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Abstract This paper presents the expected sensitivity to the
neutrino oscillation parameters of the Hyper-Kamiokande
long-baseline program. The Hyper-Kamiokande experiment,
currently under construction in Japan, will measure the oscil-
lations of accelerator-produced neutrinos with thousands of
selected events per sample: this corresponds to an increase
of statistics of a factor 25-100 with respect to recent results
from the currently-running long-baseline neutrino oscillation
experiment in Japan, T2K. In the most favorable scenario we
will achieve the discovery of Charge-Parity (CP) violation
in neutrino oscillation at 5o C.L. in less than 3 years. With
10 years of data-taking, and assuming a neutrino : antineu-
trino beam running ratio of 1:3, a CP violation discovery at
5o C.L. is possible for more than 60% of the actual values of
the CP-violating phase, ¢ p. Moreover, we will measure §¢ p
with a precision ranging from 20°, in the case of maximal
CP violation, to 6°, in the case of CP conservation. We aim
to achieve a 0.5% resolution on the Am%2 parameter, and a
resolution between 3% and 0.5% on the sin? 63 parameter,
depending on its true value. These results are obtained by
extending the analysis methods of T2K with dedicated tun-
ing to take into account the Hyper-Kamiokande design: the
larger far detector, the more powerful beam, the upgraded
near detector ND280, and the planned additional Intermedi-
ate Water Cherenkov Detector.

1 Introduction

Neutrinos propagate as mass eigenstates (vi, V2, v3),
while they interact with matter as flavour eigenstates of
the weak interaction (v, vy, vr), coupling to the cor-
responding charged leptons (electron, muon and tau). In
the standard paradigm of neutrino oscillations, the three
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mass eigenstates can be expressed as an admixture of the
flavour eigenstates using a 3 X 3 unitary mixing matrix
(Ug;a = e, u,t;k = 1,2,3), so called Pontecorvo—
Maki—Nakagawa—Sakata (PMNS) [1,2] matrix. If neutrinos
are Dirac particles, out of the nine degrees of freedom of such
amatrix, five could be reabsorbed as unphysical phases in the
definition of the lepton fields. In the most used parametriza-
tion [3] the remaining degrees of freedom are encoded in a
SO(3) matrix, using Tait—Bryan rotation angles (012, 013, and
623), and an additional complex phase §¢cp, which parame-
terizes a possible Charge-Parity violation (CPV) in the lepton
sector. Considering the time evolution of the mass eigenstates
during their propagation, the neutrino oscillation probability
also depends on the squared mass difference between the
pairs of mass eigenstates (Amlgj = ml2 — m?).

In this paper we present the sensitivity of the Hyper-
Kamiokande experiment to measuring the oscillation param-
eters using accelerator neutrinos. As of today, all three mix-
ing angles, as well as the Am%l and |Am%2| parameters
have been measured with a few percent precision or bet-
ter [3]. The phase §cp is still unknown, first hints from
T2K [4] point to large CPV, but they are not confirmed
by NOvVA [5]. A possible definitive discovery of this new
fundamental source of CPV, the first in the lepton sector,
would have profound implications on the comprehension of
the matter—antimatter asymmetry in the Universe, in partic-
ular in the framework of leptogenesis [6] with low-energy
seesaw mechanisms [7]. CPV discovery is the primary tar-
get of the Hyper-Kamiokande sensitivity analysis reported
in this paper. The sign of Am%z, also known as the mass
ordering (MO), is still unknown, with first indications from
Super-Kamiokande [8] atmospheric neutrino measurements
showing a preference for normal ordering (m3 > m»). The
octant of the 6,3 mixing angle is still unknown, and maximal
mixing between muon and tau neutrinos (63 = m /4) is pos-
sible. In the next decade these neutrino oscillation parameters
will be also measured by another long-baseline experiment,
DUNE [9], in construction in US.

From abroader perspective, the present oscillation paradigm
consists of an effective parametrization of flavour mixing:
whether or not the specific values of the oscillation param-
eters are due to an underlying fundamental symmetry or an
underlying basic principle remains an open question. Precise
measurements of these parameters, within the scope of the

@ Springer


http://orcid.org/0000-0003-0783-6655
http://orcid.org/0000-0003-3310-9072
http://orcid.org/0000-0002-0334-7304
http://orcid.org/0000-0002-7405-1770
mailto:hyperkpb@km.icrr.u-tokyo.ac.jp

170 Page 6 of 18

Eur. Phys. J. C (2026) 86:170

present Hyper-Kamiokande analysis, may hint at, or at least
help to discard, specific flavour symmetry models [10].

1.1 The Hyper-Kamiokande experiment

Hyper-Kamiokande [11,12] is an experiment under con-
struction aiming to perform precision measurements of neu-
trino oscillations and determine whether neutrinos violate
Nature’s CP symmetry. It will also perform the world’s
most sensitive search for proton decay, supernova neu-
trinos detection and other physics measurements. Hyper-
Kamiokande will start data taking in 2028 and is the third-
generation water Cherenkov neutrino detector in Japan,
following Kamiokande [13] and Super-Kamiokande [14],
the experiment currently underway. Hyper-Kamiokande will
measure oscillations of atmospheric and solar neutrinos as
well as oscillations of neutrinos produced by an accelerator,
as in its predecessor long-baseline experiments K2K (KEK
to Kamioka) [15] and T2K (Tokai to Kamioka) [16].

The Hyper-Kamiokande experiment consists of the exist-
ing J-PARC neutrino beam and a set of near detectors, both
currently used for the T2K experiment and being upgraded to
increase performance, and two new water Cherenkov detec-
tors, an intermediate detector of about 600-ton at around 1 km
from the neutrino beam production target and a 258,000-ton
far detector at 295 km (oscillation baseline).

The J-PARC accelerator complex provides a beam of
30 GeV protons and is being upgraded to reach 1.3 MW
power near the beginning of the Hyper-Kamiokande data
taking [17]. The proton beam impinges on a graphite target,
producing hadrons (primarily pions and kaons) which are
focused and charge-selected by three electromagnetic horns.
The hadrons are thus guided to a 96 m long He-filled vessel,
where they decay generating a flux of charged leptons and
neutrinos. The produced neutrino flux is highly dominated by
muon neutrinos, with a small background (< 1%) of elec-
tron neutrinos. A flux dominated by neutrinos (Forward Horn
Current, FHC) or antineutrinos (Reverse Horn Current, RHC)
can be produced by inverting the polarity of the horns. Hyper-
Kamiokande will rely on the off-axis technique, which profits
from the kinematic properties of the two-body pion decay:
by placing the near and far detectors at 2.5° off of the beam
axis, the neutrino energy is peaked at 600 MeV, correspond-
ing to maximal neutrino oscillations at a propagation base-
line of 295 km, while the fraction of beam electron neutrinos,
mostly coming from muon and kaon decays, is reduced.

The Hyper-Kamiokande far detector will be built 295 km
from the production target and situated beneath the peak of
Mt. Nijyugo, resulting in a 1750 ms-water-equivalent over-
burden. The detector is a 71 m high and 68 m diameter cylin-
der filled with ultra-pure water and split into optically isolated
inner and outer detector regions. The outer detector (OD) will
consist of a shell surrounding the inner detector. The OD is

@ Springer

1 m wide in the vertical barrel and 2 m tall at the top and
bottom caps. The OD will be instrumented with approxi-
mately 3600 8 cm diameter photomultiplier tubes (PMTs),
each equipped with a 30 cm x 30 cm wavelength shifting
plate to enhance light collection. The outer detector will
identify and veto entering charged particles, such as cosmic
muons or particles created by neutrino interactions in the sur-
rounding rock. The inner detector, acting as main target for
the neutrino interactions, has a volume of about 217 kton and
will be instrumented with approximately 20,000 50 cm diam-
eter PMTs and 1000 multi-PMT photosensor modules. The
photo-cathode coverage of Hyper-Kamiokande will be about
20%, compared to 40% at Super-Kamiokande. However, the
light collection efficiency of the 50 cm PMTs is doubled. The
photon detection efficiency of Hyper-Kamiokande will there-
fore be approximately equal to that of Super-Kamiokande. A
detailed description of the Hyper-Kamiokande far detector
could be found in Ref. [12].

The set of near detectors placed 280 m from the beam
target includes INGRID [18], located on-axis for beam posi-
tion and direction monitoring, and ND280, a magnetized
multipurpose detector which measures the neutrino flux
and neutrino-nucleus interaction cross-sections. The ND280
detector has been recently upgraded [19] to increase the
detectable kinematic range of particles from neutrino inter-
actions, in view of the additional statistics still to be collected
by the T2K experiment. The upgraded ND280 detector will
also serve the Hyper-Kamiokande experiment. ND280 con-
sists of two main tracking regions: two vertical targets com-
posed of sets of perpendicular scintillating bars (one target
also hosting bags of passive water) interleaved with three
vertical Time Projections Chambers; and a horizontal, highly
granular, scintillator detector sandwiched between two hor-
izontal Time Projection Chambers and further surrounded
by scintillating panels for Time of Flight measurement. The
detectors are surrounded by an electromagnetic calorimeter
and embedded into a 0.2 T magnet, which also hosts a muon
range detector. A detailed description of the upgraded ND280
detector could be found in Ref. [19].

Alongside the upgraded ND280, a new water Cherenkov
detector will be built approximately 1 km from the neutrino
production target [12]. The Intermediate Water Cherenkov
Detector (IWCD) preliminary design consists of an 8.8 m
diameter and 10 m tall cylinder with a 7 m diameter and
8 m tall inner detector region. The inner detector will be
instrumented with about 350 multi-PMT modules and will
have a target mass of approximately 300 tonnes. The detec-
tor will be placed in a vertical pit allowing the detector to
be positioned anywhere between 4° and 1.5° off the central
axis of the neutrino beam. IWCD can directly measure the
relationship between true and reconstructed neutrino energy
by sampling different off-axis angles [20]. The large target
mass, high precision electron/muon discrimination and self-
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shielding property of water also allow IWCD to make precise
measurements of electron neutrino and antineutrino cross-
sections.

1.2 Neutrino oscillation probabilities

The Hyper-Kamiokande accelerator neutrino flux is peaked
at about 600 MeV, an energy where matter effects are sub-
dominant (< 10%). While the oscillation formulas used
in the analysis described here correctly include matter
effects, oscillation formulas in vacuum will be described
in this section as a simplified paradigm to show the
sensitivity of the various Hyper-Kamiokande samples to
the oscillation parameters. We can consider four main
channels: muon (anti)neutrino disappearance and electron
(anti)neutrino appearance. While most muon (anti)neutrinos
oscillate into tau (anti)neutrinos, tau production from charged-
current interactions is possible only in the high-energy tail
of the Hyper-Kamiokande (anti)neutrino flux, thus far from
the oscillation maximum. For this reason this sample is not
considered in this paper.

The muon (anti)neutrino disappearance formula in vac-
uum, relying on the PMNS parametrization of the mixing
matrix, reads

2

PG, = 5,) ~ 1 — sin 2653 sin? <1.27AmT32L> S
with L as the oscillation baseline, in km, E as the neutrino
energy, in GeV, and Am%2 in eV2. The formula is indepen-
dent on §cp, thus applies to both neutrino and antineutrino
disappearance in the standard oscillation paradigm. Exotic
oscillation scenarios based on new physics models [21], such
as CPT violation through comparisons of muon neutrino and
antineutrino oscillation probabilities, are not covered in this
study. As can be seen from Eq. 1, the muon (anti)neutrino
samples are sensitive to the so-called atmospheric parame-
ters, |Am§2| and sin? 26,3. On the other hand, these samples
cannot measure the sign of Am%z, i.e. the MO, and they suffer
from a degeneracy of the 63 octant, i.e. cannot distinguish
[0, /4] from [m /4, w/2]. We can resolve this degeneracy
using electron (anti)neutrino appearance samples. The for-
mula for electron (anti)neutrino appearance in vacuum, in
the Am%l / Am%1 <« 1 approximation, is

PG, = G = acyshsd, - sin? Asy
+ 8ci3512513523 (12023 COS S p — 512513523)
- cos A3 - sin A3zp - sin Agg
- (+)86%3C12623S12513S23 sindcp - sin A3y - sin A3y - sin Apg
+ 4cf3s%2 (c%zc% + s%zs%sé — 2¢€12€23512513523 COS S p)
. sin? Ao, (2)

where we shortened s;; = sinf;;, ¢;; = cosb;j,
Ajj = 1.27Aml.2jL/E (same units as Eq. 1) and the term
depending on sindcp is CP-odd, thus changing sign for
antineutrinos. Hyper-Kamiokande will, therefore, feature a
direct sensitivity to the CP asymmetry between neutrino and
antineutrino oscillations, notably thanks to the capability of
the beamline to produce a clean flux of neutrinos (in FHC)
and antineutrinos (in RHC). Inclusion of constraints from
solar neutrino measurements [22—-27] and KamLAND exper-
iment [28] on the 61> and Am%l parameters and from the
reactor experiments on the 013 angle [29-31] further enhance
such sensitivity.

When considering matter effects in the oscillation equa-
tions [32,33], the (anti)neutrino appearance samples also fea-
ture a sensitivity to the MO, manifesting itself as an addi-
tional asymmetry between electron neutrino and antineu-
trino appearance probabilities. At the energy of the Hyper-
Kamiokande flux, matter effects are minor and they are
degenerate with CPV effects, except in the two extreme cases
where matter effects push the neutrino/antineutrino asym-
metry beyond what is allowed by maximal CPV (notably,
dcp = —m/2 and normal ordering or §cp = m/2 and
inverted ordering). In Hyper-Kamiokande, the MO will be
measured with atmospheric neutrinos: the combination of
atmospheric and beam neutrinos [12] reaches between 3.5
and4.50 MO determination in 6 years of data taking, depend-
ing on the value of sin® 6,3 in the 1o interval from presently
available oscillation measurements. Indeed, MO can also
be measured by other experiments apart from long-baseline
approaches: various running and forthcoming atmospheric
and reactor experiments [8,34-36] feature high sensitivity to
MO. In the following, we will therefore assume that MO is
known and is normal. Whenever this assumption could have
asizable impact on the results, e.g. delaying the reach of CPV
discovery, we will explicitly mention it.

2 Event simulation
2.1 Assumed exposure

Hyper-Kamiokande is expected to collect statistics from
2.7 x 10?! Protons-On-Target (POT) per calendar year, corre-
sponding to 6 cycles of 22 days with 87% running efficiency
at 1.3 MW. We chose a partition of 1/4 of the exposure in
FHC and 3/4 in RHC, considering proper control of system-
atic uncertainties and direct access to extensive statistics of
both neutrino and antineutrino events for a robust assessment
of CPV. In particular, this FHC/RHC partition is the optimal
one to break the CPV degeneracy with sin2 63 and sin? 0;3.
Due to difference in the cross-section and flux of neutrinos
and antineutrinos, this partition leads to a comparable num-

@ Springer
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Fig. 1 Simulated flux at the far detector in neutrino mode (left) and antineutrino mode (right)

Table 1 Values of the oscillation parameters assumed for the sensitivity studies, unless specified otherwise

sin 612 Am3, sin? 63 Am3,

sin? 013 Scp Mass ordering

0.307 7.53 x 1073 eV? 0.528

2.509 x 1073 eV?2

0.0218 —1.601 rad Normal

Table 2 Expected number of events at Hyper-Kamiokande with 27 x
102! POT (6.75 x 102! POT in FHC and 20.25 x 102! POT in RHC),
corresponding to 10 years of accumulated statistics. The first four

columns correspond to non-oscillated events which include electron
(anti)neutrinos from the intrinsic beam contamination

Beam v, Beam v, Beam v, Beam v, Vy = Ve Uy = Ve Total
v-mode, 1-ring u-like 8355.4 8.4 478.0 0.7 2.6 0.01 8845.1
v-mode, 1-ring u-like 4255.9 6.0 7759.9 4.7 0.2 0.4 12,027.2
v-mode, 1-ring e-like + 0 decay e 143.9 294.3 53 12.0 2007.5 11.7 2474.7
v-mode, 1-ring e-like + 0 decay e 59.1 130.1 96.3 234.8 229.2 793.2 1542.7
v-mode, 1-ring e-like + 1 decay e 14.0 40.2 0.6 0.3 255.3 0.2 310.6

ber of events in the FHC and RHC electron-like samples in
the case of CP symmetry conservation.

We use the neutrino flux model of the T2K experiment [37]
as the basis for the analysis shown here. The expected neu-
trino flux has been weighted to take into account the expected
increase in horn current (from 250 kA used in the simu-
lation of the T2K flux to 320 kA for Hyper-Kamiokande)
and the different relative position of the far detector (same
off-axis angle but on the opposite side of the beam center).
The simulated flux is shown in Fig. 1. The initial flux uncer-
tainties (i.e. without any constraint by the near detector) are
the same as in Ref. [4], which profit from the NA61/SHINE
hadroproduction measurements using the T2K replica target
from Ref. [38].

2.2 Event samples

To model the expected event rates and kinematics at the far
detector, we use the T2K Monte Carlo simulation. Full details
of the simulation, event reconstruction and event selection are
described in Ref. [4]. All events must be fully contained in
the inner detector and have only one prompt reconstructed

@ Springer

particle, an outgoing lepton, in order to enhance the frac-
tion of quasi-elastic events where the neutrino energy can
be estimated more accurately. The events are then separated
into electron-like (1Re) and muon-like (1Ru) samples, and
a sample-dependent fiducial volume cut is applied. Further
cuts are applied to remove background events, such as pions
produced by neutral current neutrino interactions. Finally, the
electron-like events are required to have a maximum recon-
structed neutrino energy of 1.25 GeV, since higher-energy
beam neutrinos are insensitive to oscillations and prone to
mismodeling of systematic uncertainties. The samples are
separated depending on the horn current, between neutrino-
(FHC) or antineutrino-dominated (RHC) beam. We include
an additional sample of electron-like events that have one
delayed triggered signal relative to the primary interaction,
consistent with a Michel electron from an unseen, positively-
charged pion decay chain (IRelDe). This sample is only
included for the FHC beam mode and is mostly populated by
events with single pion production.

A scaling has been applied to the generated Monte-Carlo
events to take into account the increased size of the Hyper-
Kamiokande far detector compared to Super-Kamiokande.
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Events are separated according to the distance from the inter-
action vertex to the tank wall in the lepton’s direction of travel
(so-called “ToWall” parameter). Events with ToWall larger
than 200 cm are scaled by the ratio of the detectors’ fiducial
volume (= 8.3). The remaining events (ToWall smaller than
200 cm) are scaled by the ratio of the surface areas of the
detectors (= 3.6). This difference in scaling is applied to
take into account the fact that the event reconstruction per-
formance is worse for interactions near the wall and the vol-
ume/surface ratio is different between Hyper-Kamiokande
and Super-Kamiokande. This scaling provides a conserva-
tive estimation of the total number of events which is 10%
smaller than the full volume ratio.

The size of the simulated samples is large enough to
ensure a negligible uncertainty due to Monte-Carlo statis-
tics (between 0.3% and 0.1%, depending on the sample).

Unless specified otherwise, we will assume the value of
oscillation parameters reported in Table 1. These are the
values usually assumed in T2K validation studies, e.g. in
Ref. [4], since they are close to the best fit to T2K data. When
relevant, the dependence of the Hyper-Kamiokande sensitiv-
ity to the specific value of these oscillation parameters will be
studied. We report in Table 2 the number of expected events
and their kinematic distributions are shown in Fig. 2. The
main kinematic variables considered in the analysis are the
momentum and angle of the outgoing lepton: in the muon-
like samples we use such observables to reconstruct the neu-
trino energy using the quasi-elastic assumption [39], enabling
more direct sensitivity to the shape of the oscillated energy
spectrum. Thus, the fit to the oscillation parameters is per-
formed in lepton angle and momentum (quasi-elastic energy)
for the 1Re (1Ru) sample.

3 Analysis
3.1 Overview

The analysis developed for the T2K experiment [4] is adapted
to take into account the different configuration of beam and
detectors in Hyper-Kamiokande. The general principles of
the analysis are described below.

The uncertainty in the simulated neutrino flux and interac-
tion cross-section models is parameterised. Then, the param-
eters are fit to near-detector event samples to both tune the
model prediction and reduce the uncertainty on the predicted
event spectra at the far detector. This tuned model is then
fit to the simulated far detector event samples to extract the
sensitivity to the neutrino oscillation parameters, while also
including uncertainties associated with the far detector recon-
struction as nuisance parameters.

3.2 Systematic uncertainties and near detector inputs

We use the neutrino flux, neutrino-nucleus interaction cross-
section and detector response models developed by the T2K
collaboration and, therefore, adopt the same parameterisation
of the model uncertainties. A detailed description of these can
be found in Ref. [4].

The systematic uncertainties related to the modeling of the
far detector are implemented as a weighting of the number of
selected events according to the sample, neutrino interaction
type and reconstructed neutrino energy. T2K has constrained
these uncertainties using a fit to the Super-Kamiokande atmo-
spheric neutrino samples and other dedicated background
control samples.

The flux systematic uncertainties are implemented in
terms of binned nuisance parameters which weight the num-
ber of expected neutrinos at Hyper-Kamiokande as a func-
tion of neutrino type (electron or muon flavour for neutrinos
and antineutrinos), beam mode (FHC and RHC) and neu-
trino energy. Uncertainties are evaluated using NA61/SHINE
hadroproduction measurements, beam line modeling and
alignment uncertainties, measurements of the horn current,
proton beam monitoring data, and measurements from the
on-axis neutrino beam monitor INGRID. We assume that
Hyper-Kamiokande will achieve a level of beam systematic
uncertainties similar to that T2K has demonstrated.

We consider four main types of neutrino-nucleus interac-
tions: charged-current quasi-elastic, interactions with pairs
of correlated nucleons (also called 2p2h), single pion pro-
duction and other interactions (including multi-pion produc-
tion and deep inelastic scattering). The kinematics, type and
number of particles observed in the detector can be further
modified by so-called “final state interactions” (FSI) of pions
and nucleons as they exit the nucleus. Coulomb corrections
to the momenta of charged particles leaving the nucleus are
also implemented. Uncertainties on the fundamental physics
parameters inside the interaction model are included when
technically possible, or otherwise as effective weights in bins
of the fundamental kinematic variables (neutrino energy,
transferred 4-momentum to the nucleus, among others) or
as overall normalization uncertainties for specific processes.
These uncertainties are set based on theoretical arguments
and neutrino cross-section measurements from the T2K near
detectors and other dedicated experiments.

The neutrino flux and cross-section uncertainties will be
constrained in Hyper-Kamiokande by a set of near detec-
tors, including the upgraded T2K near detector ND280 and
a new Intermediate Water Cherenkov Detector. In this anal-
ysis, we consider the constraints obtained by the T2K exper-
iment from ND280 data in Ref. [4], and we assume further
improvements on the basis of the expected increase of statis-
tics at Hyper-Kamiokande and of the improved capabilities
of upgraded ND280 [40] and IWCD.
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Fig. 2 Reconstructed spectra of the selected samples predicted with
27 x 10*' POT (6.75 x 102! in FHC and 20.25 x 10%! in RHC),
corresponding to 10 years of accumulated statistics. The electron

Table 3 1o uncertainty on the number of events expected in each sam-
ple for each source of uncertainty for either the same systematic errors
as the T2K analysis [4] after the near detector fit (T2K syst.) or an

Tz

.6 0.8 1 1.2 .
Electron reconstructed momentum (GeV/c)

(anti)neutrino samples are separated between appearance neutrinos
from oscillation (‘osc’) and the intrinsic electron neutrino component
of the beam.

improved error model considering 10 years of data accumulated at the
near and far detectors (Impr. syst.). The uncertainty on the ratio of IRe
event sample in FHC and RHC is reported in the last column

T2K systematics FHC 1Re FHC 1Rp RHC IRe RHC 1Ru FHC 1RelDe FHC/RHC 1Re
Flux-xsec 3.6% 2.1% 4.3% 3.4% 4.9% 4.4%
Detector 3.1% 2.1% 3.9% 1.9% 13.2% 1.1%
All 4.7% 3.0% 5.9% 4.0% 14.1% 4.6%
Improved systematics FHC 1Re FHC 1Ru RHC IRe RHC 1Ru FHC 1RelDe FHC/RHC 1Re
Flux-xsec 1.8% 0.9% 1.6% 0.9% 1.8% 1.9%
Detector 1.1% 0.8% 1.5% 0.7% 4.9% 0.4%
All 2.1% 1.2% 2.2% 1.1% 5.2% 2.0%
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We build the improved systematics prediction by modify-
ing the errors associated with each systematic parameter in
the T2K model without modifying the correlations between
the parameters. The value of the various uncertainties before
rescaling could be found in Ref. [4]. For all parameters con-
strained by ND280, the uncertainty is scaled by /T/N,
where N indicates the number of events which is propor-
tional to POT. The ratio of POT between 10 years of Hyper-
Kamiokande data taking and the T2K analysis of Ref. [4]
(3.6 x 10?! POT) is 7.5. This rescaling relies on the implicit
assumption that the final uncertainty from the near detector
constraint is limited by the statistics at the near detector and,
as a consequence, the near detector systematic uncertainties
must be smaller than the statistical error. This assumption is
verified in T2K, it is further ensured by the upgraded ND280
and is fundamentally motivated by the fact that systematic
uncertainties can be constrained from control samples which
increase in statistics at the same pace of the signal sam-
ples. We also assume that the near to far detector data-taking
ratio will be similar between T2K and Hyper-Kamiokande.
Finally, the far detector systematic uncertainties from Ref. [4]
are also scaled by the same factor 1/ V15 considering 10
years of Hyper-Kamiokande. This is a somewhat arbitrary
assumption: the far detector systematic uncertainties will
be constrained using calibration sources and various con-
trol samples. We assume that the achievable precision will
roughly scale with the collected statistics, which increases
with the volume change between Hyper-Kamiokande and
Super-Kamiokande.

In addition to the reduction due to increased statistics,
further reductions to individual parameter uncertainties were
applied based on the expected performance of the upgraded
ND280 and IWCD detectors. In general, such detectors will
feature improved angular acceptance and much increased
target mass. The improved reconstruction of the hadronic
final state in the upgraded ND280, notably enabling lower
threshold for proton reconstruction, is expected to strongly
reduce the quasi-elastic uncertainties [40]. In addition, lower
pion threshold will further improve the precision of pion-
production measurements. In case of neutron production,
dominant in antineutrino interactions, the upgraded ND280
will allow for the first time the measurement of neutron kine-
matics but with somewhat lower efficiency and less precision
than for final states with protons [41]. IWCD will provide
extremely large statistics samples for both charged and neu-
tral current interactions. The off-axis spanning capability of
IWCD provides a direct link between neutrino energy and
reconstructed particle kinematics, allowing precise measure-
ments of energy mis-reconstruction and as a result improved
constraints on charged current systematic uncertainties, par-
ticularly those associated to multi-nucleon and resonant
interactions. Water Cherenkov detectors also provide high
purity and efficiency samples of neutral current interactions

through the reconstruction of neutral pions. On the basis of
these considerations, the following reductions of systematic
uncertainties have been applied. For charged-current inter-
actions, we have reduced neutrino non-quasi-elastic uncer-
tainties by a factor of three, quasi-elastic uncertainties by a
factor of 2.5 and all antineutrino uncertainties by a factor of
2. Uncertainties on neutral current interactions were reduced
to ~ 10%. The energy dependent uncertainties on 2p2h are
not modified: while the off-axis spanning of IWCD and the
improved energy reconstruction capabilities of the upgraded
ND280 are expected to improve energy-dependent uncertain-
ties, we defer quantitative evaluation to further studies. The
errors on the o (v.)/o(v,) and o(v,)/o (V) cross-section
ratios are fixed to 1.7% each, with an anti-correlation of
—0.33. The error on the ratio of true-sign v,/v,. events in
the 1Re sample is thus 2.7% (unless specified otherwise).

Theoretical uncertainties on the v, /v, interaction cross-
section, with respect to the v, /v, cross-section, arise from
mis-modeling of nuclear effects and radiative corrections,
which depend on the lepton mass difference between elec-
trons and muons in charged-current interactions. The sys-
tematic parameters governing the magnitude of these two
effects are mostly correlated between v and v. The impact of
Ve /V, uncertainty in the Hyper-Kamiokande flux and kine-
matic region is studied in Ref. [42] for the nuclear physics
uncertainties and Ref. [43] for the radiative corrections.
Both papers study the specific Hyper-Kamiokande kinematic
region showing, respectively, that nuclear uncertainties are
expected to be below 2% and a kinematic-dependent pre-
diction of radiative corrections gives a residual uncertainty
below 0.5%. Such theoretical inputs will be further corrobo-
rated by direct measurements at IWCD and upgraded ND280.
The 2.7% uncertainty on o (v,)/o (V) is thus a reasonable
target in the Hyper-Kamiokande era.

The model of uncertainties developed by the T2K collab-
oration is very detailed and its robustness has been proven
in multiple iterations of T2K data analysis and in dedicated
simulated test datasets built using alternative neutrino inter-
action models. While such a model will certainly be further
refined in anticipation of the increased statistical power of
both the ongoing T2K and upcoming Hyper-Kamiokande
experiments, it is a reasonable, data-driven approach to test
the sensitivity of Hyper-Kamiokande. The robustness of the
results for very large statistics was tested in various ways. We
enforced each single systematic uncertainty to be constrained
not better than 1% and obtained stable results, ensuring that
they are not dominated by any over-constrained uncertainty.
We also tested that in the case of maximal (10 years) far
detector statistics, the primary constraint on the model is
still coming from the near detectors. Note that unless spec-
ified otherwise, the improved systematics prediction is built
considering the expected statistical power after 10 years of
Hyper-Kamiokande operation.
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Table 3 shows the resulting systematic uncertainties on 8 2600;
the number of expected events at Hyper-Kamiokande. The g **F . "
two scenarios of “T2K systematics” and “Improved system- E 2200~ L
atics” bracket the level of systematic uncertainties which is ¢ 2000? "
expected during the life of the Hyper-Kamiokande exper- E 1800/
iment, between the start of the experiment up to 10 years £ 1600 — sin’e,, = 045,0.50,0.55, 0.60
[}
z

of data taking. In the following we report sensitivities for
Hyper-Kamiokande using both scenarios, as well as sensi-
tivities assuming statistical errors only. These results high-
light the impact that the systematics error model has on the
physics reach of Hyper-Kamiokande.

3.3 Fit of the oscillation parameters

The neutrino oscillation parameter sensitivities reported here
assume a full three-flavor PMNS parameterization of neu-
trino mixing. The oscillation parameters 8¢ p, 623, and Am%2
are fit without external constraints, while 013 is fit both with-
out and with a Gaussian external constraint of sinZ 20,3 =
0.0853 £ 0.0027 coming from measurements using reac-
tor antineutrinos [3]. The values of sin26;, = 0.307 and
Am3, = 7.53 x 107 eV are held fixed in the fit following
the measurements from solar and reactor experiments [3].

The analysis is based on a binned maximum likelihood
method where the likelihood is defined as:

LANS, X vs, 0, F)
= [T L™ x™,0,0)] x Loy (D), 3)

sesamples

where s runs through the samples considered. N is the
number of candidate events observed for sample s and x9°
represent the measurement variables: the electron-like sam-
ples are binned into reconstructed charged lepton momen-
tum and scattering angle, while the muon-like samples are
binned into reconstructed neutrino energy and charged lep-
ton scattering angle. The symbol o represents the set of all
oscillation parameters we measure, and f is the set of sys-
tematic nuisance parameters. Lsys(f), the term describing
the systematic effects:

“

f—fo)TV-I(f - fo)>
5 ,

Lsyst(f) = &Xp <_

where fy is the set of prior preferred values of the system-
atic parameters and V is the covariance matrix that describes
the input uncertainty on the systematic parameters and their
correlations. This frequentist analysis is performed with the
same fitting framework of Ref. [4] and all nuisance (system-
atic and oscillation) parameters are profiled.
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Fig. 3 Fitresults with statistical and systematic uncertainties projected
on the number of electron (anti)neutrino candidates after 10 years of
data taking. The expected number of events for different values of the
oscillation parameters is shown for comparison

4 Results

The results of the fit to the oscillation parameters, on a sam-
ple corresponding to 10 years of Hyper-Kamiokande data, is
projected in Fig. 3 on the number of electron (anti)neutrino
candidates, the most relevant samples for the CPV search.
The best fit and its statistical and systematic uncertainties
are compared to the expected number of events for different
values of the oscillation parameters.

The Hyper-Kamiokande sensitivity for CPV discovery as
a function of time is shown in Fig. 4. In the case of maximal
CPV, §cp = —m /2, Hyper-Kamiokande reaches a definitive
5o discovery in less than three years. Even with a very conser-
vative assumption on the systematic uncertainties (same val-
ues as in T2K in Ref. [4]), Hyper-Kamiokande will reach 5o
sensitivity in less than 6 years. Given the extremely fast dis-
covery scenario for such a case, the possibility of a still par-
tially unknown MO should be considered. If we consider the
degenerate case of §cp = —m /2 and inverted ordering and
the Hyper-Kamiokande sensitivity to MO using atmospheric
and beam data [12], the CPV discovery would be delayed to
6 years also in the case of improved systematic uncertainties.
Such estimation is obtained by considering the MO determi-
nation with atmospheric Hyper-Kamiokande data as an exter-
nal constrain to the CPV search with Hyper-Kamiokande
beam data. This is a conservative estimate, since it does not
consider external measurements of MO from other experi-
ments, nor the boost in CPV sensitivity obtained by a full joint
fit of beam and atmospheric data in Hyper-Kamiokande, as
performed for instance by the T2K and Super-Kamiokande
collaborations in Ref. [44]. Such joint Hyper-Kamiokande
beam-atmospheric analysis is being performed for Hyper-
Kamiokande and its sensitivity will be reported in a future

paper.
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Fig. 4 Sensitivity to CPV as a function of data-taking time: sincp =
0 exclusion for §cp = —m/2 or —m/4 (left) and percentage of Scp
values for which sindcp = 0 can be excluded at 30 and at 5o (right).

If CP is not maximally violated, assuming known MO,
after about six years, Hyper-Kamiokande will be able to dis-
cover CPV at 3¢ (50) for 75% (55%) of possible actual val-
ues of §¢ p. For instance, a CPV discovery could be achieved
in under 6 years in case of 6cp = —mr /4. The fraction of
possible actual values of §c p for which Hyper-Kamiokande
can discover CPV at 30 (50) with 10-years exposure is
about 80% (60%). These fractions of §cp values increase
(decrease) by few percent by changing the value of sin? 63 to
0.4 (0.6) and they are independent on the actual MO. The sys-
tematic error which most degrades the sensitivity of Hyper-
Kamiokande to CPV is the uncertainty on the o (v.)/o (V,)
cross-section ratio.

The expected resolution of the §¢ p measurement is shown
in Fig. 5. The achievable resolution depends on the actual
value of 8¢ p, where better resolution can be achieved for
values of ¢ p close to those where CP is conserved. The most
relevant systematic uncertainties are also different depending
on the actual value of §cp. In Fig. 5, two scenarios for the
improved systematic error model with different constraints
ono(v.)/o(v,) are tested. To evaluate the resolution achiev-
able for the measurement of §cp, we have to consider the
derivative with respect to §c p of the oscillation formula in
Eq. 2:

2
0P vy — v.)/08cp = —8ci3€12€23512513523 COS Scp

-sin A3y - sin Az - sin App + 8C%3S12S13S23C12C23

X sin Apj sin 8CP(S122 sin Ap; — cos A3psin Azp).  (5)

For the case of CP-conservation (§cp = 0, ), the CP-
odd term (sindcp) goes to 0 but its derivative (cosScp) is
maximal, thus the precision on the §¢ p measurement is dom-
inated by this CP-odd term. Therefore, the precision mea-
surement of §¢ p around the CP-conserving values is mostly

Statistics only
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The shaded regions in these and following figures, show the span of
possible sensitivities when varying the assumed systematic errors

arate measurement of the difference between v, and v,, thus
the o (v,) /o (Ve) ratio has a significant impact on the resolu-
tion, as is the case for the CP-violation discovery sensitivity.
This explains why the green line in Fig. 5 indicates worse
resolution than the red line, especially for §cp =~ 0, w. For
the case of maximal CP-violation, the situation is opposite:
the CP-even term (cosdcp) goes to O while its derivative
(— sin 8¢ p) is maximal, thus dominating the resolution on the
8¢ p measurement. In this case, the precision is not dominated
by the rate asymmetry in the (anti)neutrino electron appear-
ance channels, but by cos é¢ p-induced shape effects on their
energy spectra. Thus, for these values of §cp >~ 4+ /2, mak-
ing a precise measurement of §cp is more challenging in
terms of statistics and requires very good control of sys-
tematic effects related to the neutrino reconstructed energy,
such as the far detector energy scale. As a consequence, the
resolution worsens for §cp >~ +m/2, as visible in Fig. 5.
Moreover the o (v.)/o (v,) uncertainty does not dominate
(the green line is close to the red line for §¢cp ~ £m/2), and
other systematic uncertainties have an important impact on
the measurement.

Finally, the §¢ p resolution have a small dependence on the
value of sin? 63. Considering sin 023 = 0.4, the 8¢ p reso-
lution improves by about 2 (0.5) degrees for cp = —m/2
(0). Considering sin? 63 = 0.6, the resolution degrades by
about 1 degree for all §¢p values.

Beyond the search for CPV, Hyper-Kamiokande will also
feature unprecedented precision on the so-called atmospheric
neutrino oscillation parameters. The sensitivity to exclude the
wrong 6»3 octant is defined as

JHi6in? 63 w0 — X2, (sin? 023) ko ©)

where the labels WO and RO refer, respectively, to the
wrong and right octant. This sensitivity is evaluated through
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Table 4 Regions of values of sin? 63 for which an exclusion of the
wrong octant at 3o or 50 is possible after 10 years of data taking

C.L. 30 C.L. 50

[0,0.48] U [0.54, 1]
[0,0.47] U [0.55, 1]
[0,0.46] U [0.56, 1]

Stat. only [0, 0.46] U [0.56, 1]
[0,0.45]U[0.57, 1]

[0,0.43]U[0.59, 1]

Improved syst
T2K syst. in [4]

the likelihood scan of a single fit for each true value of 6,3.
The Hyper-Kamiokande sensitivity to exclude the wrong 6>3
octant, as a function of the true value of 63, is shown in
Fig. 6 and summarized in Table 4.

Figure 7 shows the resolution on the sin? 6,3 mixing
parameter achievable by Hyper-Kamiokande. Depending on
the actual value of the parameter, an ultimate resolution
between 2% and 0.4% can be reached. The most challenging
region is the case of maximal mixing, where the derivative
of the oscillation probability is small and the resolution is
directly affected by the octant degeneracy.

@ Springer

The ultimate resolution achievable by Hyper-Kamiokande
on Am%2 is around 0.4%, as shown in Fig. 8. This resolution
does not depend sizeably on the actual value of the oscil-
lation parameters. Reaching such precision will require an
extremely robust model of systematic uncertainties, notably
considering the detector energy scale calibration and the con-
straint on the nuclear removal energy. In turn, such extremely
precise measurement of Am%2 has important consequences
in joint fits with reactor measurements for the determination
of the MO [45,46].

Finally, the ultimate Hyper-Kamiokande precision on the
sin® @13 parameter is not competitive with measurements
from reactor experiments, as shown in Fig. 9. The sin? 03
measurement at long baseline experiments has a degener-
acy with the sin? 03 parameter, with the two 63 octants
corresponding to the two lobes of the likelihood shown in
Fig. 9. Such degeneracy is also visible in the 2D contours
shown in Fig. 10 (top). The reactor constraints solve this
degeneracy, thus Hyper-Kamiokande data will enable a rel-
ative improvement on sin® 63 precision of about 14-23%
depending on the systematic uncertainties. The 2D contours
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in 8¢ p versus sin? 613 are shown in Fig. 10 (bottom), where
it can be seen that the ultimate Hyper-Kamiokande sensitiv-
ity to §c p is roughly the same with and without an external
constraint from reactor measurements. Hyper-Kamiokande,
indeed, will collect enough statistics in both neutrino and
antineutrino modes to probe the possible existence of CP
violation independently from the reactor ;3 measurements.

Table 5 summarizes the expected ultimate precision of
the oscillation parameter measurements achievable by the
Hyper-Kamiokande experiment.

5 Conclusion

This paper describes the analysis to estimate the sensitivity
of the Hyper-Kamiokande experiment to long-baseline neu-
trino oscillation parameters using accelerator (anti)neutrinos.
Results are presented for the CPV discovery sensitivity and
precision measurements of the oscillation parameters §cp,
sin? 6»3, Am%2 and sin? 613. This work is based on the T2K
analysis in Ref. [4], with tuning applied to the neutrino flux
prediction and the far detector simulation to match the Hyper-
Kamiokande design [12]. Different assumptions for the sys-
tematic uncertainties are compared, starting with the T2K
uncertainties from Ref. [4] and applying further reductions
based on the Hyper-Kamiokande expected statistics and the
upgraded ND280 and IWCD capabilities.

With the assumed Hyper-Kamiokande running plan, a So
CPV discovery is possible in less than three years in the case
of maximal CPV and known MO. In the absence of external
constraints on the MO, considering the MO sensitivity of the
Hyper-Kamiokande measurement using atmospheric neutri-
nos, the time for a CPV discovery could be estimated to be
around 6 years. We defer a detailed joint Hyper-Kamiokande
beam-atmospheric neutrino analysis to a future publication.
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Table 5 Summary of the 1o expected resolution of the oscillation parameters after 10 years of data taking. The numbers in percentage are relative

errors
Parameter and true value ~ §cp =0  Scp=—m/2  sin?63 =0.528  Am3, =2.509 x 1073 eV2/c*  sin? 63 = 0.0218 (with RC)
Statistics only 5.2° 18.5° 0.0103 7.30 x 107° 473 x 107
1.95% 0.29% 2.17%
Improv. systematics 6.3° 20.2° 0.0134 8.69 x 1076 5.39 x 1074
2.54% 0.35% 2.47%
T2K systematics in [4] 8.3° 23.9° 0.0199 11.62 x 1076 6.04 x 1074
3.77% 0.46% 2.77%

Improved syst. v ./V, xsec. error (2.7%) wRC

Improved syst. v /V, xsec. error (2.7%) woRC

0.56 — ——————
& [
e L
® 054
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[ + BestFit
0.5j
0.48
046 |, | 1, ke
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sin’0,,

Improved syst. v./V, xsec. error (2.7%) wRC

Improved syst. v./V, xsec. error (2.7%) woRC
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Fig. 10 Confidence level contours: sin? 63 vs. sin? 03 (top) and 8¢ p
vs. sin? 013 (bottom) after 10 years of data-taking, with the “Improved
syst.” error model, with (WRC) and without (woRC) external constraint
from reactor 613 measurements

Using the nominal final exposure of 27 x 102! pro-
tons on target, corresponding to 10 years, with a ratio of
1:3 in neutrino to antineutrino beam mode, we expect to
select approximately 10,000 charged current, quasi-elastic-
like, muon neutrino events, and a similar number of muon
antineutrino events. In the electron (anti)neutrino appearance
channels, we expect approximately 2000 charged current,
quasi-elastic-like electron neutrino events and 800 electron
antineutrino events, assuming §cp = —1.601. These large
event samples will allow Hyper-Kamiokande to exclude CP

@ Springer

conservation at the 5o significance level for over 60% of the
possible true values of ¢ p. Depending on the value of ¢ p,
Hyper-Kamiokande can measure the §¢ p parameter to a pre-
cision of about 6° (in the case of CP conservation) or 20° (in
the case of maximal CPV). The wrong sinZ 63 octant can be
excluded at a significance above 50 for sin 653 < 0.45 and
sin? 03 > 0.57. The value of sinZ 653 can be measured with
a precision of around 3% in the most challenging region of
maximal disappearance and better than 0.5% otherwise. The
expected precision on the measurement of Am%2 is better
than 0.5%.

With the assumed running ratio of 1:3 for neutrino to
antineutrino beam mode operation, the Hyper-Kamiokande
ultimate §cp resolution is mainly independent of the con-
straint on sin%@;3 from external reactor measurements.
Still, this reactor constraint reduces the degeneracy between
sin? 03 and sin? 6,3. When the reactor constraint on sin? 63
is applied and thus the degeneracy resolved, Hyper-
Kamiokande will be able to slightly improve the precision
on the measurement of sin? 013 with respect to the reactor
measurement.
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