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We consider a hybrid setup in which the antineutrino run of T2HK is replaced with antineutrinos
from muon decay at rest (£-DAR). Such a setup benefits from having higher statistics in both
neutrino and antineutrino modes, and suffers from lower beam-on backgrounds. In addition,
systematic effects are reduced. We find that this hybrid setup in conjunction with data from T2K
and NOVA has a good potential for determining the unknowns in neutrino oscillation physics,

namely the mass hierarchy, octant of 63 and J¢p.
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Please see Ref. [1], on which this conference proceeding is based, for more details.

1. Introduction

In the three-flavor scheme, neutrino oscillation probabilities depend on the mixing angles 6,2,
013, 03, the CP-violating phase dcp, and the mass-squared differences Am%1 and Am%l (Aml-zj =
% — m%). So far we know that 6,3 can be < 45° termed as lower octant (LO) or > 45°, denoted
as higher octant (HO). Am%1 can be either positive (normal hierarchy or NH) or negative (inverted
hierarchy or TH). The value of d¢p is still unknown.

m

The proposed superbeam experiment T2HK [2] will use data from both v, — v, and vV, — V,
channels to measure these unknowns. However, dealing with the antineutrino run is challenging
because of lower flux and smaller CC cross-section, causing a depletion in the antineutrino event
rate [3]. The background event rates and the systematic uncertainties are also larger in case of
antineutrino run. One way to tackle this issue is to replace the antineutrino run of the superbeam
with antineutrinos from muon decay at rest (t.-DAR) [3, 4, 5]. produced in the decay chain:

A T T AR A 2R (1.1)

The V,; oscillate into V,, which can be detected through the inverse beta decay (IBD) process in a
water Cerenkov detector, which has a high cross-section and is well measured.

The idea of combining a high energy v,, beam from long-baseline superbeam facility with a
low energy V,, beam from short-baseline y-DAR setup was first proposed in Ref. [3]. The physics
reach of similar setups to measure 8¢cp was presented in Refs. [4, 5, 6]. In this work, we explore
the physics reach of a setup, where we replace the antineutrino run of T2HK, with antineutrinos
from muon decay at rest (U-DAR). We find that a hybrid setup consisting of neutrino run from
T2HK and antineutrino run from p-DAR in combination with data provided by T2K and NOvVA
can resolve all the three fundamental unknowns at high confidence level.

2. Simulation details

For DAR, we consider the configuration as described in Ref. [5]. The u-DAR accelerator
complex is assumed to be located at a distance of 15 km from the Super-Kamiokande (SK) detector
and 23 km from the Hyper-Kamiokande (HK) detector. For T2HK, we assume that the total runs
will be completed in twelve years and the -DAR setup will be build after the first six years of
operation. Thus, the runtime of the (-DAR setup is taken to be six years. While tt-DAR is running,
we assume that the J-PARC beam continues to run in neutrino mode, thus doubling the neutrino
exposure. For more details about the exposures and systematics considered for this work, we refer
the readers to the original article [1].

For our numerical analysis, we use the GLoBES package. In our analysis we keep 62
(sin® By = 0.312), 613 (sin?20;3 = 0.085), Am3,(= 7.5 x 107> eV?) and |AmZ,|(= 0.0024 eV?)
fixed in both the true and test spectra since their variation in their allowed range does not affect our
results much. Thus, the only relevant oscillation parameters in our analysis are 6,3 and Ocp.
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Figure 1: P,, bi-probability plots, with neutrinos at T2ZHK on the x-axis and antineutrinos from T2HK
(u-DAR) on the y-axis in the left (right) panel.

3. Discussion at the probability level

The superbeam experiments T2K, NOvVA, T2HK, DUNE, etc. make use of the v, — v, (and
its conjugate) channel to determine the unknown oscillation parameters. It is known from the os-
cillation probability formula that the probability for NH and dcp = +90° can be matched by the
probability for IH and dcp = —90°, leading to a hierarchy-dcp degeneracy. Even if one looks at the
antineutrino probability, the same degeneracy remains. Therefore, one does not expect this degen-
eracy to be lifted by the addition of antineutrino data [7, 8]. Similarly, the probability for NH and
LO and can be matched by IH and HO, leading to a degeneracy in the octant measurement. How-
ever for antineutrinos, the degeneracy is opposite. Thus a combination of neutrino and antineutrino
data can lift the octant degeneracy [9].

In Fig. 1, we show the effect of degeneracy using the bi-probability plots. In the left panel,
for the relevant baseline and peak energy of T2HK, we have the neutrino (antineutrino) probability
on the x- (y-) axis. It is easy to see the hierarchy-dcp degeneracy from the overlap of NH and
IH ellipses. As the overlap points correspond to same value in both neutrino and antineutrino
probabilities, adding antineutrino information from T2HK itself cannot resolve this degeneracy. If
we use information from only neutrinos or antineutrinos, then the octant degeneracy arises. Since
we have information from both channels, we can exclude the wrong octant irrespective of the
choice of hierarchy [9, 10, 11]. In the right panel of Fig. 1, we have replaced the antineutrino
probability of T2HK with that of u-DAR setup with the relevant baseline (23 km) and energy. The
overlap between NH and IH ellipses for a given octant is less in the right panel. It happens due to
the different functional forms of the probabilities for T2ZHK and p-DAR. When we combine these
two setups, this fact helps to tackle the hierarchy-dcp degeneracy.

4. Results

Fig. 2 shows the y? for excluding the wrong hierarchy as a function of true dcp assuming
the true hierarchy to be NH. The true value of 6,3 is taken to be 42°/48° in the left/middle panel,
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Figure 2: First two plots: Exclusion of the wrong hierarchy, as a function of true dcp. The true hierarchy
is NH. The true value of 6,3 is taken to be 42°/48° in the left/middle column. We assume that the octant
is unknown, i.e. the test value of 63 varies in both octants. Last plot: Same as first plot, but with octant

known.

while the test value of 6,3 is allowed to vary in its full 30 range. In each panel, we see that
T2K+T2HK has good sensitivity in the favourable region of 8¢cp (for NH). Including data from
NOVA improves the sensitivity further. Now, if we replace the antineutrino run of T2HK with

u-DAR, there is an improvement in hierarchy exclusion. This is because the degenerate regions in

hierarchy-dc¢p space for -DAR are different from those of T2HK, giving rise to a synergy between

these experiments. For {NH, dcp = —90°, 6,3 = 42°}, the hierarchy sensitivity is affected due to

the octant degeneracy. The antineutrino run of u-DAR is not sufficient to lift this degeneracy and

therefore the sensitivity is lowered. We show in the last panel the results assuming the octant of
6,3 is known for the true combination NH-LO. Now we see that our hybrid setup T2HK(v)+u-
DAR(V)+T2K+NOVA gives better results than T2K+T2HK, as expected. Finally, we note that in
all the panels, the hierarchy sensitivity for T2ZHK(v)+u-DAR(V)+T2K+NOVA is greater than 30
irrespective of the true parameters.
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Figure 3: Exclusion of the CP conserving cases dcp =

0° and ocp = 180°, as a function of true 8cp. The
true hierarchy is NH. The true value of 6,3 is taken to be 42°/48° in the left/right column.

In Fig. 3, we show the ability of the various setups to detect CPV in the neutrino sector. Once
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again, we see that there are favourable and unfavourable regions of 8cp (corresponding to NH). We
can clearly see an improvement in the sensitivity when the antineutrino run of T2HK is replaced
by antineutrinos from p-DAR, and the entire runtime of T2HK is dedicated to neutrinos. This
holds for all possible combinations of the true hierarchy, octant and dcp, because of the intrinsic
CP sensitivity of -DAR owing to small matter effects. This improvement is mainly because: (a)
the neutrino statistics for T2ZHK(v) combined with antineutrinos from y-DAR is twice compared
to stand-alone T2HK(v + V) setup, (b) the antineutrino event rate for u-DAR is larger compared
to antineutrinos coming from the T2HK(v + V) setup, (c) the antineutrinos from p-DAR are es-
sentially free from any beam-related background, whereas the antineutrino beam in T2HK has
substantial intrinsic beam contamination coming from wrong-sign mesons, and (d) for energies
below 100 MeV, IBD provides the largest cross-section and high background rejection efficiency.
Thus, antineutrinos from y-DAR along with neutrinos from T2HK help to increase the fraction of
dcp values for which CPV can be detected at a given confidence level.
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Figure 4: First two plots:Exclusion of the wrong octant, as a function of true dcp. The true hierarchy is NH.
The true value of 6,3 is taken to be 42° (48°) in the left (middle) column. We assume that the hierarchy is
unknown, i.e. the test hierarchy can be either NH or IH. Last plot: Same as first plot, but with hierarchy
known.

In Fig. 4, we show the octant sensitivity as a function of the true value of d¢cp. For true NH-HO
(middle panel), replacing the antineutrino run of T2HK by antineutrinos from p-DAR increases the
x? for octant determination. Addition of data from NOVA helps to improve the situation further.
But in the left panel, the hierarchy-J¢cp-octant degeneracy crops up and antineutrinos from pu-DAR
cannot lift this degeneracy. If we fix the hierarchy in the fit, this deterioration in sensitivity does
not occur, as seen in the right panel. In this case, the hybrid setup outperforms all the others.

5. Conclusions and outlook

The fundamental unknowns in neutrino oscillation physics are the mass hierarchy, the CP-
violating phase, and octant of the 2-3 mixing angle. In this work, we have shown that a combination
of low energy Vv, from muon decay at rest (U-DAR) and high energy v, from T2HK observed at
the Hyper-Kamiokande detector can address all these issues at high confidence level. This method
yields higher statistics in both neutrino and antineutrino modes, reduces the beam-on backgrounds
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for antineutrino events significantly, and also curtails the systematic uncertainties. The low energy
muon antineutrinos from short-baseline -DAR setup oscillate into electron antineutrinos which
can be efficiently detected by the IBD process in a water Cerenkov detector.

Our simulation shows that a hybrid setup consisting of T2HK (v) and u-DAR (V) in con-
junction with full exposure from T2K and NOVA can settle the issue of mass hierarchy at greater
than 30 C.L. irrespective of the choices of true parameters. This hybrid setup provides a vastly
improved discovery reach for CPV. Using this hybrid setup, we can confirm the CPV at 5o C.L.
for almost 55% choices of true dcp assuming true NH and maximal mixing for true 6,3, whereas
the same for conventional T2HK (v + V) setup along with T2K and NOVA is around 30%. The
octant resolution capability of this hybrid setup is also quite good.
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