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ABSTRACT: KM3NeT/ORCA is a next-generation neutrino telescope optimised for atmo-
spheric neutrino oscillations studies. In this paper, the sensitivity of ORCA to the presence
of a light sterile neutrino in a 3+1 model is presented. After three years of data taking,
ORCA will be able to probe the active-sterile mixing angles 614, 024, 034 and the effective
angle 0,,c, over a broad range of mass squared difference Am3; ~ [107°,10]eV?, allowing
to test the eV-mass sterile neutrino hypothesis as the origin of short baseline anomalies,
as well as probing the hypothesis of a very light sterile neutrino, not yet constrained by
cosmology. ORCA will be able to explore a relevant fraction of the parameter space not
yet reached by present measurements.
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1 Introduction

The study of neutrino oscillations has seen remarkable progress in the last three decades.
An increasing number of solar, atmospheric and accelerator neutrino experiments have
performed precision measurements of the neutrino oscillation parameters [1]. The experi-
mental data is consistent with the three weakly-interacting neutrino picture (here referred
to as the standard picture). Nevertheless, a number of questions remain unanswered, in
particular what is the Neutrino Mass Ordering (NMO) and whether neutrino oscillations
violate the CP symmetry. Upcoming experiments such as KM3NeT/ORCA [2], SBN [3],
DUNE [4], JUNO [5], Hyper-K [6], IceCube/Gen2 [7] and INO [8] aim to resolve these
questions over the next decades.

At the same time, several short baseline (SBL) neutrino experiments have reported
anomalous experimental results which are inconsistent with the standard picture. A com-
prehensive review can be found in ref. [9]. Such results could be explained by assuming
the existence of an additional neutrino (hereafter SBL neutrino). However, the Z-width
measurement [10] has demonstrated that only three neutrinos can participate to weak in-
teractions, for which they are referred as active neutrinos. Therefore, the SBL neutrino,



not being able to participate to weak interactions, is called sterile. The SBL sterile neutrino
should be light (Am3; ~ 1eV?) and its presence affects the standard neutrino oscillation
probabilities via its mixing with active neutrinos, in the so called 3+1 model.

Specifically, oscillations in the presence of a single sterile neutrino can be modelled by
extending the standard picture to include four neutrino eigenstates. In this case, six new
parameters are introduced in the model: one additional mass square difference Am?2,, three
active-sterile mixing angles 614, 024 and 634, and two additional CP-violating phases d14, do24.

The neutrino evolution in matter can be described by the following effective Hamilto-
nian:

H=UHU" +V, (1.1)

where Hy = diag(0, Am3,, Am%,, Am3,)/2E, and V = \/2G pdiag(N,, 0,0, N,,/2), with G
being the Fermi constant and N., N, representing the density of electrons and neutrons in
the propagation medium. U is an extended 4 x 4 unitary matrix relating flavour and mass
eigenstates, which can be parametrised such that:

U = R34Ro4R14Ro3R13R12, (1.2)

where I, is a rotation matrix in the j-k plane and, similarly, R; is a generalised unitary
rotation matrix with an added complex phase.
In the 341 model, the active-sterile mixing elements are expressed by
U64 = sin 9146_1614,
Uus = cosfliysin 924671’624, (1.4)

Ury = cos B4 cos boy sin O34.

Several experiments have been searching for the SBL sterile neutrino. To date, results
are not fully consistent with the 34+1 model: disappearance experiments results are com-
patible with the standard neutrino scenario while some appearance experiments, such as
LSND [11] and MiniBooNE [12], observed significant v, or v, excesses. The global fit of
the experimental data with the 34+1 model results in a poor goodness-of-fit, suggesting the
need of additional factors in order to explain all data.

Even stronger bounds on the sterile parametric space come from cosmology [13], which
indirectly constrains the effective number of relativistic species Neg in our Universe. The-
oretically, the three active neutrinos give Neg ~ 3 [14]. If a light sterile neutrino with the
mixing parameters determined by SBL oscillations is included in the model, it should have
been fully thermalised with the active neutrinos [15]. This would require Neg ~ 4. Cosmo-
logical data measure a value of Neg well-compatible with three neutrino species [16], show-
ing a tension with the SBL anomalies. Such a tension is relaxed when cosmological data
are combined with astrophysical measurements of cepheids, supernovae and gravitational
lensing. In this case, the obtained value of Neg is compatible with four at 68% C.L. [15, 16].

More generally, cosmological data alone can be compatible with a sterile neutrino with
a mass in the eV range only if its contribution to Neg is very small, or with a somewhat
larger Neg only if it comes from a nearly massless sterile particle [17, 18].



Therefore, more terrestrial and cosmological observations are necessary to understand
the origin of the SBL anomalies. Moreover, new observations able to constrain the not-
fully-excluded sterile neutrino region from cosmology, at very low sterile mass splittings
(Am?, < 16V?) can further contribute to testing the sterile neutrino hypothesis.

In this context, the role of next-generation neutrino detectors, such as KM3NeT, is
relevant, given their ability to probe the sterile neutrino hypothesis with atmospheric neu-
trinos [19, 20]. KM3NeT is a research infrastructure hosting a network of next genera-
tion neutrino telescopes currently under construction in the Mediterranean Sea [2] and
built upon the experience from the ANTARES neutrino telescope [21]. Once completed,
KM3NeT will consist of two detectors: (1) ORCA (Oscillation Research with Cosmics in
the Abyss) near Toulon, France, optimised for GeV-scale atmospheric neutrino studies, and
(2) ARCA (Astroparticle Research with Cosmics in the Abyss), in Sicily, Italy, optimised
for the observation of higher-energy (E, > 1TeV) neutrinos from astrophysical sources.

By exploiting the natural source of atmospheric neutrinos, passing through the Earth
and interacting within the detector volume, KM3NeT will perform neutrino oscillation
studies over a broad range of energies (from few GeV up to PeV) and baselines (up to
the Earth diameter). Matter effects, experienced by atmospheric neutrinos during their
passage through the Earth, are expected to enhance the effect of the presence of a sterile
neutrino. Moreover, the wide L/E range available in KM3NeT increases its potential to
investigate the existence of a sterile neutrino in the 3+1 model.

This paper is focused on the ORCA capability to search for a light sterile neutrino.
It will be shown that ORCA has a high potential to simultaneously constrain the active-
sterile mixing angles 014, 024, 034 and the effective angle 0., with three years of data
taking. Particularly, the ORCA sensitivity to such parameters is competitive with other
experiments for sterile neutrino mass at the eV scale, indicated by SBL anomalies, and it
is able to provide even stronger constraints for extremely low sterile mass splittings (Am?2,
down to 1075 eV?).

This paper is organised as follows: section 2 describes the KM3NeT/ORCA neutrino
telescope. Section 3 discusses the 3+1 flavour model and oscillation probabilities. Section 4
describes the sterile neutrino analysis method, including a brief summary of the ORCA
Monte Carlo (MC) simulation flow. Results on the ORCA sensitivity are presented in
section 5. Finally, the results are summarised and discussed in section 6.

2 The KM3NeT/ORCA detector

KM3NeT/ORCA is a deep water neutrino detector under construction in the Mediter-
ranean Sea. Its location is 42°48' N 06°02" E, about 40 km offshore from Toulon, France,
at a depth of about 2450 m. Upon its completion, ORCA will consist of 115 flexible de-
tection units (DUs), 200 m high, each comprising 18 Digital Optical Modules (DOMs).
A DOM is a pressure resistant, 17-inch diameter glass sphere containing a total of 31, 3"
photomultiplier tubes (PMTs) and their associated electronics.

The primary goal of ORCA is to determine the neutrino mass ordering and to make
neutrino oscillation measurements, such as atmospheric parameters (sin®f3, Am3;) as



well as to search for v, appearance [22]. Neutrino oscillation studies [2] have demonstrated
the presence of a resonance in neutrino oscillation probabilities for few-GeV (2 — 8 GeV)
atmospheric neutrinos passing through the Earth. Such a resonance allows the NMO [2]
measurement.

The ORCA geometrical configuration is optimised for studies with atmospheric neu-
trinos in the few GeV range: the horizontal spacing between DUs is ~ 20 m, whereas the
vertical spacing between DOMs in each DU is ~ 9 m, with the first DOM being about 30 m
above the seabed. The total instrumented volume is 6.7-10° m?® (about 7 Mt of sea water).

In this energy regime, the events produced by atmospheric neutrinos interacting in wa-
ter are spatially contained. In particular, two event topologies can be produced: track-like
events, characterised by a long muon track, mostly from v, charged-current (CC) inter-
actions in water, and shower-like events, characterised by events with no distinguishable
tracks, mostly from v,-CC and all neutral-current (NC) interactions, but with sizeable
contributions from v.-CC and v,-CC events with short tracks. A track-like event in water
has a length of ~ 4 m/GeV, whereas shower-like events have a log(E/GeV) dependence,
which corresponds to a size of the order of a few meters.

The ORCA detector is an excellent instrument for the sterile neutrino search due to
its dense configuration and to matter effects, whose impact in oscillation probabilities of
GeV neutrinos travelling in the Earth is described in the next section.

More details on KM3NeT/ORCA can be found in [2, 22].

3 Theoretical background

The general solutions to the Hamiltonian in eq. (1.1) have a rich phenomenology that is
difficult to express in analytical form. For the purposes of this analysis, eq. (1.1) is solved
numerically in its full form using the software package OscProb [23]. Figure 1 shows an
example of the impact of the matter potential on the effective values of the squared masses
(eigenvalues of eq. (1.1)) as a function of energy, assuming a medium of constant density
for illustration purposes. Four resonances can be identified in the sterile neutrino models
as regions of minimal distance between consecutive masses: one related to each pair (s,
AmZ,) (at ~0.05GeV, 4GeV and 3TeV), and a second-order resonance connecting sas,
s94, 834, and Am3; (at ~100GeV), and with a strong dependence on dJyy as explained in
section 3.1.2. The eigenvectors of eq. (1.1) define an effective mixing matrix which, in
a medium of constant density, can be used to compute oscillation probabilities by direct
replacement in the vacuum oscillation formula:

AL
Pag = 0ap — > 4Re[Ua;Us;U%LUsy] sin? =2
i>k (3.1)
— > 2Im[Ua;Uj;UUgk) sin AjyL,

>k
where A, = Am?k /2E. Figure 2 shows examples of effective values of the magnitude of
some terms from eq. (3.1) as a function of neutrino energy. The impact of the aforemen-

sk, cjx represent sin @ and cos @, respectively.
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Figure 1. Effective mass-squared values, representing the eigenvalues of eq. (1.1) for neutrinos in
both normal (left) and inverted (right) orderings, as a function of neutrino energy. Three models
are shown: in the upper panels, the standard picture with three active neutrinos (3v), is compared
to a model with one light sterile neutrino where the CP violating phase do4 is set to 0. In the lower
panels, two sterile neutrino models are compared with do4 set to either O or w. The absolute mass
scale has been chosen so that the lightest neutrino is massless in vacuum. The oscillation parameters
were set to Am3, = 7.5x107% V2, [Am3,| = 2.5x 1073 V2, |Am3,| = 1 eV?, 53, = 0.3, 575 = 0.02,
533 = 0.57, 83, = 0.01, s3, = 53, = 0.04, and 613 = 14 = 0. The matter density is set to 8.5 g/cm?
with a ratio N,,/N. = 1.08.

tioned resonances can be readily identified. While the full numerical solutions exemplified

above can already provide some insight, some exploration of common analytical approxi-

mations can be enlightening even if not used in the analysis. They are described in the

following subsections.
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Figure 2. Effective oscillation magnitudes associated with Asj, Asy, Aszs, and Ay (see equa-
tion (3.1)) as a function of neutrino energy. The latter is taken as a combination of all three
mass-squared difference terms involving the fourth mass state, which are approximately of equal
frequency at this scale. Left: magnitudes associated with v, disappearance probabilities. Right:
magnitudes associated with v, disappearance probabilities. Top: comparison between 3v and a
sterile neutrino scenario with do4 = 0. Bottom: comparison between sterile neutrino scenarios with

024 set to either 0 or 7. All plots apply to neutrinos in normal ordering. The same parameters as
in figure 1 were used.

3.1 Large |[Am?2,| limit

Anomalous oscillation results, such as LSND and MiniBooNE, are commonly interpreted
as oscillations in a higher frequency than the solar and atmospheric scales. Under this
scenario, the limit Am3; — oo can be considered in which all oscillations driven by Am?2,
are averaged out and observable only through scaling factors. Hereafter, this will be referred
to as the high frequency (HF) region.

Following ref. [24], the mixing matrix U can be split such that U = U*U?, with
U3 = RosRi3R12 containing only the active-active mixing elements, and U4 = R3aRosR14




representing the active-sterile mixing. If the Hamiltonian is rotated with U%, it becomes
approximately block-diagonal in the limit where Am3; — oc:

N G o
H = U¥Hy(U)' + (UM)IVUY ~ ( . (3.2)

The evolution matrix can then be expressed as:

LG L
0
S~ U (e | ) (Ut (3.3)

0 6—1A41L

The remaining problem lies in the diagonalisation of H®). For that, further approxima-
tions, which are valid in specific energy regimes, are employed. In general, a scale € will
be used to represent small quantities. The mixing parameters s34, s24, S14, and s13 will all
be considered of O(¢). Additionally, Am3,/Am3, ~ s; will be treated as O(€?). In this
approximation, probabilities can be written to O(€?) as:

P~ P( ) cos 2014,

Pep = 014024P(3) + 20%4R6[U U4V*S$)S£2)*],

Py~ 61462413(3) + QC%4RG[U U4V*S(3)S£g)*],

P~ PISN) cos 2024 + 2034Re[U U4”*S(?;2(Séi) + S,S?;) )]s

where U ;fl” = —8143246“514*"524, U ﬁ’Q’ = cg4, and S, correspond to elements of the evolution
matrix in eq. (3.3). The effect of mixing with sterile neutrinos is given by a scaling of the
3-neutrino submatrix probabilities. Additionally, some interference terms appear if both
s14 and sg4 are non-zero.

3.1.1 The ORCA low energy regime

The ORCA detector is most sensitive to neutrinos in the energy range of 3 — 100 GeV
considered in this analysis, crossing the Earth with paths of mean density varying between
3and 9 g/cm?. In the lower part of this energy range (E < 10 GeV), when V, = V2GpN, ~
Az; = Am3,/2FE, to leading order in small quantities, H®) simplifies to:

Ve 0 Agzjcigsize 01
H® ~ Ryy 0 0 0 Rl;. (3.8)
Asici3513€13 0 Asziciy



This approximately 2-flavour form can be readily solved leading to the well-known MSW
resonance of 6;3:

~AT'/20 0
H® ~ Ry3RTL. 0 0 0 |(RRRL,+ const., (3.9)
0 0AR/2
31 = \/(Agl cos 2013 — V)2 + A3, sin? 26,3, (3.10)
A
sin 26073 = |A;°’é| sin 263, (3.11)

where R{% represents the effective generalised unitary rotation matrix in the 1-3 plane,
parametrised by the effective mixing angle 675 and the unchanged phase d13.

All effects arising from the presence of sterile neutrino are constrained to vacuum-like
mixing through U% as in eq. (3.3).

3.1.2 The ORCA high energy regime

At higher energies (E 2 10 GeV), the matter potential starts to dominate. However, a new
resonance can still be found when As;/V;, is of O(e?). In this regime, H®) is expressed in
leading order as:

v, 0 0
HY x| 0 Agisdy+ ValUSP  Asisascas + Vi US'UY |, (3.12)
0 Agisascas + VaUBUY  Agicsy + Vol U

where U ;12” = —(34594€924 and U ﬁé’ = —s34. Once again, the Hamiltonian is approximately
block diagonal and can be easily solved to give:

V. 0 0
A®~Rp| 0 —An/2 0 | (R3)T + const., (3.13)
0 0 AR/2
557 = [Asy cos 2093 + (|U | — |US ) Va]?
+ | Azy sin 2093 + 2V, UL UL 2, (3.14)
1
AR

sin 2002 = ——|Agy sin 2093 + 2V, UL U4 (3.15)

This new resonance corresponds to a second order effect that couples the 2—3 sector in-
directly via soq and s34. It provides a very rich structure having two main features: a
resonance when sin 2655 — 1 and an antiresonance when sin 2055 — 0 at finite V,,. The
resonance conditions are:

Agl COS 2023

B (777 72 A o
Agy sin 20

v, = _% = sin 2605} = 0. (3.17)
s2 s3
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Figure 3. Effective parameters A7, /A3 (left) and sin? 207 (right) as a function of real values
of U4 and U,4, for a neutrino energy of 20 GeV. Here, Am3, = 2.5 x 1073 ev?, 533 = 0.57,
and a matter density of 8.5 g/cm? with a ratio N,,/N, = 1.08 were assumed. The resonance and
antiresonance described in equations (3.16) and (3.17) are visible on the right as regions of maximum
and minimum sin? 205%. At the point where they seem to meet, a pole exists where A%, — 0 and
sin? 202% becomes undefined.

A pole exists when both conditions are satisfied, as A§; — 0 and no mixing is possible.
The structure of these resonances is shown in figure 3. Since 693 is close to maximal, the
antiresonance of eq. (3.17) is the most noticeable effect in this regime. The antiresonance
occurs for neutrinos when cos d24Am3; < 0 or for antineutrinos when cos do4Am3; > 0,
and is only exact for doy4 = 0 or m. Hence, there is a degeneracy between mass order-
ing and sign(cos d24), enhanced by the maximal value of sin 26,3, which suppresses NMO
contributions from the resonance term in eq. (3.16).

3.2 Finite |Am3,| regime

At values of Am3, for which the associated oscillations cannot be averaged out, no simpli-
fying approximations are known to us at the time of writing. In ORCA, this corresponds
to values of Am?; < 0.1eV2, this regime will be referred to as the low frequency (LF)
region. In this case, many interference terms are present and the probability formulas
can become exceedingly complex. Nevertheless, a full numerical solution is possible on all
regimes considered in the analysis, and it is used to extend the results through six orders

of magnitude in Am3,;. For simplicity, Am32, will be restricted to positive values.

4 Sterile neutrino analysis

The analysis presented here is based on detailed Monte Carlo (MC) simulations as described
in ref. [22]. Neutrino interactions are generated with gSeaGen [25], which is based on
GENIE [26]. Secondary particles and their emitted Cherenkov light are propagated with
KM3Sim [27], a software package based on GEANT4 [28]. The atmospheric neutrino flux
is computed from the Honda model [29] for the Gran Sasso site without mountain over



E [GeV] | cosby | E' [GeV] | cosb,
Bins 40 40 20 20
Range | [1,100] | [-1,0] | [2,100] | [-1,0]

Table 1. Bin choice for the MC-based response matrix, R, used in this analysis. Energy bins are
in log,, space.

the detector, assuming minimum solar activity. Atmospheric muons are generated with
MUPAGE [30, 31], and propagated with KM3 [32].

Event reconstruction is performed via a maximum likelihood fit to shower and track
hypotheses. Background events arising from noise and atmospheric muons are rejected with
two independent Random Decision Forests (RDF) trained on MC simulations. A third RDF
was used to separate neutrino candidates into three topology classes defined by the output
score of the RDF, trained to identify track-like events. Events with a track score larger
than 0.7 are labelled as track-like, track scores less than 0.3 are labelled as shower-like,
and other values are labelled as an intermediate topology. Moreover, as in ref. [22], only
upgoing events are considered in order to get rid of the atmospheric muon contamination.

Instead of using parametrised response functions as in ref. [22], the analysis reported
here is based on the aforementioned MC simulations to directly model the detector re-
sponse. The two approaches have been compared and found consistent.

The MC-based modelling of the detector response is implemented in the KM3NeT
framework Swim [33]. The detector response is represented by a 4-dimensional matrix,
as a function of true and reconstructed neutrino energy F, E’, and zenith angle 6, ¢, for
each interaction channel v,, R*—1(E. 0, F', ¢’ ). Each entry of this matrix summarises in a
single dimensionless coefficient the efficiency of detection, classification and probability of
reconstruction for a given true bin (E,6). Therefore, R incorporates all the effects related
both to the detector and to the event selection. More details on this approach, can be found
in ref. [33]. The binning scheme, for the detector response matrix, used in this analysis is
shown in table 1. Since the atmospheric neutrino flux follows a power law in energy, equal-
width bins in log;y E are chosen. The same choice is adopted for reconstructed events
histograms, as the relative energy resolution in ORCA is, to first order, constant above
~10GeV, dE/E ~ 6(log;y E) ~ 15% [34].

A binning of constant width in cosfz is used. This is motivated by the fact that
the solid angle covered by an interval of zenith angle 6; < 6 < 6y is proportional to
| cos 01 — cos By and, considering to first order the atmospheric neutrino flux as isotropic,
this choice yields equally populated bins along the zenith angle axis.

For reconstructed event histograms, the choice of binning granularity is dominated by
the detector resolutions. The bin width should be comparable with the typical error on
the reconstructed variable. Moreover, it should account for a sufficiently smooth sampling
of the detector response, to minimise the finite MC statistics issues, which can result in
overestimations of sensitivity [33]. Statistical fluctuations due to the sparse MC effect are
taken into account by following the “Beeston and Barlow method” [35].

~10 -



sin? @19 | sin?fa3 | sin?013 | dcp | Am3, (eV?) Am3,(eV?)
NO | 0.310 0.563 | 0.02237 | 221° | 7.39 x 107° | 2.528 x 1073
I0 | 0.310 | 0.565 | 0.02259 | 282° | 7.39 x 107° | —2.510x 1073

Table 2. Benchmark oscillation parameters for NO and IO, taken from the NuFit v4.1 result [36].
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Figure 4. S, distribution of the three topologies considered in the analysis (tracks, intermediates
and showers) assuming three years of data taking. The colour scale denotes the S, value for each
bin, whereas the total S, is reported on top of the plots: the high value obtained is due to the
normalisation. The sterile neutrino parameters are sin? 614 = 0, sin® 654 = 0.03, sin? 34 = 0.05,
Am?, =16V

The values of the standard neutrino parameters used in this analysis is taken from
the NuFit v4.1 global fit result with Super-Kamiokande (SK) data [36] and summarised in
table 2, for both normal (NO) and inverted ordering (IO). Current fits have large errors
on dcp. The impact of such variable in the analysis has been tested and found to be
negligible. For this reason, its value is fixed to the ones reported in table 2. Moreover,
Am3, > 0 is always assumed. Oscillation probabilities are evaluated with the software
package OscProb [23], and to account for Earth’s matter effects the PREM model [37]
with 44 layers is used.

The above information can be used to define the distinguishability S,, as a quick
estimator of sensitivity of measurements, with the goal of illustrating the impact of a
sterile neutrino in the event distributions, as

SU _ (NSterile - NStandi;\rfd) |NSterile - NStandard’ ’ (41)
Sterile

where Ngterile and Nstandard are the number of events, as a function of reconstructed energy
and zenith angle, in the sterile and standard hypothesis respectively.

Figure 4 shows the distinguishability distribution for a sterile neutrino in the HF region,
for non-zero A4 and 634, assuming three years of ORCA data taking. The presence of the
sterile neutrino mainly impacts the track-like events in the form of a deficit of upgoing
events at higher energies (E’ > 40 GeV). Therefore, this region of the sterile parameter
space can be well constrained also by neutrino telescopes whose energy threshold is higher
than that of ORCA, such as ANTARES [38] and IceCube/DeepCore [39].

- 11 -
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Figure 5. S, distribution of the three topologies considered in the analysis (tracks, intermediates
and showers) assuming three years of data taking. The colour scale denotes the S, value for
each bin, whereas the total S, is reported on top of the plots: the high value obtained is due to
the normalisation. The sterile neutrino parameters are sin®#4 = 0.05, sin® sy = sin? 634 = 0,
Am3, = 16V
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Figure 6. S, distribution of the three topologies considered in the analysis (tracks, intermediates
and showers) assuming three years of data taking. The colour scale denotes the S, value for
each bin, whereas the total S, is reported on top of the plots: the high value obtained is due
to the normalisation. The sterile neutrino parameters are sin? 614 = sin? 6oy = sin’#fs4 = 0.01,
Am?2, =104 eV2.

To understand the sensitivity to €14 in particular, the distinguishability for a sterile
neutrino in the HF region and sin? 614 = 0.05 is shown in figure 5. In this case, the shower-
like events are the most affected and mainly for energies < 20 GeV. It follows that ORCA
is well suited to test 614.

Finally, figure 6 shows the impact of a sterile neutrino with Am3; = 10~*eV2. In
this case, the energy region E' < 10GeV is the most significant, and all the three event
topologies are highly impacted. This applies also for Am3, = 1072,1073,107° eV2,

The sensitivity evaluation is based on the minimisation of a negative log-likelihood
function describing the agreement between a model prediction and observed data. This
is done with the Asimov approach [40] assuming the negative log-likelihood follows a chi-
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Parameter Gaussian Prior (u =+ o)
Ve /Ve 0+£0.07
W 0=£0.05
Ve/Vy 0+ 0.02
NC Scale No prior
Energy Scale 1£0.05
Energy Slope No prior
Zenith Angle Slope 0+0.02
Track Normalisation No Prior
Intermediate Normalisation No Prior
Shower Normalisation No Prior
Am%, No prior

013 613 +0.13°

% No prior

Table 3. List of fitted values and relative gaussian priors considered in this analysis. 6,3 refers to
the values listed in table 2.

squared distribution. Specifically, the negative log-likelihood function is defined as:

X2 = —2log L = that + ngst

Ngr Neosor 3 thata
-9 Nmtodel Nd%ta Ndzz,talog ( ij > ‘|
; Jz‘i ; [ Y Y Y Nedel(n) (4.2)

Nsyst >2
()

where ijnfdel and N;; data represent the number of expected and measured events in bin (i, j)
respectively and the sum over t runs over the three event topologies: tracks, intermedi-
ates and showers. 7 represents the model parameters, which comprise both the oscillation
parameters listed in table 2, and nuisance parameters 7, which are related to systematic
uncertainties. The second sum runs over the nuisance parameters and (7;,) is the assumed
prior of the parameter k£ and Ty its uncertainty. The set of free parameters considered in
this analysis, together with the assumed gaussian priors with mean p and standard devi-
ation o, is summarised in table 3. Where the uncertainties on the neutrino flux are taken
from ref. [41] and the uncertainty on the detector energy scale follows the investigations

reported in ref. [2] (section 3.4.6). Specifically:

1. the ratio between the total number of v, and v, is allowed to vary with a standard
deviation of 7% of the parameter’s nominal value,
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2. the ratio between the total number of v, and v, is allowed to vary with a standard
deviation of 5% of the parameter’s nominal value,

3. the ratio between the total number of v, and v, is allowed to vary with a standard
deviation of 2% of the parameter’s nominal value,

4. the number of NC events is scaled by the NC' scale factor, to which no constraint is
applied,

5. the absolute energy scale of the detector, which depends on the knowledge of the
PMT efficiencies and the water optical properties, as discussed in ref. [22], is allowed
to vary with a standard deviation of 5% around its nominal value,

6. the energy slope of the neutrino flux energy distribution is allowed to vary without
constraint,

7. the ratio of upgoing to horizontally-going neutrinos, the zenith angle slope, is allowed
to vary with a standard deviation of 2% of the parameter’s nominal value,

8. the number of events in the three classes is allowed to vary without constraints,
9. Am3; and 63 are allowed to vary without constraints,

10. 613 is allowed to vary within a 1o window of the parameter’s nominal value, which
corresponds to 0.13° for both NO and I0O.

In the following section, the ORCA sensitivity to the active-sterile parameters is presented.

5 Sensitivity results

The ORCA sensitivity to the active-sterile mixing angles is here presented. The Asimov
dataset is obtained using the parameters in table 2, assuming no sterile neutrino in NO
and 10. No assumption is made on NMO: the fit is marginalised over NMO. This allows to
conservatively take into account degeneracies between NMO and the sterile parameters.
At the SBL neutrino mass scale, Am?u ~1 eV2, correlated constraints in the 0oy — 034
parameter space are obtained. And, for a more general analysis, sensitivities to the mixing
elements 014, 624, 8, and 034 over the range Am?u S [10_5, 10] eV? are presented.

5.1 Sensitivity to 624 — 034 in the large Amil limit

As shown in figure 4, in this sterile mass region, the track channel appears to be the most
effective in constraining 694 and f34.

As stated in section 3, do4 highly impacts the analysis due to matter effects. Therefore,
094 is kept free in the fit. Whereas, we investigated the impact of 614 and found it to be
negligible, therefore 614 and d14 are fixed to zero in this part of the analysis.

Figure 7 shows the 90% and 99% C.L. ORCA sensitivity on sin? 84 and sin? 834 cos? 6oy
for three years of data taking. The ORCA sensitivity is compared to upper limits from
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Figure 7. The 90% (left) and 99% C.L. (right) KM3NeT/ORCA sensitivity to the mixing parame-
ters foq — 034, with Am?, =1 eV, for three years of assumed data taking. The obtained sensitivity is
compared with current upper limits from ANTARES [38], IceCube/DeepCore (IC) [39] and SK [42].
If not explicitly stated, do4 is free in the fit: this applies to the results from ORCA and ANTARES.
The excluded region is the one on the top right of the lines.

other neutrino experiments, namely ANTARES [38], IceCube/DeepCore [39] and SK [42].
In order to highlight the impact of d24 in the final constraints, ANTARES has presented
upper limits [38] with da4 fixed to 0 and free. Allowing da4 to be free worsens the constraints
on fo4 and A34 and it needs to be considered as a free parameter by all the analyses in which
Earth matter effects are not negligible. Here, only the analysis with Jo4 free is presented.
The impact of this quantity in the ORCA sensitivity can be found in ref. [43]: it is maximal
when sin? fg, = sin? 634 cos? 64, for which case it worsens the sensitivity by about a factor
of two for sin? 04 and a factor three for sin? fs4 cos? foy.

Due to the degeneracy driven by NMO and do4, discussed in section 3, the ORCA
Asimov dataset in NO and 24 free (blue line) can be directly compared with Ice-
Cube/DeepCore 10 and d24 = 0 (red line). For SK, upper limits with IO are not available,
therefore the ones with NO and do4 = 0 are here reported.

From figure 7 it can be concluded that ORCA is competitive in constraining the mixing
elements 6y, and 634, and it is expected to improve the sensitivity to sin? 034 cos? fo4 by
over a factor of two with respect to current limits.

5.2 Sensitivity to 024 for different Amil values

Figure 8 shows the 90% and 99% C.L. ORCA sensitivity to sin? fly4 assuming three years
of data taking. For this analysis, 614, 034, d14 and 094 are set free in the fit, since their
effects on the results of the analysis are expected to be not negligible.

The ORCA sensitivity is compared with upper limits from cosmology [13] for which
only 95% C.L. are available, and upper limits from MINOS/MINOS+ [44], IceCube [45]
and SK [42].
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Figure 8. The 90% (left) and 99% C.L. (right) KM3NeT/ORCA sensitivity to the mixing param-
eter A4, assuming three years of data taking. The obtained sensitivity is compared with current
upper limits from cosmology [13], MINOS/MINOS+ [44], IceCube (IC) [45] and SK [42]. The ex-
cluded region is the one on the right of the lines, for IceCube at 90% C.L. it is the external region
to the closed contour line.

Both plots show that ORCA is less competitive than MINOS/MINOS+ and IceCube
for HF. KM3NeT/ARCA would be better suited to test sin? @4 in this region. In the
LF region, ORCA is able to improve current limits on sin? fy4 by more than one order of
magnitude.

5.3 Sensitivity to 614 for different Amil values

Figure 9 shows the 95% C.L. ORCA sensitivity to sin? f14 after three years of data taking.
The choice to show the sensitivity at such a level of confidence is motivated by the goal to
have a fair comparison with the other experiments, for which the majority of the available
upper limits and sensitivity is reported at 95% C.L. For this analysis, 024, 034, 014 and o4
are free in the fit, since their effects on the results of the analysis are expected to be not
negligible. Figure 5 shows that, in the HF region, shower-like events are the most affected
by 614 and in the optimal energy region for ORCA (E’ < 10GeV). However, they are
concentrated in the nearly-horizontal region (—0.1 < cosfz < —0.6). Nevertheless, ORCA
has a competitive sensitivity to Daya Bay+Bugey-3 [44] and STEREO [46] in the HF region.
Moreover, ORCA will also be able to test part of the Neutrino-4 allowed region [47]. On
the contrary, the global fit regions can not be reached with three years of data taking.

5.4 Sensitivity to |Uye|? for different Am?2, values

Since ORCA can observe both v, and v, disappearance, the effective mixing element
Upel? = sin? 20, = 4|Ucs|*|U,ua|? can be constrained directly. In this case, 614 and a4
are left free in the fit, however, their combination is constrained to match the appropriate
6,.c value by introducing a penalty term in the likelihood with a very small prior uncertainty
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Figure 9. The 95% C.L. KM3NeT/ORCA sensitivity to the mixing parameter 614, for different
values of Am?2,, for three years of data taking. Sensitivity results are compared with current upper
limits from cosmology [13], STEREO [46], and Daya Bay+Bugey-3 [44]. Current anomaly regions
are also reported, from Neutrino-4 [47], global fits [9] and reactors global fits [48]. The excluded
region is the one on the right of the lines.

of 107°. Figure 10 shows the 90% and 99% C.L. ORCA sensitivity to |U,.|?, compared with
current upper limits from Daya Bay+Bugey-3+MINOS/MINOS+ [44], KARMEN [49], and
NOMAD [50].

Figure 10 shows that, after three years of data taking, ORCA will be able to test the
majority of the LSND [11] and MiniBoone [12] anomaly region. Moreover, current limits
on sin® 26, will be improved by 1-2 orders of magnitude in the LF region.

5.5 Sensitivity to 034 for different Amil values

Figure 11 shows the ORCA sensitivity at 99% C.L. to sin® 634 after three years of data
taking. Here, 014, 024, d14 and da4 are set free in the fit. Upper limits from cosmology [13],
IceCube/DeepCore [39] and SK [42] are also reported. In the LF region there are no upper
limits on €34 coming from other experiments.

ORCA is able to constrain 34 over a broad range of Am32,. In the HF region, con-
sistently with figure 7, ORCA can improve current upper limits on sin? 3, by about a
factor two.

6 Summary and conclusions

KM3NeT/ORCA, a neutrino detector under construction in the Mediterranean Sea, is op-
timised for oscillation studies with atmospheric neutrinos in the GeV energy range. In this
paper, it has been shown that the ORCA detector has a great potential to search for the
presence of a light sterile neutrino in the range Am?, € [107°,10]eV?, by fitting the ex-
pected number of observed events classified in three topologies, namely track, intermediate
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Figure 10. The 90% (left) and 99% C.L. (right) KM3NeT/ORCA sensitivity to the mixing pa-
rameter |U,.|?, assuming three years of data taking. Sensitivity results are compared with current
upper limits from Daya Bay+Bugey-3+MINOS/MINOS+[44], KARMEN [49] and NOMAD [50].
Current anomaly regions from LSND [11] and MiniBooNE [12] are also reported. The excluded
region is the one on the right of the lines.
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Figure 11. The 99% C.L. KM3NeT/ORCA sensitivity to the mixing parameter 034, for different
values of Am3,, for three years of data taking. Sensitivity results are compared with current upper
limits from cosmology [13], IceCube/DeepCore [39] and SK [42]. The excluded region is the one on
the right of the lines.
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and shower events. With this methodology, ORCA can probe regions in the active-sterile
mixing elements 614, 0o4, 034 and the effective parameter 6., not yet constrained by cur-
rent experiments. Particularly, after three years of data taking, ORCA can improve current
limits on sin? @34 cos? @24 by about a factor of two, in case of null result, for an eV-mass
sterile neutrino. For lower sterile neutrino masses, down to Am2; — 107> eV?, ORCA
will be able to test the unexplored region of the sin? fp4 parameter, and sin? 20, effective
parameter space down to about two orders of magnitude with respect to current limits.
The ORCA sensitivity to sin? #14 is comparable to current upper limits. Finally, in case of
null result, ORCA will able to improve current limits on sin? f34 by about a factor two for
an eV-mass sterile neutrino, and it is the first experiment, to date, able to constrain 34 in
the very low sterile mass region.
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