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Abstract: The symmetry of the theory of relativity under diffeomorphisms strongly depends on the
equivalence principle. Violation of Equivalence Principle (VEP) can be tested by looking for deviations
from the standard framework of neutrino oscillations. In recent works, it has been shown that strong
constraints on the VEP parameter space can be placed by means of the atmospheric neutrinos
observed by the IceCube neutrino telescope. In this paper, we focus on the KM3NeT neutrino
telescope and perform a forecast analysis to assess its capacity to probe VEP. Most importantly, we
examine the crucial role played by systematic uncertainties affecting the neutrino observations. We
find that KM3NeT will constrain VEP parameters times the local gravitational potential at the level
of 107%7. Due to the systematic-dominated regime, independent analyses from different neutrino
telescopes are fundamental for robustly testing the equivalence principle.
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1. Introduction

The equivalence principle is a fundamental assumption of general relativity, according
to which all test points follow identical trajectories in the same gravitational field. By
virtue of this principle, the effects of gravity can be locally described by a non-inertial
system of coordinates—this physical statement allows to describe the theory of gravity
in a form which is invariant under general transformations of coordinates. The weak
equivalence principle implies that all particles couple to the gravitational field with the
same coupling strength, parameterized by the Newton constant Gy. Observing a Violation
of the Equivalence Principle (VEP) would be a shift in our perspective of gravity and
would be an important piece of information in the construction of a complete theory of
gravity. A variety of experiments are suitable for testing VEP, including torsion balance
experiments [1], motion of bodies in the solar system [2], spectroscopy of atomic levels [3]
and pulsars [4-6].

In this paper, we focus on the possibility of probing VEP with high-energy neutrinos.
VEP induces an energy shift between different combination of flavor eigenstates of neu-
trinos propagating in a gravitational potential. This energy shift leads to non-standard
oscillations which are in principle distinguishable from the standard ones because of the
different energy dependence. Interestingly, VEP was originally proposed to explain the
solar neutrino problem [7-17]. Neutrino oscillations were later proposed as a powerful
way to constrain VEP employing the non-observation of a deviation from the standard
oscillations [18-36]. We emphasize that the constraints obtained on VEP through this
methodology are hardly comparable with the constraints obtained from purely gravi-
tational experiments. On the one hand, non-standard oscillations induced by VEP can
probe relative differences in the gravitational constant of the order of 10-22-10~23, whereas
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experiments based on gravitational effects only reach at most a sensitivity of 10~!3 [37].
On the other hand, however, non-standard oscillations can only probe differences in the
gravitational coupling among different flavor states of neutrinos, and therefore refer only
to a specific model of VEP.

The effects of VEP are more important at high energies, and therefore an ideal class of
experiments for testing it are neutrino telescopes [38-50]. In recent works [35,51], the atmo-
spheric neutrinos detected by IceCube have been used to constrain the parameter space of
VEP. However, the related question of how these constraints could improve with increasing
observation time and with the future neutrino telescopes under construction [52,53] has not
been explored. This question is even more important because, as emphasized in Ref. [51],
the constraints obtained are strongly dependent on the systematic error affecting the data.

Along this direction, in this work we explore the potentialities of KM3NeT [52] to
constrain VEP. We perform a forecast analysis of the atmospheric muon neutrinos that will
be observed by KM3NeT and obtain the projected constraints after 10 years of observation.
We assess the role of the systematic error by considering it as a free parameter, showing that
indeed the resulting constraint can significantly depend on it. The structure of the work
is as follows: in Section 2 we describe the general framework of neutrino oscillations in
the presence of VEP, and the methods we adopt to describe them; in Section 3 we describe
the forecast analysis performed in order to estimate the projected constraints at KM3NeT.
Finally, in Section 4 we draw our conclusions.

2. Neutrino Oscillations in the Presence Of VEP

In this section we introduce the formalism adopted for describing the non-standard
oscillations induced by VEP. Throughout this work we use units in which i = ¢ = 1. Let
us study the propagation of neutrinos in matter, with a number density N, (r) of electrons,
in the presence of a gravitational potential ¢(r); we denote by c, the amplitudes of the
« = e, yu, T flavor. If the equivalence principle is violated, three combinations of the flavor
eigenstates are selected which couple with three different strengths -, (the index a runs
from 1 to 3) to the gravitational potential. The amplitudes for these new states, which are
eigenstates of the gravitational interaction, are defined by ¢, = ), Uyaca, where U is a
unitary matrix. As discussed in Ref. [51], there is a considerable model dependence in the
choice of U, which can lead to observable effects even for astrophysical neutrinos. However,
since for this work we are mainly interested in atmospheric neutrinos, we will stick to the
more common choice that U = U, where U is the PMNS matrix. In the following, for the
neutrino conventional oscillation parameters we adopt the best-fit values from Ref. [54]
and consider the scenario of direct neutrino mass ordering.

Following Ref. [51] (see also Ref. [21]), the equations describing the neutrino propaga-
tion along the path with length element d! are:

dc . Sm? .
i— = Y UpiUyi—cp+ V(1)duece +2E@ Y UpaUzsvacy 1)
di ~ L TH e gk 2

Here, 5m]2 are the neutrino mass splittings and E is the neutrino energy. Furthermore,

V(r) = v2GpN,(r) (being Gr the Fermi constant) is the matter potential originating
from the forward scattering of electron neutrinos off electrons. The three couplings v,
are independent of one another. However, only their differences 721 = 72 — 91 and
Y31 = ¥3 — 71 can lead to physical effects. In fact, subtracting from Equation (1), the term
2Ey1cy causes only a global phase factor in front of all the amplitudes. In the following, we
will express all of our results in terms of the two differences 7,1 and y3; only.

The numerical solution of Equation (1) for neutrinos propagating through the Earth,
assuming the preliminary reference Earth model (PREM) [55] for the electron number den-
sity, is described in detail in Ref. [51]. For this work, we adopt an approximate procedure
which has however been found to provide reliable results. This procedure is similar to the
one adopted for the similar case of Lorentz invariance violation in Ref. [56]. In particular,
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the equations can be simplified by noticing that the neutrino propagation is dominated
by the matter term proportional to V(r), which is of the order of 10722 GeV, where we
have used N, ~ 5 x 10%* cm 3. Even for 7,1 31¢ ~ 1072, which are the largest values we
consider and which are already excluded by the current constraints, the effects due to VEP
start dominating the matter effects only at energies greater than 10 TeV. Even though, as we
will discuss in the next section, our analysis is extended to energies of 100 TeV, only a small
fraction of the events we analyze comes from this region. For this reason, the VEP effects
can be treated as a small perturbation. In this scenario, the matter effect pins the electron
amplitude c, to its initial value, and only muon and tau neutrinos participate in oscillations.
The problem therefore is reduced to a simple two-flavor oscillation in vacuum, where the
effective two-dimensional oscillation mass matrix is obtained by projecting Equation (1) in
the y— basis.

3. Forecast Analysis

Our aim in this section is to determine the projected constraints that KM3NeT will be
able to place on the VEP model discussed in the previous section. As in Ref. [51], we focus
on upgoing atmospheric muon neutrinos with energies from 100 GeV up to 100 TeV and
zenith angles larger than 90°. There are three reasons for this choice: first of all, it allows
us to reject the contamination from atmospheric muons, which are attenuated in their
propagation through the Earth; second, upgoing neutrinos travel a much larger distance
compared to downgoing ones and, therefore, they are more sensitive to VEP oscillations;
third, thanks to their track signature in the detector, muon neutrinos have a better angular
resolution compared to the other flavors. In the standard scenario (i.e., no VEP), neutrinos
would be practically free from oscillations, since the wavelength is larger than the Earth’s
diameter: oscillations are only present at energies near 100 GeV. Let us discuss how this
scenario changes in the presence of VEP.

Neutrinos passing through the Earth are subjected to an average gravitational potential
originating from the Great Attractor [57] which, in dimensionless units, is of the order of
|¢| ~ 107°. This potential is so large as to cover completely the Earth potential, which is
of the order of 10~? in the same units. In the VEP model, therefore, neutrinos propagate
through the essentially constant gravitational potential ¢ for a distance d ~ —2Rcos¥,
where R is the Earth radius and 8 is the zenith angle (since 8 > 90°, cos § < 0). During their
propagation, neutrinos with energies larger than E > 1/7|¢|R, where 7 is the largest
between 7,1 and <y31, are subject to VEP oscillations. Electron neutrinos are not substantially
involved in the oscillation because of the forward scattering on nuclei. The main effect
is therefore a depletion of the atmospheric muon neutrino flux, since some of the muon
neutrinos oscillate into the tau flavor. The depletion is greater at zenith angles close to
180°, i.e., for nearly vertical neutrinos, because of the larger distance traversed. Hence, the
signature that can be constrained is the anisotropic deficit of events introduced by VEP.
This depletion is depicted in Figure 1, where we show the difference induced by VEP in
the number of events compared to the standard case in ten bins of the zenith angle. Since
the difference between the number of events with and without VEP is much smaller than
the total number of events, we do not show the latter separately. The VEP parameters are
fixed to benchmark values. For all choices of parameters, the depletion is greater at zenith
angles close to 180°. The methods by which we have computed the data shown in Figure 1
are detailed below.

In Ref. [51] we have constrained VEP using the observed IceCube data. Since here we
want to determine projected constraints for KM3NeT, we perform a Monte Carlo generation
of mock data samples under the no-VEP hypothesis. As in our previous work, we adopt
ten equally spaced bins in zenith angle. In each bin, the expected number of event is

COSGZH dq)
=2 Taps [dE [ deost TEUE Ack(E). @
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Here, T, is the observation time (specified below), d®atm /dEQ) is the atmospheric
muon neutrino flux, and Aeg(E) is the effective area of KM3NeT for muon neutrino
detection [52]. For the atmospheric muon neutrino flux we adopt the model discussed in
Ref. [58] with a normalization larger by 15%. This assumption has resulted in being in
better agreement with the real IceCube data analyzed in our previous work. However, we
emphasize that this 15% increase in the normalization is well contained in the estimated
theoretical uncertainty of 24% on the flux normalization (see Refs. [35,51,58] and below).
Concerning the KM3NeT effective area, only its dependence on the neutrino energy is
publicly available, while information on its angular dependence is not provided. Since
our analysis critically depends on the angular distribution of events, we note that this
information could sensibly influence our results.

T T T T T T T T T T T T T T T T
0 standard case (no VEP) 0 standard case (no VEP)
L &
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=
s
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— 1 =107 43¢ =3 x 10777 < — 1 =107 43¢ =3 x 1077
Vo160 =107, y3 6 = 1072 Y16 =3x 1072 4316 =3 x 1074
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Figure 1. Variation as a function of the zenith angle on the expected KM3NeT number of neutrino
events in 10 years of observation with respect to the standard oscillation scenario for different values
of VEP parameters. Left (right) panel corresponds to the case of direct (inverse) ordering of VEP
parameters. The effect of VEP is a deficit of vertical upgoing neutrinos. All the uncertainties affecting
the expected events are here neglected.

In the Monte Carlo generation of mock data samples, a crucial element to be taken
into account is the systematic error affecting the experimental measurement (hereafter
denoted as fsys). As shown in our previous work [51], it is not realistic to assume that data
are subject to statistical Poisson fluctuations only. In fact, in the absence of the systematic
error (fsys = 0), the IceCube data result in not being in good agreement with the model of
atmospheric fluxes. In our previous work, following the method of Ref. [35], we estimated
the systematic error from the data such that an agreement with the theoretical flux model
is achieved at the 20 level. The typical systematic errors we found for different IceCube
datasets range from 1% to 4%. For this reason, in generating mock data samples for
KM3NeT we cannot neglect a possible systematic uncertainty. Hence, we produce the data
according to a normal distribution for each angular bin centered around the expected value
fi; with standard deviation 0'1-2 =7; + f_szysﬂz-. We adopt two different benchmark choices for
the generation: fsys = 0.04 and fgys = 0.01.

For each data sample n; generated with the procedure outlined above, we perform
a likelihood analysis to determine the constraints on the VEP parameters. To ensure
consistency, we carefully follow the procedure adopted for the real IceCube data discussed
in Ref. [51]. We define the following chi-squared function:

2
’ . {n; — a[1 + B(0.5+ cos 6;)]nYE (721, 731) }
X~ (721,731) = min ,
op Z ni"‘fszysnlz

1— 2 2
w2,

+
o2 o

, ®)
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where 0, = 0.24 and 0 = 0.04 quantify the uncertainty on the model of the atmospheric

flux (see Refs. [35,51,58]). The quantities ﬁZVEP(’YZL 731) are the number of events expected
in the VEP model, which depends on the VEP parameters. They are given by

cos 041

do
EP (ya1,731) = 27TTobs/dE/ dcos 6 Pyu(E, 9, ’721,731)dEdQ Ae(E), @)

cos 0;

where Py, is the probability of non-disappearance of muon neutrinos, obtained with the
methods discussed in Section 2. In Equation (3), the systematic error fim, is considered
as a free nuisance parameter. Hence, we assume that the systematic errors affecting the
data are not known a priori. Following the procedure in Ref. [51], in the data analysis the
value of fsys is chosen in such a way that the agreement with the data is within 20 for the
no-VEP hypothesis.

For each mock data sample we determine the 90% exclusion contour in the y;1¢$—y31¢
plane. We distinguish between two cases: 1 X 31 > 0 (direct ordering) and 1 x 31 <0
(inverse ordering). These two cases have nothing to do with the direct and inverse ordering
scheme of the neutrino masses, and are chosen only as a nomenclature to distinguish them;
the neutrino mass ordering is fixed to be direct in all the results obtained in this work.

In Figure 2, we show the bands in which the exclusion contours lie for all Monte
Carlo simulations. We take the observation time to be T,s = 10 yr and study the cases
of direct and inverse ordering for the two benchmark choices fsys = 1% and fsys = 4%
mentioned above. For the two values of the systematic error, the solid and dashed white
lines represent the mean expected constrain. For reference, we also show the previous
constraints obtained with IceCube data [51] (see also Ref. [35]). Our results show that the
KMB3NeT ability of constraining the VEP model is similar to the one of IceCube. In both
telescopes, a relevant role is played by the systematic uncertainty. Even for the case of
fsys = 1%, for a number of events of the order of 10° (typical value after 10 years of data
taking), the systematic error is much larger than the statistical one. This implies that an
increase in the number of years, or equivalently in the effective area, does not lead to
significant improvements in the strength of the constraints. However, we emphasize that
independent measurements from neutrino telescopes with different systematic errors other
than IceCube are of paramount importance to place robust constraints on VEP parameters.
On the other hand, only a reduction in the systematic error of the experiments can lead to
an improvement in the constraints. Decreasing the systematic error from 4% to 1% in the
Monte Carlo generation does indeed lead to a narrowing of the band of expected exclusion
contours and a strengthening of the constraints.

1026 1026

S0 107k
o r o s

[ Direct ordering [ Inverse ordering

| EEE i = 0.04 | EEE s = 0.04
fﬂs =0.01 fays = 0.01
—28 L L —28
00 07 1072 U 10727 1072
Vo1 & Vo1 ¢

Figure 2. KM3NeT-forecasted 10-year constraints at 90% CL on the VEP parameters for direct
ordering (771 X 731 > 0) and inverse ordering (721 X 31 < 0). The bands cover all the Monte Carlo
simulations of mock data samples. The blueish and yellow colors correspond to a systematic error
of 0.01 and 0.04 in the data generation, respectively. The solid and dashed white lines are the mean
constrains for the two values of the systematic error. The thin black lines show the IceCube limits
obtained by means of a similar analysis [51].
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4. Conclusions

The equivalence principle is at the core of general relativity; as such, it provides a
strong hint toward the construction of an ultraviolet completion of the gravitation theory.
For this reason, testing the equivalence principle might have profound implications for the
future theory of gravity to be constructed. In this work we have determined the sensitivity
of the KM3NeT neutrino telescope to the effects of VEP on atmospheric neutrinos. Using
the public KM3NeT effective area, we have simulated the angular distribution of the
events collected over an observation time of 10 years. From these simulated data, we have
determined the 90% allowed regions in the VEP parameter space for each data sample. Our
study confirms that neutrino telescopes can indeed constrain VEP at a level of y¢ ~ 107%7,
as previous works have determined from the data observed by IceCube. These results are
not directly comparable to the constraints obtained by experiments based on gravitational
effects alone from VEP: the latter are in fact generally quantitatively weaker, but do not
stem from the assumption that VEP involves the neutrino sector. We find that, even with
systematic errors of the order of 1%, 10 years of data are sufficient to enter the systematic-
dominated regime. For this reason, an independent analysis with KM3NeT neutrino
telescope, potentially affected by different systematic uncertainties than IceCube, is crucial
to robustly investigate the equivalence principle.
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