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ABSTRACT: KM3NeT/ORCA is an underwater neutrino telescope under construction in
the Mediterranean Sea. Its primary scientific goal is to measure the atmospheric neutrino
oscillation parameters and to determine the neutrino mass ordering. ORCA can constrain
the oscillation parameters Am2; and 23 by reconstructing the arrival direction and energy
of multi-GeV neutrinos crossing the Earth. Searches for deviations from the Standard Model
of particle physics in the forward scattering of neutrinos inside Earth matter, produced by
Non-Standard Interactions, can be conducted by investigating distortions of the standard
oscillation pattern of neutrinos of all flavours. This work reports on the results of the
search for non-standard neutrino interactions using the first six detection units of ORCA
and 433 kton-years of exposure. No significant deviation from standard interactions was
found in a sample of 5828 events reconstructed in the 1GeV—1TeV energy range. The
flavour structure of the non-standard coupling was constrained at 90% confidence level to
be |eur| < 5.4 x 1073, |eer| < 7.4 x 1072, |eeu] < 5.6 x 1072 and —0.015 < £, — £, < 0.017.
The results are comparable to the current most stringent limits placed on the parameters
by other experiments.
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1 Introduction

Neutrino propagation is described as the evolution of a coherent superposition of the different
mass eigenstates of the Hamiltonian. The mixing makes the transition probability between
the produced and detected neutrino flavour eigenstates exhibit an oscillatory dependence, in
the phenomenon referred to as neutrino oscillations. The first observations of solar [1] and
atmospheric neutrino oscillations [2, 3] implied that at least two neutrino mass eigenstates
carry non-zero mass, in direct contradiction with the assumption of the electroweak theory.
The neutrino mass-squared differences have been measured with increasing precision over
the years [4], and current global analyses of neutrino oscillation data constrain them to
the few-percent level [5-8]. However, the underlying mechanism giving rise to neutrino
masses remains unknown.

Most models proposed to account for the origin of neutrino masses imply the existence
of new-physics mediators, acting above some characteristic energy scale A. Their effects are
formally introduced by considering the Standard Model (SM) as part of an Effective Field
Theory (EFT), such that after integrating the heavy degrees of freedom above A, the model
would only invoke the fields relevant at the scale of the SM, respecting its symmetries [9].



Within such a framework, the effective Lagrangian can be parameterised in terms of non-
renormalisable operators as in [10]:

1 n
Log =L+ > Wc,0§ ), (1.1)

i n>5

where 4 runs over all operators (’)gn) at order n > 5 allowed by the lower-energy symmetries,
and C; are dimensionless coefficients. The order n = 5 is the Weinberg operator responsible
for neutrino masses after electroweak symmery breaking is realised [11, 12], while n > 6
involve new forms of interactions denoted as Non-Standard Interactions (NSI). Orders higher
than n = 8 are heavily suppressed by decreasing factors 1/A"~*, thus are not expected to
produce sizeable effects below A.

The higher-order operators can lead to both charged-current (CC) and neutral-
current (NC) neutrino ineractions. The NSI relevant for atmospheric neutrino propagation
affect the NC forward scattering of neutrinos on fermions found in ordinary matter. Such
interactions would arise from allowed Lagrangian terms involving four fermions, out of which
two are required to be left-handed neutrino fields [10], restricting the most general form of

the NC NSI term relevant in neutrino propagation in a model-independent way to [13]
LN = —2V2Grely (TaruPLvp) (fV“PXf) ; (1.2)

where G is the Fermi constant, X runs over the left- and right-chirality projection operators
Prr = (1%75)/2, a and  run over the neutrino flavours {e, u, 7} and f runs over the
fermions found in ordinary matter {e, u,d}. The dimensionless complex parameters e,5 are
the NSI coupling strengths involved in v, — v transitions, defined relative to the standard
electroweak magnitude given by Gr. Standard neutrino interactions are recovered in the
limit €43 — 0, whereas €,3 ~ 1 would be indicative of interaction strengths comparable to
those involving SM processes. The presence of non-zero NSI couplings therefore enriches
the SM phenomenology by enabling processes not allowed within its scope. In particular,
€aa 7 €pp implies non-universal lepton couplings in the NC interaction of neutrinos, while
eap # 0 for a # [ lead to flavour-changing neutral currents.

For the neutrino propagation through a static, unpolarised medium such as neutral Earth
matter, the chirality sum over X € {L, R} in the fermion vertex of eq. (1.2) is averaged
out, retaining only vector-like NSI couplings with corresponding strengths 556/ = 5% + sig.
Moreover, neutrinos traversing Earth matter scatter off electrons, up and down quarks during
their NC forward scattering, resulting in neutrino propagation sensitive to the incoherent
sum of the scattering amplitudes on the three types of fermions [14]:

EaB = Ez‘g + Yusz‘g + Ydai‘ﬁ/, (1.3)

with Y, = Ny /N, and Yy = Ng/N, the fraction of the NSI strength attributed to each target
fermion, based on their number density relative to electrons. Following the Preliminary
Reference Earth Model (PREM) [15] which fixes the averaged Earth composition, one obtains
Y, =~ 3.051 and Yy ~ 3.102 [16]. In the following, down quarks are assumed to fully account
for NSI couplings, neglecting electron and up-quark contributions. Comparisons to other



experiments will then be performed in terms of the effective NSI couplings from eq. (1.3)
by applying the corresponding scaling factors.

This paper presents the results from the search for NSI with 433 kton-years of exposure
of the ORCA detector with its first six Detection Units (DUs), called hereafter ORCAG.
ORCA is a water Cherenkov neutrino telescope under construction in the Mediterranean
Sea, with the main goal of a precision measurement of the atmospheric neutrino oscillation
parameters and the determination of the neutrino mass ordering (NMO).

This paper is structured as follows: in section 2 the phenomenology behind neutrino
oscillations in the presence of NSI is explained. Then, the detector configuration and the
event sample are presented in sections 3 and 4, respectively. The statistical approach followed
in the analysis is covered in section 5, and the results are shown in section 6. Conclusions
are then drawn in section 7.

2 Neutrino oscillation probabilities in the presence of NSI

Neutrino flavour oscillations in vacuum are governed by the squared-mass splittings Amgj
and mixing angles 6;;, where 4, j € {1,2,3} denote the mass eigenstates of the propagation
Hamiltonian. In the presence of matter, the coherent forward scattering of neutrinos off
the background fermions exhibits a net flavour asymmetry, as electron neutrinos undergo
additional CC forward scattering not taking place for muon and tau neutrinos, as pointed
out by Wolfenstein [17]. Within the SM framework, the v./v. CC interaction with the
target fermion integrates into the flavour-diagonal, position-dependent matter potential
2v/2G N, (z) x diag{1,0,0} [18], with N,(z) the electron number density along the neutrino
path. Under NSI, the forward NC scattering of neutrinos could be flavour-violating and
non-universal among neutrino flavours, consequently leading to a modified effective neutrino
propagation Hamiltonian in matter, which in the ultrarelativistic limit reads [19-27]:

1 0 O 0 1+ €ee Eep Eer
Heg = 3 UL0AmM3, 0 UT + A(x) €ep Epp Epr | (2.1)
0 0 Am3 €or  Epr Err

where F is the neutrino energy, U is the PMNS matrix encoding the parameterisation of the
neutrino mixing [28], A(x) = v2GrN(z) is the matter potential and e,5 = |enp]€8 are
the effective NSI coupling strengths from eq. (1.3). For antineutrinos, eq. (2.1) transforms
under U — U, A(z) — —A(x) and eqp — €55 [19].

For vacuum propagation, A(z) = 0 and eq. (2.1) exhibits the degeneracies

O12 <> /2 — 012, (2.2)
dcp «+ ™ — dcp,

which leave the flavour transition probabilities invariant. The presence of A(z) in matter
propagation breaks the above-mentioned degeneracy assuming standard interactions (SI), i.e.
eqap = 0. However, the full generalised matter potential under NSI from eq. (2.1) recovers
the vacuum degeneracy broken by the standard term alone. The transformations eq. (2.2)



together with the mapping of the NSI parameters

(Cee — Euu) — — (€ee — E,uu) -2,

(err —eup) = — (Err — €pp) » (2.3)

€ap = —€op (0 F#B),
map Heg — —Hg, therefore leave the neutrino evolution equation in matter invariant under
complex conjugation of the amplitudes [21]. The oscillation probabilities depend on differences
in the diagonal elements of the NSI Hamiltonian (see egs. (2.4) and (2.5)), for which reason
only £, — €, is observable in the analysis, and diagonal elements of eq. (2.1) are real valued.
The degeneracy with the NMO as seen in eq. (2.2) is however not exact in the present analysis,
given the position dependence of fermion densities inside the Earth (see eq. (1.3)) [22] and
that NSI couplings are considered one by one in the fits to the data. Moreover, the difference
€ee — Epy 1s fixed at 0 in the analysis, since negligible sensitivity is expected from MC studies.

Sections 2.1 and 2.2 cover a discussion of the phenomenology arising in the presence of
NSI, keeping only one coupling strength to be non-zero at a time for simplification. The
exact flavour transition probabilities can be obtained by numerical diagonalisation of the
Hamiltonian from eq. (2.1) using the OscProb software package [29]. In figures 1, 2 and 3 the
software is employed to compute the combined transition amplitudes of muon neutrinos and
antineutrinos, re-weighting each chirality as P/#tVu=VetVe = (PYu=V= 4 ()5 x PYe—"V=) /1.5
accounting for the approximate inclusive CC-interaction cross-section asymmetry ~ 2:1
between v and v [5] in the energy range probed by ORCA6. This visualisation incorporates
the washout of the NSI effects due to the mixture of opposite chiralities v and v in the
atmospheric flux, and the mentioned approximation is exclusively used for figures 1, 2 and 3
and not at analysis level. The zenith angle cosf, = —1.0 corresponding to the largest
neutrino baseline across the Earth (L ~ 12700 km) was chosen for figures 1 and 2, in order
to enhance significant NSI effects.

The three-flavour transition amplitudes between the eigenstates of the Hamiltonian in
eq. (2.1) can be analytically derived under certain assumptions. This approximation will
be helpful to support the underlying phenomenology of the ORCAG6 results, although the
analysis employs the numerical diagonalisation of eq. (2.1) and does not make use of the
explicit oscillation probabilities shown later. In [14], the following analytical expressions are
proposed for AP = PSt — PNSI the difference in oscillation probability between standard
and non-standard interactions, up to first order corrections in Am3,/Am?;:

AL

AP, = |eur| €08 8,7 52593 T4 8525 (AL) sin AL + 4¢3, o5 sin? 2}

(2.4)

AL .9 AL
— (epp — €77) S%X2302X23 A [2 sin AL — 2sin? 5

inr AL/2sin (1 —ra)AL/2 AL
AP, = — 8s13523¢23 (|€epu| c2scx — |€er| 523¢0) T'A sinrgAL/2sin (1 — rq) AL/ . }
rA (1—ra) 2
inrgAL/2sin (1 —ra)AL/2 AL
— 8513523C23 (|€ep| C235x — |€er| S2350) T4 sinrTAAL/2sin (1 —r4) AL/ “in }
A (1—ra) 2
sin? (1 —r4) AL/2
- 85138%3 (‘Ee,u| S93Cx + ’5e7—‘ 023cw) TA ( A)2 / :
(1—ra)
(2.5)



—— i ——— )

]

it

——- £, =005 |
——- £ =—005

| ===

0o 1o 0 1o
Energy [GeV] Energy [GeV]

Figure 1. Combined v, + 1/, survival probability for neutrinos propagating along the up-going, Earth
core-crossing trajectory cosf, = —1. The standard interaction prediction (SI) is represented by the
solid black line, and is identical for the four subplots. Dashed lines show the NSI expectation for
positive and negative coupling strength in the cases of non-zero ¢, (top left), e, — €, (top right),
€er (bottom left) and e, (bottom right). The specific values of NSI parameters were chosen for
visualisation purposes. For all curves, the standard oscillation parameters Amgj and 0;; were fixed at
NuFit 5.0 [6] for normal ordering (NO).

where 74 = A(z)/Am3, A = Am%,/2E, X = dep 4 0cp, W = ber + Ocp being do5 the complex
phase of the NSI couplings, and s;;, ¢;j, S2xij, Caxij = sinb;;, cosb);;, sin20;;, cos260;;. The
coupling €. — €,,, Which is neglected in the analysis, does not appear at leading order in
the two oscillation channels to which the experiment is most sensitive.

2.1 NSI expectation in the v, — v; sector

Event samples rich in v, /v, CC interactions above 10 GeV are well described within the
two-flavour oscillation picture, for which reason the discussion on the NSI effects in the
v, — v, sector will mainly focus on the muon neutrino survival probabilities shown in
figures 1 and 3.

The NC flavour-violating ¢,,, and non-universality e, — €, dominate this channel over

the remaining NSI couplings to leading order in \/ Am3,/Am3, ~ \/ leap| ~ sinbi3 (see
eq. (2.4)) [14, 19], providing the highest sensitivity to any of the parameters in neutrino
telescopes.

The top-left panel in figure 1 shows the effect of real-valued ¢,, = £7.5 x 1073 at
oscillation probability level. Consistent with the derivations in [26], the mentioned coupling
shifts the position of the oscillation minimum present above 20 GeV by modifying the effective
value of Am3; in matter. This effect can, however, be washed out by an exact u — 7 maximal
mixing, namely a3 = 45° [26]. Additionally, above ~ 60 GeV both signs of ¢, exhibit
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Figure 2. Combined v, + v, transition probability to v. + ., for neutrinos propagating along
the up-going, Earth core-crossing trajectory cosf, = —1. The SI prediction is represented by the
solid black line, and is identical for the four subplots. Dashed lines show the NSI expectation for
positive and negative coupling strength in the cases of non-zero ¢, (top left), e, — €, (top right),
€er (bottom left) and e, (bottom right). The specific values of NSI parameters were chosen for
visualisation purposes. For all curves, the standard oscillation parameters Amfj and 0;; were fixed at
NuFit 5.0 [6] assuming NO.

an oscillation enhancement compared to standard matter effects, which is sustained across
many decades of energy as shown by the blue areas in the top-left oscillogram of figure 3.
This signature would lead to a net v, + v, deficit expected in the high-energy range after
convolution with the atmospheric flux and detector response. Neutrinos in this regime tend
to be reconstructed with lower energies due to finite detector resolution, entering the relevant
range for the present study and therefore enhancing the sentivity to €.

The modification of the oscillation pattern due to a non-zero value of €, — €, is shown
in the top-right panel of figure 1. Although appearing at the same order as ¢,,,, the oscillation
terms driven by e, — €4, are suppressed in the vicinity of maximal mixing by a factor
cos 2093 [14, 27|, as seen in the second line of eq. (2.4), consequently relaxing the sensitivity
by at least an order of magnitude with respect to ¢,-. Above 10GeV and for the most
up-going trajectories, the effect arises as a damping of the oscillation probabilities around the
oscillation dip, being highly degenerate with respect to the sign of ;- —¢,,. The degeneracy
can become almost exact if fo3 = 45°.

2.2 NSI expectation in the v, sector

The NSI couplings involving the electron flavour e., and €., appear at subleading order
in the v, /v, survival probabilities from eq. (2.4) [27], rendering neutrino telescopes far
less sensitive to them compared to the NSI in the y — 7 sector. Their effects can still be
visualised for large enough couplings in the bottom panels of figure 1. The modifications due



Eur = 7.5 x 1073 Err — Epp = 2.5 x 1072
-0.2F -
0.4
< -04F -
§ 0.6
o 0.2
-0.8F - 73
! OM ALY S | § PO )
o Eer =8 X 1072 Eop = b x 1072 Y
Z3
-0.2F - [l
—0.2
< -0.4F =
0.6 . y
-0.8F \ -
i . T
_]HOMJ‘L—L—L-HM METEEERRET ) m}.‘-ﬂ ol T
10 100 10 100
Energy [GeV] Energy [GeV]

Figure 3. Difference in combined v,, 4 v, survival probability between four different NSI realisations,

P}L\LSI, and the expectation from standard interactions PS‘E“ as a function of the neutrino energy and

arrival direction. NuFit 5.0 [6] at NO is assumed for the standard oscillation parameters. Blue-shaded
areas would indicate a decrease in v, and v, events when NSI is present in comparison to SI; an event
excess would apply to red-shaded areas. From left to right, the NSI realisations assume real-valued
Eprs Err — Eppy €er and g, while fixing the rest to zero.

to e.; approximately resemble that of e, — €, at the oscillation valley, but the similarity
breaks down below 10 GeV. As opposed to ., subtle high-energy effects are expected
in the presence of non-zero ., independently of its sign, as shown in the bottom-right
panel of figure 1.

The parameters in the e — 7 and e — u sectors lead the NSI modifications at first order
in the v, — v, transitions seen in eq. (2.5), whereas the couplings €,, and e, — €, appear
at second order in the expansion, thus to a good approximation they decouple from the
former [19, 27]. As a result, the electron appearance probability is only subtly modified in
the top panels of figure 2, for the same choice of parameters as in figure 1, while the effects
expected from e.; and ., are most prominent in this channel. For this reason, atmospheric
neutrino samples rich in v, /v, CC interactions enhance the sensitivity of the detector to
these couplings by enabling a precise measurement of electron neutrino and antineutrino
appearance. In figure 3, the NSI signatures in the e — u and e — 7 sectors still show significant
modifications of oscillation probabilities for baselines with cosf, > —0.8, in contrast to the
mostly up-going NSI in the u — 7 sector, due to the periodic functional dependence on the
matter potential entering through r4 inside the brackets of eq. (2.5).



3 The KM3NeT/ORCA detector

The KM3NeT Collaboration is building two water Cherenkov neutrino detectors pursuing
different physics goals but sharing a common technology [30]. The infrastructure is distributed
between two sites in the Mediterranean Sea, one located 100 km offshore Portopalo di Capo
Passero (Sicily, Italy) with KM3NeT/ARCA (Astroparticle Research with Cosmics in the
Abyss) at a depth of 3500 m, and the other one hosting the KM3NeT/ORCA detector
(Oscillation Research with Cosmics in the Abyss), 40 km offshore Toulon (France) at 2450
m below sea level. While ARCA’s sparse layout is optimised for TeV—PeV astrophysical
neutrino detection, ORCA is more densely instrumented in order to study the oscillations
of O (1-100 GeV) atmospheric neutrinos, produced in air showers induced by cosmic ray
interactions in the atmosphere.

Neutrino interactions near or inside the instrumented volume produce secondary charged
particles, whose Cherenkov light yield is detected by a three-dimensional grid of Digital
Optical Modules (DOMSs) [31] arranged on vertical detections units [32] in order to reconstruct
the parent neutrino energy and direction. The DUs are mechanical structures anchored to the
seabed, held vertically by a submerged buoy at the top and the buoyancy of the 18 DOMs,
each housing 31 photomultiplier tubes (PMTs). Additionally, the DOMs contain the readout
electronics and all the sensors necessary for the positioning, orientation and time calibration
of the detector [32, 33]. ORCA and ARCA are currently undergoing a modular construction,
following a horizontal layout with 20 m average horizontal spacing between neighbouring
DUs in the former, and 90 m in the latter. The DOMs are positioned every 9 m vertically
along the DUs in ORCA and 36 m in ARCA. The final configuration foreseen for ORCA
will host 115 DUs while twice as many will constitute ARCA.

4 Event sample and selection

Starting in January 2020, the configuration of ORCA with the first six DUs, ORCAG,
uninterruptedly took data until November 2021, when the detector was expanded with
more DUs in successive deployment campaigns. The dataset used in this work covers 433
kton-years of exposure of ORCAG6, which were selected according to strict quality criteria
on the environmental conditions and stability of the data taking.

The ground-level event filtering is designed to cope with the background dominated by
optical noise. Situated in the depths of the Mediterranean Sea, the detector is sensitive to
the constant baseline of optical photons coming from the decay chain of “°K, as well as the
seasonally-dependent bioluminescence from microorganisms. The multi-PMT configuration is
exploited by online triggers in order to retain the causally correlated optical-photon arrivals
named hits, but a non-negligible burden of random coincidences still survive at this level.
Cuts are set based on quality outputs from event reconstruction algorithms and the number
of triggered hits per event, in order to reduce the optical noise contamination of the sample
below the percent level.

Atmospheric muons are produced together with neutrinos in air showers, and they
outnumber the latter by over seven orders of magnitude at the present selection stage. An
up-going reconstructed direction is required for events to be selected, as muons are not able



Channel HP Tracks LP Tracks Showers | Total

v, CC 1166.2 1187.1 670.2 3023.5
vy CC 612.4 600.8 236.0 1449.2
v, + v, CC 1778.6 1787.9 906.2 4472.7
v, CC 36.9 62.1 434.5 533.5

v, CC 14.0 22.9 172.5 209.4

Ve + . CC 50.9 85.0 607.0 742.9
v, CC 14.0 13.0 95.3 122.3

v, CC 6.4 5.7 37.3 49.4

vy + v, CC 20.4 18.7 132.6 171.7
v NC 9.6 16.9 224.3 250.8

v NC 3.0 5.1 66.7 74.8
v+ v NC 12.6 22.0 291.0 325.6
Atm. Muons 7.1 87.5 22.2 116.8
Total MC 1869.6 2001.1 1959.0 | 5829.7
Total Data ‘ 1868 2002 1958 5828

Table 1. Expected number of events at the best fit of oscillation and nuisance parameters under
the null hypothesis (standard interactions), broken down by neutrino flavour and interaction type, as
well as the remaining atmospheric muon background. The contributions are further divided into the
three classification samples used in the analysis: high-purity tracks (HP), low-purity tracks (LP) and
showers. Table taken from [34].

to cross the Earth. Down-going muons with faint Cherenkov light yield can be reconstructed
as up-going, hence a dedicated Boosted Decision Tree (BDT) [34] is employed to discriminate
between the former and the signal of neutrino interactions. The BDT is trained on features
engineered from the hit distribution and outputs from dedicated reconstruction algorithms.
A cut on the BDT score reduces the muon contamination down to 2% while keeping 60%
of the estimated neutrino signal at the previous selection stage.

The last selection level is aimed at distinguishing the two main neutrino interaction
signatures. The event topology denoted as track-like originates mainly from the v, /v, CC
interactions near or inside the instrumented volume, whose outgoing muon is able to travel
from tens to hundreds of metres in seawater leaving a characteristic yield of Cherenkov photons.
In contrast, the shower-like topology corresponds to a more isotropic photon distribution
in the detector, associated with neutrino interaction channels where only hadronic and
electromagnetic cascades are produced, with a limited spatial extension compared to the
track topology. This includes CC interactions of v, /v, and v;/v; with non-muonic decays,
as well as NC interactions of all neutrino flavours.

A second BDT is trained to discriminate between the two types of signatures. Combining
the two BDT outputs by employing non-overlapping BDT score ranges, the dataset comprising
5828 observed events is split into three classes: high-purity tracks (HP) with 0.3% atmospheric
muon contamination and estimated 95% v, CC purity, low-purity (LP) tracks with 4% muon
contamination and 90% v, CC purity, and a shower class with 46% of muon neutrinos



mixed with the remaining neutrino flavours and NC interactions. The specific BDT cuts
applied for this event classification into the sets were optimised to provide the highest
sensitivity to neutrino oscillation parameters, and were identically chosen for all ORCA
analyses performed on the 433 kton-years dataset [34]. The detailed composition of the
analysis classes is shown in table 1.

The high- and low-purity distinction for tracks stems from the benefit of isolating events
with better angular resolution from less accurately reconstructed ones, since the BDT scores
serve as a quality parameter. For the shower channel such separation is not feasible, given
the reduced statistics in that class compared to the two track channels combined.

While the three classes are approximately equally populated, the high-purity track class
enhances the v,-disappearance signal rendering it the most sensitive to ¢, and e+ — g,
whereas the shower class opens the possibility to effectively constrain the electron NSI sector,
namely ., and &,.

5 Analysis method

The analysis proceeds by comparing the observation with Monte Carlo (MC) simulated
templates weighted according to the hypothesis being tested. The generated events are
mapped from the simulation phase space to the templates, binned in reconstructed log(E/GeV)
and cos 6., by means of a detector response modelled from the MC simulation itself, which
convolutes the total detection, reconstruction and classification efficiency within a particular
(log(E/GeV), cos 6,) bin in the reconstruction space. An overview of the ORCA MC simulation
chain and response matrix is presented in [34-37].

A Maximum Likelihood Estimation (MLE) is performed in order to extract the NSI
and nuisance parameters which best fit the observed distributions, under the hypothesis of
choice. A binned negative Poisson log-likelihood is used as

TNrec

_210g£ = Z 2 [BZJngd(Q,ﬁ) - Nz]? + Nz]? log (JI\\/ITZ]?_, - >] + 4(6112_ 1)2

+Xk:<77k —U:Uk>>2’ (5.1)

which is expected to asymptotically follow a x2-distribution [38]. The sum runs over the
Nrec bins in the reconstructed energy and cosine of the zenith angle, Ng[ and NZ-JJD- denote the
model prediction and data recorded for the energy bin ¢ and cosine of the zenith bin j, & is
the set of parameters of interest (Pol) and 77 are the nuisance parameters. The likelihood from
eq. (5.1) is further corrected by the second term due to the finiteness of the available MC
statistics, following Conway’s approximation [39] of the original Beeston-Barlow method [40].
The parameters 3;; model the bin-by-bin uncorrelated MC uncertainty and act as nuisance
parameters, assumed to be normally distributed f3;; ~ N (1, O'%’Z»j) in each bin, where og;; is
the uncertainty on the bin content obtained as the error of the sum of event weights. The 3;;
parameters are independent of the Pols and other nuisance parameters and are analytically
computed as explained in [34]. Finally, the third term of the likelihood accounts for external
constraints on nuisance parameters which are assumed to be Gaussian.

,10,



Fourteen bins in reconstructed log(E/GeV) were set from 2 GeV up to 100 GeV for high-
and low-purity tracks, while an extra bin up to 1 TeV was added for the shower class. Ten
bins are linearly distributed in cos 8, between [—1,0]. The binning was optimised to provide
enough statistics in otherwise sparse corners of the phase space, ensuring sufficient bin-by-bin
populations for the correct behaviour of finite-MC corrections.

In order to construct confidence level intervals for the NSI coupling strengths, the
log-likelihood ratio is chosen as test statistic (TS):

[’(0707 i»)

L(3,7)

N3

—2Alog L(dp) = —21log , (5.2)

where Wy is a specific point within the specified grid of NSI parameters, ﬁ is the MLE of the
nuisance parameters given the fixed &y, & is the global MLE of the NSI coupling and 7:]’ is
that of the nuisance parameters. Grids assumed for different NSI hypotheses would then
be scanned successively at different values of &y, constructing the —2A log £ profiles and
contours as specified by eqgs. (5.2) and (5.1). The allowed region of each NSI hypothesis at a
given confidence level is obtained by comparing the values of eq. (5.2) with the corresponding
quantiles of a x2-distribution with one or two degrees of freedom assuming Wilks’ theorem [41].

5.1 Nuisance parameters

Fifteen nuisance parameters are considered in this study modelling a variety of systematic
uncertainties (see table 2), as was done in [34]. The standard oscillation hypothesis being
nested within the NSI scenario requires that Am32; and a3 are profiled over with no assumed
prior, and the central values taken from NuFit 5.0 [6]. The remaining oscillation parameters
were kept fixed as their impact was found to be negligible in this analysis. The MLE estimators
are computed by performing fits with eight different combinations of starting points: normal
and inverted mass ordering Am3, = {2.517, —2.428} x 1073 V2, fa3-value within the upper
and lower octant 623 = {40°,50°}, and finally a starting point of the energy scale 5% larger
and smaller than nominal, Fs = {0.95,1.05}, following the observation of degenerate minima
of this systematic. In order to avoid falling into a local minimum of the negative log-likelihood
function, only the global minimum of eq. (5.1) is extracted out of the 8 settings.

Three normalisation factors account for the uncertainty inherent to the event classifica-
tion into three sets, whereas an additional systematic models the total yield of the sparse
atmospheric muon background which enters the event selection. Total inclusive yield un-
certainties are considered in the all-flavour NC and v, CC interactions. All normalisation,
cross section and background systematics listed in table 2 act as scaling factors accounting
for selection efficiency, mismodelling and cross-section uncertainties that modify the total
number of events expected in the corresponding event class or type. The prior widths assumed
for systematics modelling the detector response are based on dedicated MC studies. Five
nuisance parameters take into account the uncertainties on the atmospheric neutrino flux, two
of them representing its spectral index and zenith-angle dependence [43], and the remaining
three implemented as flavour ratio uncertainties as suggested in [44]. The baseline neutrino
flux used in this analysis is the azimuth-averaged HKKMS 2015 model [45] computed at the
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Parameter Uncertainty

Oscillations:
Am3, —

B3

Normalisations & cross sections:

High-purity tracks fapr —
Showers fs —
Overall fan —
Atm. muon background fu —
NC normalisation iNe +20%
vr /vy CC normalisation frco +20%
Detector:
High-energy light yield JHE +50%
Energy scale Es +9%
Atmospheric neutrino flux:
Spectral index 0y +0.3
Ratio up-going to horizontal v O +2%
v/, ratio Suji +5%
Ve Ve Tatio Ses +7%
Y/ Ve ratio Sep +2%

Table 2. Nuisance parameters and their corresponding uncertainties used as prior widths in the

analysis, taken from [34].

Fréjus site without mountain over the detector. A detailed discussion of the implementation

of the uncertainties is covered in [34].

6 Results

The different NSI scenarios are considered by assuming only one coupling strength to be
non-zero at a time, in order to keep the analysis feasible within the available computational
resources. This procedure naturally neglects any correlation between couplings which can
lead to partial cancellation of effects, and ultimately to relaxed bounds on the parameters
compared to the one-by-one case.

Section 6.1 presents the values of the NSI couplings which best fit the observed data.
Sections 6.2 and 6.3 present the allowed regions for the flavour-violating and non-universality
NSI couplings obtained from the data. In the former case, the complex-valued nature of off-
diagonal parameters requires log-likelihood ratio scans as functions of the correlated complex
phase and modulus. From these, the allowed regions in (|eag|, dap) are extracted assuming
a x2-behaviour of the TS following Wilks’ theorem. One-dimensional scans of the TS are
provided for the diagonal coupling €, — €,,, and additionally for the off-diagonal couplings
by fixing the complex phase to d,3 = 0 or 7, as was customarily done by other experiments.
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Best fit

NSI coupling —2log(Lsr/Lns1)
leasl 00
Epur 0.011393 x 1071 0F38° 0.15
Err — Epy 0.00 £ 0.01 — 0.01
Eer 0.04+9:92 2001895, 1.02
Eou 0.0370:%2 1307950 1.24

Table 3. Results for the NSI couplings from the best fits to the observed data.

KM3NeT/ORCAG, 433 kton-yr
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Figure 4. Statistical pull on the nuisance parameters with prior constraints obtained in the four fits
to the data. The explanation of the parameters is covered in table 2.

6.1 Best fit

Table 3 presents the best fit obtained under each NSI hypothesis alone. No significant
deviation from the standard interaction case was found in any of the fits to the data, as
evidenced by the low log-likelihood ratios with respect to the SI hypothesis, where the NSI fit
had 2 (1) fewer degrees of freedom for complex (real) couplings. The goodness-of-fit p-value

resulted in ~1.2 % for the four scenarios.

The statistical pull on the nuisance parameters with external priors are shown in figure 4
for the four NSI hypotheses. None of the constrained systematics exhibits a statistically
relevant pull. The oscillation parameters Am3; and fa3 were fitted within 4% of the standard
interaction best fit from [34], with the only exception of Am2; being 10% away under the
ger-only hypothesis. The detailed impact of the nuisance parameters on each NSI coupling
is presented in appendix A, figures 15 and 16. The oscillation parameters 3 and Am3;
exhibit the highest influence due to the degeneracy produced on the oscillation minimum
by varying them and the NSI couplings.

Figure 5 shows the ratios of events with respect to the non-oscillation hypothesis for the
observed data and four NSI scenarios. The choice to display NSI coupling values rejected at
90% CL allows for highlighting the NSI phenomenology, which would otherwise be washed out
at their best-fit values since no statistically significant pull was observed on any NSI parameter.
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Figure 5. Ratio of events with respect to the non-oscillation hypothesis as a function of the
reconstructed baseline over energy, L/FE. The data points are shown together with the prediction
from the standard interaction (SI) best fit and four different NSI scenarios, where the corresponding
coupling strength is fixed to a value rejected at 90% CL while keeping the nuisance parameters at
the best fit. The shaded bands cover 68% of the trials drawn by fitting the SI hypothesis to 1000
pseudo-experiments generated from Poisson fluctuations of the data best-fit MC template. Observation
and expectations are separated into the three event sets: high-purity tracks (left), low-purity tracks
(centre) and showers (right).

6.2 NSI in the v, — v, sector

Figure 6 presents the allowed region observed for the correlated modulus and complex phase
of the flavour-violating NSI coupling €,-. A value of dcp = 197° from NuFit5.0 was fixed
for all fits. The observed upper bound on the modulus results in |e,-| < 5.4 x 1073 at 90%
CL, while no constraint on J,, can be placed at any CL. This result can be understood in
the light of egs. (2.4) and (2.5), where |e,4| and d,p appear directly coupled at first order
for the three off-diagonal couplings, essentially rendering atmospheric neutrino experiments
almost insensitive to the complex phases. However, the interplay of the two variables can
impact the ability to constrain the modulus when the phase is profiled over, in comparison
to the real-valued assumption.

Figures 7 and 11 present the one-dimensional —2A log £ profiles of the NSI couplings
observed from data (black) and expected when using MC generated at the best fit from SI
(blue). In 7(a), the log-likelihood ratio is presented as a function of €,, where the complex
phase has been fixed to 0 or 7 for comparison with other experiments. The observed allowed
region at 90% CL is found to be [—5.3,5.3] x 1073. As can be seen in figure 7(a), the profile
exhibits a local minimum around —2 x 10~3 corresponding to a local best-fit IO in opposition
to the globally preferred NO. The inflection point in the log-likelihood ratio close to £, =0
marks the transition from one to the opposite ordering. This feature is also seen in the
profiles of figure 11 and is attributed to the degeneracies from eq. (2.2) and (2.3), which
correlate the sign of Am3; to that of the real-valued NSI couplings or their complex phase.

Figure 7(b) presents the observed log-likelihood profile corresponding to the non-universal
coupling e — €. The sensitivity of ORCAG is here an order of magnitude below that of €,
as expected at probability level from the discussion in section 2.1. The allowed confidence
region is e, — £y, € [—1.5,1.7] x 1072 at 90% CL.
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Figure 6. Observed log-likelihood ratio contour at 90% CL of the complex, flavour-violating NSI
coupling €,,. The shaded area indicates the allowed region of the parameter space {|e,|,d,-} at the
reported CL, containing the best-fit point (dot). The top and side panels show the projections of
—2Alog L when the other variable is profiled over. The dashed and solid grey lines of the adjoint
projections are the 68% and 90% CL of the x? distribution with one degree of freedom.
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Figure 7. Observed log-likelihood ratio scan of the NSI parameters in the v, — v, sector, where the
flavour-violating coupling has been assumed real-valued by fixing its complex phase to 0 or 7. Also
shown are the expected sensitivities produced at the best fit from the SI case.
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Figure 8. Bin-by-bin contribution to the log-likelihood ratio of the best-fit hypothesis over the point
leur| = 0.0054. From left to right, the three panels show the contributions arising from the high
purity tracks, showers and low-purity tracks. As for figures 9, 12 and 13, positive values in the colour
scale correspond to bins favouring the best fit over the chosen NSI coupling, thus contributing to the
rejection power.

The contribution of each region of reconstructed energy and direction to the constraints
placed on the NSI couplings in the v, — v, sector is shown in figures 8 and 9. The colour
scale represents the log-likelihood ratio of the best fit over an NSI point rejected at 90%
CL. Positive values correspond to bins favouring the best fit over the chosen NSI strength,
consequently contributing to its rejection at 90% CL. The most up-going neutrino baselines
in the range —1.0 < cos 6, < —0.8 offer most of the sensitivity to both couplings, as strong
matter effects present in core-crossing trajectories would enhance any NSI signature. The
bin between [30, 55] GeV has the most prominent contribution to e,,-sensitivity. In fact,
based on the MC distributions, this most-sensitive bin appears to be largely populated by
neutrinos with true energies above 100 GeV. The observation is consistent with figure 3,
where the high-energy effects of ¢, are sustained across a wide range of energies above
100 GeV. The L/FE ratios seen in the left and central panels of figure 5 reflect the same
feature below 500 km/GeV; the high-energy event deficit driven by non-zero ¢, translates
into L/FE ratios lower than the standard interaction case.

The log-likelihood ratio maps in figure 9 correspond to a value of e, — g, rejected
at 90% CL over the best-fit hypothesis. The bin-by-bin contributions in both track sets
follow the lines of constant v, /v,-survival probability at the oscillation minimum, due to the
oscillation damping caused by the non-zero NSI coupling in the model as seen in figure 1.
Same effect is clear around L/E ~1000 km/GeV in figure 5 (left and centre).

6.3 NSI in the v, sector

Figure 10(a) and 10(b) present the allowed regions for the modulus and complex phase of
the NSI couplings involved at first order in v, — v, flavour transitions. The upper bounds
are |eer| < 7.4 x 1072 and |ee,| < 5.6 x 1072 at 90% CL. As seen in figure 11 as well, in
both cases the data was compatible with a best fit in the negative semi-axis, although the
sensitivity does not reach to disfavour the positive one at 90% CL. The best fit for ., and
€eu are consistent with a random fluctuation of the SM expectation. The complex-phase
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Figure 9. Bin-by-bin contribution to the log-likelihood ratio of the best-fit hypothesis over the point
€rr — €up = 0.017. From left to right, the three panels show the contributions arising from the high
purity tracks, showers and low-purity tracks.

projections of the log-likelihood ratio shown in figures 10(a) and 10(b) reach a plateau at
—2Alog L = 1, since the NSI strength favoured by the data within this range reaches the
boundary at zero. Both real-valued profiles of the parameters from figures 11(a) and 11(b)
exhibit the degeneracy of egs. (2.2) and (2.3) that correlates their sign to that of the NMO,
giving rise to the inflection points in the observed log-likelihood ratio profiles.

The extracted allowed regions under the real-valued assumption are ., € [—7.4,4.8]x 1072
and e., € [—5.4,3.6] x 102, comparatively weaker than the bounds placed on the NSI
couplings in the v, — v, sector.

In the log-likelihood ratio maps shown in figure 12 the three event classes provide
comparable contributions to the sensitivity to .., covering energy bins below 10 GeV consistent
with the discussion in section 2.2. NSI effects appear in the log-likelihood maps for a wider
range of baselines compared to the couplings in the v, — v, sector, driven by the periodic
dependence on the matter potential not present in the latter case (see eq. (2.5)). In the
shower panel of the L/FE plot in figure 5, €., is the only coupling producing sizeable effects
contributing to the 90% CL sensitivity between 400 and 1000 km/GeV.

The wide baseline coverage is common to the maps for an e, value rejected at 90% CL in
figure 13. In this case, the three event samples start contributing at 10 GeV of reconstructed
energy, in line with the effects shown in the e.,-panel of figures 1 and 2. In contrast to e,
the sensitivity to e, significantly benefits from high-energy effects appearing in the last
energy bins above 30 GeV in the high-purity track and shower classes.

6.4 Comparison of results

Figure 14 presents a summary of the reported allowed regions at 90% CL of the NSI
couplings, where the off-diagonal elements have been assumed real-valued with d,5 = 0
or 7 for comparison. The results of IC-DeepCore 2021 [46], MINOS 2013 [47] and NOvA
2024 [48] were re-scaled to match the NSI down-quark coupling convention used in this
study (see eq. (1.3)).

The ORCAG limits on the four couplings investigated are of the same order and fully
compatible with the current most stringent ones. Large-volume neutrino telescopes benefit
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Figure 10. Observed log-likelihood ratio contours at 90% CL of the complex, flavour-violating NSI
couplings involving the electron flavour. The shaded area indicates the allowed region of the parameter
space {|eag|,dap} at the reported CL, containing the best-fit point under each NSI hypothesis
represented by a dot. The top and side panels show the projections of —2Alog £ when the other
variable is profiled over.
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Figure 11. Observed log-likelihood ratio profiles of the NSI parameters in the v, sector, where the
couplings have been assumed real-valued by fixing their complex phase to 0 or w. Also shown are the
expected sensitivities produced at the best fit from the SI case.
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Figure 12. Bin-by-bin contribution to the log-likelihood ratio of the best-fit hypothesis over the point
leer| = 0.075. From left to right, the three panels show the contributions arising from the high-purity
tracks, showers and low-purity tracks.
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Figure 13. Bin-by-bin contribution to the log-likelihood ratio of the best-fit hypothesis over the point
leen| = 0.055. From left to right, the three panels show the contributions arising from the high-purity
tracks, showers and low-purity tracks.

from a wide energy spectrum and baseline coverage to provide the leading limits to €,, and
€77 — €up, and can additionally perform all-flavour analyses which strengthen the ability
to constrain NSI in the v, sector. The strong matter effect experienced by neutrinos as
they propagate along core-crossing trajectories enhances the sensitivity to deviations in the
standard matter potential in neutrino telescopes, in comparison to long-baseline experiments
like MINOS and NOvA. Among the former, ANTARES [49] and IceCube [50] have significantly
higher energy thresholds than ORCAG6. Therefore, they inspected ¢, only, due to its expected
signatures in high-energy v, disappearance. Both report the allowed regions for NO and
10 independently; the bar lengths in figure 14 correspond to the boundary of the reported
interval from the locally preferred mass ordering for the corresponding coupling sign, in
alignment with the procedure of this work. In some cases, the bounds from ORCA6 are more
stringent than the global fits to oscillation data from [20], since the latter study assumes
correlations among all NSI couplings which are not accounted for in the present work.
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Figure 14. 90%CL constraints on the NSI couplings inferred from this study (ORCA6, 433 kton-
years) in comparison to those reported by IC-DeepCore [46], MINOS [47], NOvA [48], ANTARES [49],
IceCube (IC) [50] and Super-Kamiokande (Super-K) [51], together with the global fit results from [20].
The latter accounts for correlations between NSI couplings by marginalising over all remaining
parameters, and correlations are assumed in Super-K results in the y — 7 sector as well. The bounds
from IC-DeepCore 2021, MINOS 2013 and NOvA 2024 were re-scaled to down-quark NSI couplings.

7 Conclusions

This work reports the results from the search for NC NSI with ORCAG, the configuration of
the KM3NeT/ORCA neutrino telescope with the first six DUs. A total of 5828 events split
into three classes and corresponding to an exposure of 433 kton-years are used. No significant
deviation from standard interactions is found when measuring atmospheric neutrino oscilla-
tions in the GeV range as they propagate through the Earth. The observed data are found
to be compatible at 90% CL with the following bounds on the complex coupling strengths,
inspected one-by-one assuming NSI in the neutrino forward scattering off down quarks:

leur| < 5.4 x 1073 Err — Epp € [-1.5,1.7] x 1072
leer| < 7.4 x 1072 |eeu| < 5.6 x 1072

No constraint can be placed on the complex phase of the flavour-violating couplings
at 90% CL. The above confidence regions align well with measurements provided by other
neutrino experiments, and are of the same order as the current most stringent limits on
the four inspected parameters.

An increased sensitivity to the individual NSI couplings was observed in certain regions
of the phase space, as expected by theoretical predictions. The small statistical pulls on
the nuisance parameters at the best fit indicate a proper understanding of the systematic
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uncertainties considered. Future analyses will conduct deeper studies on the detector response,
atmospheric flux composition and neutrino interaction cross sections, in order to further reduce
the relevant uncertainties. The current uncertainty in the measurement of the oscillation
parameters obtained by ORCAG6 has the highest impact on the ability to constrain NSI
couplings, which will benefit from the measurement of f23 and Am%l with improved detector
resolution and increased statistics.

These results constitute the first search for NSI conducted with KM3NeT. Future searches
for NSI with an extended instrumented volume of ORCA will refine the statistical approach
followed in this study, including correlations among NSI couplings of all flavours therefore
providing more general and model-independent constraints.
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A Impact of nuisance parameters

In the following, the impact of nuisance parameters on the individual NSI coupling strengths
is described in detail. The approach consists of shifting the value of one systematic at a
time, 10 away from its best-fit value under the given NSI coupling, which is considered the
parameter of interest of the fit, and repeating the fit to the Pol and the remaining systematics
fixing the shifted nuisance parameter. The impact of the systematic shift is shown as a
deviation in the Pol from its best fit to the data, divided by the 1o uncertainty obtained in
the profile of the Pol. Only deviations in the modulus of the NSI parameters are considered,
given the reduced observed sensitivity to the complex phases. This procedure yields the bar
plots shown in figures 15(a), 15(b), 16(a) and 16(b). On top of the bars, the black dots show
the pulls exhibited by the systematics in the NSI fits, where all nuisance parameters are free
to vary. For this, the central values of the oscillation parameters are those of NUFit 5.0 for
NO [6], since Am3; > 0 is preferred for the four NSI fits. As can be seen, all constrained
nuisance parameters are found well within their expectation.

Figures 15 and 16 illustrate that the oscillation parameters Am3; and fa3 have the largest
impact among all nuisance parameters, followed by the class normalisations, based on their
shifts induced on the Pol. In particular, Am§1 appears as the most important systematic for
€ur, due to both parameters being able to shift the position of the oscillation valley. The
mixing angle fb3 has the main impact for e, — €, and €., driven by similar effects on the
oscillation valley amplitude when varying the value of 023 and e, — £, or e.,. Finally, e¢,
is most impacted by the shower class normalisation.
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Figure 15. Shift of the systematics for the NSI coupling strengths |e,,| and e, — €,,,,. The blue
bars reflect the shift induced on the Pol by the upper and lower 1o-shift of the systematic. The bars
are to be read with the lower, blue axis. The overlaid black dots are the pulls experienced by the
systematics in the NSI best fit, (syst?! — syst™™)/o*¥st where syst"®™ are the nominal values, and
o8t is the prior width for constrained systematics, or the post-fit 1o uncertainty for unconstrained
ones. The pulls are to be read with the upper, black axis. The horizontal error bars on the pulls are
the ratio of the post-fit uncertainty to the prior width. For unconstrained parameters which do not
have priors, the error bars are set to one unit. The explanation of the systematic uncertainties is
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Figure 16. Shift of the systematics for the NSI coupling strengths |e..| and |e.,|. The blue bars
reflect the shift induced on the Pol by the upper and lower 1o-shift of the systematic. The bars are to
be read with the lower, blue axis. The overlaid black dots are the pulls experienced by the systematics
in the NSI best fit, (systP! — syst?°™)/o%Vst where syst"®™ are the nominal values, and ¢! is the
prior width for constrained systematics, or the post-fit 1o uncertainty for unconstrained ones. The
pulls are to be read with the upper, black axis. The horizontal error bars on the pulls are the ratio of
the post-fit uncertainty to the prior width. For unconstrained parameters which do not have priors,
the error bars are set to one unit. The explanation of the systematic uncertainties is covered in table 2.
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