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KM3NeT/ORCA is an underwater Cherenkov neutrino detector currently being built in the
Mediterranean Sea. The detector is optimised for the detection of atmospheric neutrinos in
the energy range from a few GeV to 100 GeV in order to study neutrino oscillations and to deter-
mine the neutrino mass ordering.
The observation of oscillations of atmospheric electron and muon neutrinos into tau neutrinos is a
primary physics goal during the ongoing detector construction phase, with a partially instrumented
volume. The tau neutrino flux at the detector can be determined in a first step by identifying a sta-
tistical excess in the shower-like event topology compared to the expectation without oscillations.
This measurement will allow to probe the standard three-flavour neutrino oscillation model.
This contribution will present the sensitivity of KM3NeT/ORCA to tau neutrino appearance and
report a first measurement with ORCA6, an early 5% detector sub-array for an exposure of 433
kton-years.
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1. Introduction - Tau appearance with KM3NeT/ORCA

The KM3NeT collaboration is currently building two neutrino telescopes in the Mediter-
ranean Sea [1]. KM3NeT/ARCA is located near Sicily and is designed for neutrino astronomy.
KM3NeT/ORCA is instead located offshore Toulon, France, and is optimised for the detection of
atmospheric neutrinos in the energy range from a few to 100 GeV. The main goal is the study of
neutrino oscillations and finally the determination of the neutrino mass ordering. Both detectors
are three-dimensional arrays of photomultiplier tubes (PMTs) which detect the Cherenkov light
that is emitted by the charged particles produced in neutrino interactions inside or close to the
instrumented detector volume. KM3NeT/ORCA will consist of 115 vertical strings or detection
units (DUs) anchored to the sea floor, and with an average distance of 20 metres. A DU comprises
18 so-called digital optical modules (DOMs) spaced 9 metres, and each DOM houses 31 3-inch
PMTs in a 17-inch glass sphere. Data taking is already ongoing with preliminary sub-arrays of both
detectors.
Sensitivity studies have shown that KM3NeT/ORCA has large potential for the observation of tau
neutrinos [2]. The full detector will detect more than 3000 charged current tau neutrino (𝜈𝜏 CC)
events per year. These tau neutrinos must be a product of neutrino oscillations (tau appearance)
since the atmospheric neutrino flux below 100 GeV is initially almost entirely composed by electron
and muon neutrinos from the decays of charged pions and kaons. The dominant production channel
for tau neutrinos in KM3NeT/ORCA is the transition 𝜈𝜇 → 𝜈𝜏 . Figure 1 shows the oscillation
probability at the detector level, i.e. the bottom of the Sea, dependant on the neutrino energy and
direction, where the most prominent oscillation maximum corresponds to vertically up-going neu-
trino events with energies between 20 and 30 GeV. Matter effects, leading to the discontinuity in the
probability pattern, affect the transition probabilities mostly at lower energies and are not expected
to have a sizeable impact on this analysis.
However, it is not possible to detect tau neutrinos in KM3NeT/ORCA on an event-by-event basis
but only statistically since the event topology is too similar to other neutrino interactions. Charged
current muon neutrino (𝜈𝜇 CC) interactions lead to a so-called track-like event signature in the
detector. On the other hand, 𝜈𝜏 CC interactions are mostly shower-like. As a consequence, tau
appearance can be observed as a statistical excess of shower-like events.
Tau appearance is quantified through the so-called tau normalisation parameter, 𝑛𝜏 , which is defined
as the ratio of the measured tau neutrino flux to the tau neutrino flux which is expected in the standard
three-flavour neutrino oscillation scenario using the most updated measurements of the parameters
that describe neutrino physics. There are non-negligible uncertainties on the charged current tau
neutrino cross section [3] and on the unitarity of the PMNS matrix, especially in the tau sector
[4], which could cause a deviation from the expected value. These two scenarios are respectively
addressed by considering a scaling only on the CC component (CC-only), or by additionally scaling
the expected fraction of neutral current (NC) events produced by tau neutrinos (CC+NC).
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Figure 1: 𝜈𝜇 → 𝜈𝜏 oscillation probability at the detector level assuming normal ordering for true neutrino
energy and direction relevant for KM3NeT/ORCA. Note that cos 𝜃 equal to 0 (-1) refers to events that enter
the detector horizontally (from below).

2. Data sample

This analysis is done with an early 5% sub-array of the full KM3NeT/ORCA detector composed
of six detection units (KM3NeT/ORCA6). The total livetime is 510 days which corresponds to an
exposure of 433 kton-years.
In order to obtain a clean neutrino sample, first, a pre-selection based on simple cuts which aims to
discard pure noise events, is done. In a second step, atmospheric muon events are rejected by means
of an event classifier based on boosted decision trees. Finally, the remaining events are further
classified by a second set of boosted decision trees into track- and shower-like events. In order to
minimise the impact of misclassified atmospheric muons and enhance the sensitivity, the track-like
class is subdivided into a lower purity class (Low Purity Tracks) which contains the major amount
of misclassified muons, and a higher purity class (High Purity Tracks) which contains only a very
small fraction of muons.
The measurement of the tau normalisation parameter is carried out by fitting a model which includes
the tau normalisation as a free parameter, to the observed event distribution in the two-dimensional
space defined by the reconstructed energy and direction. To do this, histograms are created for each
event class where the reconstructed direction is divided into 10 equally spaced bins in the up-going
range of cos 𝜃, where 𝜃 is the reconstructed zenith angle of an event. This is supposed to further
reject the main background in KM3NeT/ORCA which is given by atmospheric muons that only
enter the detector from above. Since tau neutrinos are only expected to come from below, this cut
is not expected to have a negative impact on this analysis. Furthermore, 14 reconstructed energy
bins are used between 2 and 100 GeV. In case of the shower class, one additional bin for events
with reconstructed energies between 100 GeV and 1 TeV is introduced. After optimising the event
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Oscillation parameter Prior
𝜃12 fixed
𝜃13 fixed
𝜃23 free
Δ𝑚2

31 free
Δ𝑚2

21 fixed
𝛿𝐶𝑃 fixed

Nuisance parameter Prior
Spectral Index ± 0.3

𝜈hor/𝜈ver ± 2%
𝜈𝜇/�̄�𝜇 ± 5%
𝜈𝑒/�̄�𝑒 ± 7%
𝜈𝜇/𝜈𝑒 ± 2%

NC Normalisation ± 20%
Energy scale ± 9%

High-energy Light Simulation ± 50%
Overall Normalisation free
Track Normalisation free

Shower Normalisation free
Muon Normalisation free

Table 1: All systematic uncertainties and their treatment in the fit.

selection and classification as described above, about 200 𝜈𝜏 CC events are expected to be measured
in 433 kton-years.

3. Measurement

3.1 Fit and systematic uncertainties

The tau normalisation is fitted by the minimisation of a negative log-likelihood function L.
The fit is performed in the two-dimensional plane of reconstructed energy and direction for all event
type classes.

−2 logL = 2
∑︁
𝑖 𝑗

(
𝑛model
𝑖 𝑗 − 𝑛data

𝑖 𝑗 + 𝑛model
𝑖 𝑗 log

(
𝑛data
𝑖 𝑗

𝑛model
𝑖 𝑗

))
+

∑︁
𝜖

(
𝜖exp − 𝜖obs

𝜎𝜖

)2
(1)

However, the fit does not only take 𝑛𝜏 into account but also the neutrino oscillation parameters, as
well as other nuisance parameters as systematic uncertainties. The different parameters of the model
as well as their treatment in the fit, i.e. if they are fitted with or without constraints, can be found in
table 1. For each parameter 𝜖 with a prior 𝜎𝜖 , a term is added to equation 1 which penalises fitted
values outside the prior range. The fixed oscillation parameters are taken from NuFIT v5.0 (with SK
atmospheric data) [5] with both mass orderings tested. The remaining nuisance parameters account
for uncertainties in the atmospheric neutrino flux and cross section. The priors are taken from
[6]. The energy scale is a single parameter that combines different uncertainties of the detector.
The high-energy light simulation parameter addresses the different light generators that are used
in the simulations for low- and high-energy neutrinos. Finally, the global normalisation (Overall
Normalisation) and the normalisations concerning the Showers (Shower Normalisation), the High
Purity Tracks (Track Normalisation) and the atmospheric muons (Muon Normalisation) are fitted
without constraints.
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3.2 Results

The tau appearance analysis has been performed for CC-only and CC+NC scaling. The tau
normalisation and the corresponding 1𝜎 uncertainty were found to be 0.50+0.46

−0.42 (0.67+0.37
−0.33) for

CC-only (CC+NC). The Δ logL profile is shown in figure 2. It presents the difference between the
log-likelihoods of the best fit and models with a tau normalisation fixed to values between 0 and
2. Even though the measurement deviates from the expected value of 1, it is still consistent with
𝑛𝜏 = 1 on a 1.1𝜎 (0.9𝜎) level in case of CC-only (CC+NC). For CC+NC, no tau appearance, i.e.,
𝑛𝜏 = 0, is disfavoured with 2.2𝜎, whereas in the CC-only case, the measured value of 𝑛𝜏 agrees
with no tau appearance within a 1.2𝜎 level.
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KM3NeT/ORCA6 preliminary, 433 kton-years
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Figure 2: Measured Δ log-likelihood profile for CC-only (solid) and CC+NC (dashed).

As presented in figure 1, the oscillation probability and hence tau appearance depends on 𝐿/𝐸
where 𝐿 is the neutrino baseline which depends on cos 𝜃 and 𝐸 is the energy. Figure 3 shows the
observed 𝐿/𝐸 distribution of shower-like events, compared to the best fit with respect to no tau
appearance for CC-only and CC+NC, respectively. Additionally, the distribution for a model with
𝑛𝜏 = 1 is shown.
Figure 4 shows the impacts and pulls of all fitted oscillation and nuisance parameters. In order to
study the impact that a variation on a certain model parameter has on the fitted tau normalisation,
two additional fits are performed where the parameter is fixed at its best fit ± the 1𝜎 MINOS errors
calculated by the MINUIT package [7], while the rest of the parameters are left free. The impact
on the tau normalisation is then calculated as

(
𝑛shift
𝜏 − 𝑛bf

𝜏

)
/𝜎𝑛𝜏

. The coloured bars on figure 4
summarise the impact of the different parameters on the tau normalisation. For both scalings, the
normalisation factors for the different light generators and the shower class as well as the zenith
slope have large impacts. Slight differences between CC-only and CC+NC are a result of different
correlations between the respective tau normalisation and the systematic uncertainties.
The black markers and their associated error bars on figure 4 represent the so-called pulls, which are
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Figure 3: 𝐿/𝐸 distributions for data, the best fit and 𝑛𝜏 = 1 of the shower class with respect to no tau
appearance for CC-only (left) and CC+NC (right).

defined as the difference of the best fit value and the expected value with respect to its uncertainty
(𝜖BF − 𝜖CV) /𝜎. Here, 𝜎 represents the pre-fit uncertainty in the parameter whenever available. For
those parameters without pre-fit uncertainty, 𝜎 represents the post-fit uncertainty. The error bars are
calculated as the ratio 𝜎

post−fit
𝜖 /𝜎pre−fit

𝜖 or set to 1 for those parameters without pre-fit uncertainties.
As can be seen, the systematics with the largest pulls are the normalisations and the oscillation
parameters. This can be expected since these are the parameters that are fitted without prior.
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Figure 4: Impact on the tau normalisation of fixing oscillation and nuisance parameters at their best fit value
± 1𝜎 (post-fit) uncertainty with respect to its uncertainty (coloured bars, lower axis). Additionally, the pulls
and constraints (black markers with error bars, upper axis) are shown. Left: CC-only. Right: CC+NC.

Figure 5 presents the comparison of the results of KM3NeT/ORCA6 with the measurements of
the tau normalisation that have been performed so far by OPERA [9], Super-Kamiokande [10] and
IceCube/DeepCore [8]. All measurements agree with the Standard Model within their reported
uncertainties. The first two experiments observed a tau normalisation larger than expected. However,
a direct comparison of the results is non-trivial: on one hand, the differences with respect to OPERA
could be related to the different neutrino sources used by both experiments. On the other hand,
Super-Kamiokande’s measurement was performed in an energy range where deep inelastic scattering
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contributes a 41% to the neutrino cross section, while being the main interaction channel in the
KM3NeT/ORCA measurement. A direct comparison to the results of IceCube/DeepCore would be
more straightforward because both detectors use the same neutrino source and both measurements
are conducted in the same energy range. The measured tau normalisations from KM3NeT/ORCA6
and IceCube/DeepCore agree within a 1𝜎 level. As can be seen in figure 5, none of the so far
performed measurements can rule out a tau normalisation equal to 1.

0.0 0.5 1.0 1.5 2.0
 normalisation

OPERA

Super-Kamiokande

IceCube (CC-only)

IceCube (CC+NC)

KM3NeT (CC-only)

KM3NeT (CC+NC)

KM3NeT/ORCA6 preliminary, 433 kton-years

Measurement
±1

Figure 5: Comparison of the results for the tau normalisation from the different experiments. The errorbars
show the reported 1𝜎 uncertainties. Results are taken from [9] (OPERA), [10] (Super-Kamiokande) and [8]
(IceCube/DeepCore).

4. Conclusion and Outlook

The first measurement of the tau normalisation for KM3NeT/ORCA6 has been performed for
a data set with an exposure of 433 kton-years. The results are consistent with the expectations
of a tau normalisation equal to 1, even though they indicate a slightly lower value than expected,
namely 𝑛𝜏 = 0.50+0.46

−0.42 (0.67+0.37
−0.33) for CC-only (CC+NC). The uncertainties of this measurement are

on the same order of magnitude as the previous measurements from other experiments. However,
the uncertainty is expected to be reduced in the future with extended data sets and larger detector
configurations. This will decrease the impact of the statistical as well as of the systematic uncer-
tainties. For an exposure of 21 Mton-years, which corresponds to 3 years of data taking with the
full KM3NeT/ORCA detector, the tau normalisation will be constrained to ± 7% on a 1𝜎 level
(CC-only) [2]. On the long term, the measurement of 𝑛𝜏 can help to constrain elements of the
PMNS matrix, as well as to constrain the 𝜈𝜏 CC deep inelastic scattering cross section.
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