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In this paper, we study the capability of different long-baseline experiment options at the KM3NeT
facility, i.e., P20, upgraded P20, and P2SO to probe the light sterile neutrino and compare their
sensitivities with DUNE. The P20 option will have neutrinos from a 90 KW beam at Protvino to be
detected at the ORCA detector, the upgraded P20 will have neutrinos from the upgraded 450 KW beam to
be detected at the ORCA detector and the option P2SO will have neutrinos from a 450 KW beam to be
detected at the upgraded Super-ORCA detector. All these options will have a baseline around 2595 km. Our
results show that the experiments at the KM3NeT (DUNE) would be more sensitive if the value of Am?, is
around 10 (1) eV2. Our results also show that the role of near detector is very important for the study of
sterile neutrinos and addition of near detector improves the sensitivity as compared to only the far detector
for the 3 + 1 scenario. Among the three options at KM3NeT, the sensitivity of P20 and upgraded P20 is

limited and sensitivity of P2SO is either comparable or better than DUNE.
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I. INTRODUCTION

The phenomenon of neutrino oscillation has been
well established by a variety of experiments like solar,
atmospheric, reactor, accelerator etc. As a consequence of
neutrino oscillation, neutrinos have to be massive possess-
ing nonzero but small masses. Now we have entered the
era of precision measurement of neutrino oscillation
parameters along with the determination of the remaining
unknowns in standard three flavor scenario [1]. Neutrino
experiments thus provide an window to explore physics
beyond the standard three flavor scenario. There are several
such formulations exist in the literature, whose signatures
can be probed through neutrino oscillation experiments.
The possibility of having more than three neutrinos in
nature has been discussed for a very long time among the
physics community. If there exists a fourth neutrino, then it
has to be sterile which can mix with the other three active
neutrinos. Several experimental anomalies also hint toward
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the existence of an extra sterile neutrino [2]. Some crucial
anomalies being the backbone of sterile neutrinos are
LSND [3] anomaly where a significant excess events have
been seen over the known backgrounds, MiniBooNE [4]
low energy excess while charged pion decay during flights,
reactor [5] and Gallium [6] anomalies associated with an
overall normalization discrepancy of electron antineutrinos.
The recent results of MicroBooNE [7] have sparked the
discussion of the light sterile neutrinos once again.
According to MicroBooNE, there is no excess of v, events
coming from the v, beam. However, Ref. [8] studies the
same set of MicroBooNE data and shows that an analysis
with the electron disappearance channel is consistent with
oscillations governed by sterile neutrinos. In reply to that,
MicroBooNE performed a joined fit taking the v, appear-
ance and v, disappearance channel and show that three
neutrino fit still gives a better fit than four neutrino fit at
1o [9]. In addition, a combined fit of MiniBooNE and
MicroBooNE shows that the 3 4+ 1 model is still allowed
at a significant confidence level [10]. Apart from these
accelerator results, the gallium-based experiment BEST
[11] and reactor based experiment Neutrino-4 [12] recently
reported a positive signal for a light sterile neutrino.
On the other hand, the atmospheric data from the
IceCube experiment is consistent with the no sterile
neutrino hypothesis [13]. From the above discussions,
we understand that the situation with a light sterile neutrino
is still very intriguing and we need future data for arriving
at a conclusive decision.

Published by the American Physical Society
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In this paper, we would like to study the sensitivity to
the light sterile neutrinos at the long-baseline options of
the KM3NeT facility [14]. The original aim of this facility
is to detect the astrophysical neutrinos but recently there
are discussions to send a neutrino beam from the accel-
erator in Protvino, Russia and detect these neutrinos at the
detector at the KM3NeT facility [15]. In this case, the
distance from the source to the detector will be around
2595 km and energy of the neutrinos will be a few GeV. At
this moment, three options of this experiment are under
consideration: (i) neutrinos arising from a 90 KW proton
beam from the accelerator at Protvino to be detected at the
ORCA detector at the KM3NeT facility. We call this
configuration as P20, (ii) neutrinos generating from an
upgraded 450 KW beam to be detected at ORCA detector.
We call this configuration as upgraded P20 and (iii) neu-
trino arising from an updated 450 KW beam to be detected
at the updated Super-ORCA detector. We call this con-
figuration as P2SO. The upgraded 450 KW beam as
compared to 90 KW beam will produce a more intense
beam of the neutrinos whereas an updated Super-ORCA
detector over the ORCA detector will provide better
efficiency to accept signal events and reject background
events. In this work, we will consider all the three
configurations as mentioned earlier to estimate the sensi-
tivity of these experiments to a light sterile neutrino and
compare their sensitivity with another upcoming long-
baseline experiment DUNE [16]. In our work, we consider
two scenarios: (i) assuming the light sterile neutrino does
not exist in nature, we will estimate the upper bound on
the sterile mixing parameters and (ii) assuming that a light
sterile neutrino exists in nature, we will estimate how the
sensitivity of these experiments to measure the current
unknowns in standard three flavor scenario is getting
affected. We consider both far and near detectors in our
analysis. To the best of our knowledge, this is the first
work estimating the sensitivity to sterile neutrinos at the
long-baseline options at the KM3NeT facility. For pre-
vious studies regarding the study of light sterile neutrinos
in the context of long-baseline experiments, we refer to
Refs. [17-36].

The paper is organized as follows. In the next section we
discuss the 3 + 1 scenario, i.e., how the oscillation in the
standard three flavor is altered by the existence of one light
sterile neutrino. In Sec. III, we will discuss the configu-
ration of the different experimental setups that we consider
in our study. We will also briefly outline the statistical
procedure which we adopt to estimate the sensitivity. In
Sec. IV, we discuss the sensitivities of different experiments
to the sterile neutrinos at the probability level. In Sec. V,
we estimate the bound on the sterile mixing parameters
assuming there is no sterile neutrino in nature. After that, in
Secs. VI-IX, we will study the sensitivity of these experi-
ments to measure the current unknowns in the standard
three flavor scenario assuming there exists a light sterile

neutrino in nature. Finally, in Sec. X, we summarize our
results and then conclude.

II. FORMALISM

In the presence of a light sterile neutrino, the
Pontecorvo-Maki—Nakagawa—Sakata mixing matrix U
which relates the neutrino flavor states to the mass states,
is written in the following way:

U = Usy(034. 834) Upg (024, 624) U 14 (614, 0) U, (1)

with U = Un3(653,0)U13(013,6cp)U12(612,0),  (2)
where U,;(6;;, 6;;) denotes a rotation in the (i, j)-plane with
mixing angle 6;; and phase 6,-]-.1 Neutrino oscillation in the
standard three flavor is governed by three mixing angles:
013, 015, and 0,3, two mass squared differences: Am3, =
m3 —m?} and Am3, = m}—m?, and one phase Jcp.
Among these parameters, the current unknowns are:
(i) hierarchy of the neutrino masses, (ii) octant of 0,3
and (iii) the CP violating phase dcp. In the presence of a
sterile neutrino, this mixing scheme is extended by three
new mixing angles: 64, 6,4, and 654, two additional phases:
8,4 and 834, and one more mass squared difference: Am?,.

At this point, let us briefly discuss our choice of the
parametrization of U in 3 4 1 scenario. Note that in Eq. (1),
the phases can be associated with any of the three mixing
angles. For study in short-baseline experiments where
the oscillations are mainly governed by Am?,, it would
be sufficient to associate all the three phases in U and
therefore, in the probability expressions there will be no
phases [35]. As we are interested in the long-baseline
regime, the phases become important. In case of oscilla-
tions governed by Am3, only, the ideal way is to put the two
phase with 0, and, 6,5 and to put the other phase with any
of the sterile angles [35]. For the v, — v, oscillations at the
long-baseline, the oscillations are governed by both Am3,
and Am3,. Therefore, in this case, it is important to
associate the sterile phases with the sterile angles [36].
However, the mixing angle 65, appears in the oscillation
probabilities only when one considers strong matter effect
and neutral current events in the calculation, which we will
see in the next paragraph. Therefore, keeping one phase
with 054, one can easily neglect the effect of 654 and 5,4 in
the analysis, if one does not consider matter effect and
neutral current events.

The appearance channel probability [P(v, — v,)] is an
important channel to verify the active neutrino oscillations
to sterile neutrino at the near detector. As our beam consists
of muon type neutrinos, we do not expect any significant
signal of electron type neutrinos above the known

'Note that throughout our text we have used the notation dcp
for & 13+
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background as the neutrinos at the near detector will be
unoscillated due to insufficient distance for oscillation to
occur. If significant excess of electron type neutrinos are
detected at the near detector, it may indicate the presence
of sterile neutrino, that oscillates to active electron type
neutrinos. The appearance channel probability of neutrinos
in effective two flavor approximation with an extra light
sterile neutrino at the near detector can be found in
Refs. [31,37-39]:

Amj,L
PRP = sin® 20y, sin® 0y sin’ il 1 (3)
4E,

where 6, and 6,4 are sterile mixing angles, Am?H is the
sterile mass squared difference, E,, is neutrino energy and L
is the baseline length. As we can see the probability term is
dependent on the sterile oscillation parameters only, hence
the near detector facilitates the best platform to study the
sterile neutrinos.

The approximate appearance channel probability at the
far detector which was calculated for the first time in
Ref. [38], is given by

FD _ 402 (2 gin2
Pe = 4573573 80" Az

+ 8S12C125|3823C23 sin Az] sin A3] COS (A3] + 5cp)

+ 4513514524523 8in Az sin (Az + Scp + 624),  (4)
Am2L . . .
where A;; = —7~. To arrive at this expression one needs
to use the long baseline approximations (A,; — 0 and
A4; — o0). It should be noted that the probability expres-
sion in Eq. (4) does not depend on Am3,. The reason being,
for the L/ E values relevant for far detectors, the oscillations
are averaged out for any particular value of Am3,.
Therefore, this probability expression is independent of
Am3,. Again this expression is independent of 034 and &34.
But this will not be the case when we consider the
interaction with matter as both 65,4 and &34 will be modified
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FIG. 1.

due to matter effect, affecting the oscillation probability.
However, the parameters, 63, and &34 become more
effective if the neutral current events are considered.
This behavior has been first pointed out in the analytical
treatment presented in Ref. [38] and successively verified in
the numerical simulations performed in Ref. [40].

III. EXPERIMENTAL SETUP AND
SIMULATION DETAILS

We have used GLoBES [41,42] software package to
simulate DUNE and three configurations at KM3NeT. We
have further used additional plugins of GLoBES to imple-
ment the sterile neutrino in our study [43].

For simulating the long-baseline experiments at
KM3NeT, we have taken the three configurations from
Refs. [15,44]. The Protvino accelerator contains a 1.5 km
circumference U-70 synchrotron which produces 90 KW
beam corresponding to 0.8 x 10?° protons on target (POT)
per year for P20 and 450 KW beam corresponding to
4 x 10 POT per year for upgraded P20 and P2SO
configurations. For P20 and upgraded P20 experiments,
the neutrinos will be detected at ORCA (Oscillation
Research with Cosmics in the Abyss) far detector (FD)
located in the Mediterranean Sea about 40 km off the coast
of Toulon, France. It is located at a depth between 2450 m
(the seabed depth) and 2250 m. The ORCA detector will
contain 8 Mt sea water in total out of which 4 Mt would be
its fiducial volume. This detector will be about 2595 km
away from the neutrino source. We used the fluxes as given
in Ref. [15] and shown in Fig. 1. In this figure, we have
shown the components of v,/v,, v,/v, fluxes in both
positive and negative polarities. From these panels, we
understand that the flux corresponding to signal (i.e., v, in
the positive polarity and 7, in the negative polarity) is
higher as compared to flux corresponding to background.
However, in Ref. [45], we showed that for P20, the major
background for the v, signal events arise from v, mis-
identified as v,, neutral current (NC) events identified as v,
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Fluxes (in arbitrary units) as a function of neutrino energy for the P20 experiment.
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and v, identified as v,. This is because, the ORCA detector
is mainly designed to detect atmospheric neutrinos and
ultra high energy neutrinos from the extra-galactic sources.
The electron events in the ORCA detector produce a
shower. At 5 GeV, the efficiency of v, events classified
as shower is 90%. But there are also 78% of the v, events,
85% of the NC events and 50% of the v, events classified as
shower which act as a background for the v, selection [14].
We have included these backgrounds in our analysis. We
employed presmearing energy dependant efficiencies to
match the energy spectrum shown in Fig. 7 of Ref. [15].
These efficiencies account for the energy-dependent effec-
tive mass of the ORCA detector, as shown in Fig. 90 of
Ref. [14]. The energy resolution and particle identification
factor were obtained from Figs. 68 and 99 of Ref. [14]. We
have checked that our physics sensitivity matches with
Figs. 8 and 10 of Ref. [15] corresponding to P20 and
upgraded P20, respectively.

The Super-ORCA detector for the P2SO experiment will
be 10 times denser than the ORCA detector. In comparison
to ORCA, the Super-ORCA detector would have a lower
energy threshold for neutrino detection, improved neutrino
flavor identification capacity, and higher energy resolution.
Using presmearing energy dependant efficiencies, we
matched the energy spectrum of P2SO as shown in
Fig. 5 of Ref. [44] and the particle identification factor
was taken from Fig. 1. Our results reproduce the physics
sensitivity of P2SO as given in Figs. 13—15 of Ref. [15]. We
have considered a total run-time of six years, divided into
three years in neutrino mode and three years in antineutrino
mode for all three configurations of the long-baseline
options at KM3NeT. The energy window for calculation
of events is 2 GeV to 12 GeV for P20/upgraded P20 and
0.2 GeV to 10 GeV in P2SO.

We utilized the official GLoBES files corresponding the
technical design report [46] for DUNE. A 40 kt liquid argon
time-projection chamber detector with a beam power of
1.2 MW and a running time of 7 years is positioned
1300 km away from the source, producing 1.1 x 10>! POT
per year. The run-time has been divided into 3.5 years in
neutrino mode and 3.5 years in antineutrino mode. The
neutrino source will be located in Fermilab in the United
States, and the detector will be located in South Dakota.

Now let us discuss about the configuration of the near
detectors (ND). For DUNE, we have considered an
identical detector as that of far detector having volume
of 0.147 kt at a distance of 574 m from the source. For
KM3NeT, we have used a DUNE like near detector placed
at a distance of 320 m from the source. Here we have taken
the detector volume in such a way that the number of signal
events at the near detector for DUNE and the number of
signal events at the near detector for P20 match with each
other for Amj, =1 eV2 This way we ensure that the
sensitivities coming from the near detector of DUNE and
near detector of P20 are comparable.

TABLE 1. The values of oscillation parameters that we con-
sidered in our analysis. Standard oscillation parameters are taken
from [1] with their corresponding 1o errors.

Parameters True values 1o
sin? 0, 0.3040913
sin” 6,5 0.02220 5508
sin’ 0,3 0.573%50
Sce[’] 194132
Am3, 107 eV?] 7421021

AmZ, [1073 eV?] 2.51510%8

sin2 0,, 0.0076
§in2 0, 0.0076
sin® @4 0

624 [°] 0
534[] 0
Amj; [eV?] 0.1, 1, 10

For the estimation of the sensitivity, we use the Poisson
log-likelihood and assume that it is y>-distributed:

n

N;est
Har = 2 Z |:N§~eSt — N — N Jog <N€me>:| . (5

i=1

where N is the number of events in the test spectrum,
N'"™¢ ig the number of events in the true spectrum and i is
the number of energy bins. The best-fit values of the
oscillation parameters and their 1o errors are taken from
NuFIT [1] and are listed in Table I. In our analysis, we have
marginalized over all the relevant parameters using the
built-in minimizer in GLoBES taking a prior corresponding
to their 1o uncertainty. For d.-p and the sterile oscillation
parameters, we have not considered any priors and they are
allowed to vary freely. The systematic is incorporated by
the pull method [47,48]. For systematic errors, we have
taken an overall normalization and shape errors corre-
sponding to signal and background. We list the values of
the systematic errors for KM3NeT and DUNE in Table II. It
should be noted that the DUNE GLoBES file contains no
shape errors. We show all our results for the normal
hierarchy of the neutrino masses.

IV. DISCUSSION AT THE PROBABILITY LEVEL

In Fig. 2, we have shown the appearance channel
probability as a function of neutrino energy for different
values of Am3,. The left plot is for DUNE near detector
which is placed at 574 meters from the neutrino beam
source and the right plot is for P20 near detector which is
placed at 320 meters from the source. The red and blue
curves correspond to Am?3, = 1 eV? and 10 eV?, respec-
tively. The black curves correspond to the neutrino fluxes in
arbitrary units. Both the experiments are insensitive to
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TABLE II. The values of systematic errors that we considered
in our analysis. “norm” stands for normalization error, “Sg”
stands for signal and “Bg” stands for background.

Systematics P20 Up P20 P2S0O DUNE
Sg-norm v, 7% 7% 5% 2%
Sg-norm v, 5% 5% 5% 5%
Bg-norm 12% 12% 12% 5% to 20%
Sg-shape 11% 11% 11% NA
Bg-shape 4% to 11% 4% to 11% 4% to 11% NA

sterile neutrino mass squared difference of Am3, =0.1eV?,
which we have not shown here. Next we see that most part
of the red curve lies inside the flux envelop for DUNE near
detector but this is not the case for the P20 near detector.
From this we can draw an important conclusion that the
DUNE experiment will be more sensitive to Am2, = 1 eV?
sterile neutrinos. The first maxima for Am3, = 10 eV?
coincides with the flux maxima of P20 experiment whereas
second maxima and some part of first maxima lies inside
the flux envelop of DUNE experiment. Therefore, we can
expect that P20 experiment will provide best sensitivity to
Am3, = 10 eV? sterile neutrinos.

V. CONSTRAINING STERILE OSCILLATION
PARAMETERS

In this section, we will estimate the bound on the
different sterile mixing parameters assuming there are no
light sterile neutrinos in nature.

In Fig. 3, we have shown the allowed region for the
sterile oscillation parameters sin’#;, and sin’>#,, at
95% confidence level. The upper (lower) panel corresponds
to the case where ND + FD (FD) configuration was
considered for constraining these parameters. The different
colors correspond to various experiments. The blue curve
represents the allowed region for DUNE experiment, while

DUNE (ND)

0.0035 T

T T T T T
Flux in arbitrary units

0.003
0.0025 |

0.002

Ple

0.0015 p
0.001

0.0005

FIG. 2.

green, red, and yellow bands represent the regions for P20,
upgraded P20, and P2SO experiments, respectively. Left,
middle, and right columns in the figure represent three
different values of the sterile mass squared differences
Am3, = 0.1 eV2, 1 eV2, and 10 eV?, respectively. If we
compare the lower panel with the upper panel, we can
identify that the FD 4+ ND configurations are giving more
stringent bounds on the sterile mixing angles compared to
the case where only FD is considered except the case for
Am3, = 0.1 eV2. The reason for the enhancement in the
ND + FD scenario is because of the fact that ND exhibit
higher sensitivity to oscillations caused by sterile neutrinos
(Am3, = 1eV? and 10 eV?) compared to FD cases alone,
as the latter experience frequency averaging due to rapid
oscillations. As discussed earlier, for Am3;, = 0.1 eV> NDs
of P20 and DUNE experiments are insensitive to sterile
neutrinos and for this reason, adding a ND does not help in
the improvement in the sensitivity. If we focus on the case
for Am3, = 1 eV?, we can clearly see that DUNE experi-
ment gives the best bound for the ND + FD configuration
and if we shift our focus to the case for Am3, = 10 eV2, we
can see that P2SO and upgraded P20 configurations are
giving best bound on the sterile parameters. This observa-
tion can be well understood from Fig. 2. We can see one
more interesting feature in these two plots that the P2SO
and upgraded P20 bands are overlapping for the ND + FD
case. This is due to the fact that the NDs for both P2SO and
upgraded P20 are the same in terms of both beam exposure
and running period. The sensitivity of P20 is inferior than
upgraded P20 and P2SO but better than DUNE for
Am?; =10 eV? and FD + ND. In the case of FD only,
as we change the value of Amj, we do not see any
significant change in the bounds for all the experiments.
This is due to the fact that the appearance channel
probability, Eq. (3) does not depend on Am3, when we
consider FD only. Note that the current bounds on the
sterile mixing angles are available from the ongoing

P20 (ND)
0.0035

T T T
Flux in arbitrary units

0.003

0.0025

0.0015
0.001

0.0005

Electron neutrino appearance probability as a function of energy for DUNE and P20 near detectors for Am3; as 1 eV? and

10 eV2. Also we have shown the corresponding fluxes of the experiments in probability plot.
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Capability of DUNE, P20, upgraded P20, and P2SO to constrain the sterile neutrino parameters 6,4 and 6,4. In the upper

(lower) panel we present the two-dimensional sensitivity curves in sin’,,—sin’6,, plane for ND + FD (FD) at 95% C.L.

experiments [49]. But our results cannot be compared with
theirs as they are obtained using a different parametrization
of the PMNS matrix.

VI. HIERARCHY SENSITIVITY

The sensitivities to neutrino mass hierarchy for different
long-baseline experiments in standard three flavor and in
the presence of sterile neutrino have been shown in Fig. 4.
Each column represents the sensitivity from y2. to y2.,
arising due to the different values of true §cp. Hierarchy
sensitivity is the capability of the experiment to exclude the
wrong hierarchy. In order to calculate hierarchy sensitivity,
we obtain y? assuming true hierarchy as NH and test
hierarchy as IH. The upper panel represents the situation
where both ND and FD were included for the study,
whereas the lower panel corresponds to the FD case only.
The red bars represent the hierarchy sensitivity in standard
three flavor scenario and the blue bars represent the case
with one extra sterile neutrino. In each row, the left panel
corresponds to Amj, =1 eV? and the right panel corre-
sponds to Am3, = 10 eV2,

As we know the hierarchy sensitivity is directly propor-
tional to the matter effect, i.e., higher the baseline, higher

the hierarchy sensitivity. Holding on to that logic, we would
expect that P20 experiment (all three configurations) should
provide more sensitivity to hierarchy. As we can see from the
figure that in standard interaction case P2SO gives the best
sensitivity to mass hierarchy, whereas DUNE and upgraded
P20 give the next best sensitivity. P20 is least sensitive to
hierarchy due to its low background rejection capability and
5 time less beam power compared to upgraded P20 and
P2S0O. We have shown this fact in our previous work [45].
We can notice that the upgraded P20 sensitivity to mass
hierarchy is less than the P2SO sensitivity although their
baseline and beam power are same. This is due to the fact
that upgraded P20 uses ORCA detector with limited back-
ground rejection capability compared to the improved Super-
ORCA detector used by P2SO.

In the presence of a sterile neutrino, the hierarchy
sensitivities of all the experiments decrease due to the
degeneracies arising between standard oscillation param-
eters with the sterile mixing angles and sterile phases.
As the FDs are not sensitive to the sterile neutrinos, the
hierarchy sensitivities of all the experiments are low. There
is no significant difference when we change the sterile mass
squared difference Am?, from 1 eV? to 10 eV2. Once we
introduce the NDs, we find an improvement in their
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FIG. 4. Range of MH sensitivities of DUNE, P20, upgraded P20 (Up P20) and P2SO for the standard interaction (SI) case as well as

SI + sterile case for Am2, =1 eV? and 10 eV>.

sensitivities. This is because, inclusion of ND provides
a constraint on the sterile mixing parameters which are
free in case of only FD. For P20, upgraded P20, and
P2SO, the improvement in the sensitivity is more in the
case of Am2, = 10 eV? as compared to Am3, = 1 eV2.
For DUNE, the improvement is same for both Amj, =
10 eV? and 1 eV2. The hierarchy sensitivity of upgraded
P20 in the presence of sterile neutrino is comparable to
DUNE both for Amj, =1¢eV? and Am3, =10 eV>.
Similar to the standard interaction case P20 gives the least
sensitivity to hierarchy in the presence of sterile neutrino.

VII. OCTANT SENSITIVITY

In Fig. 5, we have shown the region of sin’ 6,3 in the
range [0.4:0.62], where the true octant can be determined
above 30 C.L. for DUNE, upgraded P20 and P2SO
experiments in the standard three flavor scenario and in
presence of sterile neutrino. Octant sensitivity represents
the capability of the experiment to exclude the degenerate

solutions for 6,5 if any exists. In order to calculate octant
sensitivity, we obtain y? assuming the true 6,5 in LO and
varying the test 6,3 in HO and vice versa. In each panel,
red (blue) band represents the range of sin’#,; in LO
having octant sensitivity greater than 3¢ in the standard
(SI + sterile) scenario. Similarly green (cyan) band repre-
sents the range of sin® 6,3 for HO in the standard (presence
of sterile) neutrino scenario. Upper panel of the figure
represents the sensitivities considering the combination of
ND and FD for each long baseline experiment, while plots
in lower panel show the octant sensitivities with only FD.
Each plot on the left panel displays octant sensitivities
assuming the new mass squared difference Amj, as 1 eVZ,
while the right panel plots are obtained for Am3; as 10 eVZ.

The sensitivities to octant degeneracy are relatively weak
and below 3¢ for almost whole range of 6,3 for P20
experiment, hence not shown in the figure. The upgraded
P20 experiment has some octant sensitivity above 3¢ only
in standard interaction case, while no such sensitivity is
obtained for sterile neutrino. DUNE and P2SO experiments
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experiments in standard interaction (SI) case and SI + sterile case for sterile neutrinos of masses Amil =1eV? and 10 eV?2.

are more sensitive to octant of #,3. One can easily observe
deterioration in octant sensitivity with only FD for all the
experiments after including the sterile neutrino to the
standard three flavor scenario. Another crucial observation
is related to the contribution of ND in each experiment. As
discussed earlier, ND is more important for analysis of
sterile neutrino. Hence, inclusion of ND to FD in each
experiment enhances the sensitivity significantly. But for
P2SO experiment (blue band) there is notable increment in
region for LO, while for HO region no such change in
sensitivity is observed after including ND to FD as
compared to only FD. In order to understand this anoma-
lous result from P2SO, we have calculated the values of
different oscillation parameters at the minimum 2. values
corresponding to 6,3 in LO and HO regions. Interestingly
for 0,3 in LO, we observed that the parameters 654 and d34
are more constrained in FD + ND compared to only FD.
No such observations are found for HO. For further
clarification we have removed the dependency on 6,4
and 034 by assuming their values to be zero and obtained

no such anomalous octant sensitivities. This implies the fact
that there exists some degeneracies involving the sterile
parameters 634 and 834. As a result for LO, both 654 and 34
are unconstrained with only FD. ND helps to tightly
constrain these parameters in LO regions. FD is quite
effective to constrain 054 and 634 in HO region and hence
we observed no such effect for ND in HO region.

VIII. CP VIOLATION SENSITIVITY

The oscillation parameter dcp is bit slow as compared to
other oscillation parameters in the race of precise meas-
urement of them. The parameter dcp has great importance
to explain the CP violation in neutrino sector and also can
explain the matter and antimatter asymmetry of the uni-
verse. In order to show the potential to find CP violation in
nature, we have calculated CP violation (CPV) sensitivities
for different long-baseline experiments. CPV sensitivity
shows the ability of the experiment to exclude the CP
conserving values of d¢cp, if CP violation exists. In order to
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FIG. 6. CPV sensitivities as a function of true d.-p for DUNE, P20, upgraded P20 (Up P20), and P2SO experiments in Standard
Interaction (SI) case and SI + Sterile case for sterile neutrinos of masses Am3, = 1 eV? and 10 eV?.

calculate CP violation sensitivity, we obtain > assuming
the CP conserving values in test and minimizing over them.
Figure 6 displays the CPV sensitivities as a function of true
Ocp for standard and in presence of sterile neutrino in
dashed and solid curves, respectively. Plots on the left panel
of the figure show the sensitivities with sterile neutrino of
Am3, = 1 eV? while the right panel is for sterile neutrino
of Am3, = 10 eV2. Upper panel (lower panel) represents
the CPV sensitivities with ND + FD (FD). In each plot the
different colored curves, i.e., blue, red, green and magenta
represent the CPV sensitivities for DUNE, P20, upgraded
P20, and P2SO experiments, respectively.

As expected, in SI scenario (dashed curve) higher CPV
sensitivity values are obtained around the maximum CP
violating values (90° and 270°) of §-p and lowest sensitiv-
ities are at CP conserving values. The long-baseline experi-
ments P20 and upgraded P20 are less significant toward CP
violation as the sensitivities are below 3¢ for the whole
region of d.-p. The reason for lower CPV sensitivities is the
low background rejection capability of both the experiments.
DUNE and P2SO experiments are more sensitive toward CP
violation and can able to establish CP violation at 3¢ C.L.,
if it exists in nature. Addition of sterile neutrino to three
neutrino scenario results to decrease in minimum CPV

sensitivities (solid curves) for all the experiments. Also,
effect of ND in each experiment is clearly visible. After
including ND to FD, significant increase in sensitivities is
observed, compared to only FD in each experiment in 3 + 1
scenario for §.p in the region 0° to 180°. We can see that, in
presence of sterile neutrino there is no significant improve-
ment of CPV sensitivity in the region 180° to 360° of §cp
after adding ND to the FD. This feature can be explained in a
similar fashion as the octant case. Note that the CP violation
in presence of sterile neutrino is not only due to the standard
CP phase, but can also be due to the sterile phases. By
varying the 8,4 and 34 in their allowed ranges, one can get
bands instead of a single curve, by calculating maximum and
minimum values of Ay2. as shown in Ref [33]. Sterile
phases can enhance or deteriorate CPV sensitivity depending
upon their values. In the next section, we have shown the
effects of 0,4 on the measurement of S¢p.

IX. CONSTRAINING CP PHASES

As discussed in the previous section, additional CP
phases can be the reason for CP violation. In this section,
we have shown CP precision sensitivities for long baseline
experiments DUNE and P2SO as shown in Fig. 7. In our
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presence of a light sterile neutrino of masses Am3, = 1 eV? and 10 eV2.

study, we have not considered P20 and upgraded P20
because they have limited sensitivity to d-p. CP precision
sensitivity says how precisely one can measure a particular
value of CP phase. In our analysis, we have estimated the
CP precision sensitivity, considering CP conserving or
maximal CP violating values for the CP phases dcp and
0oy, 1.e., for the true combination of (6¢p, 6,4) of (180°,
180°) and (270°, 270°). Note that CP precision in 3 4 1
scenario can be studied for many combinations of (5¢p,
054). Our choice for the values of CP phases is motivated
by the recent measurement of §-p by T2K [50] and
NOvA [51]. The measurement of T2K gives a best-fit
value of §-p around the maximal CP violating value of
270° whereas the current best-fit value of this parameter
by NOvA is around the CP conserving value of 180°.
Marginalization has been done over all standard and sterile
oscillation parameters except the mass squared difference
Am3,. Left (right) panel of the figure shows the sensitivity
with sterile neutrino mass order of 1 eV? (10 eV?). Upper
panel is for DUNE experiment while lower panel is for
P2SO experiment. In each plot, the dashed (solid) curve
represents the allowed region between 6-p and d,4 at lo
C.L. considering FD (ND + FD). Red and blue color of the
curves represent the true value of CP phases d-p and 6oy

as 180° and 270°, respectively. Star marks in each plot show
the true point considered for analysis.

As expected the inclusion of ND to FD increases the
sensitivities of the experiments as compared to only FD
except for the case of P2SO and Am2, = 1 eV2. Due to the
effect of ND, parameter spaces (specially the sterile angles)
are more constrained and experiments can measure the CP
conserving and CP violating values of the CP phases with
great accuracy. For P2SO and Am3, = 1 eV?, addition of
ND does not improve the sensitivity. This is because, in this
case, the flux is optimal for Am3, = 10 eV? at the ND. For
Amj; = 10 eV?, both the experiments can equally measure
the CP violating and CP conserving values of the phases.
Note that for the measurement of phases in 3 4 1 scenario,
it would be ideal to have a ND capable of detecting v, via
v, = v, [52]. However, even without the capability of 7
neutrino detection, having a replica of the far detector at a
short distance, one can keep the systematics under control
and measure the phases at a good precision.

X. SUMMARY AND CONCLUSIONS

In this paper we have studied the capability of the long-
baseline experiment options at the KM3NeT facility to
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probe the light sterile neutrino. In our study, we have
considered the options P20, which will have neutrinos
from a 90 KW beam to be detected at the ORCA detector,
the upgraded P20, which will have neutrinos from the
upgraded 450 KW beam to be detected at the ORCA
detector and the option of P2SO, which will have neutrinos
from a 450 KW beam to be detected at the upgraded Super-
ORCA detector. All these options will have a baseline
around 2595 km. We have also compared the results of
these three options with DUNE.

In our study, we showed that the options at the KM3NeT
is more sensitive if the value of Am3, is around 10 eV?
whereas the DUNE is more sensitive if the value of Am3; is
around 1 eV2. Our results also show that near detector
is very important for the study of sterile neutrinos and
addition of near detector improves the sensitivity as
compared to only far detector for 3+ 1 scenario.
Among the three options at KM3NeT, the sensitivities of
P20 and upgraded P20 are limited because of their poor
background rejection capabilities. Regarding the capability
of constraining the sterile mixing parameters, we find that
both P2SO and DUNE have good efficiency to constrain
the mixing angles 0,4 and 6,,. DUNE is better for Amf‘1 =
1 eV? while P2SO is better for Amj; =10 eV2 The
sensitivities of P2SO and upgraded P20 are exactly same
for ND + FD configuration. Regarding determination of
the unknowns in 3 + 1 scenario, we find that the sensitiv-
ities in presence of sterile neutrino is lower as compared to
standard three flavor case. Addition of ND improves the
sensitivities but still they are less than the standard three
flavor case. In general, we have observed that, for
Amj, = 10 eV?, improvement in the sensitivity due to
the addition of ND is more for the long-baseline experiment
options at KM3NeT as compared to Amj, =1 eV

Regarding hierarchy sensitivity in presence of sterile
neutrinos, sensitivity of upgraded P20 is similar to
DUNE whereas P2SO gives the best sensitivity for
ND + FD. Regarding octant and CP sensitivities, we find
that the sensitivities of P20 and upgraded P20 are poor
compared to DUNE and P2SO in the 3 4 1 scenario and for
ND + FD. For octant, the best sensitivity comes from
P2SO and for 6-p, DUNE provides slightly better sensi-
tivity than P2SO regarding both CP violation and CP
precision. We find that addition of ND does not play any
role in the case of (i) octant sensitivity in the higher octant
for P2SO, (ii) CPV sensitivity in the 180° to 360° region of
ocp for all the experimental setups, and (iii) CP precision
sensitivity for Am3, = 1 eV? for P2SO.

In summary, our results show that the sensitivity of
P2S0, i.e., the long-baseline option of KM3NeT where
neutrinos from a 450 KW beam at Protvino will be detected
at the Super-ORCA detector, is either comparable or better
than DUNE in both standard and 3 + 1 scenario. Our
results will help in the design of the long-baseline experi-
ments at KM3NeT facility.
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