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Along their long propagation from production to detection, neutrinos 
undergo flavour conversions that convert their types or flavours1,2. 
High-energy astrophysical neutrinos propagate unperturbed over a 
billion light years in vacuum3 and are sensitive to small effects caused 
by new physics. Effects of quantum gravity4 are expected to appear 
at the Planck energy scale. Such a high-energy universe would have 
existed only immediately after the Big Bang and is inaccessible by human 
technologies. On the other hand, quantum gravity effects may exist in 
our low-energy vacuum5–8, but are suppressed by inverse powers of the 
Planck energy. Measuring the coupling of particles to such small effects 
is difficult via kinematic observables, but could be observable through 
flavour conversions. Here we report a search with the IceCube Neutrino 
Observatory, using astrophysical neutrino flavours9,10 to search for new 
space–time structure. We did not find any evidence of anomalous flavour 
conversion in the IceCube astrophysical neutrino flavour data. We apply 
the most stringent limits of any known technologies, down to 10−42 GeV−2 
with Bayes factor greater than 10 on the dimension-six operators that 
parameterize the space–time defects. We thus unambiguously reach the 
parameter space of quantum-gravity-motivated physics.

In the past, quantum gravity (QG) was investigated by means of astro-
physical neutrino spectrum distortion11 and time-of-flight12–14 meas-
urements. In this Letter we focus on astrophysical neutrino flavour 
information to search for QG effects via neutrino interferometry. Neu-
trino interferometry15 has been applied in various terrestrial neutrino 
experiments, but no evidence of QG has been found16. The sensitivity 
of neutrino interferometry for astrophysical neutrinos exceeds any 
terrestrial experiments because of the higher energies and longer 
propagation distances of the neutrinos involved (Fig. 1 provides an 
illustration).

Neutrino interactions with low-energy manifestations of QG can 
be modelled using effective operators15, such as

H ∼ m2

2E + å(3) − E c̊(4) + E2 å(5) − E3 c̊(6) ⋯ . (1)

The first term in this Hamiltonian describes the neutrino mass term17, 
where we assume normal mass ordering as both mass ordering assump-
tions provide comparable results. All other terms (å(3), c̊(4), å(5), c̊(6), …) 
represent new interactions, such as those between neutrinos and 
space–time defects. In particular, QG effects are well-motivated in 
higher-dimensional operators (å(5), c̊(6), …)18, the presence of which is 
a sign of an undiscovered high-energy scale, such as the Planck scale. 
For example, the Fermi constant associated with a dimension-six 
operator was one of the first manifestations of electroweak theory. 
These terms correspond to the isotropic part of the Standard-Model 
Extension (SME)19, which is an effective field theory that describes the 
effects of particle Lorentz violation. All terms are 3 × 3 complex matri-
ces in the neutrino flavour basis. There are three neutrino flavours: 
electron-neutrino (νe), muon-neutrino (νμ) and tau-neutrino (ντ). The 
solution of this Hamiltonian describes the evolution of neutrino fla-
vours. Because the astrophysical flux normalization is unknown, 
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incoming zenith angle bins, in the range cosθz = [−1.0, +1.0], with 
cosθz = +1.0 pointing to the celestial south pole. We use 20 natural 
logarithmic bins in deposited energy in the range E = [60 TeV, 2 PeV]. 
For the double cascade events, there are ten bins in the reconstructed 
distance between two cascade signals L = [10 m, 100 m] instead of zenith 
angle bins. The median neutrino energy (zenith angle) resolutions for 
reconstructed cascades, tracks and double cascades are 11% (6.3°), 30% 
(1.5°) and 18% (5.0°), respectively.

The expected number of events in each bin is computed through 
a Monte Carlo (MC) simulation. First, the astrophysical neutrino flux 
is modelled as a single power-law spectrum. This is weighted with the 
assumed flavour ratio at the source and the mixing probability derived 
from the effective Hamiltonian including new physics operators (equa-
tion (1)). The foreground flux due to atmospheric neutrinos from π and 
K-decays21, charm meson decays22 and atmospheric muons23 is added 
to simulate the complete flux arriving at the detector. Neutrino absorp-
tion in the Earth is modelled using a standard Earth density profile24. 
Particles produced by neutrino interactions25 are computed using 
specialized MC26 to output photon signals.

Figure 2 shows a comparison of the HESE 7.5-yr flavour ratio meas-
urement10 with model predictions. This flavour triangle diagram rep-
resents astrophysical neutrino flavour ratios, with each point in the 
diagram showing the energy-averaged flavour composition at Earth. 
The pink region near the centre denotes the so-called standard sce-
narios. This represents all possible flavour ratios at Earth from standard 
astrophysical neutrino production mechanisms via neutrino mixing27. 
As shown, all of the standard flavour ratios are enclosed in the 95% 
confidence level (CL) contour, which implies that, at this moment, 

neutrino flavour is measured in terms of the flavour ratio (νe:νμ:ντ), 
which is a normalized fraction of each flavour defined after integrating 
expected astrophysical neutrino spectra. The measured flavour ratio 
depends on the production mechanisms of astrophysical neutrinos at 
their sources and on the effective Hamiltonian. Further details of the 
formulation are provided in the Methods.

The IceCube Neutrino Observatory20 is an array of 5,160 digi-
tal optical modules (DOMs) embedded in the Antarctic ice between 
1,450 m and 2,450 m below the surface. Each DOM contains one 25.4-cm 
photomultiplier tube in a glass shell, and it detects light from charged 
particles produced by neutrino interactions. A series of 60 DOMs are 
connected with a vertical spacing of 17 m to make one string, and 86 
strings with ~125-m separation cover a 1-km3 volume of natural ice as a 
target volume for astrophysical neutrinos.

When neutrinos undergo charged-current interactions, they gen-
erate charged leptons whose types depend on the neutrino flavours. 
In other words, an νe ( ̄νe) creates an electron (positron), a νμ ( ̄νμ) creates 
a muon (anti-muon), and a ντ ( ̄ντ) creates a tau (anti-tau). These charged 
leptons generate characteristic light emission distributions in IceCube. 
Electrons initiate electromagnetic showers in ice that look like an 
approximately isotropic emission of photons (cascade), muons emit 
light along their straight trajectories (track), and some taus produce 
an isotropic emission with a slight elongation, reflecting bursts of 
photon emission from the production of the tau and its subsequent 
decay (double cascade). However, most taus from charged-current 
interactions and hadronic showers from neutral-current interactions 
also lead to cascades. A likelihood function is constructed from the 
time and charge distributions of DOMs to estimate the energies, direc-
tions and flavours of the neutrinos. Charged leptons and charged 
anti-leptons have indistinguishable light emission profiles in ice.

In this analysis we use the High-Energy Starting Event (HESE) sam-
ple, which comprises 7.5 years of data collection from 2010 to 20189. A 
total of 60 events above 60 TeV are observed. Among these, 41, 17 and 
2 events are classified as cascades, tracks and double cascades, respec-
tively. At most, ten of the lowest-energy events are expected to be atmos-
pheric neutrino foreground. Cascades and tracks are distributed in ten 

IceCube

Fig. 1 | Illustration of this analysis. High-energy astrophysical neutrinos, from 
60 TeV to 2 PeV, are emitted from distant high-energy sources, change flavour 
during propagation (shown by the long multicoloured arrow) and are detected by 
IceCube (not to scale). The neutrino propagation may be affected by space–time 
defects, which can be viewed as an æther-like medium in vacuum, and in general 
these defects have directions as depicted by red arrows. Although the effect 
may depend on direction, we assume it is isotropic in our frame, without loss of 
generality, as the data are compatible with an isotropic distribution9.
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Fig. 2 | Astrophysical neutrino flavour triangle, including illustrations of new 
physics effects and data contours. The figure represents the flavour ratio 
expected on Earth (f⊕e ∶ f⊕μ ∶ f⊕τ ) for given compositions at the source (S). The 
corners indicate pure νe, νμ or ντ composition. The blue solid and dashed lines 
show the 68% and 95% CL contours10 from IceCube data. The pink region 
represents expected flavour ratios from the standard astrophysical neutrino 
production models, where the neutrinos at the production source are all possible 
combinations of νe and νμ (the neutrino oscillation parameter errors are given in 
ref. 17). The green region is the expected flavour ratio from the preferred scenario 
(1/3:2/3:0)S with any new physics scenario. The lines explained in the lower legend 
illustrate the effects of the c̊(6)αβ  new physics operators introduced in equation (1). 
Three astrophysical neutrino production models are highlighted by ○ symbols, a 
νμ-dominant source (0:1:0)S (top), a νe-dominant source (1:0:0)S (bottom) and a 
preferred model (1/3:2/3:0)S (middle). When new physics operators are small 
(≤m2/2E), they are distributed within the central region. If the values of new 
physics operators are increased, predicted flavour ratios start to move away from 
the centre, and they reach to the ⊙ symbols with large new physics such as 
c̊(6)αβ = E−2

Pl  where EPl = 1.22 × 1019 GeV is the Planck energy. For simplicity we 
concentrate on real, positive new physics potentials.
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all models within standard scenarios are allowed. In other words, the 
IceCube HESE flavour measurement is consistent with the standard 
scenarios, given current statistics and systematic errors. However, 
current data exclude certain QG models that produce flavour compo-
sitions far away from the standard region, because any new structure 
in the vacuum would produce detectable anomalous flavour ratios, 
shown by lines in Fig. 2.

To make a quantitative statement about these scenarios, we per-
formed a likelihood analysis and report the results using a Bayesian 
method. Our analysis includes all of the flux components previously 

discussed in the text and implements their systematics according to 
the prescription given in ref. 9. Our analysis likelihood includes nui-
sance parameters to incorporate the flux and detector uncertainties, 
standard oscillation parameters and neutrino mass differences, and 
parameters that incorporate the QG effective operators. Technical 
details of the fit methods and the systematic errors are provided in the 
Methods and Extended Data Figs. 1 and 2.

Figure 3 presents the results for the dimension-six operators. The 
results for other operators are summarized in Extended Data Figs. 3–7. 
These represent new physics interactions and we expect the 
QG-motivated physics operator to be of order E−2Pl = 6.7 × 10−39 GeV−2, 
where EPl = 1.22 × 1019 GeV is the Planck energy. Limits are shown on a 
log scale. The right axis incorporates an additional E2Pl factor where 
below zero corresponds to the QG-motivated physics signal region. 
We reach the QG-motivated signal region of the dimension-six operator 
with neutrinos. The limits are a function of the astrophysical neutrino 
production model at the source.

Strong limits are obtained for νμ-dominant (0:1:0)S and νe-dominant 
(1:0:0)S scenarios. The νμ-dominant scenarios are expected in accelera-
tors such as active galactic nuclei, and νe-dominant scenarios are 
expected in accelerators such as neutron stars28. Substantial limits for 
Re (c̊(6)ττ ) are obtained across all astrophysical neutrino models including 
the preferred scenario (1/3:2/3:0)S, which is based on astrophysical 
pion and muon decays. Muon energy loss in the source can cause the 
νe fraction to be lower than 1/3, where our limits are valid. The shapes 
of the limit curves in Fig. 3 are understood from Fig. 2. Here, non-zero 
Re (c̊(6)eτ ) with (1:0:0)S and Re (c̊(6)μτ ) with (0:1:0)S models are enclosed by 
the contour. This suggests that the data cannot set limits on these 
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Fig. 3 | Limits on the dimension-six new physics operator. The QG-motivated 
region is defined by log10(c̊

(6)
αβ × E2Pl) < 0, and is indicated by a horizontal 

magenta line and arrowheads. The hatched region is the limit obtained from the 
atmospheric neutrino data analysis on Re (c̊(6)μτ ) (ref. 15). Limits determined by 
Bayes factors >10 (dashed lines) and >31.6 (solid lines) are presented as a function 

of the assumed astrophysical neutrino flavour ratio at the production source.  
The leftmost scenario is νμ-dominant (0:1:0)S and the rightmost is νe-dominant 
(1:0:0)S. The preferred scenario corresponds to (1/3:2/3:0)S (dashed vertical line). 
Limits on Re (c̊(6)ee ) (orange), Re (c̊(6)eμ ) (red), Re (c̊(6)eτ ) (green), Re (c̊(6)μμ ) (yellow), 
Re (c̊(6)μτ ) (purple) and Re (c̊(6)ττ ) (blue) are shown.

Table 1 | Limits on new physics operators extracted from this 
analysis

Dim Coefficient Limit (BF > 10)

3 Re (å(3)ττ ) 2 × 10−26 GeV

4 Re (c̊(4)ττ ) 2 × 10−31

5 Re (å(5)ττ ) 2 × 10−37 GeV−1

6 Re (c̊(6)ττ ) 3 × 10−42 GeV−2

7 Re (å(7)ττ ) 3 × 10−47 GeV−3

8 Re (c̊(8)ττ ) 2 × 10−52 GeV−4

These limits on new physics operators are derived from BF > 10, which corresponds to a 1 in 10 
likelihood ratio for a uniform prior. Limits that depend on assumed production source models 
are listed in Extended Data Table 1.
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scenarios. On the other hand, the data reject certain scenarios, such as 
a non-zero Re (c̊(6)ee ) model or a Re (c̊(6)μμ ) model with (1:0:0)S. For the 
preferred scenario, (1/3:2/3:0)S, any new physics scenario is described 
by the green region, and is almost enclosed by the 95% CL contour. 
Given this, only a few substantial limits can be achieved, for example, 
Re (c̊(6)eμ ) and Re (c̊(6)ττ ).

In Table 1, scenario-independent limits obtained from Bayes fac-
tors (BFs) > 10 are quoted. These are defined by taking into account 
a full range of allowed standard astrophysical neutrino production 
models. Although the motivation of this analysis is to look for evidence 
of QG, the formalism we have used is model-independent, and our 
results can set limits on various new physics models29, including a new 
long-range force30, neutrino–dark energy coupling31, neutrino–dark 
matter scattering32, violation of equivalent principle33 and so on.
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Methods
The notation of effective operators follows ref. 15. Explicitly,  
equation (1) can be written as

H ∼ m2

2E
+
⎛
⎜
⎜
⎜
⎝

å(3)ee å(3)eμ å(3)τe

å(3)∗eμ å(3)μμ å(3)μτ

å(3)∗τe å(3)∗μτ å(3)ττ

⎞
⎟
⎟
⎟
⎠

− E
⎛
⎜
⎜
⎜
⎝

c̊(4)ee c̊(4)eμ c̊(4)τe

c̊(4)∗eμ c̊(4)μμ c̊(4)μτ

c̊(4)∗τe c̊(4)∗μτ c̊(4)ττ

⎞
⎟
⎟
⎟
⎠

+ ⋯ . (2)

Beyond the standard terms, there are two groups of new coefficients: 
the CPT-odd terms (å(3), å(5), å(7), …) and the CPT-even terms (c̊(4), c̊(6),  
c̊(8), …). The signs follow the convention of the SME given in ref. 19. The 
integers in parentheses represent the dimension d of each operator. 
Hence, the units of these operators are GeV4 − d. The dimension-three 
and dimension-four operators are renormalizable, but all other opera-
tors are non-renormalizable. All effective operators affecting neutrino 
flavour conversions have Lorentz indices with temporal, spatial and 
mixed components in the Sun-centred celestial equatorial frame 
(SCCEF)16. However, the astrophysical neutrino flux assumed in this 
analysis is the diffuse flux. Hence, we assume that the incoming neu-
trino directions are uniform. This averages out any spatial effects, so 
this analysis is only sensitive to the isotropic flux component. This is 
reflected in our notation by the circles on top of the operators, indicat-
ing these operators are spatially isotropic.

In general, two or more operators with different dimensions (such 
as å(3)ee  and c̊(4)ee ) may simultaneously affect the astrophysical neutrino 
flavour ratio. However, this is only relevant if the operator scales hap-
pen to have similar relative size in the energy region of this analysis. 
We hypothesize that this is an unlikely coincidence and here we do not 
assume this possibility. To simplify this analysis, we take only one of 
the operators to be non-vanishing when reporting our results. It is also 
possible to assume two elements from the same dimensional operator 
(such as å(3)ee  and å(3)eμ). Because all elements are complex numbers, limits 
can be set for both real and imaginary parts (such as Re (å(3)ee ) and 
Im (å(3)ee )). However, the available data statistics does not allow us to fit 
two operators with identical energy dimension simultaneously. Such 
assumptions were relaxed in ref. 15. The data sample is a mixture of 
neutrinos and antineutrinos, and we cannot distinguish them on an 
event-by-event basis. To assess the impact of the ratio of neutrinos to 
antineutrinos, we tested the impact of neutrino-only and 
antineutrino-only fits with a toy MC. The result of this test yields only 
marginal changes to the results. It was found that the complex phase 
had a small effect on the limits. Hence, for this analysis we search for 
one non-negative real element of each operator at a time.

The solution of the effective Hamiltonian (equation (1)) is used to 
compute the flavour ratio. We follow the procedure outlined in ref. 34. 
First, neutrino flavour eigenstates |να⟩ can be described by the super-
position of Hamiltonian eigenstates |νi⟩:

|να⟩ = ∑
i
Vαi(E)|νi⟩. (3)

Here, Vαi(E) is a unitary transformation that diagonalizes the effective 
Hamiltonian (equation (1)) to describe the mixing of neutrinos. Given 
the large baseline traversed and the energies involved, the resulting 
neutrino oscillation frequencies are very large and are averaged out by 
the detector energy resolution. In this regime, the transition probabil-
ity of neutrinos can be written only through mixing matrix elements, 
which are the solution of the effective Hamiltonian. Explicitly, we find

Pνα→νβ (E) = ∑
i
|Vαi(E)|

2||Vβi(E)||
2. (4)

The introduction of new interactions in vacuum through the new phys-
ics operators å(3), c˚(4), å(5), c˚(6), … is imprinted in the mixing matrix 

element, Vαi(E), which can be determined through the neutrino mixing. 
The observable of interest is the neutrino flux of flavour β at Earth, 
ϕ⊕

β (E), and not the neutrino mixing itself. Note that the flux composition 
at Earth also depends on the initial neutrino flux of flavour α at the 
source, ϕi

α(E). Furthermore, the small sample of astrophysical neutrinos 
restricts us to the use of the energy-averaged flavour composition:

ϕ̄⊕
β = 1

|ΔE|∫ΔE
∑
α

̄Pνα→νβ (E)ϕi
α(E)dE, (5)

where we assume a single power-law spectrum for the production flux 
of astrophysical neutrinos and integrate it. Finally, we calculate the 
flavour ratio of astrophysical neutrino flavour β on Earth by normal-
izing it, that is

f⊕β = ϕ̄⊕
β /∑

γ
ϕ̄⊕

γ . (6)

In this analysis, a total of 14 systematic error nuisance parameters 
are simultaneously constrained. The first are the following six oscilla-
tion parameters17: two neutrino mass-square differences, 
Δm2

21 = 7.42+0.21−0.20 (×10−5 eV2), Δm2
31 = 2.514+0.028−0.027 (×10−3 eV2); three mixing 

a n g l e s ,  sin2θ12 = 0.304+0.013−0.012 ,  sin2θ23 = 0.570+0.018
−0.024  a n d 

sin2θ31 = 0.02221+0.00068−0.00062; and the Dirac CP-violating phase, δCP (no con-
straint). Second are five flux systematics, which can be classified into 
two categories: the normalization of each flux component, and the 
spectral index assuming a single power law. The normalization system-
atic errors are introduced as shifts from the nominal predictions, 
including astrophysical neutrino flux (Φastro, no constraint), atmos-
pheric neutrino conventional flux (Φconv, 40%), prompt flux (Φprompt, no 
constraint) and atmospheric muon flux (Φmuon, 50%). The astrophysical 
neutrino spectral index (γastro, no constraint) is also included as a sys-
tematic error, where this analysis returns a similar best-fit value as in 
a dedicated study of the same sample9. We also introduce three detector 
systematic parameters: the DOM overall efficiency (ϵDOM, 10%), DOM 
angular dependence (ϵhead−on, 50%) and the in-ice photon propagation 
anisotropy around DOMs (as, 20%). Additional systematic errors arising 
from the modelling of atmospheric neutrinos and cosmic rays are used 
in other analyses9,10. These systematics are not considered in this analy-
sis, because they mostly affect low-energy events (<100 TeV). Here, the 
limit we set for QG-motivated physics depends on the highest end tail 
of the event distribution.

To place our limits we use two independent analysis methods based 
on frequentist and Bayesian approaches35,36. The Bayesian approach was 
chosen to be the official result of this analysis because of its accuracy. 
The faster frequentist approach was used to check the Bayesian results. 
Both methods use the same 15-dimensional likelihood function with 14 
systematic errors, where one parameter represents a new physics scale. 
In the Bayesian case, the evidence is obtained by marginalizing the same 
likelihood over the systematic parameters via nested sampling. The 
marginalization is done assuming model priors from ref. 9. We use the 
MultiNest algorithm37 with 800 live points, ~18,000 steps and a tolerance 
of 0.05. An example of a posterior distribution from one configuration 
is shown in Extended Data Fig. 1. Here, the log-likelihood is calculated 
for Re (c̊(6)ττ ) = 10−44 GeV−2, with an assumed source flavour ratio (1:0:0)S. 
We run nearly ~200,000 similar calculations with different configura-
tions to map out the parameter phase space to find the signal.

We then define the BF to be the ratio of the model evidence with 
respect to the null hypothesis. We use Jeffreys’ scale to set substantial 
and strong limits that are defined by the BF to be larger than 10 (sub-
stantial limit) and 31.6 (strong limit). Extended Data Fig. 2 shows an 
example of such a plot. Here, multiple sample runs are combined to 
construct a BF distribution with a function of Re (c̊(6)ττ ) with an assumed 
source flavour ratio of (1:0:0)S. Due to limited statistics, simulated 
points have errors, and we use a spline function to extrapolate values 
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between points. Extended Data Table 1 list the substantial and strong 
limits from this procedure for selected source flavour ratio assump-
tions. Because of the extrapolation we used, we do not have enough 
accuracy to set limits and our results are presented with one digit.

We repeat a similar BF function construction with different source 
flavour ratio assumptions, and we construct the limits with a function 
of source flavour ratio x (Fig. 3). We use a spline function to extrapolate 
values between points and smooth the limit lines. We repeat this for 
different dimension operators, and the results are shown in Extended 
Data Figs. 3–7. The limits of this analysis go stronger for higher dimen-
sions due to the stronger energy dependence (equation (1)). As the 
dimension increases, limits from astrophysical neutrino interferometry 
become stronger than atmospheric neutrino interferometry. On the 
other hand, for dimension-seven and -eight operators, QG-motivated 
physics is expected to be smaller than E−3P  and E−4P . This analysis has no 
sensitivity to the operators with these sizes. The dimension-three and 
-four operators are renormalizable and we cannot define QG-motivated 
physics in the same way. In the frequentist case, the likelihood function 
is used to find the best-fit point. Then, the profile likelihood ratio of 
the best fit to the null hypothesis is used to set limits assuming Wilks’ 
theorem. However, Wilks’ theorem may not hold in the full likelihood 
space, which affects the limits obtained. We used distributed Open 
Science Grid38 computational resources to perform both analyses.

Data availability
The data events and simulation used in this analysis are described in 
ref. 9 and files are available from ref. 39.

Code availability
Much of the analysis code is IceCube proprietary and exists as part 
of the IceCube simulation and production framework. IceCube 
open-source code can be found at https://github.com/icecube.  
Additional information is available from analysis@icecube.wisc.edu 
upon request.
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Extended Data Fig. 1 | Example posterior distribution over the 14 nuisance 
parameters. The plot is for Re(c̊(6)ττ ) = 10−44 GeV−2 with source combination 
(0: 1: 0)S. Blue contours show two dimensional distribution slices, with 

one-dimensional projections above for each parameter. Three vertical lines 
indicate the lower quartile (25%), median (50%) and upper quartile (75%) for each 
parameter. Parameters are introduced in Ref. 9.

http://www.nature.com/naturephysics


Nature Physics

Letter https://doi.org/10.1038/s41567-022-01762-1

Extended Data Fig. 2 | Example of the analysis Bayes factor as a function of 
one of the constrained parameters. Horizontal lines show different hypothesis 
rejection strength levels according to Jeffreys’ scale. Here, we set the limit on 
Re(c̊(6)ττ ) with an assumed source flavour ratio (0: 1: 0)S. A substantial limit is 

obtained when the Bayes factor is greater than 10.0, and strong limits when the 
Bayes factor is greater than 31.6. Error bars indicate the error on the evidence 
computation via nested sampling.
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Extended Data Fig. 3 | Limits on the dimension-three new physics operator. 
The hatched region is the limit obtained from the atmospheric neutrino data 
analysis on Re(å(3)μτ )15. Limits determined by Bayes factors > 10 (dashed lines) and 
> 31.6 (solid lines) are presented as a function of the assumed astrophysical 
neutrino flavour ratio at the production source. The leftmost scenario is νμ 

dominant (0: 1: 0)S and the rightmost is νe dominant (1: 0: 0)S. The preferred 
scenario corresponds to (1/3: 2/3: 0)S (dashed vertical line). Limits on Re(å(3)ee )  
on (orange), Re(å(3)eμ ) (red), Re(å(3)eτ ) (green), Re(å(3)μμ ) (yellow), Re(å(3)μτ ) (purple), 
and Re(å(3)ττ ) (blue) are shown.
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Extended Data Fig. 4 | Limits on the dimension-four new physics operator. 
The hatched region is the limit obtained from the atmospheric neutrino data 
analysis on Re(c̊(4)μτ )15. Limits determined by Bayes factors > 10 (dashed lines) and 
> 31.6 (solid lines) are presented as a function of the assumed astrophysical 
neutrino flavour ratio at the production source. The leftmost scenario is νμ 

dominant (0: 1: 0)S and the rightmost is νe dominant (1: 0: 0)S. The preferred 
scenario corresponds to (1/3: 2/3: 0)S (dashed vertical line). Limits on Re(c̊(4)ee ) on 
(orange), Re(c̊(4)eμ ) (red), Re(c̊(4)eτ ) (green), Re(c̊(4)μμ ) (yellow), Re(c̊(4)μτ ) (purple), and 
Re(c̊(4)ττ ) (blue) are shown.
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Extended Data Fig. 5 | Limits on the dimension-five new physics operator.  
The hatched region is the limit obtained from the atmospheric neutrino data 
analysis on Re(å(5)μτ )15. Limits determined by Bayes factors > 10 (dashed lines) and 
> 31.6 (solid lines) are presented as a function of the assumed astrophysical 
neutrino flavour ratio at the production source. The leftmost scenario is νμ 

dominant (0: 1: 0)S and the rightmost is νe dominant (1: 0: 0)S. The preferred 
scenario corresponds to (1/3: 2/3: 0)S (dashed vertical line). Limits on Re(å(5)ee )  
on (orange), Re(å(5)eμ ) (red), Re(å(5)eτ ) (green), Re(å(5)μμ ) (yellow), Re(å(5)μτ ) (purple), 
and Re(å(5)ττ ) (blue) are shown.
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Extended Data Fig. 6 | Limits on the dimension-seven new physics operator. 
The hatched region is the limit obtained from the atmospheric neutrino data 
analysis on Re(å(7)μτ )15. Limits determined by Bayes factors > 10 (dashed lines) and 
> 31.6 (solid lines) are presented as a function of the assumed astrophysical 
neutrino flavour ratio at the production source. The leftmost scenario is νμ 

dominant (0: 1: 0)S and the rightmost is νe dominant (1: 0: 0)S. The preferred 
scenario corresponds to (1/3: 2/3: 0)S (dashed vertical line). Limits on Re(å(7)ee ) on 
(orange), Re(å(7)eμ ) (red), Re(å(7)eτ ) (green), Re(å(7)μμ ) (yellow), Re(å(7)μτ ) (purple), and 
Re(å(7)ττ ) (blue) are shown.
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Extended Data Fig. 7 | Limits on the dimension-eight new physics operator. 
The hatched region is the limit obtained from the atmospheric neutrino data 
analysis on 15. Limits determined by Bayes factors > 10 (dashed lines) and > 31.6 
(solid lines) are presented as a function of the assumed astrophysical neutrino 
flavour ratio at the production source. The leftmost scenario is νμ dominant 

(0: 1: 0)S and the rightmost is νe dominant (1: 0: 0)S. The preferred scenario 
corresponds to (1/3: 2/3: 0)S (dashed vertical line). Limits on Re(c̊(8)ee ) on (orange), 
Re(c̊(8)eμ ) (red), Re(c̊(8)eτ ) (green), Re(c̊(8)μμ ) (yellow), Re(c̊(8)μτ ) (purple), and Re(c̊(8)ττ ) 
(blue) are shown.
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Extended Data Table 1 | Limits on new physics operators extracted from this analysis. These limits on new physics operators are derived from Bayes factor > 10.0 
(Bayes factor > 31.6) which corresponds to 1 in 10.0 (31.6) likelihood ratio for a uniform prior. They are for characteristic source flavour ratios, (1: 0: 0)S, (1/3: 2/3: 0)S, 
and (0: 1: 0)S. We list only operators where limits are set.
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