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The KM3NeT/ORCA is a next-generation neutrino detector currently under construction in the
Mediterranean Sea. There are currently 6 Detection Units deployed, and in the past year the detector
has been steadily taking data. Here the first neutrino oscillation measurement is presented using
data taken with the ORCA detector 6 Detection Units, containing 354.6 days of exposure. Selection
criteria are discussed, followed by a neutrino oscillation analysis. In the analysis it is found that
oscillations are preferred with a confidence level of 5.9 o over “no oscillations”. Likelihood scans
of the Am%1 and sin® 653 parameter also show a strong exclusion of the no oscillation hypothesis.
The sensitivity contour in (sin? 63, Am%l) is presented, showing results that are approaching to

being being competitive with other experiments [1].
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1. Introduction

The KM3NeT research infrastructure is currently building 2 next-generation neutrino detector
at the bottom of the Mediterranean Sea at >2.5 km depth. The ARCA detector is used for
astrophysical studies of neutrino sources while the ORCA detector is used for studying neutrino
oscillations with the ultimate goal of measuring the Neutrino Mass Ordering (NMO). The latest
sensitivity studies to the NMO for the full detector are available at [2]. The ORCA detector is being
built off the coast of France near Toulon, and will have an instrumented volume of 7Mton [2], while
the ARCA detector will encompass approximately one cubic kilometre of sea water [3].

The ORCA detector will consist of 115 Detection Units (DU) containing 18 Digital Optical
Modules (DOM) each. A DU is a vertical structure that houses the DOMs using cabling and supplies
power and fibre-optics for read-out of the data taken by the DOMs. A DOM is a pressure resistant
glass-sphere containing 31 3" photo-multiplier tubes (PMT), effectively creating a 3-dimensional
grid of light sensors in the deep-sea. The detection principle is based on the Cherenkov effect:
charged particles moving faster than the local speed of light emit Cherenkov radiation, which is
detected by the PMTs. This allows for reconstruction of the interaction vertex, energy, direction
and event topology, in turn allowing the probing of the phase-space of neutrinos interacting in the
water where they create charged particles through weak interactions. The topology can either be
track-like for outgoing muons at energies larger than a few GeV or shower-like for all other neutrino
channels.

The ORCA detector is designed to probe an energy range of 1-100 GeV, at which atmospheric
neutrinos dominate the neutrino flux. The reconstructed incoming angle 6., of the particle provides
the baseline L of the neutrino, and combined with the reconstructed energy E.o the oscillation
phase space can be probed with the L/E parameter. In this energy range it then becomes possible
to measure the oscillation parameters 6,3 and Am%l through the interaction rates of the neutrinos in
the sea water.

2. Data taking and selection criteria

2.1 Data taking

The ORCA detector, has been steadily measuring in the deep sea since mid-2019, while it’s
being constructed. In 2019 ORCA consisted of 4 lines to form ORCA4, and in January of 2020 the
detector was expanded by 2 lines to form ORCAG6. The total data taking time for ORCAG6 is 385.8
days.

2.2 Selection criteria

There are multiple selection criteria: for selecting runs to use in the analysis, for containing the
events near the detector, selecting on reconstruction quality of the event and physics cuts to probe
the relevant part of the phase-space. All with the goal of selecting a set of neutrino candidates to
be used for analysis.

The run selection is based on the duration of a physics run, timing accuracy of the run, and the
trigger rate. The runs that pass the selection criteria are considered to be of sufficient quality for
physics analysis. For the ORCAG data set this results in an exposure of 354.6 days.
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From these runs, neutrino candidates are selected to provide a sample to be used for the physics
analysis. The overwhelming majority of recorded events are atmospheric muons, which have to be
rejected in this process. To remove these events, cuts based on reconstruction quality, containment
of the event in a volume around the detector and simple cuts to reject noise and hardware issues
are applied to all reconstructed events. The cuts used in this analysis are set in such a way to reject
as many atmospheric muons as possible, while allowing a subset of neutrinos to pass the cuts. In
this way a relatively clean neutrino signal is recovered, while balancing to maintain good enough
statistics to perform the physics analysis. Note the cut on reconstructed direction cos 6epin in
figure 1, which comes from oscillation physics, and is to ensure the neutrinos in the sample covered
enough distance to allow for oscillations to a different flavour from the initial state.
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Figure 1: Incoming angle distribution of the selected data and MC sets used to do the analysis. The
transparent distributions are before applying the cuts and the opaque distributions are after applying the cuts.

In figure 1, the event distributions before and after applying the selection criteria can be seen.
The data and MC events in the figure are all after passing the initial run selection. In transparent
green the atmospheric muon background is shown, which is several orders of magnitude larger
than the neutrino flux in transparent red. In black the ORCA®6 data is shown, showing in a good
agreement between data and MC. The MC distributions are created from events generated with
gSeaGen [4] and MUPAGE [5], which are subsequently propagated, triggered and reconstructed
with KM3NeT software Jpp [3]. The distributions after applying all selection criteria are visible in
the opaque distributions. In these distributions a small amount of atmospheric muons pass the cuts,
while a significant fraction of the neutrinos pass too. This gives an S/B value of about 40. These
are the events that are used in the analysis.

In figure 2, the plots of the event distributions of the observables in the detector are shown,
after applying the selection criteria. For the cos 8 figure this is the same distribution as the opaque
distribution shown in figure 1.

Both distributions show good agreement between the measured data and the modelled MC,
where oscillations use the parameter values according to NuFIT [1] normal ordering (NO), to
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Figure 2: Left: Reconstructed incoming angle distribution after applying the cuts for both data and MC.
Right: Reconstructed energy distribution after applying the cuts for both data and MC. Both figures show
ORCAG6 data and MC.

account for the oscillations that are present. Inverted ordering (IO) parameters have not been
considered due to the detector not being sensitive to the NMO at its current size. The make up
of the distribution per flavour is shown by stacking each channel in the lower part of the figure,
and it can be seen that the v, particles start to appear at angles from cos 6o ~ —0.2 downward,
which is consistent with our current understanding of oscillations. The measured events have only
been reconstructed under a track-like hypothesis, while most of the events are known to result in
shower-like topology. For this reason the sample is dominated by v,-CC events, as the selection
criteria use the reconstruction quality of the track hypothesis. The peak at 10GeV in the right
part of figure 2 is due to the size of the detector. With only 6 lines in operation, only a fraction
of the total light emitted is captured, limiting the accuracy of the reconstructed energy. The tail
going up to about 50 GeV is due to events moving in a more vertical direction up to the completely
upward-going direction, where most light can be captured.

3. Measuring neutrino oscillations

The selected data set from ORCAG6 has been used to do a study to find the neutrino oscillation
parameters. In this section the oscillation parameters Am%1 and 6,3 are constrained and a contour
plot of the 90% confidence level (CL) is shown, including systematic uncertainties.

3.1 Measurement of oscillations

For determining the oscillation parameters a negative log-likelihood minimization method is
applied on events measured in the observable phase-space of reconstructed energy-incoming angle:
(Ereco, €OS Oreco). The incoming angle directly translates to the distance travelled of the initial
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Treatment
Parameter Free/Fixed/Prior
012 [deg] Fixed
013 [deg] Fixed
023 [deg] Free

Am3, [1073 GeV?]  Free
Am3, [107° GeV?]  Fixed

ocp [deg] Fixed
Normalisation Free
Spectral index Prior: 10%
My Mooriz Prior: 7%
Ny, [Ny, Prior: 10%
Ny, [Ny, Prior: 10%
nvﬂ/nve Prior: 3%
nN¢ Prior: 10%
n¢c Prior: 20%
Energy scale Prior: 10%

Table 1: The treatment of all oscillation and nuisance parameters in used the analysis. All priors are Gaussian
and the values are relative to their nominal values.

neutrino through L = Rpgth €OS Oreco, giving a handle on the oscillation probability. The log of
likelihood

=[] PamGm) M

1 €{Etec0,C08 Oreco }

is minimized for oscillation parameters p and nuisance parameters 7 provided to model m which
predicts the expected number of observed events in region i of (FEreco, COS Oreco), given measured
number of events d in this region using Poisson probability P. The nuisance parameters 7 are
described in detail in [8].

The likelihood is evaluated only for the ORCAG track channel, as mentioned. An overview
of all oscillation and nuisance parameters and their treatment can be found in table 1, where the
nominal values of the oscillation parameters are determined by Nu-Fit 5.0 values [1].

A normalisation parameter is applied to the entire event distribution during the minimisation.
This is done to capture unforeseen systematic uncertainties on the largest scale. The priors used are
all applied as Gaussians and the input comes from either [2], [6] or [7], or are relaxed versions of
values extracted from these references. The relaxation is done to account for the lower reconstruction
accuracy and oscillation sensitivity of the partial detector compared to the full detector as described
in [2].
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3.2 Results

As a first step to find neutrino oscillations, the model m is fitted to the data set in terms of
reconstructed energy and incoming angle. The outcome of the fit is then transformed to L/E and
normalised compared to the “no oscillations” hypothesis for visualisation purposes. The model
is also fitted against the data while constraining the oscillation parameters to either Nu-Fit 5.0 [1]
values or “no oscillations” values while only marginalising the nuisance parameters.
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Figure 3: L/E distribution for the ORCAG6 data and expected number of events relative to the “no oscillation”
hypothesis. The binning is chosen such that similar statistics is present in each bin. The no oscillations and
nu-fit curves in this figure do not include systematic uncertainties as modelled for the ‘Fit’ curve.

Figure 3 shows the L/E distribution of the ORCAG6 data, where the excellent agreement can be
seen for oscillations. From the fit results the Ay? of the model is calculated and the significance of
no oscillations compared to oscillations is estimated at 5.9 o, while having a difference with Nu-Fit
of about 1.9 .

The phase-space of oscillation parameters has also been scanned and profiled in terms of
the negative log-likelihood, to provide 1-dimensional scans and a 2-dimensional contour of the
sensitivity of the ORCA detector towards neutrino oscillations.

Figure 4 shows the 1-D scans of the profile likelihood with best fit values for the oscillation
parameters added at the bottom. This is done for parameters sin? 6,3 and Am%l. The best fit values
for the parameters are sin 03 = 0.50’:%'_ 11% (stat.+syst.) and Am%1 = 1.95’:%-_%‘; (stat.+syst.), where
the statistical and systematic error is given in its entirety. This best fit value is also shown in the
contour in figure 5.

Finally the contour with the sensitivity to the oscillation parameters 6,3 and Am%1 is shown
in figure 5, in terms of sin® @3 for the former. At every point in the contour the log-likelihood is
minimized relative to all nuisance parameters including the priors from table 1, and the 90% CL
contour is drawn through the recovered likelihood landscape.

Figure 5 shows the contour of the analysis of ORCA6. The Nu-Fit best fit point is within the
confidence level of 90% for this result. With almost year of data for ORCAG the result is in the same
order of magnitude as competing experiments, showing promise for future measurements with the
ORCA detector.
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Figure 4: The profiled likelihood scan of sin” 6,3 (left) and Am%l (right).
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Figure 5: Contour at 90% CL of ORCAG6 towards the oscillation parameters Am%1 and 6,3, with the latter
shown in the sin® basis. Contours of other experiments have been added for comparison purposes as well as
the Nu-Fit best fit value [1].

4. Summary and discussion

The latest results of ORCA for neutrino oscillation studies has been shown. Using a fit in (Ereco,
COS Oreco) A AX2 value can be determined that prefers oscillations with 5.9 ¢o. This is illustrated
in terms of L/E. Similarly from profiled likelihood scans in the oscillation parameters sin® 653 and
Am%1 show clear rejection of a “no oscillations” hypothesis. Finally, the sensitivity of the ORCA6
data set to determine the oscillation parameters is presented with full systematic treatment. From
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this result it is clear that ORCA®G is becoming competitive after almost one year of data taking.

The current analysis does not incorporate the shower channel yet, and improvements to the used
energy estimator have been identified that still need to be implemented. As the detector size will
increase in the future, the amount of light captured will increase, resulting in a better determination
of the energy measurement. Both of these changes will allow for better energy estimation and thus
better estimation of Am%l. This means there is ample room for improvement. All the while, data
taking continues and the detector increases in size.
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