years of upward-going muon neutrino events has been presented. This analysis has world-leading
sensitivity to quantum decoherence. Having verified the expected sensitivity using simulations, we
are now proceeding towards a measurement using unblinded data.
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