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During their long propagation, neutrinos undergo flavour conversions. High-energy astrophysical
neutrinos propagate unperturbed over a billion light years in vacuum and are potentially sensitive
to small effects caused by new physics. For instance, they are sensitive to the effects of quantum
gravity, which are expected to be suppressed by inverse powers of the Planck energy in our
low-energy scales. 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
recent result from the IceCube Neutrino Observatory, which uses astrophysical neutrino flavours
to search for new space-time structure. We found no evidence of anomalous flavour conversion in
the IceCube astrophysical neutrino flavour data. Our analysis yielded the most stringent constraint
of any known technologies, down to 104> GeV~2 on dimension-six operators that parametrize the
interactions of neutrinos with new fields in vacuum with Bayes factor corresponding to a “strong”
rejection.
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Searching for Quantum Gravity with IceCube

1. Introduction

The exploration of quantum gravity (QG) represents a crucial quest in theoretical physics,
aiming to reconcile gravity with quantum mechanics and provide a comprehensive understanding
of the fundamental interactions of matter and the fabric of space-time. While the Standard Model
(SM) of particle physics has successfully described a broad range of phenomena at lower energies,
it is considered an effective field theory that awaits an encompassing extension incorporating
gravity [1]. The search for QG is difficult since its effects are expected to be suppressed by powers
of the Planck energy, Ep = 1.22 x 10! GeV, which characterizes an energy regime believed to
have existed shortly after the Big Bang. However, experimental access to such ultra-high energies
is currently beyond the realm of human technological capabilities.

Astrophysical neutrinos, originating from the most energetic astrophysical sources in the
universe, provide a unique window to explore phenomena at extreme energy scales. Previous studies
have employed astrophysical neutrino spectrum distortion [2] and time-of-flight measurements [3]
in attempts to probe QG effects. However, in this contribution, we shift our focus to astrophysical
neutrino flavor information and its potential as a probe for QG effects [4]. Neutrino interferometry, a
technique previously employed by the IceCube Neutrino Observatory [4], offers a promising avenue
to investigate the presence of QG effects. By studying the relative amounts of neutrino flavors,
it provides a means to uncover deviations from the expected behavior predicted by the Standard
Model. Despite extensive efforts, no evidence of QG has been observed in previous neutrino
interferometry experiments [5]. Notably, the unique advantage of studying astrophysical neutrinos
lies in their higher energies and longer propagation distances [6], leading to an enhanced sensitivity
in probing potential QG effects [7].

In this contribution, we report the results of a search for QG effects using data collected by
the IceCube Neutrino Observatory [8] over 7.5 years in the High-Energy Starting Event (HESE)
selection [9]. For this analysis we use the ternary classification method described in Ref. [10],
which include the observation of the first two astrophysical tau neutrinos candidates. Our search
parametrizes the effect of QG using effective operators introduces in Ref. [7] and reports upper
limits on each of the operators’ coeflicients.

2. Formalism and Methodology

One of the potential consequences of QG at low, sub-Planckian energy scales is spontaneous
breaking of Lorentz symmetry. The breakage of Lorentz symmetry can be parametrized at low,
sub-Planckian energies by introducing a field in vacuum that does not transform according to the
Lorentz transformation, but instead has a particular space-time orientation [11]. The interaction
of this field with neutrinos can be due to, both, renormalizable and non-renormalizable operators,
where the latter are expected to be suppressed by the Planck energy. Since the interaction of this
field with the neutrinos depends on the precise theory of QG, we take an pragmatic approach and
parametrize the interactions of neutrinos with this field by effective operators as introduced in
Refs. [7, 11], where we only consider the time-like component of the field.

The potential interactions between this field and the neutrinos modify the neutrino energy in a
potentially flavor-dependent manner. Referring to the notation of the effective operators provided
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in Ref. [4], the Hamiltonian governing neutrino evolution, Eq. (1), can be expressed as follows,
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Here, U denotes the neutral-lepton mixing matrix, E the energy in the laboratory frame, m?

represents the diagonal matrix containing the eigenvalues of neutrino masses, and the ellipsis
represents a series of higher-order terms with alternating signs and increasing power in energy.

In addition to the standard first term, there are two sets of new coefficients: the CPT-odd
terms (@3, a®, a7, ...) and the CPT-even terms (¢, ¢, ¢®) ). The sign conventions
follow those of the Standard-Model Extension (SME) as described in Ref. [11]. The integers in
parentheses represent the dimensions, denoted as d, of each operator. Consequently, the units of
these operators are GeV4~¢.

The dimension-three and dimension-four operators are renormalizable, while all other operators
are non-renormalizable. All effective operators that influence neutrino flavor conversions possess
Lorentz indices with temporal, spatial, and mixed components in the Sun-centered celestial
equatorial frame (SCCEF) [5]. However, the astrophysical neutrino flux assumed in this analysis
pertains to the diffuse flux. The incoming neutrino directions are uniformly distributed as a
consequence of this. This averaging process nullifies any spatial effects, rendering this analysis
only sensitive to the isotropic coefficients. This is indicated in our notation by the circles placed
above the operators, signifying their spatial isotropy.

In general, two or more operators with different dimensions (such as &S;) and cogi)) may
simultaneously affect the astrophysical neutrino flavor ratio. However, for this scenario to be
relevant, it would require the operators to have similar relative sizes within the energy range
considered in this analysis. We regard this as an unlikely coincidence and, therefore, do not make
this assumption in our study.

To simplify this analysis, we take only one of the operators to be non-vanishing when presenting
our results. Alternatively, it is also possible to consider two elements from the same dimensional
operator, such as ¢ and cozg,).
establish limits for both the real and imaginary parts, such as for the scenario of Re (&236)) and

Since all these elements are complex numbers, it is feasible to

Im (Eife)). Nevertheless, the available data statistics do not permit simultaneous fitting of two
operators with identical energy dimensions.

Furthermore, the data sample comprises a combination of neutrinos and antineutrinos, and it
is not possible to distinguish them on an event-by-event basis using the reconstructions employed in
this analysis. To evaluate the influence of the neutrino-to-antineutrino ratio, we performed tests by
fitting neutrino-only and antineutrino-only scenarios using Monte Carlo simulations. The results
of these tests demonstrated only marginal changes to the results. Specifically, it was observed that
the complex phase had a minor impact on the limits. Consequently, in this analysis, we focus
on searching for one non-negative real element of each operator individually. For comprehensive
constraints and a more detailed discussion on the complex phases, we encourage readers to refer
to [4].

The introduction of new physics operators, such as @), ¢®, g ¢©) and so on, leads to
modifications in the vacuum through new interactions. These modifications are reflected in the
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mixing matrix element, V,;(E), which can be determined through neutrino mixing. The quantity
of interest is the neutrino flux of flavor S at Earth, denoted as ¢2‘§ (E), rather than the neutrino mixing
itself. It is important to note that the composition of the flux at Earth is also influenced by the initial
neutrino flux of flavor a at the source, denoted as ¢, (E) [12]. Additionally, due to the limited
number of astrophysical neutrinos available, we are constrained to using the energy-averaged flavor
composition,
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where we assume a single power-law spectrum for the flux of astrophysical neutrinos at production.
By integrating over this spectrum, and normalizing the calculated flavor ratio, this yields the
expected terrestrial neutrino flavor composition, fl;e:

=051 9. (3)
Y

By diagonalizing Hamiltonian (Eq. (1)) we compute the flavor ratio via the method described
in Ref. [7]. Initially, neutrino flavor eigenstates |v,) can be described by the superposition of
Hamiltonian eigenstates, |v;),

Vay = D Vai(E)vi) . @)

Here, V,;(E) denotes the effective mixing of neutrinos including the contribution from the new
physics operator (Eq. (1)). Considering the extensive baselines covered and the high energies
involved, the resulting oscillation frequencies of neutrinos are significantly higher and are smoothed
out by the detector’s energy resolution. In this regime, the transition probability of neutrinos for
any given energy E can be expressed purely in terms of a function of V,;(E). Specifically, we find
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where the sum encompasses all possible eigenstates. Example of resulting trajectories for given
standard source flavor compositions are illustrated in Fig. 1. Note that in the limit of vanishing QG
effects, V becomes the PMNS matrix, U, and the standard astrophysical neutrino flavor composition
is recovered. This can be seen in Fig. 1 by the fact that all lines start in the standard bow-tie-shaped
region in the center of the triangle.

In this analysis, a total of fourteen nuisance parameters representing systematic errors are
simultaneously constrained. Firstly, we consider six oscillation parameters [15]: two neutrino
mass-square differences, Am%1 = 7.42t%.22}) (in units of 1073 eV?), Amg1 = 2.514f%028 (in units

027
of 1073 eV?); three mixing angles, sin® 6, = 0.304*9013 sin 653 = 0.570*%91%  and sin® 03, =
0.02221*%:900%8 . and the Dirac CP-violating phase, ¢ p (unconstrained).

Secondly, we consider five flux systematics, which can be classified into two categories:
normalisation of each flux component and spectral index assuming a single power law. The
normalisation systematic errors are introduced as shifts from the nominal predictions, including the
astrophysical neutrino flux (®stro, unconstrained), atmospheric neutrino conventional flux (®cony,
40% uncertainty), prompt flux (®prompt, unconstrained), and atmospheric muon flux (®Ppyen, 50%
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Figure 1: Flavor trajectories. The anticipated flavor composition at Earth is depicted for the Standard Model
with standard neutrino oscillations [13] (depicted as a light-pink, bow-tie-shaped region), the region permitted
by unitarity constraints considering pion production [14] (presented as a pastel-green pentagonal-like shape),
and for various operators representing distinct initial flavor compositions and flavor textures.

uncertainty). The astrophysical neutrino spectral index (yastro, Unconstrained) is also included as
a systematic error, with a best-fit value similar to a dedicated study of the same sample [9].

Furthermore, we introduce three detector systematic parameters: the Digital Optical Module
(DOM) [8] overall efficiency (epoy, 10% uncertainty), DOM angular dependence (€nead-on, 0%
uncertainty), and the in-ice photon propagation anisotropy around DOMs (as, 20% uncertainty).

Additional systematic errors arising from the modeling of atmospheric neutrinos and cosmic
rays are considered in other analyses [9? |. However, these systematics are not taken into account in
this analysis because they mainly affect low-energy events (less than 100 TeV). The QG-motivated
physics limit we set depends on the highest tail of the event distribution.

Finally, the data and the Monte Carlo expectation are compared using the likelihood introduced
in Ref. [16], which takes into account errors resulting from the finite size of the Monte Carlo sample.

To determine our limits, we employ two independent analysis methods based on frequentist and
Bayesian approaches [17]. The Bayesian approach is chosen as the official result of this analysis,
while the faster frequentist approach is used to validate the Bayesian results. The reason for this
choice is that it is too computationally expensive to produce a trials-calibrated frequentist result
and thus we decided to fall-back to a proper Bayesian prescription. Both methods utilize 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 marginalising the likelihood over the
systematic parameters using nested sampling, assuming model priors from Ref. [9]. We employ
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the MultiNest algorithm [18] with 800 live points, approximately ~ 18, 000 steps, and a tolerance
of 0.05. We perform nearly ~ 200, 000 similar calculations with different configurations to explore
the parameter phase space and identify the signal. An example of a posterior distribution from one
configuration is shown in the Supplemental Information ! of Ref. [19].

Next, we define the Bayes Factor (BF) as the ratio of the model evidence to the null hypothesis,
which assumes no QG effects. We utilize Jeffreys’ scale to establish substantial and strong limits,
which are defined by the BF being greater than 10 (substantial limit) and 31.6 (strong limit). The
Supplementary Information published in Ref. [19] provides substantial and strong limits from this
procedure for selected source flavor ratio assumptions. We repeat this construction of BFs with
different source flavor compositions (x : 1 — x : 0), allowing us to construct limits as a function of
source flavor ratio x (Fig. 2). We then spline to extrapolate values between the set of all BFs for
given x and smooth the resulting limit. This procedure is then repeated for each dimension between
dimensions three and eight.

The limits obtained in this analysis become stronger for higher dimensions due to the enhanced
energy dependence described by Eq. (1). As the dimension increases, the limits from astrophysical
neutrino interferometry become significantly more stringent compared to those from atmospheric
neutrino interferometry. However, for dimension seven and eight operators, QG-motivated physics is
expected to be smaller than E ;,3 and £ 134, respectively. Consequently, this analysis lacks sensitivity
to operators of such sizes. It should be noted that the dimension-three and -four operators are
renormalizable, and thus the definition of QG-motivated physics does not apply in the same manner.

3. Results

The main results of this work are shown for dimension-six operators in Fig. 2, other constraints
can be found in the Supplemental Material in Ref. [19].

The constraints depend on the assumed flavor composition at the source and the flavor-texture
of the interaction. As can be seen in the figure for several combination of these two parameters the
contraints obtained surpass the Planck scale: we have entered the QG regime. This implies that

this technique has significant potential to reach this scale and will improve as our understanding of
astrophysical sources evolves. One notable point is that the E(T‘Q coefficient is constrained beyond
the Planck scale for all possible choices of the source flavor ratio at substantial level. Large values
of this coefficient suppress the transition from muon and electron neutrinos to tau neutrinos, thus, to
first order, a non-zero value of this coefficient is constrained to the level that a non-tau astrophysical

component is ruled out. Additionally, for the pion production mechanism, which is present in
(d (d)
e up
the substantial level. For muon-damped scenarios, where we expected only muon neutrinos at the

source, the constraints at the strong-level beyond the Planck scale are obtained for CO(T‘Q, col(,dT), 5%) R
cogi), and &9

many astrophysical neutrino production scenarios, the ¢ ) and ¢ operators are constrained to

Thttps://www.nature.com/articles/s41567-022-01762-1/figures/4
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Figure 2: Constraints on dimension-six effective operators as a function of the initial flavor composition.
The hashed region The hashed region on top corresponds to the constraint obtained using atmospheric
neutrinos [4]. The shaded regions correspond to constrained regions where the solid edges demarcate the BF
for strong constraint, while the dashed-edges delineate the substantial limit. Where substantial corresponds
to a BF of 10, while strong is given by 31.6 according to Jeffrey’s scale.

4. Conclusion

Here, we have reported results for the first search for QG effects using astrophysical neutrino
flavors. Though these have been expressed as constraints on Lorentz-violating operators, they are
constraints on the size of any flavor-non-trivial potential that may permiate space. Thus, some of
the constraints derived in this work translate directly to other scenarios such as long-range forces,
neutrino-dark matter interactions, among others; see Ref. [20] and references therein.

The constraints obtained in this work are limited by our capacity to reconstruct neutrino
flavor ratios, which is expected to improve with better characterization of the Antarctic ice [21] and
reconstruction techniques [22-24], and by the limited sample size of astrophysical neutrinos [25, 26].
We expect that future follow-up analyses will pierce deeply into the QG-motivated regime.
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