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ORCA (Oscillations Research with Cosmics in the Abyss) is the low-energy detector of KM3NeT,
the next generation underwater Cherenkov neutrino detector in the Mediterranean Sea. Although
its primary goal is to determine the Neutrino Mass Ordering (NMO) with atmospheric neutrinos,
its access to a wide range of energies and baselines makes it optimal to discover exotic physics
beyond the Standard Model (SM) such as Non-Standard Interactions (NSI).
Non-Standard Interactions with neutrinos will introduce modifications in the SM potential, which
will alter the event spectra at the ORCA detector. Using these NSI induced distortions in the
flavour content over three flavour standard oscillations, it is possible to constrain NSI model
parameters. This report outlines the sensitivity that ORCA can achieve in putting upper bounds
on some of these non-standard neutrino interaction parameters.
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1. Introduction

The phenomena of Neutrino Oscillations has been well established by a gamut of experiments
over the last two decades. Theories beyond the Standard Model (SM) introduce heavy, TeV-scale
bosons which can produce additional interactions apart from the SM MSW matter effects. Such
nonstandard neutrino interactions are expected to produce a significant departure from the predic-
tion for standard 3 flavour neutrino oscillations. In this contribution, we explore the impact of
the neutral current non-standard interactions of neutrinos with matter fermions while traversing
through long distances across the Earth matter.

2. Oscillation framework in presence of Non-Standard Interactions

Non-Standard Interactions (NSI) of neutrinos can be modelled as perturbations in the stan-
dard neutrino propagation Hamiltonian [1]. In this analysis, we consider non-standard interactions
between neutrinos and d-quarks present in Earth matter unless otherwise mentioned. The full
three-flavour Hamiltonian governing the propagation of neutrinos in the presence of NSI is

H =
1

2E
U

0 0 0
0 ∆m2

21 0
0 0 ∆m2

31

U† +2
√

2GFNe(x)

1+ εee εeµ εeτ

ε∗eµ εµµ εµτ

ε∗eτ ε∗µτ εττ

 , (2.1)

where, E is the neutrino energy, U is the PMNS matrix, which describes the standard neutrino
mixing as rotations between the flavour and mass eigenstates parametrized by unique mixing angles
θi j and ∆m2

i j is the mass-squared difference between two mass eigenstates viz. i and j. GF is the
Fermi coupling constant, Ne(x) is the electron number density along the neutrino path, and the εαβ

represent the NSI coupling parameters. The NSI phases are assumed to be at zero in this analysis.
Figure 1 shows the effect of the presence of non-standard interactions in the two most dominant

channels at ORCA. The effect for neutrinos in the Nornal Ordering (NO) scheme is the same as for
anti-neutrinos in the Inverted Ordering (IO) scheme.

Figure 1: Oscillation probabilities in the νµ→ νµ (left) and νe→ νe (right) channel as a function of neutrino
energy for a fixed value of zenith angle (θz). The solid (dashed) curves are for NO (IO). The values of NSI
parameters for which the blue curves are drawn are quoted.
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3. The KM3NeT-ORCA detector

The KM3NeT-ORCA detector [2], currently being installed at a depth of 2450 m in the
Mediterranean Sea, is a megaton-scale water Cherenkov detector located 40 km offshore Toulon,
France. Upon completion, the detector will consist of 115 detection units (DUs), each of which will
comprise 18 spherical, 17" diameter Digital Optical Modules (DOMs) housing 31 3" PMTs and as-
sociated electronics. The vertical spacing between the DOMs is 9 m and the horizontal spacing
between the DUs is 23 m, amounting to a total instrumented volume of ~8 Mton. The granularity
of the detector layout makes it optimal to detect neutrinos with energies as low as 3 GeV.

4. χ2 maps at the detector level

Depending on the Cherenkov signatures of the outgoing lepton from the νe and νµ charged
current (CC) and neutral current (NC) interactions, two distinct event topolgies are observed at the
detector: track-like and shower-like events. While νµ CC interactions mostly account for track-like
topology, shower-like topology has events from both νe charged current (CC) and neutral current
(NC) interactions of all flavours.

Figure 2 shows the signed-χ2 maps for reconstructed events in the track-like and shower-like
event topologies for 1 year of full ORCA (115 DUs) runtime. 20 logarithmic bins were chosen
in reconstructed neutrino energy (E) between 3 and 100 GeV, and 20 linear bins in cosine of the
reconstructed zenith angle (θz) between -1 and 0. The absolute value of χ2 is stored, so that each
bin content represents the contribution to the total χ2, but retaining the sign information to represent
the excess and deficits. The statistical χ2 for each bin is computed from

χ
2
E,θz

(εαβ ) =

(
Nmodel

E,θz
(εαβ )−Ndata

E,θz
(εαβ = 0)

)
×
∣∣∣Nmodel

E,θz
(εαβ )−Ndata

E,θz
(εαβ = 0)

∣∣∣
Ndata

E,θz
(εαβ = 0)

, (4.1)

where the superscipt model represents the NSI case with |εeτ | = 0.05. All other NSI parameters are
fixed at zero.

Figure 2: Statistical χ2 as a function of reconstructed neutrino energy (E) and direction (cosθz) for track-
like (left) and shower-like (right) event topologies. The NSI model is represented by setting |εeτ | = 0.05 and
fixing all other εαβ at 0. Normal Ordering is assumed in both cases. The color code indicates the significance
times its absolute value as defined in Equation 4.1. The total sensitivity quoted is the sum of the absolute
value of the statistical χ2 for each bin.
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5. Numerical Analysis

In our analysis, we use the following test statistic, that gives us the median sensitivity of the
experiment to NSI parameters.

χ
2
S (εαβ ) = 2 ∑

E,θz

(
Nmodel

E,θz
(εαβ )

(
1+∑

k
f k
E,θz

ζk

)
−Ndata

E,θz
(εαβ = 0)

+Ndata
E,θ (εαβ = 0) ln

Ndata
E,θz

(εαβ = 0)

Nmodel
E,θz

(εαβ )

(
1+∑

k
f k
E,θz

ζk

))+∑
k

ζ
2
k . (5.1)

E and θz are the physical obervables in the Poissonian χ2
S defined above. Nmodel

E,θz
and Ndata

E,θz
denote

the expected and observed number of track/shower events in a given [E, θz] bin. Systematics are
included in our simulation using the “pull” method [3, 4]. In the above equation, ζk is the fitting
parameter for the k-th systematic error and f k is the fractional change of the event rate in the (E,θ )
bin due to a σk change in the k-th systematic error. The additional term ∑

k
ζ 2

k is the penalty imposed

for moving the k-th systematic error away from its standard value by σk ζk.

The individual contributions from track-like and shower-like events are added in quadrature to
compute the total significance.

χ
2
S = χ

2
tracks +χ

2
showers (5.2)

Table 1 lists nuisance parameters over which marginalisation has been done to minimise the value
of χ2

S (εαβ ). Gaussian priors similar to the mass ordering analysis are included for the flux system-
atics. No priors are used on the atmospheric oscillation parameters since they are also supposed
to be measured by ORCA and the starting value of θ23 is always chosen in the lower octant. So-
lar parameters are kept fixed at their nominal values. The mixing angle θ13 has a large effect on
oscillation probabilities. Hence existing experimental constraints are necessary to exploit the full
potential of ORCA for measuring NMO and the NSI parameters. NSI parameters, except the ones
for which the sensitivity is estimated, are fixed at zero.

6. Results

ORCA sensitivities are generated assuming either Normal or Inverted Ordering for the neutrino
mass hierarchy and 3 flavour oscillations with the set of true parameters adopted from NuFit 3.2 [5].
The sensitivities are calculated after fitting over the nuisance parameters and marginalising over the
oscillation parameters as listed in Table 1.

In Figure 3, the sensitivities to the individual parameters, εeµ , εeτ , εµτ and εττ are shown.
Sensitivity lines are drawn assuming either NO (red) or IO (blue).

3



P
o
S
(
I
C
R
C
2
0
1
9
)
9
3
1

Non-Standard Interactions N. R. Khan Chowdhury

parameters treatment true values σk

∆m2
21/10−5eV 2 fix 7.40 -

∆m2
31/10−3eV 2 fitted 2.494 free

θ12(
◦) fix 33.62 -

θ13(
◦) fitted 8.54 0.15

θ23(
◦) fitted 47.2 free

δCP(
◦) fitted 234 free

Flux norm. fitted 1 10%
NC scale fitted 1 5%
Energy scale fitted 1 3%
νµ/νe skew fitted 0 5%
ν/ν̄ skew fitted 0 3%

Table 1: Full list of nuisance parameters along with their statistical treatment and priors (if any).

Figure 3: Sensitivities for ORCA towards different NSI parameters. For each of the plots, the NSI parame-
ters except the one appearing on the plots are kept fixed at zero.

In Figure 4, the 90% C.L. region in the NSI parameter space allowed after 3 years of running
of ORCA is shown. These are obtained for the case, where the true values of the NSI parameters
are assumed to be zero (0, 0). The contours are drawn after profiling over the nuisance parameters
and marginalisation over the oscillation parameters.
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Figure 4: Correlated NSI parameter sensitivities for ORCA in different NSI phase spaces. For each of the
plots, the NSI parameters not appearing on the plots are kept fixed at zero. The contours correspond to 90%
CL as defined by χ2 = χ2

min + 4.61. Data are generated for (εi j, εkl) = (0, 0).

7. Hybrid model approximation and comparison with other experiments

The ORCA NSI sensitivities, shown so far, are obtained in the 3 flavour oscillation framework
as explained in Section 2. In this section, we assume 2 flavour oscillations with two different
combinations of sets of NSI parameters for comparison with already existing limits from IceCube
[6] and Super-K [7].

A model in which the NSI effects in the νµ−ντ coexist with the standard two-flavour (θ12,θ13,
and ∆m2

21 = 0) νµ ↔ ντ neutrino oscillations is labelled as the two-flavour hybrid model. All NSI
that couple to νe i.e, εeα are set to zero. The remaining non-zero parameters (εµµ ,εµτ and εττ )
introduces matter-dependent distortions to standard νµ ↔ ντ oscillations and can be exploited to
put limits on NSI parameters in the µ− τ sector.

The red lines in either of the plots in Figure 5 shows the final results when marginalised over
the nuisance parameters listed in Table 1. ORCA sensitivity lines are superimposed with contours
from IceCube [6] and Super-K [7] for comparison.
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Figure 5: (On the left) Sensitivity to NSI parameter εµτ in the two-flavour hybrid model assuming εµµ = εττ

= 0; for ORCA (red), IceCube (blue) and Super-K (green). (On the right) Allowed NSI parameter region in
the
∣∣εµτ

∣∣ vs
∣∣εττ − εµµ

∣∣ plane in the two-flavour hybrid model.

A model in which the NSI effects in the νe−ντ coexist with the standard two-flavour (θ12,θ13,
and ∆m2

21 = 0) νµ ↔ ντ neutrino oscillations and all εµα are set to zero is labelled as the three-
flavour hybrid model. The analysis procedure is similar to that followed in the two-flavour hybrid
model. A value of χ2 is calculated at each grid point in the two dimensional parameter space of εeτ

and εττ for a given value of εee (= 0, in our case). The exclusion region in this three-flavour hybrid
model is shown in Figure 6.

Figure 6: Allowed NSI parameter region in the |εeτ | vs |εττ | plane assuming εee = 0 . The ORCA contour is
drawn for the three-flavour hybrid model analysis considering NSI d-quark-couplings.

8. Summary

In this contribution, the impact of non-standard interactions on the signal at KM3NeT-ORCA
is probed and the discovery potential of ORCA towards different NSI parameters has been dis-
cussed. We give confidence level contours in the NSI parameter phase spaces that is expected to
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be allowed from 3 year of ORCA runtime. ORCA sensitivities are better than current limits from
IceCube and Super-K by a factor of 4 almost.
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