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ABSTRACT: Neutrinos described as an open quantum system may interact with the environ-
ment which introduces stochastic perturbations to their quantum phase. This mechanism
leads to a loss of coherence along the propagation of the neutrino — a phenomenon commonly
referred to as decoherence — and ultimately, to a modification of the oscillation probabili-
ties. Fluctuations in space-time, as envisaged by various theories of quantum gravity, are a
potential candidate for a decoherence-inducing environment. Consequently, the search for
decoherence provides a rare opportunity to investigate quantum gravitational effects which are
usually beyond the reach of current experiments. In this work, quantum decoherence effects
are searched for in neutrino data collected by the KM3NeT/ORCA detector from January
2020 to November 2021. The analysis focuses on atmospheric neutrinos within the energy
range of a few GeV to 100 GeV. Adopting the open quantum system framework, decoherence
is described in a phenomenological manner with the strength of the effect given by the
parameters I'o; and I's;. Following previous studies, a dependence of the type I';; oc (E/Ep)"
on the neutrino energy is assumed and the cases n = —2, —1 are explored. No significant
deviation with respect to the standard oscillation hypothesis is observed. Therefore, 90 % CL
upper limits are estimated as I'y; < 4.6 - 1072 GeV and I's; < 8.4- 1072 GeV for n = —2
and Ty < 1.9-10722GeV and I's; < 2.7-10722 GeV for n = —1, respectively.
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1 Introduction

The discovery of neutrino oscillations [1, 2] is one of the first steps towards physics beyond the
Standard Model in revealing that neutrinos do have mass, which is not foreseen from the theory.
The three-flavour oscillation model has since become well established and the oscillation
parameters have been measured by various experiments [3]. Nevertheless, there are unresolved
questions remaining in the neutrino sector concerning for example the Dirac or Majorana
nature of neutrinos, the possibility of CP violation, and the determination of the neutrino
mass ordering. Furthermore, ongoing investigations seek for phenomena that are beyond
the predictions of the Standard Model and could modify the oscillation probabilities. These
phenomena include neutrino decay, non-standard interactions, and neutrino decoherence.

Neutrino oscillations occur when flavour eigenstates are a coherent superposition of mass
eigenstates [4], where each mass eigenstate evolves at a different frequency. As a result, a
neutrino initially produced with a specific flavour can be detected with a different flavour
after traveling macroscopic distances. The coherency of the neutrino wave is also maintained
when neutrinos travel through dense matter. Incoherent inelastic scattering is proportional
to G% (where G is the Fermi constant) and can safely be neglected. Coherent forward
scattering consistently alters the phase velocity of the neutrinos with a term proportional to
GF and to the density of scattering targets, so the interference effect persists.

However, if a neutrino is treated as an open quantum system that interacts with the
environment, it can experience stochastic perturbations on its quantum phase, causing the
mass eigenstates to lose their coherence. This phenomenon is referred to as decoherence.



Fluctuations in the metric of space-time, as anticipated in quantum gravity models, are
often suggested as a potential source of decoherence effects [5, 6]. Furthermore, a micro-
scopic model for gravitationally induced decoherence has been introduced and compared
to phenomenological approaches in a recent work [7]. The search for quantum decoherence
thus offers a unique opportunity to explore quantum gravity phenomena which are often
unobservable with current experimental capabilities.

The signature of neutrino decoherence is a damping of the oscillation amplitude. Several
studies [8-11] additionally consider the so-called relazation effects which act on the non-
oscillatory terms as part of the decoherence phenomenology. However, it is important to
note that these two effects are distinct phenomena: pure decoherence can only be probed in
experiments that are sensitive to the oscillation terms in the probabilities, whereas relaxation
effects can also be tested in scenarios where oscillations are averaged out [12].

Pure relaxation effects have been strongly constrained using solar neutrino data from
KamLAND [8]. Pure decoherence has been studied with data from the reactor experiments
KamLAND, RENO and Daya Bay [13, 14], the accelerator experiments NOvA, MINOS,
T2K and OPERA [10, 14-16], as well as using atmospheric neutrino data from Super-
Kamiokande [17], IceCube [9, 18], and IceCube/DeepCore [18]. A combined search for
decoherence and relaxation effects has been conducted with MINOS, T2K [10] and Ice-
Cube [9]. Furthermore, the impact of decoherence on the precision measurement of standard
oscillation parameters has been investigated for future experiments like DUNE, T2HK [19],
and ESSnuSB [20]. Since the various experiments are sensitive to different energy regions and
oscillation parameters each of them can contribute to constrain a distinctive area of the phase
space. In this work, decoherence effects are searched for in the data collected with a partial
configuration of the KM3NeT/ORCA detector. Following the approach taken in previous
studies, a power-law dependence of decoherence effects on the neutrino energy is assumed.
In section 2 the decoherence model employed in this study is introduced and the effect of
decoherence on the oscillation probabilities is illustrated. An overview of the KM3NeT/ORCA
detector is provided in section 3. Information about the data set, the statistical method used
to obtain upper limits on the decoherence parameters, and the treatment of systematical
uncertainties can be found in section 4. Finally, in section 5 likelihood curves as well as
confidence level contours for decoherence parameters are presented and compared to those
obtained with data from other experiments.

2 Theory of neutrino decoherence

The term decoherence refers to the loss of coherence of the neutrino mass eigenstates due to
a coupling of the quantum system to a larger environment. This may lead to non-unitary
time evolution of the subsystem and introduce irreversible behaviour [21]. As commonly
done for dissipative systems, the time evolution of the neutrino density matrix p is described
by the Lindblad equation [6, 13, 21-24]

O — ilH, (1)) + Dlp() (2.1)



where H is the Hamiltonian describing standard neutrino oscillations in matter, and the
dissipative term D[p(t)] is defined as

TCEES ) ([Vis V] + Vi), ] (2:2)
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where V} are general N x N complex matrices and N the dimension of the Hilbert space of
the subsystem. The first term of eq. (2.1) corresponds to the standard unitary time evolution
whereas the second term encodes decoherence effects. For three neutrino families (N = 3)
the dissipative term can be expanded in the SU(3) basis [6, 9, 24] yielding a general form

Dlp(t)] = (Dup”) N, (2.3)

where M are the Gell-Mann matrices, p” are coefficients defined by p = p,\”, and D is a
9 x 9 symmetric matrix that parameterises decoherence effects. Since the case studied here
cannot be irrespective of matter effects, all the above quantities are defined in the effective
mass basis. This description implies that decoherence is not only determined by properties of
the environment, but generally also depends on the matter potential.

Following previous analyses the following physical conditions are imposed:

o Complete positivity ensures that probabilities of the whole system remain positive at all
times [25]. This requirement places restrictions on the elements of D, rendering them
no longer independent [14, 24, 25].

o Probability conservation is satisfied if D,g = Do, = 0 [13, 24, 26].
o Energy conservation of the subsystem is required even in the presence of matter [18, 24].

The condition of energy conservation implies that relaxation effects which produce a damping
in the non-oscillatory terms of the oscillation probabilities are disregarded. This is also
justified by the expectation that the time scale for relaxation effects is much larger than the
time scale for pure decoherence [27]. Furthermore, modifications of the non-oscillatory terms
are strongly constrained from solar neutrinos [8] which have a significantly larger baseline
than the atmospheric neutrinos detected by KM3NeT.!

Taking the above into account, decoherence effects can be parameterised by [13, 14, 20, 24]
D = —diag(0,T'21, 21,0, 31, I'31, ['32, I'52, 0) - (2.4)

The validity of this parametrisation in the effective mass basis has been questioned in [28].
However, the authors of [24] show that eq. 2.4 remains valid in both vacuum and in matter,
provided no relaxation effects are taken into account. In contrast to the assumptions made
in [28], the decoherence effects described by our parametrization depend on the matter density.

'Effects on the oscillatory terms cannot be bound with solar neutrinos since oscillations are averaged
out [12, 13].



The decoherence parameters I';; are related by [23, 24]

Ty = 2|a@s|> >0, (2.5)
1

I's; = §|63 + 68’2 >0, (2.6)
L.

Fgg = §|a3 - a8]2 > 0, (27)

where the @, are defined by the expansion of the Lindblad master equation in SU(3) with

ip=(alV,....a®) e RY, (2.8)
Vi = alPar. (2.9)

Assuming that the angle between a3 and dg is zero (as in [18, 24]), the following relation
can be derived:

3o =T'31 + 21 — 2’31121, (2.10)

resulting in two independent parameters I'9; and I's;.
In the effective mass basis with matter effects included, standard neutrino oscillations
are described by a diagonal Hamiltonian

1 0 0 0
2F -,
0 0 Amg

where FE is the neutrino energy and Arh?j are the effective squared mass differences. The
dissipative term D[p(t)] can be written in terms of the decoherence parameters as [6, 16]

0 I'21p12(0) I'31p13(0)
Dlp(t)] == | T21p21(0) 0 Ts2p23(0) | - (2.12)
I'31p31(0) T'32p32(0) 0

Consequently, the time evolution of the neutrino density matrix as given by eq. (2.1) has
the solution [13, 16]

p11(0) pr2(0)e~(T214i820)"t 4 ()~ (Tar+ilan)'s
p(t) = | par(0)e= Tar+idan)t p22(0) pas(0)e~(Ta+ila)"t | (2.13)
p31(0)e=(Tartidanlt poy(0)e= (Taz+idaz)t p33(0)
~ Am 2
where A;; = —5%. The solution 2.13 is valid for constant matter density. In our approx-

imation, matter inside the Earth is described by a sequence of layers, each with constant
density. Eq. 2.13 is used in each layer separately and the stepwise solutions are assembled
with appropriate boundary conditions, as in [18]. Due to the condition of energy conservation,
the dissipator is always diagonal in the matter basis. The only difference with respect to

standard oscillations is the presence of damping terms e 1t



In general, decoherence effects may depend on the neutrino energy F. Following previous
studies [9, 14, 18] a power-law dependency is assumed

E

T (E) = Ty (Fo) <Eo>n , (2.14)

where Ey = 1 GeV is a reference energy and I';;(Ep) determines the strength of decoherence
effects at Ey. The index n is typically set to integer values n = [—2, —1,0, 1, 2], each motivated
by different theoretical considerations. The n = —2 model can be linked to decoherence
resulting from light-cone fluctuations [5] and gravitationally induced decoherence? [7]. The
n = —1 model is the only case which does not violate Lorentz invariance since the damping
term follows the same L/E dependence as the oscillation term.

In this work, limits are derived for n = —2,—1 as the KM3NeT/ORCA detector is
especially sensitive to modifications of the oscillation probabilities at low energies. The
current most stringent bounds on the decoherence model considered here are obtained with
data from KamLAND, RENO, and T2K [14] where their models C, D and E respect the
relation between the decoherence parameters stated in eq. (2.10). For n = 0 several works
find comparable limits [9, 14, 18] whereas for n = 1,2 the best current limits are given
by IceCube [9].

Oscillation probabilities are calculated with the open source software OscProb [29]. To
account for matter effects the Earth is described by 15 layers of constant matter density
based on the Preliminary Reference Earth Model [30]. Survival probabilities of v, and 7,
which traverse the Earth vertically are shown in figure 1 for standard oscillations as well as
three representative decoherence scenarios. For the purpose of illustration the values n = —1
and I';; = 10722 GeV are set for the active decoherence parameters while the remaining
decoherence parameter is set to zero in each case. This choice of values is in the order of
the 90% CL limit obtained in this work. The damping of the oscillation amplitude in the
decoherence scenarios is visible up to ~ 30 GeV, which is well within the energy range that
KM3NeT/ORCA is sensitive to. Since matter effects are included in the model, the impact of
the I';; parameters on the oscillation probabilities depends on the mass ordering and whether
neutrinos or antineutrinos are considered. KM3NeT/ORCA detects both neutrinos and
antineutrinos, so it is expected to have sensitivity to decoherence for both mass orderings,
even if only two of the I';; are non-zero. In figure 2, the difference between v, survival
probabilities assuming standard oscillations and assuming decoherence (case I'y; = I's1) is
shown as a function of the neutrino energy and zenith angle. The impact of decoherence is
visible in the whole range of the zenith angle which means that neutrinos from all directions
can contribute to the sensitivity of the detector. The standard oscillation parameters are based
on the NuFit 5.0 result including Super-Kamiokande data [3], where the mixing angle has a
value of 23 = 49.2 ° for normal ordering. Since decoherence causes a damping of the oscillation
amplitude, its effect can partially be replicated or compensated for by changing the value of
the mixing angle. The sensitivity to decoherence is highest for maximal mixing (f23 = 45°)
because the difference between the oscillation probability assuming standard oscillations, Piq,
and assuming decoherence, Pgeco, is largest, making it easier to distinguish between the two.

2An exact agreement of a microscopic model and the phenomenological approach was found for vacuum
oscillations and I';; o (Am3;)? [7].
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Figure 1. v, (upper) and 7, (lower) survival probabilities with normal (left) and inverted (right)
ordering for standard oscillations as well as three representative decoherence scenarios, I's; = I'30,
'3y =T'32, and I'y; = I's;. Decoherence causes a damping of the oscillation amplitude which depends
on the mass ordering and whether neutrinos or antineutrinos are considered. The energy dependence

shown here corresponds to n = —1 and the active decoherence parameters are set to I';; = 10722 GeV.
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Figure 2. Difference in the v, survival probabilities between standard neutrino oscillations, Pytq, and
assuming decoherence, Pjeco, (case I'yy =T'3; = 10—22 GeV) as a function of the neutrino energy and

zenith angle for n = —2 (left) and n = —1 (right). The decoherence signal is visible over the whole
range of the zenith angle.



3 The KM3NeT infrastructure

The KM3NeT research infrastructure comprises two water Cherenkov detectors, referred to as
KM3NeT/ARCA (Astroparticle Research with Cosmics in the Abyss) and KM3NeT/ORCA
(Oscillation Research with Cosmics in the Abyss), both currently under construction in the
Mediterranean Sea [31]. ARCA is located at a depth of 3500 m about 100 km offshore from
Portopalo di Capo Passero, Sicily, Italy while ORCA is being built about 40 km offshore from
Toulon, France at a depth of 2450 m. The main purpose of ARCA is the search for cosmic
neutrinos in the TeV to PeV energy range, whereas ORCA is optimized for the measurement
of neutrino oscillation properties using atmospheric neutrinos. Even though the construction
is ongoing, KM3NeT has already started taking data using a fraction of the envisaged detector
sizes. This is possible due to the modular detector design: ARCA and ORCA consist of
arrays of vertical detection units, each housing 18 digital optical modules [32]. These modules
are pressure-resistant glass spheres containing 31 photomultiplier tubes (PMTs) each [33],
along with their associated readout electronics. The PMTs collect Cherenkov light induced by
relativistic charged particles which emerge from neutrino interactions. PMT pulses surpassing
a threshold discriminator are digitised and characterised by their starting time and duration.
This information is used to reconstruct the initial neutrino direction and energy.

For ORCA the horizontal spacing between detection units (~ 20m) and the vertical
distance of digital optical modules (~ 9m) allows for the detection of atmospheric neutrinos
with energies as low as a few GeV. This configuration is optimised to enhance the sensitivity
to the mass ordering [34] and oscillation parameters. Consequently, ORCA can also be
used to search for effects which cause a deviation from the oscillation pattern predicted
by standard oscillations.

4 Analysis methods

This work uses data collected with a partial configuration of the KM3NeT/ORCA detector
comprising six detection units and referred to as ORCAG6. In this section, the event selection
and classification as well as the statistical methods of the analysis are explained [35].

4.1 Event selection and classification

The data used in this analysis were taken between January 2020 and November 2021. Only
periods characterised by high stability in environmental conditions and data acquisition
are utilised. The total livetime is 510 days, corresponding to an exposure of 433 kton-years
with ORCA6. Two event topologies are considered in the event reconstruction: track-like
and shower-like. Track-like signatures originate from v, charged-current (CC) and v, CC
interactions which produce a muon in the final state. Events with an electromagnetic or
hadronic shower are induced by v. CC and v, CC interactions, as well as neutral-current (NC)
interactions of all neutrino flavours. Cuts based on the reconstruction quality reject pure noise
events which originate mainly from *°K decays. The analysis is restricted to up-going events
(cos(fz) < 0) in order to reject atmospheric muons which are a large source of background.
A boosted decision tree (BDT) trained on the features of the reconstruction algorithm
is employed to discriminate between neutrino-induced signals and poorly reconstructed



atmospheric muons. The final sample comprises 5828 observed events with an atmospheric
muon contamination below 2 %.

A second BDT is used to divide the sample into three distinct classes based on the
event topology and reconstruction quality: i) a high-purity track-like class with negligible
atmospheric muon contamination and an estimated v, CC purity of 95 %, ii) a low-purity
track-like class with 4 % muon contamination and 90 % v, CC purity, and iii) a shower-like
class. The separation of the track-like events into a high- and a low-purity class improves
the sensitivity to standard oscillation parameters due to the isolation of events with a good
angular resolution in the high-purity class. The track classes contain events with reconstructed
energies between 2 GeV and 100 GeV, whereas the shower class ranges from 2 GeV to 1TeV.

The data are represented in 2D event histograms of the reconstructed energy, Eieco,
and zenith angle, 0z,cco, with a binning scheme that ensures an expectation of at
least two events per bin. The detector resolution is described by a response matrix
R(Etrue; 07 trues Erecos 02 reco) Which is obtained from reconstructed Monte Carlo (MC) events.
The response matrix represents the detection efficiency and reconstruction probability for
each bin of true energy, Eiue, and zenith angle, 07 ¢ue, for each class and flavour. This
results in an effective mass of the detector which depends on the interaction type as well as
the neutrino flavour and energy. More information on the event selection, reconstruction,
and classification can be found in [35] which uses the same data set as this analysis.

4.2 Statistical methods

A likelihood minimisation technique is used to compare 2D reconstructed event histograms
to the Monte Carlo expectation, where the values of the oscillation parameters (see table 1)
are taken from NuFit 5.0 [3]. The negative log-likelihood ratio [35]

Ndat (B —1)? er—(er) )
_ - ymod _ prdat dat : : —
2log(£) =23 | (BN =N+ bg(ﬁiw“’d) T +;< )

(4.1)
is minimised over fa3 and Am3;, as well as a set of nuisance parameters ¢, related to model
uncertainties. Since ORCAG is not sensitive to 019, 613, Am3;, and dcp these parameters are
fixed in the minimisation. The first term in eq. (4.1) is derived assuming Poisson distributed
reconstructed events with NimOd and Nidat representing the number of expected events in
the model and the number of observed events in data, respectively, per bin of reconstructed
energy and zenith angle. The normally distributed 3; account for uncertainties due to limited
MC statistics following a Barlow and Beeston light method [35, 36]. The third term in
eq. (4.1) constrains model uncertainties by measuring the discrepancy between the observed
values €, and the expected values () of the nuisance parameters in units of their standard
deviation o¢;. Some nuisance parameters are restricted by a prior while others may vary
without constraint around their nominal value (see table 2).

The model uncertainties can be categorised into three groups:

1. Uncertainties in the atmospheric neutrino flux are addressed by nuisance parameters
which vary the ratios between muon and electron neutrinos as well as neutrinos and
antineutrinos. The proportion of horizontal and up-going neutrinos can be adjusted by



Parameter | Value NO Value 10 Treatment

Am2, [eV?] | 2.517-1073 | —2.424-1073 free

Ami, [eV?] | 7.42-107° | 7.42-107° fixed
012 [°] 33.44 33.45 fixed
013 [°] 8.57 8.60 fixed
a3 [°] 49.2 49.3 free
cp [°] 197 282 fixed

Table 1. Oscillation parameters taken from NuFit 5.0 [3].

Parameter Uncertainty
Vuto) [ (ve+ie) +2%
Ve/ve +7%
Vi) +5%
Vhor [y +2%
Spectral index +10%
Jan unconstrained
fs unconstrained
JupT unconstrained
INe +20 %
frco +20 %
JuE +50 %
fu unconstrained
Es +9%

Table 2. Nuisance parameters with their uncertainties.

varying the shape of the flux in dependence of the zenith angle. The variation of the
spectral index produces a tilt in the energy distribution of the flux.

2. Uncertainties in the neutrino cross section and selection efficiency are taken into account
by adjusting the total number of neutrinos as well as the relative number of neutrino
events in the shower and high-purity track class. Additionally, scaling factors are applied
to the number of NC events and the number of v CC events. A relative normalisation
accounts for approximations used in the light simulation of high energy neutrino events
(Etrue > 500 GeV for CC events, Fiye > 100 GeV for NC events). The absolute number
of atmospheric muons may vary without constraint.

3. Uncertainties in the optical properties of water, PMT efficiencies, and the hadronic
shower propagation are modelled by an absolute energy scale of the detector which may
introduce a shift in the true energy of the response function.

A more detailed description of the systematic parameters and their modelling can be
found in [35].
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Figure 3. Log-likelihood ratio with respect to the global best fit for n = —2 (left) and n = —1 (right)
as a function of the decoherence parameters I's; (blue) and T's; (green). The solid lines were obtained
fitting both, NO and IO and keeping the overall best fit. The dashed line was obtained assuming NO

which demonstrates that 10 is preferred for large values of I's;.

5 Results

No significant deviation was found with respect to standard oscillations as the best-fit values
of I'91 and I'3y are consistent with zero. In order to derive upper limits, confidence intervals
are obtained from a scan of the log-likelihood ratio —21og (Lgeco/Lbt) = —2Alog L, where

Ldeco 18 computed for a set of points in the decoherence phase space and Ly is the likelihood

at the global best fit.

5.1 Likelihood ratio scans

The log-likelihood ratio —2A log L as a function of the decoherence parameters can be seen in
figure 3 for both energy dependencies n = —2 (left) and n = —1 (right). The solid blue curve
corresponds to a scan over ['9; and the green curve to a scan over I's;. In each scan, the
remaining decoherence parameter is left free in the fit which allows for non-zero values of all
three I';;. Each minimisation uses eight starting points, 623 = {40°,50°}, Es = {0.95,1.05}
and Am3; = {—~2.428 -1073,2.517 - 1073} eV?, where 693 is restricted to the lower/upper
octant, the energy scale to below/above one, and Am3; to the corresponding mass ordering.
The overall best fit is represented by solid lines whereas the dashed line additionally shows
the result for normal ordering (NO). For I's; normal ordering always gives the smaller log-
likelihood ratio. Regarding I'e;, normal ordering is preferred for small values, and inverted
ordering (IO) is preferred for large values.

Confidence level contours which simultaneously constrain I's; and I's; are shown in
figure 4 for both energy dependencies. The upper right part of the parameter space is
excluded at the corresponding CL. The log-likelihood ratio is small for I'o; = I's; since from
eq. (2.10) T'9y = T'3; = T'se = 0, implying that I'sy does not contribute to decoherence effects.
The shape of the contours can be understood from figure 5 which shows the contour at
90% CL assuming NO (orange, dashed) or IO (purple, dotted) respectively, along with the

,10,
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Figure 4. Confidence level contours of I's; and I'y; for n = —2 (left) and n = —1 (right). The upper
right part of the parameter space is excluded for each model at the corresponding CL. For I'y; = I'sq
the log-likelihood ratio is small as 3o does not contribute to decoherence effects.
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Figure 5. 90% CL contours of I's; and I'y; assuming NO (orange dashed), assuming IO (purple
dotted), and fitting both mass orderings (black solid) for n = —2 (left) and n = —1 (right). IO is
preferred in the minimisation when decoherence effects are dominated by I'o;.

best fit ordering (black, solid). As in the one-dimensional profiles, IO is preferred when
decoherence effects are dominated by I's;.

5.2 Upper limits and comparison to previous studies

Upper limits are reported in table 3 for both energy dependencies n = —2,—1 as well
as both mass orderings at the 90% CL and 95% CL, assuming that the log-likelihood ratio
asymptotically approaches a y?-distribution. The limits on the scenario I'y; = I's; are obtained
from the confidence level contours and reported for comparison with previous studies.

— 11 —



Upper limits [GeV]
n=-—2 n=-—1

ORCAG6, 90 %CL NO 10 NO 10
'y 2.8-107%! | 46-10721 | 1.1-10722 | 1.9-10722
I's 84-10721 | 22.107%" | 2.7-10722 | 0.8-10722
'y =T 41-1072t | 29.1072" [ 1.8-10722 | 1.1-10722

ORCAG6, 95 %CL NO 10 NO 10
| 3.7-1072! | 6.9-1072' | 1.6-1072% | 3.0-10722
I's; 11.7-1072' | 32.1072' | 42-10722 | 1.3-107%
Iy =TI 52-10721 | 3.6-1072" | 2.3-10722 | 1.4-10722

Table 3. Upper limits on the decoherence parameters at 90 % CL and 95 % CL for the energy
dependencies n = —2,—1 for NO and I0. The more conservative limit for both mass orderings is
highlighted in bold.

Upper limits [GeV]
n=-2 n=-1

Reported in [14], 90 % CL

[9p = 3o 7.9-107%7 (KL) 1.8-10724 (KL)

I3 = I3 6.9-107% (R) 2.1-107% (T2K)

Dy =Ty 7.9-10727 (KL) 1.8- 1072 (KL)
Reported in [18], 95 %CL NO 10 NO 10

[9p =g 75-107% | 50-1072° | 35.10722 | 2.3.10" 2!

I3 = I3 43-10720 | 14.107%° | 2.0-1072! | 58-107%

Iy =T 1.2-10720 | 83.1072! | 54.10722 | 3.6-10"2?

Table 4. Upper limits at 90 % CL for three representative cases of decoherence using data from
KamLAND (KL), RENO (R), and T2K [14] and limits at 95 % CL using three years of DeepCore
data [18]. The limits reported for DeepCore display the same dependency on the mass ordering as
observed for ORCAG. In [14] no distinction is made between the orderings.

A comparison with previous studies is not straightforward due to the diverse approaches
that have been employed to set limits on decoherence. Additionally, some previous works [9, 10]
neglect the relation between the decoherence parameters outlined in eq. (2.10), allowing for
scenarios such as (I'g; # 0,131 =T's9 = 0) or (I'yy = I'sy = I'sy # 0) which are not possible
within the framework considered here. As already mentioned, the upper limits provided
in this work are determined for individual decoherence parameters I';; while profiling over
the remaining parameter.? However, we found that when computing the log-likelihood scan
for I'y; (I's1) the fitted value of the remaining parameter I's; (I'a1) tends to be significantly
smaller than the parameter of interest. Therefore, limits on I'y; (I'31) are approximately
comparable to limits on I'g; = '3y (I's; = I's2) reported in [14, 18] and listed in table 4.
Strong bounds were obtained using data from KamLAND, RENO and T2K [14]. These

3The same approach was taken in a sensitivity study for DUNE [24].
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Figure 6. Log-likelihood ratio between decoherence and standard oscillations for n = —2 (left) and
n = —1 (right) as a function of the reconstructed energy and zenith angle for the high-purity track

class. The decoherence parameters are fixed at the respective 95% CL upper limit with I'y; = I'sy.
Negative values (blue) correspond to a better fit of standard oscillations than decoherence.

experiments can access lower energies than ORCA and are therefore especially sensitive
to decoherence for negative values of n. The limits derived using three years of DeepCore
data [18] are comparable to those of ORCAG.

5.3 Signature of decoherence at 95% CL

Figure 6 depicts the log-likelihood ratio between the best fit for standard oscillations and
decoherence (I'y; = I's1) at the corresponding 95% CL upper limit for n = —2, —1 assuming
normal ordering. The ratio is presented as a function of the reconstructed energy and zenith
angle for the high-purity track class, which has the largest contribution to the sensitivity.
Negative values (blue) indicate a preference for standard oscillations. The distribution of
bins contributing to the sensitivity follows the expected pattern, reflecting the difference in
oscillation probabilities Psq — Pdeco shown in figure 2. As anticipated, up-going neutrinos
coming from all directions contribute to the sensitivity. Events with cos(fz) < —0.4 have a
larger contribution since the high-purity track class contains more events coming from below
the detector than events coming from the horizon (cos(6z) = 0).

To visualise the effect of decoherence, the fit result is transformed into the baseline energy
ratio, L/FE, and normalised to the no oscillations hypothesis. This is shown in figure 7 for
standard oscillations as well as the decoherence models n = —2, —1 with I'g; = I'g; fixed at
their respective 95% CL upper limit assuming NO. It can be seen that decoherence effects in
ORCAG6 are mainly visible in two bins at L/E = 103km/GeV.

6 Conclusions

Searches for quantum decoherence effects in neutrino oscillations have been carried out using
a 433 kton-years data set from the KM3NeT /ORCA detector, in a partial configuration with
six detection units. The strength of decoherence effects was parameterised in terms of the
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Figure 7. Ratio of events with respect to the no oscillations hypothesis as a function of L/FE for
the standard oscillations best fit and the decoherence models n = —2, —1 with I'y; = I's; fixed at
their respective 95% CL upper limit. A deviation with respect to standard oscillations can be seen at

~ km
L/E ~ 108 &

decoherence parameters I'e1, I'3; assuming a power-law dependency on the neutrino energy
I';j o< (E/Ep)"™. Upper limits on the parameters I's; and I's; have been derived for the cases
n = —2, —1 showing that the decoherence sensitivity of KM3NeT/ORCA depends on the
neutrino mass ordering. Upper limits are therefore reported for both, normal and inverted
ordering. The results are comparable to bounds reported for IceCube/DeepCore and display
the same dependency on the mass ordering.
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