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Search for decoherence from quantum 
gravity with atmospheric neutrinos

The IceCube Collaboration* 

Neutrino oscillations at the highest energies and longest baselines can 
be used to study the structure of spacetime and test the fundamental 
principles of quantum mechanics. If the metric of spacetime has a quantum 
mechanical description, its fluctuations at the Planck scale are expected 
to introduce non-unitary effects that are inconsistent with the standard 
unitary time evolution of quantum mechanics. Neutrinos interacting with 
such fluctuations would lose their quantum coherence, deviating from 
the expected oscillatory flavour composition at long distances and high 
energies. Here we use atmospheric neutrinos detected by the IceCube South 
Pole Neutrino Observatory in the energy range of 0.5–10.0 TeV to search for 
coherence loss in neutrino propagation. We find no evidence of anomalous 
neutrino decoherence and determine limits on neutrino–quantum 
gravity interactions. The constraint on the effective decoherence strength 
parameter within an energy-independent decoherence model improves 
on previous limits by a factor of 30. For decoherence effects scaling as E2, 
our limits are advanced by more than six orders of magnitude beyond past 
measurements compared with the state of the art.

The construction of a consistent and predictive quantum theory of 
gravity is an outstanding challenge in fundamental physics. A cen-
tral experimental and theoretical question is whether the metric of  
spacetime exhibits quantum fluctuations that are intrinsic to all other 
known fundamental fields. Such fluctuations would represent quantum 
perturbations in the geometry of spacetime itself, most pronounced on 
Planck-scale distances or times. At scales below the Planck energy EP, this 
sea of spacetime foam1 could induce small modifications to the stand-
ard quantum mechanical time evolution rule of propagating particles, 
leading to non-unitary effects2. The testing for these small violations is 
one of the few clear experimental avenues through which searches for 
quantum gravity can be conducted at the single-particle level3.

The oscillations of massive neutrinos between flavour states are a 
quantum process that has been widely studied over many energies and 
baselines and with a multitude of neutrino production and detection 
techniques4. Because they interact only through the weak force and 
gravity, neutrinos are largely isolated from their surroundings and 
rarely interact as they propagate through matter. This isolation allows 
quantum coherence to be exhibited over distance scales of thousands 

of kilometres, enabling neutrino oscillations to serve as a precise inter-
ferometer for fundamental studies of the quantum nature of spacetime.

Oscillations of neutrinos produced in cosmic-ray air showers 
(termed atmospheric neutrinos) have been experimentally verified 
to maintain quantum coherence over distance scales of at least the 
diameter of the Earth (1.2 × 104 km)5,6. If propagating neutrinos were 
to exchange quantum information about their flavour or mass with 
a fluctuating environment or to experience stochastic perturbations 
to their quantum phases, their coherence would be lost during travel7. 
Coherence loss causes distinct initial-state wave functions to produce 
equivalent final states, in violation of quantum mechanical unitarity. Its 
observation would, therefore, be a smoking-gun signature of neutrinos 
undergoing quantum gravitational effects that would be difficult to 
explain by other means3.

The signatures of neutrino decoherence include both a damping 
of neutrino flavour transitions at large distances and a non-unitary 
flavour evolution below the oscillation wavelength, which is longer at 
higher energies. A general description is provided by the formalism 
of open quantum systems where new superoperators are inserted 
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mass or flavour basis states (state selection) or the phase of the neutrino 
is randomly interrupted (phase perturbation) with equal rates for each 
neutrino or antineutrino type. Following the original proposal8,9, such 
effects may be interpreted as emerging from the interaction between 
propagating particles and virtual black holes (VBHs) generated in 
quantum fluctuations of the spacetime metric (Fig. 1). When a neutrino 
is absorbed and re-radiated with its wave function either collapsed or 
its phase perturbed10, a stochastic contribution to its time evolution 
is introduced, leading to coherence loss (Fig. 2). A strikingly similar 
phenomenology is exhibited in theories11,12 in which fluctuations in 
the metric encode an intrinsic quantum uncertainty into the phase 
of the particles propagating in otherwise empty spacetime through 
uncertainty introduced into the time coordinate or path length. Such 
effects are also observed in models based on a variety of other mecha-
nisms including the deformation of symmetries13,14, metric perturba-
tions14,15, fluctuating minimal lengths14,16 and light-cone fluctuations17. 
Our results can, therefore, be considered as constraints on a large 
fraction of potential decoherence scenarios.

Recent searches have been made for vacuum radiation that may be 
emitted in connection with the decoherence of charged particles18,19. Our 
approach is complementary yet fairly distinct in that (1) neutrinos are 
electrically neutral, so their collapse would not be expected to produce 
observable electromagnetic effects; (2) the coherence loss we seek is in 
the flavour or mass basis rather than in position space; and (3) we directly 
constrain coherence loss, rather than via the plausible yet speculative 
interaction between non-unitary collapse processes and an effective 
acceleration of charges that could generate observable radiation.

Because energy is the cause of spacetime curvature and also 
because the effects of Planck-scale theories are expected to be sup-
pressed at lower-energy scales, the tests of decoherence emerging 
from the Planck scale benefit from using the highest possible energies, 
whereas measurements over the longest possible baselines allow even 
miniscule effects to accumulate into potentially measurable signals. 
This makes the IceCube dataset particularly powerful in searching for 
the signatures of quantum gravitational decoherence. The IceCube 
Neutrino Observatory20, a neutrino detector within the glacial ice of 
the Geographic South Pole, occupies 1 km3 of ice from 1,450 to 2,450 m 
under the surface. A total of 5,160 digital optical modules21 are distrib-
uted among 86 cables, with a more densely instrumented sub-array 
called DeepCore22 located at the centre of the detector. IceCube has 
detected two major populations of high-energy neutrinos: astrophysi-
cal neutrinos23 that dominate the flux of νμ above 200 TeV and traverse 
cosmological baselines; and atmospheric neutrinos with a rate peaking 
at around 1 TeV in IceCube and baselines of up to the diameter of Earth. 
Although they have the longest baselines and highest energies, searches 
for decoherence with astrophysical neutrinos24,25 are limited by not 
knowing the oscillation baseline to within an oscillation wavelength, as 
well as the unknown flavour composition at the source. Although these 
neutrinos may be used to test for other violations of Lorentz-symmetric 
quantum mechanical time evolution26, the above considerations inhibit 
their unambiguous use for decoherence searches. The large ensemble of 
high-energy atmospheric neutrinos detected by IceCube, however, pre-
sent an especially compelling window through which to seek evidence 
of quantum gravitational effects at the single-particle level.

Charged-current interactions of neutrinos with matter pro-
duce charged leptons that emit Cherenkov light in identifiable dis-
tributions within the detector, which can be categorized into two 
basic morphologies: tracks and cascades. The electrons from νe 
charged-current interactions yield electromagnetic showers with a 
roughly spherical distribution of photons (cascade), whereas muons 
from νμ charged-current interactions emit light along a linear trajec-
tory (track). Track events can be further sub-divided into two catego-
ries: ‘starting tracks’ emanating from the detector volume itself and 
‘through-going tracks’ where the neutrino interacted in the ice or rock 
beneath. The latter category is statistically dominant in this energy 

into the Lindblad master equation7. Various mechanisms may give 
rise to decoherence effects, and their strength, flavour structure and 
energy dependence may be considered as effective parameters to be 
interpreted according to a variety of underlying microscopic models. 
In this work, we will consider two representative flavour structures, 
where either the neutrino wave function is gradually decohered into 
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Fig. 1 | Illustration of the quantum gravitational decoherence effect. 
Interactions of neutrinos with fluctuating spacetime lead to the decoherence of 
neutrino oscillations through non-unitary time evolution. In this schematic, the 
grey grid represents the non-Euclidian background of spacetime foam. The large 
dips are regions of high curvature, consistent with VBH perturbations. The Roman 
indices represent mass states; νμ and νe, flavour states; and ν~, a phase-perturbed 
state carrying neither definite mass nor flavour. An incoming neutrino (red) 
interacting with a VBH may emerge collapsed into a flavour state (green), a mass 
state (blue) or with its phase perturbed by a random shift Δϕ (purple).
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Fig. 2 | Decoherence of an oscillating neutrino ensemble. Non-unitary 
oscillation behaviour can emerge from various types of interaction between 
neutrinos and VBHs, including absorption with emission in a random-flavour 
eigenstate (top row), absorption of a neutrino with emission in a random-mass 
eigenstate (middle row) or a random perturbation to the neutrino phase (bottom 
row). P(να → να) represents the survival probability of a neutrino of flavour α over 
oscillation baseline L, under various νVBH interaction models. The thick solid line 
represents a non-decohering neutrino, whose amplitude in the wave function 
is gradually lost as decoherence effects are applied. The semi-transparent lines 
represent the members of an ensemble of neutrinos stochastically undergoing 
gravitational perturbations of each type, leading to an ensemble-averaged 
oscillation probability shown by the dashed lines. The dash–dotted line shows 
the effect of the complete loss of flavour information for reference. The full 
phenomenology of these models is described elsewhere10.
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range, due to the much-larger effective target volume. Tau leptons 
from ντ charged-current interactions have signals with characteristics 
of both track and cascade morphologies. In addition, neutrinos of all 
flavours can have neutral-current interactions with matter that pro-
duce hadronic showers, in turn inducing cascade signals. This analysis 
focuses on through-going tracks, which provide a large, high-purity 
sample of events with which to search for muon–neutrino disappear-
ance signatures induced by decoherence.

Decoherence in neutrino oscillations
Calculating the flavour oscillations of neutrinos detected by IceCube 
requires the consideration of a plethora of effects, including vacuum 
oscillations27, coherent forward scattering from matter28, neutrino 
absorption29,30 and τ regeneration31,32. Because the ensemble of neutri-
nos is subject to both unitary and non-unitary effects (such as absorp-
tion and re-interaction), the problem must be approached through 
the master equation formalism. We perform this calculation using 
the nuSQuIDS software package33, by adding decoherence terms to 
the neutrino oscillation master equation governing the time evolution 
of the neutrino-reduced density matrix ρ(t). Our parameterization is 
explained in detail elsewhere10 and briefly reviewed below.

Atmospheric neutrinos are predominantly produced through the 
decays of charged pions and kaons34. The production of ντ/ ̄ντ  is highly 
suppressed, inhibited by the large mass of the τ± lepton, which can only 
be created through the decays of heavy hadrons35. Decoherence effects 
introduce muon–neutrino disappearance (νμ → νe and νμ → ντ), as well 
as increased fluxes of ντ at all the energies that exhibit a complex oscil-
lation phenomenology. High-energy ντ undergoing charged-current 
interactions produce a τ± lepton, which weakly decays into a 
lower-energy ντ as well as produces secondary neutrinos of all the fla-
vours, including additional νμ (refs. 32,36). These secondary neutrinos 
also oscillate, and lead to further regeneration in the case of the second-
ary ντ. Because the neutrino flux is a steeply falling function of energy, 
the disappearance of νμ through decoherence is a substantially larger 
effect than the appearance of νμ through regeneration from higher- 
energy ντ, although both are included in our calculations. The small νe 
contribution to the atmospheric neutrino flux34 is also included in our 
calculations, although it has only a very minor effect on the oscillation 
phenomenology. An example oscillogram for a representative set of 
parameters, showing the change in νμ flux as a function of energy and 
zenith angle across the high-energy IceCube νμ sample, is shown in 
Fig. 3 (top). The effect as a function of true neutrino energy alone is 
shown in Fig. 3 (bottom).

The evolution of a neutrino system with Hamiltonian H and decoher-
ence superoperator 𝒟𝒟 [ρ] is described (in natural units with ℏ = c = 1) as

̇ρ = −i[H,ρ] − 𝒟𝒟 [ρ] . (1)

The first term encodes the standard unitary time evolution that drives 
neutrino oscillations. Our oscillation calculation includes a full descrip-
tion of neutrino mixing and oscillation using the parameters from 
another work37, although the standard neutrino oscillations are negli-
gible in the energy range of this sample. The small uncertainty on deco-
herence amplitude associated with the neutrino mixing parameters is 
also irrelevant compared with other sources, and the analysis assumes 
a normal mass ordering. The second term in equation (1) encapsulates 
the potentially non-unitary contributions that may be introduced 
through quantum gravitational effects. A convenient, general form of 
𝒟𝒟 [ρ] is an expansion in the SU(3) basis10,38–41 as

𝒟𝒟[ρ] = (Dμνρν)bμ, (2)

where ρν is the density matrix projection along SU(3) basis vector bμ 
(the Gell–Mann matrices). Dμν is a 9 × 9 matrix that parameterizes the 
flavour structure of the decoherence effects on the neutrino system.

In the phase perturbation model (Fig. 2, bottom), the outgoing 
neutrino state emerges with one or two of the phases of the mass 
basis states distinctly perturbed. The effect on the average oscillation  
probability corresponds to a damping that follows:

Dphaseperturbation = diag(0,Γ ,Γ ,0,Γ ,Γ ,Γ ,Γ ,0), (3)

where Γ is the decoherence parameter, with dimensions of energy. 
At long distances relative to 1/Γ, this model predicts a flux that tends 
towards an incoherent sum of mass eigenstates. State selection in 
either the mass or flavour bases impose equivalent overall damping 
effects, leading to a flux equally weighted in all the neutrino flavours 
at distances longer than 1/Γ. This democratization is independent of 
the initial flux and basis of randomization10. In the SU(3) basis, the state 
selection model takes the form

Dstate selection = diag(0,Γ ,Γ ,Γ ,Γ ,Γ ,Γ ,Γ ,Γ ). (4)

Compared with the phase perturbation case, the state selection matrix 
D has two additional non-zero terms. These are the third and eighth 
diagonal elements, sometimes referred to as the relaxation terms42,43. 
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Fig. 3 | Example neutrino oscillogram and energy spectrum. Ratio of the 
predicted νμ flux ϕDeco for the state selection model with the decoherence 
parameters listed versus the Standard Model (SM) prediction ϕSM as a function of 
the true neutrino energy Etrueν  and the cosine of true neutrino zenith angle 
cos(θtrue) (left). Projection onto true neutrino energy, compared with 

approximate statistical precision (right). Γ0 is the decoherence strength 
parameter and n, the energy-scaling power-law index about energy pivot point 
E0. The error bars are calculated using Poisson statistics based on the count of 
data events per bin.
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The loss of flavour or mass information associated with state selection 
can be interpreted under a neutrino–virtual black hole (νVBH) model 
on the basis of the non-conservation of global quantum numbers by 
black holes44,45. This motivates models in which ν emerging from VBH 
interactions is emitted in states randomly collapsed into a given mass 
or flavour basis state (Fig. 2, top and middle).

In both models, the neutrino energy Eν dependence of the damp-
ing factor Γ is unknown. We, thus, test a representative set of models 
for Γ(Eν), parameterized by

Γ (Eν) = Γ0(
Eν
E0
)
n

, (5)

where n is the energy-scaling power, E0 is an arbitrary reference energy 
and Γ0 quantifies the decoherence strength at E0. This power-law energy 
dependence has also been assumed in previous experimental searches 
for neutrino decoherence43,46,47. The values of n and Γ0 are free param-
eters, and we take the approach of fixing n and profiling over Γ. Since 
the curvature of spacetime depends on the energy density, it is natural 
to expect that the exponent n would be positive. Some models of quan-
tum decoherence due to gravitational effects have suggested an E2ν  
energy scaling48–50. The value of Γ0 for a given model depends on E0, 
which—for convenience—we have set to be close to the peak of the 
detected neutrino energy distribution at 1 TeV. The value of ̃Γ 0 for any 
other choice of ̃E0 can be obtained via Γ0 = ̃Γ 0(E0/ ̃E0)

n
; to compare 

with past experiments, we present the final results at the reference 
energy of 1 GeV.

A related quantity is the coherence length Lcoh(E) = 1/Γ(E), defined 
as the distance at which the damping effects resulting from the loss of 
coherence reach 1/e at a reference neutrino energy. Lcoh can be inter-
preted as the νVBH interaction mean free path10, itself dependent on 
the VBH number density and νVBH interaction cross section. A natural 
expectation for decoherence effects emerging from physics at the 
Planck scale can be obtained by setting Γ(EP) ≥ EP. This corresponds to 
a statement that quantum coherence is effectively impossible at the 
Planck scale10,51. Our results probe deep into this ‘Planck-scale natural-
ness’ region of parameter space for energy-scaling factors of n ≲ 3.

Event selection and systematic uncertainties
This Article presents an analysis that constrains decoherence models 
motivated by quantum gravity with IceCube data using 305,735 recon-
structed up-going νμ and ̄νμ events in the energy range of 0.5–10.0 TeV. 
The sample was described in detail in another work52, and has been 
used by the IceCube Collaboration for seeking electronvolt-scale ster-
ile neutrinos through matter-resonant oscillations53,54 as well as  
neutrino–nucleus non-standard interactions55.

The event selection provides a sample of track-like events produced 
by up-going muons traversing the detector. In this energy regime, the 
tracks tend to be well reconstructed with an energy resolution of 
σlog10(Eμ) ≈ 0.3 and angular resolution σcosθ varying between 0.005 and 
0.015 as a function of energy. Since cosmic-ray muons are blocked from 
the up-going flux by the Earth, the event selection is predicted to have 
a purity of ≳99% of muons generated by charged-current νμ interactions 
below and within the IceCube detector. In scenarios where high-energy 
ντ appearance is enabled (such as decoherence models), the sample also 
contains a contribution from 17% of leptonic τ decays following ντ 
charged-current interactions below or inside the detector volume.

A detailed discussion of the signal simulation and the suite of 
systematic uncertainties considered can be found elsewhere52 and is 
briefly summarized in Extended Data Table 1 and Extended Data Fig. 1. 
The uncertainty budget includes parameters associated with the pri-
mary cosmic-ray flux, hadronic interaction cross sections governing 
air-shower evolution, the astrophysical neutrino flux, detector perfor-
mance parameters, ice properties and neutrino interaction cross sec-
tions. Each uncertainty contribution is treated as a continuous nuisance 

parameter in a likelihood maximization analysis that compares the 
best-fit likelihood at various values of Γ to establish a unified, frequen-
tist confidence interval for each power index n and decoherence model. 
The likelihood test statistic follows other work56 and is constructed to 
account for both data and Monte Carlo statistical uncertainties.

We constrain Γ0 for n = 0, 1, 2, 3 using logarithmically binned  
events in reconstructed muon energy log(Eμreco)  (13 bins, 
Eμreco  ∈ [500, 9,976] GeV) and uniformly in zenith angle (20 bins, 
cos(θμreco) ∈ [–1.0, 0]). This constraint is evaluated under the two afore-
mentioned flavour structures, although since our sample predomi-
nantly comprises tracks produced by νμ and ̄νμ interactions, it is 
relatively insensitive to the detailed flavour structure of the decoher-
ence operators so long as νμ decoherence is present.

Constraints on anomalous decoherence
The analysis was blindly developed using simulated data and then 
applied to real data following a staged unblinding protocol developed 
for IceCube oscillation measurements. Before unblinding, the median 
analysis sensitivity in the event of a null signal and its 68% and 95% 
envelopes were established using 1,000 Monte Carlo pseudoexperi-
ments. The expected analysis performance in the event of an injected 
signal was also tested. Signals beyond the 90% contour were exactly 
recovered in un-fluctuated fits and with the expected level of accuracy 
when data fluctuations were included.

A multistage blind-fit procedure was followed, first checking 
the energy and zenith pull distributions and then one-dimensional 
histograms at the best-fit point, followed by nuisance parameter 
pulls, the joint [energy, zenith] distribution and pulls and finally 
unblinding the full result. Extended Data Table 1 and Extended Data 
Fig. 1 provide a list of the best-fit values and pulls of all the system-
atic uncertainty parameters. The result is consistent with the null 
hypothesis for all the decoherence models. The P value, defined as 
the fraction of simulated decoherence-free pseudoexperiments with 
test statistic larger than that observed in the data, is in the range of 
0.59–0.61 for each tested decoherence model and energy-scaling 
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power n. The final upper limits on the decoherence parameter Γ in all 
the cases fall within the 68% envelope of values expected if no deco-
herence is present (Fig. 4). Feldman–Cousins ensemble tests were 
performed at the 90% confidence level (CL) positions to check for 
proper coverage57. The 90% CL locations from Wilks’ theorem were 
found to be slightly weaker than the Feldman–Cousins values, with 
the maximum deviation of 28.2% in the value of Γ at 90.0% CL. This 
difference is imperceptible on the logarithmic Γ axes (Figs. 4 and 5). 
The 90% confidence limits from this analysis Γ90 (E0 = 1 TeV) for the 
state selection and phase perturbation scenarios are tabulated in 
Table 1. For reference, Fig. 4 also lists the corresponding coherence 
lengths for a 1 TeV neutrino.

We, thus, report strong constraints on the magnitude of anoma-
lous decoherence from quantum gravity as neutrinos oscillate across 
the Earth. Using flavour structures motivated by neutrino interactions 
with spacetime foam having four power-law models and two repre-
sentative flavour structures, 90% CL limits have been obtained on the 
parameter Γ0 with pivot energy E0 = 1 TeV. To facilitate comparison with 
previous studies, our results can be mapped to the pivot energy of 1 GeV 
that has tended to be favoured by previous works. A comparison with 
past data is shown in Fig. 5. For all the tested power-law indices and both 
tested flavour models, the results presented in this paper provide the 

world’s strongest limits. In all the cases with n < 3, the limits significantly 
surpass the natural Planck-scale benchmark.

The energy-independent (n = 0) scenario has been explored 
previously for T2K43, Super-Kamiokande46 and MINOS43. The IceCube  
limits extend beyond the past measurements by a factor of around 
30 for the state selection model and 50 for phase perturbations, 
owing to the larger sample size of the IceCube atmospheric neu-
trino dataset.

The substantially increased energy range of the IceCube atmos-
pheric neutrino sample leads to a far more dramatic improvement in 
sensitivity for models where the decoherence strength depends on 
energy with a positive exponent. Past results have been obtained for 
the gravity-motivated n = 2 model48–50 by the aforementioned three 
experiments, which primarily collect neutrinos at around three orders 
of magnitude lower energy than the peak of the IceCube sample. We 
report improvements by six orders of magnitude in the phase perturba-
tion model and eight orders of magnitude in the state selection model. 
Since quantum gravitational effects are anticipated to positively scale 
with energy density, the limits presented in this paper represent a major 
increase in sensitivity to anomalous decoherence from quantum grav-
ity in the neutrino sector.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41567-024-02436-w.

References
1.	 Wheeler, J. A. Geons. Phys. Rev. 97, 511–536 (1955).
2.	 Carlip, S. Spacetime foam: a review. Rep. Progr. Phys. 86, 066001 

(2023).
3.	 Carney, D., Stamp, P. C. & Taylor, J. M. Tabletop experiments 

for quantum gravity: a user’s manual. Class. Quantum Grav. 36, 
034001 (2019).

4.	 Tanabashi, M. et al. Review of particle physics: particle data 
groups. Phys. Rev. D 98, 030001 (2018).

5.	 Jung, C. K., McGrew, C., Kajita, T. & Mann, T. Oscillations of 
atmospheric neutrinos. Annu. Rev. Nucl. Part. Sci. 51, 451–488 
(2001).

6.	 Gaisser, T. K. & Honda, M. Flux of atmospheric neutrinos.  
Annu. Rev. Nucl. Part. Sci. 52, 153–199 (2002).

7.	 Schlosshauer, M. Decoherence and the Quantum-to-Classical 
Transition (Springer, 2007).

8.	 Hawking, S. W. Virtual black holes. Phys. Rev. D 53, 3099–3107 
(1996).

9.	 ’t Hooft, G. Virtual black holes and space-time structure.  
Found. Phys. 48, 1134–1149 (2018).

10.	 Stuttard, T. & Jensen, M. Neutrino decoherence from quantum 
gravitational stochastic perturbations. Phys. Rev. D 102, 115003 
(2020).

10–14

Г 0 
(E

0 
= 

1 G
eV

) (
eV

)
Г 0 

(E
0 

= 
1 G

eV
) (

eV
)

10–20

10–26

10–14

10–20

10–26

0

State selection

Phase perturbation

T2K (2020)

T2K (2020)

MINOS (2020)
This work

This work
Super-Kamiokande (2000)

1 2 3

Energy power, n

Planck-scale naturalness

Planck-scale naturalness
Fig. 5 | Comparison with previous results. Comparison of limits from both 
analyses on the phase perturbation interaction model to previous results (top). 
Comparison of limits from both analyses on the state selection interaction model 
to previous results (bottom). Γ0 is the decoherence strength parameter and n 
is the energy-scaling power-law index about energy pivot point E0. The blue 
triangles represent results from Super-Kamiokande46 and orange + markers and 
purple × markers represent results from MINOS and T2K, respectively, as derived 
from another work43. The green lines indicate the expected size of decoherence 
parameter for effects originating at the Planck scale and follow a single power law 
to observable scales. The black data points are the results of this analysis, with the 
arrows pointing into the allowed region, and shading representing the excluded 
region on the basis of this analysis.

Table 1 | Summary of constraints on decoherence models 
obtained in this analysis

n Phase perturbation Γ90 State selection Γ90

0 1.18 × 10−15 eV 1.17 × 10−15 eV

1 6.89 × 10−16 eV 6.67 × 10−16 eV

2 9.80 × 10−18 eV 9.48 × 10−18 eV

3 1.58 × 10−19 eV 1.77 × 10−19 eV

The 90% CL upper limits on decoherence strength parameter Γ0 (which we name Γ90) are 
reported for each power-law index n with power-law pivot energy E0 = 1 TeV in the state 
selection and phase perturbation models.
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Methods
Simulation methods and systematic uncertainties
To predict the expected rate of up-going tracks selected as a func-
tion of zenith and energy, a three-flavour prediction of neutrino flux 
emerging from cosmic-ray air showers is first made using the MCEq 
software package34.

The simulation of neutrino flux with MCEq employs the SIBYLL 
cosmic-ray interaction model58,59, varied within systematic uncertain-
ties as described elsewhere60. Neutrinos from the decays of heavy 
hadrons are also incorporated, according to the BERSS model35. The 
uncertainty deriving from the production height dependence is neg-
ligible for these energies. Uncertainties in the re-interaction cross 
section of kaons as they travel through the atmosphere are relevant 
and are included.

The astrophysical neutrino flux is simulated and propagated using 
parameters informed by existing IceCube measurements61, but with a 
wide systematic uncertainty on normalization and spectral index. The 
central model is taken to be a single unbroken power law in neutrino 
energy with a spectral index of 2.5. Variation in the astrophysical flux 
as a result of decoherence was tested and found to lead to negligible 
effects within the analysis sample. Each flux is propagated under the 
three-flavour oscillation formalism including decoherence, absorp-
tion and tau regeneration with the nuSQuIDS package33 to provide 
an energy-, zenith- and flavour-dependent prediction at the detector 
for each oscillation hypothesis. The detector response to each flux is 
calculated by applying the reweighting protocol described in another 
work62 to a large Monte Carlo event ensemble to predict the final energy 
spectrum, which is used as an input to calculate the analysis likelihood 
test statistic.

All the systematic uncertainties are implemented as continuous 
nuisance parameters that are fitted through a profile log-likelihood 
analysis. The test statistic incorporates both accurate treatment of 
low-population bins and the effects of finite Monte Carlo sample 
size, and discussed elsewhere56. The dominant sources of systematic 
uncertainty in this analysis are the detector performance uncertain-
ties, which include the photon detection efficiency of the digital opti-
cal modules63, the properties of the refrozen ice in the vicinity of the 
detector strings64 and the properties of the bulk ice in the array65. 
Depth-dependent uncertainties on optical absorption and scattering 
in the bulk glacial ice are accounted for as per the method described 
in another work66. An improved ice model that incorporates crystal 
birefringence as a mechanism to explain the observed anisotropic 
light propagation in the glacier67 was also tested within this analysis 
as a post-unblinding check, and was not observed to substantially 
affect the results.

Sub-leading systematic uncertainties associated with the 
primary cosmic-ray flux, evolution of atmospheric neutrino air 
showers, atmospheric density effects, astrophysical neutrino flux 
normalization and spectral shape, and neutrino cross section are also 
included. Extended Data Table 1 provides the full list of systematic 
uncertainties, their Gaussian priors and the best-fit values in one 
example decoherence scenario. Extended Data Fig. 1 shows the full 
distribution of pulls for each model point. The largest deviation on 
any systematic uncertainty is the cosmic-ray spectral index, which 
pulls to 2.3σ at its best-fit point. No other parameter deviates further  
than 1σ from the centre of its prior. This behaviour is qualitatively 
similar to what has been observed with previous IceCube analyses 
that have employed this sample to search for beyond-standard-model 
oscillation physics53–55.

Data availability
A list of selected event energies and zenith angles, a Monte Carlo simu-
lation set and information on systematic uncertainty effects, along with 
other public IceCube data releases, are available at https://icecube.
wisc.edu/science/data-releases/.

Code availability
IceCube maintains an open-source repository of software tools for 
handling the IceCube data at https://github.com/IceCubeOpenSource. 
We also include scripts for handling the public data within the data 
release at https://icecube.wisc.edu/science/data-releases/.
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Extended Data Fig. 1 | Systematic Pulls for Phase Perturbation (top) and State 
Selection (bottom). The pull is defined as the value of the nuisance parameter 
minus its central value, divided by the Gaussian prior width. Each of the nuisance 
parameters (outlined in the Methods section) is represented by four color bars, 

one corresponding to the best fit point under each power law n. Since the best fit 
point is very close to no decoherence in all power law models, the distributionsof 
pulls are similar in all cases.
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Extended Data Table 1 | Summary of nuisance parameters 
used in the analysis

Value at Best Fit (n = 0)

Parameter Prior Phase State

Perturbation Selection

Detector Parameters

Optical Module Efficiency 0.97 ± 0.10 0.96 0.96

Bulk Ice Gradient 0 0.0 ± 1. 0* -0.08 -0.07

Bulk Ice Gradient 1 0.0 ± 1. 0* 0.58 0.60

Forward Hole Ice (p2) -1.0 ± 10.0 -3.32 -3.30

Conventional Flux Parameters

Normalization(Φconv.) 1.0 ± 0.4 1.10 1.10

Spectral Shift (Δconv.) 0.00 ± 0.03 0.07 0.07

Atmospheric Density 0.0 ± 1.0 -0.10 -0.11

Barr WM 0.00 ± 0.40 -0.01 -0.00

Barr WP 0.00 ± 0.40 0.01 0.01

Barr YM 0.00 ± 0.30 -0.06 -0.06

Barr YP 0.00 ± 0.30 -0.04 -0.04

Barr ZM 0.00 ± 0.12 -0.01 -0.01

Barr ZP 0.00 ± 0.12 -0.02 -0.02

Astrophysical Flux Parameters

Normalization(Φastro.) 0.79 ± 0.36* 0.84 0.84

Spectral Shift (Δastro.) 0.00 ± 0.36* -0.02 -0.01

Cross sections

Cross section (σνμ) 1.00 ± 0.03 1.00 1.00

Cross section (σνμ) 1.00 ± 0.075 1.01 1.01

Kaon re-interaction (σKA) 0.0 ± 1.0 -0.16 -0.14

Each row specifies the constraint used in the frequentist analysis for each physics or nuisance parameter. All priors are one dimensional Gaussian functions, except in the case of the bulk ice 
and astrophysics flux parameters (marked with an asterisk) where a correlated prior is employed. The value of the nuisance parameters at best-fit point for n = 0 are given for both state selection 
and phase perturbation interaction modes. A fully detailed description of these parameters and their technical implementations can be found in Ref. 52.
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