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One of the main goals of KM3NeT/ORCA is to measure atmospheric neutrino oscillation param-
eters with competitive precision. To achieve this goal, good discrimination between track-like
and shower-like events is necessary, with particular focus on the measurement of the tau neutrino
normalisation. The track-like signal is mainly carried by muon neutrinos from charged current
interactions, while the shower-like signal comes from charged current interactions of electron and
tau neutrinos, and neutral current interactions of all flavours. A Random Grid Search algorithm
is optimised to separate these channels and its performance is compared with machine learning
methods using boosted decision trees. This contribution will report on the technical aspects of the
algorithm and the performance of the particle identification with data recorded in 2020 and 2021
using an early six-lines configuration of the ORCA detector (ORCA®6).
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1. Introduction

Particle identification plays a crucial role in most neutrino studies aimed at measuring flavour
oscillations with high precision. This contribution reports on the track-shower separation to identify
neutrino flavours using the KM3NeT/ORCAG6 data, with a particular focus on the optimisation of
the v, appearance signal. The track-like signal refers to the muon from the charged current muon
neutrino interaction. The shower-like signal refers to the electro-magnetic(EM) shower from the
charged current electron neutrino interaction, the EM/hadronic shower from the charged current
tau neutrino interaction, and the hadronic shower from the neutral current channel for all-flavors.
With a still size-limited detector, no significant separability between electro-magnetic and hadronic
shower is expected.

Sophisticated methods are being explored to perform particle identification such as Boosted
Decision Trees (BDTs), used in the official KM3NeT/ORCA results, and most recently Deep Neural
Networks (DNN). While these approaches show a strong potential to find the purest classification,
new ideas to improve the robustness against mismodelling effects from the simulations and the
understanding of the parameters used for particle identification, are described in this contribution.

The Random Grid Search (RGS) algorithm consist in a transparent and robust approach that
relies on a combination of cuts in one or two dimension to separate two (or more) populations of
events. A strong advantage of this method is the ability to look for the reasons why a particular
data sample was chosen. By using a combination of cuts that involve a few features (typically 4 or
5) one can investigate the data/MC agreement and interpret the physical meaning of the features.

2. Detector and data sample

KM3NeT is an undersea Cherenkov neutrino telescope currently under construction at the
bottom of the Mediterranean Sea off-shore the Italian Sicily coast (KM3NeT/ARCA) and 40 km
off-shore Toulon, France (KM3NeT/ORCA). The two detectors are optimised for different neutrino
energy ranges. They are composed of vertical Detection Units (DUs), each consisting of 18
Digital Optical Modules (DOMs). A DOM is housing 31 photomultiplier tubes (PMTs) and the
corresponding readout electronics. Six DUs were operational in KM3NeT/ORCA when the data
used in this analysis were acquired. A hit consists of a time stamp and a time over threshold. An
event is created when the trigger algorithm identifies a series of causally-connected hits. The vertex
position, the time and the direction of the event is determined by using a maximum-likelihood
method based on a set of causally-connected hit times and positions. For the track reconstruction
the hits are fitted under the assumption of a Cherenkov-light-emitting muon. The muon is assumed
to follow a long, straight trajectory and to propagate practically at the speed of light in vacuum
through water. For the shower reconstruction the signal is searched in all direction within 80m
from the shower vertex pre-fit position, the hits are fitted to find the brightest point of the shower,
expected a few meters from the neutrino vertex position depending on energy.

The data used in this analysis were collected between mid-February 2020, and mid-November
2021 for a total of 510 days or 433 kton-years. Quality cuts on the number of used hits >= 15, the
likelihood >= 40 and the direction (up-going) of the track reconstruction were applied to remove
poorly reconstructed events, noise events from K40 decay, and most of the atmospheric muon
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background. A cut keeping events below 100GeV in the energy from the track reconstruction is
applied to the Tracks class (defined in Section 3) and 1TeV from the shower reconstruction energy
to the Showers class to remove high energy events migration.

3. BDT Performance

A BDT based algorithm is used in the official oscillation analysis and relies on the training
of the classifier on 45 different features using unweighted MC events. Those features are related
to the energy, likelihood of the track/shower reconstruction, direction, hits of each reconstructed
event. The trained classifier applied to a sample predicts a Track score and an atmopsheric muon
(Atm. muon) score that determines the likeliness of an event to be associated to a muon neutrino
or an atmospheric muon, respectively. In Figure 1 the weighted distribution of the scores and the
data/MC ratio illustrates the good agreement between data and expectation for those variables.
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Figure 1: The Atmospheric muon score and Track score stacked distribution for all neutrino flavors is drawn
in colors with atmospheric muons in green, v, + v CC in purple, v + ¥ NC in brown, v, + v, CC in orange
and v, + v, CC in blue. The Data is shown with black dots and error bars. On the bottom part the data/MC
ratio shows the agreement between the expected number of events and the collected data. The grey bands
represents the cut values used to defined the classes.

To measure neutrino oscillations, a clean neutrino sample is produced by further removing the
atmospheric muon background that passed the upgoing direction selection with a cut on the Atm.
muon score at 1.8 1073, 1In this approach the BDT outputs are also used to separate the data
into three classes. The events that have a Track score below 0.7 are classified as Showers, while
the events that fall above 0.7 are further divided into 2 classes the High and Low Purity Tracks by
cutting on the Atm. muon score at 1.1 10~*. The cuts in the BDT scores have been optimised for
performance to measure neutrino oscillation parameters [1]. Each class is defined to ensure enough
statistics per class and per bin. The Table 1 shows the statistics contained in each class, the % of
muons, v,/v, CC and v./v CC, for 433 kton-years and 296 kton-years samples.
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Selection All events | Atm. muons | Atm. muons (%) | v/, CC (%)|v./v CC
High Purity Tracks| 1870 7 0.4 95 20
Low Purity Tracks | 2001 83 4 90 18

Showers 1959 21 1 46 130

433 kton-years 5830 111 2 77 169
296 kton-years 1250 38 3 72 65

Table 1: Summary of the number of MC events for the different classes defined by the BDT separation. The
exposure for ICRC 2023 is 433 kton-years, while the exposure for ICRC21 is 296 kton-years. The muon
contamination is given as the number of atmospheric muons divided by the number of total events. The %
of v, /7, CC events and number of v-/7 is also written to illustrate the purity of the classes.

4. Random Grid Search

The Random Grid Search algorithm was introduced in 1995 during the search of the top quark
at FermiLab [2], and is still used in multiple experiments like in the search for supersymmetry at
LHC [3].

The RGS procedure starts with the ranking of the features using weighted events from the track
and shower reconstructions based on their 2D separability that measures the overlap between the
track ( v, + v, CC) and the shower (v, + v, CC) distribution. As a second step the 2D asymmetry
and the data/MC agreement for the best ranked features are investigated to verify the understanding
of the features. Then the RGS algorithm is applied, with the idea to search for cuts where they
are likely to be useful, i.e. in the expected signal region. If events Ej...E, represent neutrino
interactions, with for instance a direction and and position which are called features X and Y then
(Eo(Xo), Eo(Yp))...(En(Xy), En(Y,)) can be used to cut the sample in two. A combination of
consecutive cuts for a given event E; with 0 <7 < nin 1D like ((E;(X;),>), (E;(Y;), <)) is called
a set of cuts. By keeping track of the signal events (true positive rate) and background events (false
positive rate) that passed the set of cuts, the performance graph shown in Figure 2 is produced. The
RGS tests all the sets of cuts in 2D based on a fixed set of features. After comparing the best sets
of cuts for many different sets of features, the best set of features is fixed.

Once the best set of features is fixed, the optimisation stage starts in order to find the best cut
values which would give the highest sensitivity for a given study. In this work the purpose was
to increase the sensitivity to v, appearance [4]. It was found that the best classes division for v,
appearance observation was into 3 classes: track, mixed and showers without separating in this
approach the track class into 2 as this has no effect on the v, appearance sensitivity. In this approach
the events that have an Atm. muon score below 3% 1073 are kept. In Figure 3 the red lines represents
the optimised 2D combination A & B that define the RGS track class. The mixed+showers region is
further divided in two classes thanks to the intersection of the 2D combination C & D & F written
in Table 2.

A Cherenkov hit is defined as a hit whose closest distance from the track is below 100 meters
and whose time is within +15 ns range from the expected time of the hit following the Cherenkov
hypothesis. The definition of the features shown in Figure 4 are reported here from left to right and
top to bottom. 1 - number of reconstructed tracks within 1° from the best track. 2 - the furthest
Cherenkov hit distance to the start of the track in meters, and zero for the events that do not have
any Cherenkov hits. 3 - the mean of the absolute value of the time residuals of the hits within 10°
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Figure 2: Efficiency and purity of each of the RGS  Figure 3: Significance of the track-shower asym-
sets of cuts. Those are shown with blue dots, while metry, with ngj, and n,, the number of showers and
the tested cut values for optimisation are shown with  tracks in each bin respectively. The blue region is
purple crosses. The orange cross represents the cho-  enhanced in tracks while the orange region is en-
sen value for the RGS cut for track isolation after hanced in showers. Red lines are used to define
optimisation of the sensitivity to v, appearance. A the separation between the Tracks class and the
random classifier is shown with a red line for com- Showers+Mixed classes by the RGS cuts defined
parison. in Table 2.

around the Cherenkov angle assuming the best track direction from the shower reconstruction. 4
- the log of the distance between shower reco vertex and the start of the track propagated in the
track direction from a distance corresponding to the time difference of the two reconstructions at
the speed of light in vacuum. 5 - the distance between the shower reco pre-reconstructed vertex and
the position of the brightest point of the shower after the position fit.

In the data/MC comparison for the 5 features involved in the RGS cuts, the events corresponding
to all MC flavors are weighted, this allows to appreciate the good understanding of the data for
each parameter that is used in the RGS class separation. For most bins the data/MC ratios are
contained in a +20% band around 1. The peak at 0 in the parameter showing the distance to the
furthest Cherenkov hit correspond to events for which no hit passes the Cherenkov distance and
time conditions.

2D combination Z = y — (ax + b)
RGS track class definition: A&B

pars. feature x feature y coeffa| coeffb |cutdir

comb. A n. tracks within 1° log pre/pos fit dist. Shower Reco[-0.2356| + 1.9124 | Z >0

comb. B furthest Cherenkov hit mean time residual of sel. hits |-5.0702|+125.6146| Z > 0
RGS shower class definition:(AorB) & (C&D&F)

comb. C |log pre/pos fit dist. Shower Reco furthest Cherenkov hit -0.0101| +71.1553 | Z < 0

comb. D|log pre/pos fit dist. Shower Reco| mean time residual of sel. hits [-3.0422| +7.4538 |Z <0

comb. E| mean time residual of sel. hits | log dist. Shower vs Track reco |-0.3291| +2.503 |Z <0

Table 2: Coefficients of RGS cut combination for Tracks and Showers classes definition.
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5. Tau appearance sensitivity

After being completed, the full KM3NeT/ORCA detector is expected to measure 3000 v, per
year. As a comparison IceCube DeepCore measured in 1022 days for their Analysis B, 934 v, + v,
CC, 3368 v, + v, CC and 1889 atmospheric muons [5]. As the typical v, energy is close to 25GeV,
above KM3NeT/ORCA energy threshold, it will already be sensitive to v, appearance at a primary
stage of construction [6]. For the moment the v, are measured as an excess in the shower class.
The RGS cuts presented in this work were optimised to define classes in order to have the highest
possible sensitivity to v, appearance.

For each of the 3 classes defined previously the oscillation parameters are fitted in the 2D
space of the reconstructed zenith angle and the reconstructed energy. The fit is accounting for
various systematic effects reported in [1]. The v, normalisation is unconstrained in this study.
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The sensitivity to tau appearance is shown in Figure 5. The comparison is made between the two
separation methods discussed in this work, in the CC-only case where the v, normalisation affects
only the events rates in the charged current interaction channel and in the CC+NC case where the v
normalisation affects event rates in both interaction channels. The sensitivity using both separation
methods is similar, and indicates that the no v, hypothesis could be significantly rejected with this
data set if data matches expectations.

KM3NeT/ORCAG6 Preliminary, 433 kton-years
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Figure 5: Sensitivity to v, normalisation corresponding to the ICRC23 433 kton-years data sample when
using RGS (in orange) and BDT (in blue) methods for particle identification of tracks and showers. The full
line represents the v, normalisation affecting CC-only and the dotted line both CC+NC events.

Figure 6 contains the reconstructed L/E distribution which combines the two main observables,
the reconstructed zenith angle and the reconstructed energy of the neutrinos. The L/E distribution
offers a good visibility of the oscillation dip in both the Tracks and Showers classes. The Shower
reconstruction is used for the Showers and Mixed classes and the Track reconstruction is used for
the Tracks class from RGS and the Low/High Purity Tracks as well. The BDT classification is used
on the left plots and the RGS classification for the right plots. The top histograms show the BDT
High Purity Tracks class/RGS Tracks class while the lower ones show the Showers class for both.
The left histograms reveals the result of the fit with different hypothesis, free v, normalisation, fixed
to O for the no-7 hypothesis and fixed to 1 for the nominal v, hypothesis. The best fit lies in the
middle of the two hypothesis 0 and 1. On the other side one can appreciate the L/E range between
the 2 hypothesis when using the RGS classification without showing the best fit. Data point are
shown in blacks only for the official result, where the oscillation gap is clearly visible. More data
will be needed to measure significantly the tau appearance, while high v, normalisation are already
rejected by the measurement from KM3NeT [4].

From preliminary studies, using the RGS classification allows for a better agreement between
the fitted model and the data, compared to the official BDT classification. However, further studies
are ongoing in order to investigate the differences between the two approaches and identify how to
improve particle identification.



Particle identification in KM3NeT/ORCA L. Cerisy

KM3NeT/ORCAG Preliminary, 433 kton-years KM3NeT/ORCAG6 Preliminary, 433 kton-years
r T T T T s T T T
le a1
i N T j
[=4
k=) rC 1C |
= L 1F ]
2 o8 — —
2 L 1F i
8 L 1F ]
2 06— -l<cose<0 = [ -
e [ BDT High Purity Tracks 1C ]
] [ omemmees No-Oscillations l ,_}_. 4| -1<cosB<0 -
g 04 No-Tau-Neutrinos ] [ RGS Tracks -]
C Nominal-Tau-Norm g No-Oscillations ]
02— .aan. Best-fit 1 No-Tau-Neutrinos -]
C Data 1C Nominal-Tau-Norm ]
0 P . L L) i
R R R RERE I T T 7
12 i ]
B o N S i [ o
17 S S {—— 4 4
c
k=) rC 1C |
= L 1F ]
2o E %
@ [ — s e I ™ e o ey e L
Q r 1 1F
S o6l -1<cose<0 + —=F .
° [ BDT Showers JE ]
] [ omemeeen No-Oscillations 4| -1<cosB<0 —
& 0.4— No-Tau-Neutrinos ] [ RGS Showers -]
C Nominal-Tau-Norm g No-Oscillations ]
0.Zj ..... Best-fit a1 No-Tau-Neutrinos -]
C Data 1C Nominal-Tau-Norm ]
0 R Ll L P

3

2 2 3
Re%:gnstructed L/E [km/GeV] 10 Re%:gnstructed L/E [km/GeV] 10

Figure 6: The L/E distributions of data and MC for different hypotheses are shown. The L/E using BDT
classification is shown on the left side and the RGS classification on the right side. On the top the BDT High
Purity Tracks class/RGS Tracks class is represented while on the lower part the BDT/RGS Showers classes
are shown. One the left histograms the result of the fit with free v, normalisation is drawn in green, the no-7
hypothesis in blue and nominal v, normalisation hypothesis in cyan. In the right part the no-r and nominal
v, normalisation hypothesis are drawn in orange and brown respectively.

6. Conclusion

This work highlights the potential for a new particle identification method that relies on a
few features and gives a similar sensitivity to v, appearance as the BDT classification. The good
understanding of our data was demonstrated in the different comparisons between data and MC
for the features involved in both methods. Many new possibilities in the particle identification will
arise as the detector grows. One of them is the direct identification of v, CC in the Showers class.
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