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1. Introduction

Neutrino Non-Standard Interactions (NSI) are one of the possible sub-dominant effects which
can affect neutrinos propagating through matter via observable changes in the oscillation patterns
predicted by "standard" oscillations. These NSI can modify the neutrino flavour ratios observed in
neutrino telescopes that measure the atmospheric neutrino flux. Experiments such as ANTARES [1]
and IceCube [2] have already proven their capability to measure NSI parameters with particularly
sensitive prospects in the y—7 sector. Due to the limited size of KM3NeT/ORCAG®, in this contri-
bution we focus exclusively on €.

2. Non-Standard Interactions

NSI interactions are customarily defined as those subset of interactions beyond the Standard
Model whose currents involve chirally left neutrinos and left and right charged fermions. Neutrino
propagation through the Earth’s matter in the presence of neutral current NSI can be described by
the following effective Hamiltonian [3]:

0 0 0 l+€ec €pu E€er
Hep = 55 Upmns |0 Amd, 0 ULy ns+Vec| €u  €un €ur| (1)
0 o0 Am%l €cr  €ur €T

where Ve = \V2G Fhe is the electron Earth matter potential associated with the MSW effect [4]
and the NSI parameters €, (with «, 8 = (e, i, 7)) can be expressed as

eC , u yc [ Md _ac

€aB = Eaﬁ + n—é'a,IB n—é'a,IB,
e e

in terms of their coupling strength €/ € to different fermions (f = e,u,d). For simplicity, the
interactions with u# quarks and electrons are neglected so that in this contribution we assume a

Q,
results presented here can be re-scaled to obtain the NSI coupling strengths to the other fermions.

uniform Earth density profile with a relation ng = 3n,, a given NSI parameter €, = 36‘12. The

Generally the NSI parameters can carry a complex phase, but in this study only their real part
is considered. Figure 1 shows the effect of opposite values of €, in comparison to standard
oscillations for the muon neutrinos. As can be seen, neutrino energies higher than 100 GeV can be
relevant for €,., whereas the standard atmospheric neutrino oscillations are normally probed with
energies up to 50 GeV. This feature gives an opportunity also for telescopes optimized for higher
neutrino energies to measure this particular NSI parameter.

3. KM3NeT/ORCA detector

ORCA (Oscillations Research with Cosmics in the Abyss) is the low-energy node of KM3NeT,
the next generation underwater neutrino detector in the Mediterranean sea. The final KM3NeT/ORCA
detector block will consist of 115 DUs (Detection Units or "strings") densely placed in a circle on
the seabed with a horizontal grid pitch of around 20m and a vertical length of around 200 m. Each
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Figure 1: Impact of €, on v,, oscillations

DU comprises 18 DOMs (Digital-Optical Modules) each equipped with 31 3-inch photomultipli-
ers (PMTs) and sensitive to the Cerenkov light induced by the charged products of the neutrino
interactions with the seawater. The vertical distance between DOMs is 9 meters. The present
configuration of ORCA has six DUs deployed and operating. The primary goal of KM3NeT/ORCA
is the determination of the neutrino mass ordering [6]. With an energy threshold of a few GeV
and an effective mass of several Mtons, KM3NeT/ORCA can also make precision measurements
of atmospheric neutrino oscillation parameters. Moreover, its access to a wide range of energies
and baselines makes it optimal to discover exotic physics beyond the Standard Model such as NSI.
Already with a few DUs, KM3NeT/ORCA proves to be capable of probing neutrino oscillation
effects [7]. In the following sections, the KM3NeT/ORCA full detector block with 115 DUs is
referred to as ORCA115 and the current detector configuration of KM3NeT/ORCA Phasel with six
operational lines is abbreviated as ORCAG.

4. Monte Carlo sample and event selection

Two event topologies can be distinguished in KM3NeT/ORCA: track-like and shower-like
events. Tracks are mostly produced by the CC interactions of muon neutrinos and the majority
of showers are caused by all-flavour NC interactions and CC interactions of electron neutrinos.
However, the detector event rate is dominated by atmospheric muons. For this reason, a strong
muon background suppression method has to be applied. A cut on incoming zenith angle allowing
only events arriving to the detector from below ("up-going"), greatly reduces the atmospheric muon
background, while still leaving atmospheric neutrinos in a wide range of zenith angles and thus
baselines, which is necessary for any oscillation analysis. The MC sample is generated using a
staged approach in which gSeagen [8] is responsible for the neutrino event generation, MUPAGE [9]
is used for the muon generation and all the events are then propagated and triggered with the internal
KM3NeT software Jpp [6]. Finally, the track and shower reconstruction stage is taken care of by
separate algorithms.
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4.1 ORCA115

For ORCA115 machine-learning RDF-based algorithms (Random Decision Forest) were de-
veloped for the particle identification (PID) and background suppression. Using the PID track score,
the sample gets divided into three classes representing tracks, showers and intermediates (events
with ambiguous topology). Atmospheric muon contamination and other sources of background
noise are very efficiently excluded from the sample with dedicated machine-learning algorithms
[10].

4.1.1 Systematic uncertainties

The set of systematic parameters used for the NSI analysis with ORCA115 can be seen in the
table of Fig. 2, right, and their cumulative impact in the plot of Fig. 2, left. The systematic uncer-
tainties with the strongest impact on the NSI study with ORCA115 come from the unconstrained
standard oscillation parameters.

Nuisance parameters Treatment Nominal values Priors

Oscillation

ORCA115 3 yr - Normal Ordering 012(°) fixed 33.82 -
10 013(°) fitted 8.60 0.13
oF / - f’;::cmorm 03(°) fitted 486 free
. E KM3NeT Preliminary — + ShowerNorm §Cp£°) e ﬂ.ttcd 221 free

E — + MiddleNorm Am3; (x107%eV?) fixed 7.39 -
7E — +V,/v, Skew Am3,(x10~3%eV?) fitted 2.528 free

6 = — VM/YM Skew . Flux
2 E - : ;TL \:(EE f::l\g Track norm. fitted 1 free
§ 5 E — +NCScale Shower norm. fitted 1 free
4F + EnergySlope” Middle norm. fitted 1 free
sE / — + ZenithSlope .. Vy/ve skew fitted 0 5%
S 58 ) b S oo +Amé, vy /Ty skew fitted 0 5%
2 +6; . Ve /V, skew fitted 0 5%
1E S +0¢p Energy slope (A7) fitted 0 5%
o E ,/, 0% x107 Zenith slope fitted 0 2%
0.5 1.0 1.5 20 25 3.0 35 4.0 45 Cross-section
ISl NC scale fitted 1 5%
Detector

(a) Incremental impact on €, sensitivity of all the sys- Energy scale fitted 1 10%

tematic parameters used for ORCA115.
(b) Table of systematic parameters used with

ORCAL115 [1].

Figure 2: Systematics with ORCA115 sample

4.2 ORCA6

Shower reconstruction is still not optimised for the limited size of ORCA®, so that only track
reconstruction is taken into account in this study. For this reason, even without PID, the fraction of v,
in the ORCA6 MC reconstructed neutrino sample reaches roughly 70%. As a proxy of the deposited
energy a simplified approach is applied where the reconstructed track length divided by 4 is used
to approximate the energy of minimum ionizing muons in water for which dE /dx ~ 0.25 GeV /m.
This method naturally introduces a cut on the maximum reconstructed energy E/.%Y =~ 50 GeV
driven by the detector size. The distributions of energy and angular resolutions obtained are shown
in Fig 3, where the saturation effect on the reconstructed energy is clearly visible.

Figure 4 shows the event distribution obtained for ORCA6 with an oscillated, 1-year equivalent
Monte Carlo simulated sample, in the true L/E (oscillation length divided by energy) space, after
the selection is applied. Despite all the limitations mentioned above, ORCAG is capable of observing

the effect of €, on neutrino oscillations at a significant level.
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Figure 3: Resolution of the reconstructed energy and arrival direction as a function of the true neutrino
energy for ORCAG.
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Figure 4: One-year ORCAG distributions of the ratio of event rates for oscillated to unoscillated MC as a
function of the true oscillation length divided by the true neutrino energy for the selected events.

4.2.1 Systematic uncertainties

The impact of the systematic uncertainties in the ORCA6 sample for the NSI study is still being
investigated. So far it was found that the nuisance parameter with the largest influence is Am%l.
Figure 5 shows the ORCA6 90% CL sensitivity allowed regions in 2D space spanned by Am%l
and €,,. Despite a mild correlation, for the current detector exposure of approximately one year,
ORCAG sensitivity is expected to be dominated by the sample statistics.

5. Analysis method

All the KM3NeT/ORCA median sensitivities presented in this contribution are based on the
Asimov data set approach and Wilk’s theorem.
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Figure 5: 90% CL sensitivity contours in €, and Am%l with ORCAG6 1 year MC sample for both mass
hierarchies assuming true NO.

5.1 ORCA115

To study the ORCA115 sensitivity, a profile Poisson likelihood ratio is calculated with respect
to the non-NSI pseudo-data nominal parameters:
Ns7p(0,7) )

L(E ’TI) N N
—2In (”—TQ) =2 Z (NNSI(euTa 1n) — Nstp(0,7) + NsTp(0,77)In
L(0,7) Pt Nnsi(€ursm 2

n-n
+Z 20',7’

syst

where 7 here indicates the nominal values of the nuisance parameters. For each point scanned in €uts
the sum of the likelihood ratio (Eq. 2) from all the separate PID classes (see section 4.1) is minimized
over the set of the nuisance parameters {r7}. The second term corresponds to the external gaussian
constraints on the nuisance parameters (both from the physics and the experimental systematics)
with mean 77 at their nominal values of pseudo-data and standard deviation o, described as prior in
the table of Fig 2.

5.2 ORCA6

As mentioned in section 4.2.1, the systematic uncertainties have not been fully investigated yet
for ORCAG, therefore no minimization is performed for the NSI sensitivity study. The pseudo-data
set is created for NO (Normal Ordering) with NSI set to zero. For each value of €, the minimum
of the negative Poisson likelihood calculated for the NO and 10 NuFit[5] standard oscillation
parameters is taken, so the profiling is done only over the mass ordering. The Likelihood ratio is
then calculated with respect to the generated pseudo-data parameters.

6. KM3NeT/ORCA sensitivity for €,,

As can be seen in Fig 6 almost all the sensitivity for €, with KM3NeT/ORCA comes from
the track events populated mainly by atmospheric v, (v,) oscillating to v (V).
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Figure 6: Impact on €, sensitivity from different PID with ORCA115 classes and varying mass ordering.

Figure 7 shows the sensitivities of ORCA6 and ORCA115 for €, compared with limits from

other experiments. The 90% CL sensitivities assuming NO are:

* for 1 year of ORCA®G (statistics only):

~12x107° < €, < 12%x 1073,

* for 3 years of ORCA115 (full set of systematics):

—1.7x 107 < €47 < 1.7x 1072
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Figure 7: KM3NeT/ORCA sensitivties compared with the best worldwide limits from IceCube[2] and
ANTARESI1]

7. Summary

In this work, we have estimated the limits reachable with one year of data-taking of ORCA6 and
with three years of the future ORCA115 detector. Using only one year of data-taking, the ORCA6
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configuration, which constitutes about 5% of the full detector, is able to reach a measurement
precision of €,, only two to three times worse than the current limit. Moreover, as ORCA grows
in size, not only the event statistics per running time will increase, but also the energy resolution
and the highest measurable muon energy, which will improve significantly the sensitivity to the
€.+ parameter. When completed, the KM3NeT/ORCA detector will potentially become the world’s
best tool for probing neutrino non-standard interactions with atmospheric neutrinos.
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