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We explore neutrino mass hierarchy determination and CP-phase measurement using the multimegaton
water Cherenkov detector KM3NeT-Oscillation Research with Cosmics in the Abyss in the Mediterranean
sea receiving neutrino beam from the Fermilab Long Baseline Neutrino Facility over a 6900 km baseline.
We find that with the proposed beam luminosity of 1.2 x 10! proton on target per year, it will be possible
to determine mass hierarchy at Z4o¢ confidence level within 1 year in the neutrino mode alone. A combined
1 year in neutrino and 1 year in antineutrino mode can determine hierarchy at =6¢ confidence level. We
also find that a nonzero CP phase can be detected with up to ~1.8¢ significance after 10 years of data
taking. We explore degeneracy of neutrino oscillation parameters and uncertainties in detection efficiencies

affecting the results.
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I. INTRODUCTION

Determination of neutrino mass hierarchy and measure-
ment of the CP phase have been widely discussed in recent
years using multimegaton water/ice Cherenkov detectors
and with atmospheric neutrino flux [1-12]. Such measure-
ments are based on neutrino propagation over long
baseline, through the mantle and core of the earth, for
which oscillations in vacuum and in matter including
Mikheev-Smirnov-Wolfenstein (MSW) resonance [13,14]
and parametric enhancement effects [15,16] are relevant.
Determining the mass hierarchy and measuring the CP
phase are among the foremost objectives of neutrino
physics as well as particle physics.

While atmospheric neutrinos can provide large statistics
of events in multimegaton scale water/ice Cherenkov
detectors with few GeV threshold, such as the proposed
“Precision IceCube Next Generation Upgrade” (PINGU)
[6] and Oscillation Research with Cosmics in the Abyss
(ORCA) option of KM3NeT [8], there are a number of
uncertainties that reduce the significance to hierarchy
determination and CP-phase measurement. The uncertain-
ties directly related to atmospheric neutrinos are flux
normalizations and spectral shapes, presence of both
neutrinos and antineutrinos in the flux, presence of both
v, and v, flavors in the flux, etc. Careful analyses have been
carried out to minimize these uncertainties with dedicated
detector-specific simulations, resulting =3¢ significance
for hierarchy determination within =~3-4 years of data
taking [17,18]. Sensitivity to the CP-phase 6 will be rather
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poor unless further upgrades in future are considered [7],
giving ~1 megaton effective mass at sub-GeV energies.

Long baseline accelerator experiments such as T2K and
NOvA currently provide no significant constraint on
hierarchy, with only a weak preference to normal mass
hierarchy [19,20]. Sensitivities to CP phase are similarly
poor, with 90% C.L. exclusion of the § = (0.15,0.83)%
region for normal hierarchy and § = (—0.08, 1.09)z region
for inverted hierarchy by T2K [19]. NOvA excluded the
6 = (0.1,0.5)x region for inverted hierarchy at 90% C.L.
most recently by using v, appearance data [21]. Future
accelerator experiments such as “Deep Underground
Neutrino Experiment” (DUNE) using the neutrino beam
provided by Long Baseline Neutrino Facility (LBNF) at the
Fermilab are expected to determine hierarchy and possibly
find evidence of a nonzero CP phase [22].

A combination of multimegaton scale water/ice
Cherenkov detector at the South Pole receiving accelerator
neutrino beam from the Northern hemisphere has been
explored recently to do oscillation physics [23,24]. In
particular, sensitivities to mass hierarchy and CP phase
were explored by choosing a specific example from the
CERN to PINGU over a baseline of 11810 km [24].
Possibilities of exploring mass hierarchy in experimental
setups with beam from CERN (Fermilab) to Lake Baikal
(KM3NeT) [25] and from CERN to Super-Kamiokande
[26] have been explored as well. Other, shorter, baselines
have also been explored using neutrino beam and huge
atmospheric detectors to determine mass hierarchy [27,28].

In this paper we explore neutrino mass hierarchy and
CP-phase sensitivities of the KM3NeT-ORCA detector in
the Mediterranean sea, receiving LBNF neutrino beam over
a baseline of 6900 km. We use proposed characteristics of
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the detector from simulations [8] such as energy resolution
and efficiency to specific interaction channels. Similarly we
use neutrino and antineutrino beam characteristics of the
LBNF beam [22]. We investigate hierarchy sensitivity with
marginalizations over all relevant oscillation parameters.
We also investigate degeneracy of the oscillation param-
eters to measure the CP phase. We address particle flavor
(electrons and muons) misidentification in the detector
affecting our results.

We discuss briefly long baseline oscillation relevant for
Fermilab to ORCA in Sec. II. In Sec. III we discuss the
LBNF beam and detector characteristics as well as details
of simulations. We present and discuss our results in
Sec. IV and draw conclusions in Sec. V.

II. LONG BASELINE OSCILLATION

The probability P,, of v, oscillating into v, and the v,
survival probability P,, are functions of mixing angles 6,5,
03, 0,3, mass-squared differences Am3, and Am3, for three
flavors and the CP-violating phase 6. The baseline for the
LBNF beam from the Fermilab to ORCA site, off the coast
of Toulon, France [8] is L = 6900 km. Neutrinos along this
trajectory do not pass through the core of the earth and a
quasiconstant density approximation is reasonable for
calculation of oscillation probabilities. Sensitivity to the
mass hierarchy comes mostly at energies 22 GeV and one
can ignore 1-2 mixing and mass splitting in this energy
range. The corresponding neutrino oscillation probabilities
for normal mass hierarchy (NH) are [2,29,30]

— «in2
Py, = sin“0y3Py,
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are the oscillation phase and mixing angle in matter,

respectively. The matter potential V = v/2GpN,, with
Gr and N, being the Fermi constant and average electron
number density along the trajectory, respectively.

Oscillation probabilities for antineutrinos P . and P 4 can
be written by substituting V' — —V in the above equatlons It
can be seen from Egs. (3) and (2) that for antineutrinos
cos20fi~1 and correspondingly Pu(V — —V)=0.
Therefore the antineutrino probability 13”6 in matter is
suppressed. Also, for antineutrinos ¢y (V — —V) x 31 =
Am3,L/2E, and the probability P,, assumes the vacuum
oscillation probability.

For inverted mass hierarchy (IH) the oscillation proba-
bilities for the neutrino and antineutrinos are exchanged
in this approximation of zero 1-2 mixing such that Py =
PNH and PIH PNH [2].

Our numerlcal calculation of probabilities, using the
preliminary reference Earth model [31], agree very well
with above expectation for NH and IH for neutrinos and
antineutrinos, for the same CP-phase values. We have used
the best fit values of the neutrino oscillation parameters
from Refs. [32,33] for numerical calculation.

In Fig. 1, we have plotted P,, (left panels) and P, (right
panels) for NH and IH and for three values of o. The upper
and lower panels correspond to the lower octant (LO) and
higher octant (HO) of 6,3, respectively. We have used a
baseline of 6900 km (distance between Fermilab and the
ORCA detector in the Mediterranean sea). The dominant
feature of the probabilities in these plots is the 1-3 resonance
at an energy EX = Am3; c0s20,3/2V ~ 6.6 GeV for NH
(IH) in case of P, (P”e). The sensitivity to hierarchy mostly
comes from this feature in this energy region. The effect of
octant for 6,5 is just a shift in the overall probability values
since those are proportional to sin? 6,5 as in Eq. (1). Itis clear
from Fig. 1 that unlike other long baseline experiments such
as NOvA and T2K, no hierarchy-é degeneracy [34,35] exists
for this baseline and the probabilities for NH is well separated
from TH.

We have plotted the survival probabilities P,,, (left panels)
and PW (right panels) in Fig. 2. As discussed for Egs. (1)—(3),
the probabilities P! = P}l are consistent with vacuum
oscillation, which are different from the probabilities
Pl = PP These differences give sensitivity to hierarchy
in the muon neutrino channel. Again, the upper and lower
panels in Fig. 2 correspond to LO and HO of 8,5 as in Fig. 1.
But the difference between the LO and HO for P,,,, is opposite
than for P,,, as evidenced from Eq. (1).

To understand the CP dependence of the probabilities one
cannot ignore the 1-2 mixing, however, as was done in
Eq. (1). The 1-2 oscillation phase at low energies and close to
the 1-2 resonance energy in constant density medium is [7]

Am3, L 2VE,\?2
m "1 (cosZGlz— 2”) +5sin%20,,. (4)
Amy,

21 = 2E,
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FIG. 1. Probabilities P,, (Pﬂe) in the left (right) panels as
functions of energy for different hierarchies and & values for a
baseline of 6900 km. The upper (lower) panels show the
probabilities for sin’6,; = 0.44 (0.584).

The CP-dependent parts of the probabilities, after averaging
over fast oscillations driven by the 1-3 oscillation phase
are [7]

(P2,) = ng cos & cos 20, sin? @ 5 s1n Ssin gl |,
(PS,) =— %cos Jsin? ¢221 cos 207, (5)
where

Jy = sin 20,5 sin 207, sin 2674 cos 74 (6)

is the Jarlskog invariant in matter. Note that Pj, = P, and
the probabilities for antineutrinos can be found by changing
V - —Vand 6 — —d in Eq. (5). For energies above the 1-2
resonance, cos 207, ~ —1.

Equation (5) describes the general behavior of the CP
dependence of the numerically calculated probabilities in
Figs. 1 and 2 rather well. A systematic shift in P,, with §
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FIG. 2. The same as Fig. 1 but for P,, and PW

over a large energy range in Fig. 1 is due to the CP-odd
second term of the first line in Eq. (5) containing sin g, as
discussed in details in Ref. [7]. The main contribution to
the CP sensitivity comes from this term in P,,. The effect
of CP in the case of P, is opposite to that of P, and is CP
even because of the cos¢d term. Therefore in Fig. 2 the
6 =90° and —90° probabilities are the same.

From the above probability plots, we can conclude that
since the probabilities for NH and IH are quite well
separated, it is possible to get a good hierarchy sensitivity
for the proposed Fermilab beam to the ORCA detector in
the Mediterranean sea. The effect of CP on the other hand
is rather mild at the probability level and will be difficult to
measure.

Next we investigate the effect of marginalization over 6,3
on the hierarchy sensitivity from the probability plots.
Figure 3 shows the probabilities for different 6,5 values in
the LO and HO, i.e., sin? #,; = 0.440 and 0.584, respec-
tively. Both the P,, and P,, probabilities for different
octants and hierarchy combinations are relatively well
separated from each other. Thus the octant degeneracy
cannot mimic a NH probability for IH and vice versa, and
the sensitivity to hierarchy is not lost.
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FIG. 3. Probabilities P, (P,,) in the upper (lower) panels for

different octants of 8,3 and hierarchy combinations but with the
same CP phase. The left (right) panels show the probabilities for
the neutrino (antineutrino). We have used a baseline of 6900 km.

Finally, in Fig. 4 we have plotted the probability curves
for LO, NH, and different § and sin” 26,5 combinations for
both oscillation and survival cases to investigate the effect
of marginalization over sin? 26,5 on the CP-phase sensi-
tivity. In the case of P,,, the probability for sin® 26, =
0.085 and 6 = —90° is the same as the probability for
sin® 26,5 = 0.085 and § = 0 and close to all other sin” 26,5
and & combinations. Again, the probabilities for sin® 26,5 =
0.085 and & = 90° are very similar to that for sin® 26,3 =
0.091 and 6 = 0 and close to probabilities with other 6 and
sin? 26,3 = 0.091 combinations. In the case of survival
probabilities, curves with all sin?26,5 and § combinations
are very close to each other. Therefore marginalization over
sin®26),5 is expected to reduce sensitivity to the CP phase.

III. BEAM AND DETECTOR CHARACTERISTICS
AND SIMULATION DETAILS

To do our simulations, we have used the proposed LBNF
beam, designed for the DUNE program [22]. The beam is
bended 7.2° westward and 5.8° downward along the far
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FIG. 4. Probabilities P,, (P,,) in upper (lower) panels for
LO-NH and different §-sin®26,;5 combinations. The left (right)
panels show the probabilities for the neutrino (antineutrino). We
have used a baseline of 6900 km.

detector at the Sanford Underground Research Facility
(SURF) 1300 km away [36]. For the location of the
KM3NeT-ORCA detector, the beam will need to be bent
32.8° downward. For the ORCA detector, the beam line
needs to be turned. In this case DUNE and ORCA cannot
share the same beam, but can use the same flux and
normalization. We have used 120 GeV beam of 1.2 MW
power, corresponding to 1.2 x 10%! protons on target per
year. The dimensions of the muon decay path are 250mx4m
and the beam peaks at around 2.5 GeV. The v, beam is
contaminated by v,, 7, and 7,.

We also use seven energy bins in the range 1-7 GeV to
calculate event rates. The bin widths are 0.27, 0.73, 0.75,
1 GeV, 1.25, 1.3, and 0.7 GeV, respectively. The typical
number of signal electron (muon) neutrino events in the
1-7 GeV energy range is ~140/yr (~630/yr). For detector
characteristics, we followed specification published in the
KM3NeT letter of intention [8]. The mass of the detector is
3.6 Mton. The signal and background efficiencies for
different interactions were calculated by taking the ratio
of the effective volume, given in Fig. 60 of Ref. [8] with the
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total detector volume of 3.6 x 10°® m?® in the relevant
energy range. Note that this effective volume is at the
trigger level and may change with different quality cuts,
although the ratios may not change. With this caveat in
mind we have calculated efficiencies from the above-
mentioned figure for different interactions inside the
detector for each of the seven energy bins in the
1-7 GeV range. These interactions are e~, e, u~, and
u" events as well as v, and 7, neutral current events.

Signals for the oscillation channel come from the
electrons generated by the v, — v, oscillation and back-
grounds come from muon misidentification, beam con-
tamination, and neutral current pion interactions. Similarly,
for the survival channel, signals come from muons due to
the v, — v, survival and backgrounds come from beam
contamination and electron misidentification. We assumed
a nominal value of 30% for the misidentification factor [8]
and then changed it to 10% to see the effect on the CP
phase sensitivity, and to 10% and 50% to see the effect on
mass hierarchy sensitivity.

To calculate simulated experimental event rates and
theoretical event rates, and then to calculate A)(Z from
those, we have used the software GLoBES [37,38]. We
used the best fit values of the neutrino oscillation param-
eters from Refs. [32,33]. For LO, the best fit value of
sin6,3 is 0.44 and for HO, it is 0.584. The best fit value
of sin?20,5 is 0.085 and that of sin?6;, is 0.31. For the
solar mass-squared difference we have used Am3, =
7.49 x 1075 eV?, and for the atmospheric mass-squared
difference, we have used AmZ, =2.52x 107 eV?,
where [39]

2 _ gin2 2 2 2
Amy, = sin“0,Am3, + cos“0,Ams,

+ cos §sin 20, sin @53 tan @ ,Am3,.  (7)

To generate theoretical event rates, we vary the test
values of sin®20,5 and Am;, in their 26 range with 3.5%
and 3% uncertainty, respectively. We also vary the test
values of sin® 6,5 in its 3¢ range [0.35, 0.65] in steps of
0.01. For the test values of §, we vary it in the full range of
[—180°, 180°] in steps of 2.5°. We used Gaussian priors for
sin*20,3, sin®260y3, and |Am2,|.

Automatic bin-based energy smearing is done for gen-
erated events with a Gaussian smearing function in
GLOoBES, defined as

1 _(E-E?

TN ®)

where E’ is the reconstructed neutrino energy. The corre-
sponding energy resolution function is given by

RY(E.E') =

o(E) = aE + pVE +7, (9)
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where we have used @ = f = 0 and y = 0.4 for the 1-7 GeV
energy range relevant for the Fermilab-LBNF beam.

For systematics, We have used signal normalization and
signal calibration errors in energy as 5% and 0.01%,
respectively, for the v, appearance events. For the same
v, appearance events the background normalization and
calibration errors are 10% and 0.01%, respectively. For the
v, events the signal normalization and calibration errors in
energy are 2.5% and 0.01% while the background nor-
malization and calibration errors are 10% and 0.01%,
respectively. Use of systematics in GLoBES has been
discussed in detail in Refs. [37,38].

IV. RESULTS AND DISCUSSION

The results from our study are shown in the mass
hierarchy and CP-phase sensitivity plots in this section.
We have taken into account various uncertainties in the
oscillation parameters as well as uncertainties in the event
reconstruction at the detector. The square root of the Ay?
values reported here is the significance in number of ¢ or
confidence level (C.L.) for one parameter.

A. Mass hierarchy sensitivity

The KM3NeT-ORCA has very good sensitivity to
neutrino mass hierarchy, thanks to its large mass at an
energy range where matter effect is significant for the
baseline we have considered. As mentioned earlier, the
effect of CP-phase uncertainty on determination of mass
hierarchy is rather mild in this energy range.

In general, for true NH, the hierarchy sensitivity at
6 = 90°is larger than § = —90°. This is because of a larger
event rate for 6 = 90°, following larger probability (see
Fig. 5) that arises from the CP-odd term in (P2,) in
Eq. (5), resulting in smaller statistical uncertainty.
The opposite is true for the case when the true hierarchy
is IH. These can be seen immediately from our hierarchy
sensitivity plots.

In Fig. 5, we have plotted the mass hierarchy sensitivity
of the experimental setup described in Sec. III, after 1 year
of neutrino run only (solid lines) and after v and o runs of
1 year each, respectively (dashed lines). From the sensi-
tivity curves we can see that it is possible to determine mass
hierarchy for 1-year v run only (solid lines) at more than 4o
significance, if 6,5 lies in the LO and the true hierarchy is
either NH (upper-left panel) or IH (upper-right panel).
The same is true when 6,5 is in the HO (lower panels). The
sensitivity, however, is higher when 6,5 is in the HO and the
NH is true (lower-left panel) and when 6,5 is in the LO and
the IH is true (upper-right panel) as compared to the same
octant but opposite hierarchy cases.

We also see in Fig. 5 that if an initial 1-year v run is
followed by a 1-year v run (dashed lines), it will be possible
to determine the mass hierarchy at Z6¢ C.L. for all octants
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left (right) panels are for the assumed NH (IH) as the true
hierarchy. Marginalizations have been done over sin?26,s,
sin? 03, and |Am?,|. We used a particle misidentification factor
of 30%.

of 6,3 and true hierarchy combinations. Note that we have
marginalized over the oscillation parameters sin® 265,
sin® @3, and |Am2,| to compute the sensitivity curves.

In Fig. 6 we have plotted the hierarchy discovery
sensitivity after 1-year v and 1-year U run, each for the
v, — v, appearance/oscillation channel only (solid lines)
and the same for the v, — v, disappearance/survival
channel only (dashed lines). Note that hierarchy sensi-
tivity is dominated by the oscillation channel v, — v,;

see Eq. (1). Even if the v, — v, survival channel is
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FIG. 6. Mass hierarchy discovery potential for v, — v, oscil-
lation channel only (appearance—solid lines) and for v, — v,
survival channel only (disappearance—dashed lines), for 1-year v
and l-year v run. The octant of 6,3, assumed true hierarchy,
marginalizations, and particle misidentification information are
the same as in Fig. 5.
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FIG. 9. Same as Fig. 8 but marginalization over |Am?,| only.

ignored, it is possible to determine the hierarchy at Z4¢
for all octants of 6,; and true hierarchy. On the other
hand, the hierarchy can only be established at ~3¢ level
in the v, — v, channel only (dashed lines). The relatively
flat feature (CP insensitive) of the dashed curves arises
from the smallness of the CP-even term of (P,,) in
Eq. (5).

In Fig. 7 we have explored the effects of electron-muon
misidentification factors on mass hierarchy discovery.
The solid (dashed) lines correspond to the case when the
electron-muon misidentification factor is 10% (50%).
It can be seen that when LO-NH or HO-IH is the true
hierarchy-octant combination, it is possible to determine
hierarchy at >80 C.L. for 10% misidentification. For
HO-NH combination the significance is 2 100. Therefore
the hierarchy discovery potential for this experimental
setup increases significantly if the electron and muon
identification capability improves. On the other hand, it
can be seen that the hierarchy discovery potential
degrades drastically if the muon-electron identification
factor increases. When the misidentification factor is
50%, wrong hierarchy can be excluded at ~6cs C.L. for
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FIG. 10. Same as Fig. 8 but with 10% particle misidentification.

all octant and true hierarchy combinations, which is still
quite good.

B. CP-phase sensitivity

We have studied sensitivity of ORCA, using the
Fermilab-LBNF beam, to measure a nonzero CP-phase
value both in the case of an unknown mass hierarchy and a
known mass hierarchy. As mentioned earlier, the neutrino
beam peaks at an energy ~2.5 GeV and the most sensitivity
to the CP phase at the probability level is at lower energy.
Furthermore the effective mass of the ORCA detector is
also rather small below ~1-3 GeV. Both of these factors
reduce sensitivity to the CP phase. Therefore one must
consider a much longer run time.

In Fig. 8 we have shown the CP-phase sensitivity plots
after the 10-year run in the v mode (solid lines) as well as
5-year in the v and 5-year in the © mode run (dashed lines)
as functions of the true 6. We have marginalized over the
test values of the oscillation parameters sin® 26,3, sin® 6,3,
|Am2,|, and mass hierarchy. Both the muon and electron
channels have been used and the electron-muon misidenti-
fication factor is 30% in these plots. Note that in the case
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that true hierarchy is NH, the 10-year v run gives the most
sensitivity to the CP phase (left panels—solid lines)
because of a higher event rate, resulting from higher
probability, and hence smaller statistical uncertainty in
the resonance channel. The same is not true for the IH
because of suppressed probability for neutrinos in this case.
Furthermore, a 5-year v and S-year v run (dashed lines)
does not improve the sensitivity to the CP phase. This is
partly because of a smaller cross section for 7, which
reduces the overall event rate, even though Pﬂe is enhanced
for v in case of IH.

We also see in Fig. 8 that when NH is the true hierarchy,
the sensitivity to a nonzero CP phase is up to ~1.5¢ when
6,5 is either in the LO or HO and for true § = £90° (left
panels—solid lines). But for IH, the sensitivity is <1.2¢
for all values of the true CP and for either octants of 0,5
(right panels).

In Fig. 9 we have plotted sensitivity to the CP phase in a
case when the mass hierarchy is known (e.g., from an early
run of the discussed experimental setup) and the values of
013 and 6,3 are accurately measured from other experi-
ments. Note that removing marginalization from sin? 26,5,
sin? 0,3, and hierarchy improves significance in general but
not by a large value. This is again due to relatively high
(~1-3 GeV) threshold energy for the proposed ORCA
detector where the effect of the CP phase on the oscillation
probabilities is low.

We have explored the sensitivity to the CP phase
affected by the electron-muon misidentification in
Fig. 10. We used a 10% misidentification factor and in
general the sensitivity improves; in particular, if the true
hierarchy is NH, a nonzero CP phase can be measured for
—120° <6 < —60° and for 60° <6< 120° at 21 C.L.
Marginalizations over sin 26,3, sin” 63, |Am;,| and mass
hierarchy have been taken into account in this case.

PHYSICAL REVIEW D 96, 073007 (2017)
V. CONCLUSIONS

We have explored a possibility to determine the neutrino
mass hierarchy and CP phase with the proposed KM3NeT-
ORCA detector in the Mediterranean sea receiving a
neutrino beam from the Fermilab-LBNF, over a baseline
of 6900 km. We used publicly available detector character-
istics and neutrino flux to simulate events and compute
sensitivities using the GLoBES software.

Detailed efficiencies for different interaction channels in
the detector have been taken into account as well as
smearing of the events in energy. We marginalized over
uncertainties of the oscillation parameters and also took
into account realistic particle misidentification factor in the
detector.

The mass hierarchy can be determined with Z4c
significance when the true hierarchy is either normal or
inverted, and for either octant of 6,3 within 1 year of
neutrino run. A higher significance can be achieved with
1-year neutrino and 1-year antineutrino run. For this case
240 significance can be reached in the electron neutrino
channel only.

The CP-phase value can only be measured in the
+(60°-120°) range at ~lo C.L. for 10-year neutrino run
in the case that the true mass hierarchy is normal. Reducing
particle misidentification in the detector can help (up to
~1.80 for 10% misidentification) but will not increase the
sensitivity significantly.
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