
Searches for new physics at the Hyper-Kamiokande experiment

Kevin J. Kelly
Northwestern University, Department of Physics and Astronomy,

2145 Sheridan Road, Evanston, Illinois 60208, USA
(Received 23 March 2017; published 8 June 2017)

We investigate the ability of the upcoming Hyper-Kamiokande (Hyper-K) neutrino experiment to detect
new physics phenomena beyond the standard, three-massive-neutrinos paradigm; namely, the existence of
a fourth, sterile neutrino or weaker-than-weak, nonstandard neutrino interactions. With both beam-based
neutrinos from the Japan Proton Accelerator Research Complex (J-PARC) and atmospheric neutrinos,
Hyper-K is capable of exploring new ranges of parameter space in these new-physics scenarios. We find
that Hyper-K has comparable capability to the upcoming Deep Underground Neutrino Experiment
(DUNE), and that combining both beam- and atmospheric-based data can clear up degeneracies in the
parameter spaces of interest. We also comment on the potential improvement in searches for new physics if
a combined analysis were performed using Hyper-K and DUNE data.
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I. INTRODUCTION

With the discovery that neutrinos have mass and leptons
mix, neutrino oscillations have been identified as a clear
direction to study physics beyond the Standard Model
(SM). Many existing experiments have measured the
neutrino mass splittings and the leptonic mixing matrix,
and several next-generation experiments, such as the
Hyper-Kamiokande Experiment (Hyper-K) [1,2] and the
Deep Underground Neutrino Experiment (DUNE) [3,4],
have been proposed to continue this study at long baselines.
Hyper-K and DUNE aim to answer several remaining
questions regarding lepton mixing with three SM neutrinos
that have mass (which we will refer to as the “three-
massive-neutrinos paradigm”). In addition to this, the next
generation experiments will be able to test for physics
beyond the three-massive-neutrinos paradigm.
Many hypotheses exist that extend beyond the three-

massive-neutrinos paradigm that are still consistent with
present data. Among these are the proposal that the leptonic
mixing matrix is nonunitary (unlike the quark mixing
matrix, the unitarity of the leptonic mixing matrix is not
well-constrained [5–7]), the existence of singlet fermion
fields propagating in large extra dimensions, the addition of
a fourth neutrino state, and the existence of interactions
involving neutrinos aside from the weak interactions. In
this work, we will focus on the last two, referred to,
respectively, as the sterile neutrino and nonstandard neu-
trino interaction hypotheses.
The addition of a fourth, sterile neutrino as an extension

to the three-massive-neutrinos paradigm has been studied
extensively in the literature—theoretical motivations for a
fourth neutrino are wide ranging, from explaining the
mechanism by which the light neutrinos acquire a mass
(see, e.g., Ref. [8]), to alleviating experimental oscillation
results that appear inconsistent with the three-massive-
neutrinos paradigm [9–14]. These motivations require a

fourth neutrino with widely varying mass—in this work,
we will focus on cases with a new mass eigenstate
m4 ≲ 1 eV, which can impact neutrino oscillations at long
baselines. Sterile neutrinos in this mass range have been
studied in the context of short-baseline oscillations in
Refs. [15–19], and Refs. [17,18,20–34] have studied the
impact of a sterile neutrino in long-baseline oscillations, as
this work will. Constraints on a fourth neutrino over a wider
range of masses have been discussed in Refs. [30,35–39].
Nonstandard neutrino interactions (NSI), originally pro-

posed as a solution to the solar neutrino problem [40],
have been studied in a number of situations, all of which
introduce additional interactions involving neutrinos and
other fermions. References [41–47] have studied the impact
of NSI on solar neutrino oscillations, Refs. [48–61] have
studied how they contribute to atmospheric neutrino oscil-
lations, and Refs. [34,62–90] have studied NSI in the
context of accelerator-based neutrino oscillations, particu-
larly focusing on the upcoming long-baseline oscillation
experiments. Recently, NSI have been discussed regarding
the Hyper-Kamiokande experiment in Refs. [74,91–96].
This work adds to the discussion of NSI at Hyper-K by
conducting a thorough, multiparameter analysis of the
sensitivity of the experiment, utilizing both its beam- and
atmospheric-based capabilities.
This manuscript is organized as follows: in Sec. II, we

introduce the oscillation formalism used when discussing
the three-massive-neutrinos paradigm, as well as the
extensions to this: sterile neutrinos and nonstandard neu-
trino interactions. In Sec. III, we discuss the capabilities of
the Hyper-Kamiokande experiment, in both the detection of
neutrinos generated from the Japan Proton Accelerator
Research Complex (J-PARC) and the detection of neutrinos
produced in the atmosphere. Here, we also discuss our
analysis method. In Sec. IV, we present the results of our
analyses, including the ability of the Hyper-Kamiokande
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experiment to detect sterile neutrinos and nonstandard
interactions, and in Sec. V, we offer some concluding
remarks.

II. OSCILLATIONS AND NEW
NEUTRINO PHYSICS

We direct the reader to, for example, Refs. [26,73] for
more thorough discussions on long-baseline neutrino
oscillations regarding four-neutrino scenarios and non-
standard neutrino interactions (NSI), respectively. Here,
we explain the three-massive-neutrinos paradigm and
three-neutrino oscillations, and in Secs. II A and II B, we
introduce the formalisms regarding oscillations with four
neutrinos and with NSI, respectively.
With three neutrinos and two nonzero mass-squared

splittings Δm2
ij ≡m2

j −m2
i , we characterize oscillations

using a 3 × 3 unitary, PMNS matrix U. This requires three
mixing angles (θ12, θ13, and θ23) and one CP-violating
phase (δ) to describe oscillations. We use the particle data
group convention for U [97]. The mixing angles and mass
splittings have been measured to be nonzero, but two
important measurements remain: the value of δ and the
mass hierarchy, whether Δm2

13 > 0 (normal hierarchy) or
Δm2

13 < 0 (inverted hierarchy).
With neutrino states in the flavor basis (e, μ, τ), the

probability for a neutrino of flavor α to propagate a distance
L and be detected as flavor β is denoted by the amplitude
mod-squared

Pαβ ≡ jAαβj2 ¼ jhνβjUe−iHijLU†jναij2; ð2:1Þ

where U is the PMNS matrix and Hij is the Hamiltonian in
the basis in which propagation in vacuum is diagonal. This
equation is only valid when the Hamiltonian is constant
over the entire distance L, and while the neutrinos remain a
coherent superposition of plane waves. In this basis
and in the ultrarelativistic approximation, Hij ≡ 1=ð2EνÞ
diagf0;Δm2

12;Δm2
13g, where Eν is the neutrino energy.

While propagating through earth, interactions between the
neutrinos and the electrons, protons, and neutrons introduce
an effective interaction potential V. As these interactions
are mediated by W− and Z− bosons (the same interactions
that govern neutrino production and detection), V is
diagonal in the flavor basis. With this effective interaction
potential, we must augment the propagation Hamiltonian,

Hij → Hij þU†
iαVαβUβj; ð2:2Þ

where the PMNS matrix is used to rotate the potential into
the mass basis. The interactions with protons and neutrons
are identical between να, α ¼ e, μ, τ, and can be absorbed
as a phase in the Hamiltonian. The remaining term, coming
from t-channel interaction between a νe and an electron,
mediated by a W-boson, is Vαβ ¼ A diag f1; 0; 0g, where

A ¼ ffiffiffi
2

p
GFne. GF is the Fermi constant, and ne is the

number density of electrons along the path of propagation.
For antineutrinos oscillating, U → U� and A → −A (to
account for the s-channel interaction of ν̄e with e− in
matter).
Equation (2.1) is only valid for an interaction potential

Vαβ that is constant over the entire baseline length L. For
propagation through the earth, the path length and matter
density depend strongly on the zenith angle θz. We simulate
the density profile of the earth to be piecewise constant with
four distinct regions ranging from 3 g=cm3 to 13 g=cm3,
closely resembling the preliminary reference earth model
(PREM) earth density model [98]. Equation (2.1) is then
modified, becoming

Pαβ ¼ jAαβj2 ¼
����hνβjU

�YN
n¼1

e−iH
ðnÞ
ij Ln

�
U†jναi

����
2

; ð2:3Þ

where N is the number of distinct regions through which a

chord along angle θz passes, HðnÞ
ij is the mass-basis

Hamiltonian with the matter density of region n, and Ln
is the length of the chord through this region.
Unless otherwise specified, we will use the results of the

most recent NuFIT calculations (Ref. [99]) as physical
values for three-neutrino parameters. These values are
listed in Table I. We assume that there is a normal mass
hierarchy and do not marginalize over the hierarchy in our
analysis. This assumption relies on the measurement of the
neutrino mass hierarchy before Hyper-K begins collect-
ing data.

A. Sterile neutrino

While the three-massive-neutrinos paradigm is in agree-
ment with nearly all existing oscillation data, several
hints exist that might be explained by a fourth neutrino
and a mass splitting of Δm2

14 ≃ 1 eV2 [9–14]. Mass
splittings in this range are best probed by oscillation
experiments with baseline lengths and neutrino energies
that satisfy L=Eν ≃ 1 km=GeV. As they are designed to
measureΔm2

13, long-baseline experiments such as Hyper-K
and DUNE are sensitive to lower mass splittings
(Δm2

14 ≃ 10−2 eV2). They also provide a complementary
probe to the short-baseline experiments’ searches for
eV2-scale splittings.
In order to accommodate a fourth neutrino, we must

extend the Uð3Þ PMNS matrix into a Uð4Þ matrix. In doing
so, we require six mixing angles (ϕij; i < j; i, j ¼ 1, 2, 3, 4)
and three CP-violating phases (ηi; i ¼ 1, 2, 3).1 Assuming
unitarity, the relevant matrix elements are

1We explicitly label the mixing angles ϕij and phases ηi in
the four-neutrino scenario to reduce confusion with the three-
massive-neutrinos paradigm. In the limit that ϕi4 → 0, ϕ12;13;23 ¼
θ12;13;23 and the phase η1 ¼ δ.
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Ue2 ¼ s12c13c14; ð2:4Þ

Ue3 ¼ s13c14e−iη1 ; ð2:5Þ

Ue4 ¼ s14e−iη2 ; ð2:6Þ

Uμ2 ¼ c24ðc12c23 − eiη1s12s13s23Þ − eiðη2−η3Þs12c13s14s24;

ð2:7Þ

Uμ3 ¼ s23c13c24 − eiðη2−η3−η1Þs13s14s24; ð2:8Þ

Uμ4 ¼ s24c14e−iη3 ; ð2:9Þ

Uτ2 ¼ c34ð−c12s23 − eiη1s12s13c23Þ − eiη2c13s12c24s14s34

− eiη3ðc12c23 − eiη1s12s13s23Þs24s34; ð2:10Þ

Uτ3 ¼ c13c23c34 − eiðη2−η1Þs13c24s14s34 − eiη3s23c13s24s34;

ð2:11Þ

Uτ4 ¼ c14c24s34; ð2:12Þ

where sij ≡ sinϕij and cij ≡ cosϕij. The remaining matrix
elements may be determined by the unitarity of U.
As with the PMNS matrix, the propagation Hamiltonian

must be extended. The Hamiltonian in vacuum becomes
Hij ¼ 1=ð2EνÞ diagf0;Δm2

12;Δm2
13;Δm2

14g, and the inter-
action potential for a constant-density environment
becomes

Vαβ → A

0
BBB@

1 0 0 0

0 0 0 0

0 0 0 0

0 0 0 nn
2ne

1
CCCA; ð2:13Þ

where nn is the number density of neutrons, which we
assume to be equal to the number density of electrons in
Earth. This term comes from the phase removed from the
potential discussed above, along with the assumption that
the additional eigenstate in the flavor basis is sterile and
does not interact with the W− or Z − bosons.
As an illustrative example of a sterile neutrino hypoth-

esis, we use the parameters shown in Table II for compar-
isons in figures. These parameters are chosen to highlight
differences in oscillation probabilities and event yields, and

are not used in any of the analyses discussed in Sec. IV. We
will be interested in the oscillation channels Pμμ and Pμe
(and their CP conjugates) for this work. While Pμμ is
sensitive predominantly to the value of sin2 ϕ24, Pμe is most
sensitive to the parameter sin2ð2ϕeμÞ≡sin2ð2ϕ14Þsin2ϕ24¼
4jUe4j2jUμ4j2. This is the free parameter seen most often in
sterile neutrino searches at short baselines, measuring Pμe

or Peμ. Constraints on the remaining parameter space come
from reactor neutrino experiments measuring Pee and Pē ē,
sensitive to sin2 ϕ14.

B. Nonstandard neutrino interactions (NSI)

We consider the following dimension-six four fermion
operator mediating nonstandard neutrino interactions:

LNSI ¼ −2
ffiffiffi
2

p
GFðν̄αγρνβÞðϵf ~fLαβ f̄Lγρ ~fL

þ ϵf
~fR

αβ f̄Rγρ ~fRÞ þ H:c:; ð2:14Þ

where GF is the Fermi constant and ϵαβ represent
the strength, relative to the weak interactions, of NSI
between neutrinos of flavor α and β with fermions f
and ~f of chirality s. As is standard (see, e.g., Refs. [43,52–
55,57,62,73,100,101]), we make several assumptions:

(i) f ¼ ~f ¼ e, u, d—we only consider diagonal, neutral
current interactions with charged, first-generation
fermions.

(ii) We only consider NSI effects during propagation.
For a recent investigation of source, detector, and
propagation effects in a long-baseline context, see
Ref. [85].

(iii) For propagation through earth, we define ϵαβ ≡P
fϵ

f
αβnf=ne, with ϵfαβ ≡ ϵffLαβ þ ϵffRαβ and nf the

number density of fermion f. We also assume that
nu ¼ nd ¼ 3ne.

TABLE I. Input values assumed for three-neutrino parameters as extracted from the NuFIT Collaboration,
Ref. [99]. One-sigma ranges are quoted for Δm2

12 and jUe2j2 (calculated from measurements of sin2 θ12 and
sin2 θ13), which are used as priors in later sections.

Parameter sin2 θ12 sin2 θ23 sin2 θ13 δ Δm2
12 Δm2

13 jUe2j2
Value 0.306 0.441 0.02166 −1.728 ð7.50þ0.19

−0.17 Þ × 10−5 eV2 2.524 × 10−3 eV2 0.2994� 0.0117

TABLE II. Input values used for an illustrative sterile neutrino
hypothesis for comparisons in figures throughout this work. The
unlisted parameters sin2 ϕij are equal to the values sin2 θij in
Table I for i, j ¼ 1, 2, 3, and η1 is equal to the value of δ in
Table I.

Parameter sin2ð2ϕ14Þ sin2 ϕ24 sin2 ϕ34 Δm2
14

η2 η3

Value 5 × 10−2 2 × 10−2 0 6 × 10−3 eV2 0 0
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With NSI, the interaction potential for a constant-density
region is modified,

Vαβ → A

0
B@

1þ ϵee ϵeμ ϵeτ

ϵ�eμ ϵμμ ϵμτ

ϵ�eτ ϵ�μτ ϵττ

1
CA: ð2:15Þ

In general, the addition of NSI amounts to nine new
parameters, as the off diagonal elements of Vαβ are
complex. Since one element proportional to the identity
may be absorbed as a phase in oscillations, we redefine
V 0
αβ ¼ Vαβ − ϵμμ1. When considering antineutrino oscilla-

tions, A → −A (as in the three-neutrino hypothesis) and
ϵαβ → ϵ�αβ.

FIG. 1. Expected yields in the appearance channels (top) and disappearance channels (middle) assuming ten years of data collection at
the Hyper-Kamiokande experiment with a ratio of 1∶3 for the duration of neutrino and antineutrino modes. The left panels display yields
during neutrino mode, and the right panels display yields during antineutrino mode. In each panel, backgrounds are displayed as a
stacked histogram, with opposite-sign signal events shown in teal, muon-neutrino misidentification shown in yellow in the appearance
channels, beam contamination backgrounds in purple in the appearance channels, and neutral current backgrounds in purple in the
disappearance channels. As discussed in the text, expected neutral current event rates have been included by inflating the beam
contamination background for the appearance channels, and as a flat background in the disappearance channels. Three different sets of
overall signal plus background yields are shown in each panel: for a three-neutrino scenario assuming parameters from Table I (black,
including statistical error bars), a four-neutrino scenario assuming parameters from Table II (blue, dashed), and a nonstandard interaction
scenario assuming parameters from Table III (green, dashed). The bottom panels additionally show differences in the number of
expected events per bin between the NSI and three-neutrino scenarios (green) and four- and three-neutrino scenarios (blue).
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As with the sterile neutrino hypothesis, we give a set of
illustrative NSI parameters for comparison against the
three-neutrino hypothesis in figures. For a thorough dis-
cussion of the bounds on NSI parameters for neutrino
propagation through the Earth, we refer the reader to
Refs. [100,102,103].

III. THE HYPER-KAMIOKANDE EXPERIMENT

The Hyper-Kamiokande (Hyper-K) Experiment is a
proposed next-generation neutrino experiment that utilizes
two water Cerenkov detectors with total mass of 0.99
megatons (0.56 Mton fiducial) located in the Tochibora
Mine, 8 km south of the existing Super-Kamiokande
(Super-K) experiment [1]. The upgraded Japan Proton
Accelerator Research Complex (J-PARC) proton synchro-
tron beam is expected to deliver 1.56 × 1022 protons on
target over ten years of data collection. In Sec. III A, we
discuss the capability of Hyper-K using the neutrino beam
originating at J-PARC, 295 km away from the detector, and
in Sec. III B, we discuss the capability of Hyper-K in
utilizing atmospheric neutrinos. A recent proposal (see
Ref. [2]) suggests placing one detector in Korea for a longer
baseline; however, we consider only the original proposal.
References [92,94,96] discuss the potential of this setup in
light of NSI.

A. Beam-based detector capabilities

The J-PARC beam is capable of operating in two
modes, neutrino and antineutrino, in which the dominant
contributions to the beam are νμ and ν̄μ, respectively.
Reference [1] has determined that the optimal ratio for
operating in these two modes is 1∶3 for ν∶ν̄, and so we take
this, and an assumption of ten years of data collection, for
our analysis. The two analyses performed are the appear-
ance (νμ → νe) and disappearance (νμ → νμ) channels.
Both channels assume bins of 50 MeV, and we smear2

the reconstructed energy distributions attempting to match
the results of Ref. [1]. Electron (appearance) candidates
range in energy between 100 MeV and 1.25 GeV, where
muon (disappearance) candidates range between 200 MeV
and 10 GeV. Using projected fluxes from Ref. [1], neutrino-
nucleon cross sections from Ref. [104], and oscillation
probabilities calculated given a particular hypothesis, we
determine the expected event yield at Hyper-K assuming
ten years of data collection with a ratio of 1∶3 for
ν∶ν̄ modes.

Figure 1 displays expected event yields at Hyper-K
assuming ten years of data collection. The top panels display
appearance channels for νmode (left) and ν̄mode (right), and
the bottompanels display disappearance channels for νmode
(left) and ν̄ mode (right). For appearance channels, we
consider background contributions due to opposite sign
signal (“ν̄μ → ν̄e CC” and “νμ → νe CC”, teal), unoscillated
muon contamination (“νμ þ ν̄μ CC”, yellow), and unoscil-
lated electron contamination (“beam νe þ ν̄e”, purple). As
we do not have strong information regarding the neutral
current backgrounds, we have inflated the unoscillated
electron contamination to match background rates in
Ref. [1]. For disappearance channels, we include opposite
sign signal (“ν̄μ → ν̄μ CC” and “νμ → νμ CC”, teal) and a flat
neutral current background (purple). For each panel, we
display total yields assuming three neutrinos exist (using the
parameters in Table I, black, with statistical error bars
shown), assuming four neutrinos exist (using the illustrative
case in Table II, blue), and assuming NSI (using the
illustrative case in Table III, green).

FIG. 2. Oscillation plot of Pμμ assuming three neutrinos exist
with parameters in Table I as a function of cos θz, where θz is the
zenith angle (with θz ¼ 0 being directly overhead) and neutrino
energy Eν. Here, we assume a piecewise-constant density profile
for the Earth so that Eq. (2.3) may be utilized. For comparison
against previous works (see, e.g., Ref. [105]), we display only
cos θz ∈ ½−1; 0� and find that our results match those using a
more sophisticated density profile like PREM [98]. We calculate
probabilities over the entire range of θz in practice.

TABLE III. Input values used for an illustrative NSI hypothesis
for comparisons in figures throughout this work. Three-neutrino
parameters are equal to their values in Table I. We include a star
on the value of ϵμμ as a reminder that this parameter is set to zero
in our analysis, as discussed in the text.

Parameter ϵee ϵeμ ϵeτ ϵμμ ϵμτ ϵττ

Value 0 0.5eiπ=3 0.5e−iπ=4 0⋆ 0 −1

2This smearing and our attempted replication of reconstruction
efficiencies lead to apparent discrepancies between our simu-
lation and that of Ref. [1], where our distributions appear more
smeared, particularly, in the disappearance channels. We find that
changing the smearing has little-to-no impact on the results of this
work, as long as the signal and background rates are normalized
to those presented in Ref. [1].
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B. Atmospheric-based detector capabilities

In addition to neutrinos produced by the J-PARC beam,
Hyper-K is sensitive to atmospheric neutrinos, similar to its
predecessor Super-K. The dominant channel contributing
to atmospheric neutrino oscillations at Hyper-K is Pμμ.
Figure 2 displays an oscillogram of Pμμ for a three-neutrino
case as a function of the (cosine of the) zenith angle and
neutrino energy. Additionally, we show differences in
oscillation probability in Fig. 3 between a three-neutrino
case and an four-neutrino case (left) and between a three-
neutrino case and an NSI case (right). While the figures
here only display the range cos θz ∈ ½−1; 0� (upward-going
neutrinos) for the sake of comparison, the entire range of

zenith angles is calculated in practice. Despite using a

piecewise-constant density profile, the behavior here
matches that seen in Ref. [105].
Reference [106] details the expected atmospheric neu-

trino flux at the location of Super-K, and we estimate
the yield after ten years at Hyper-K by increasing the
Super-K exposure by a factor of 20. We only consider
measurements of muon-type neutrinos in the detector—
this relies on the muon (anti)neutrino flux in the upper
atmosphere multiplied by Pμμ (Pμ̄ μ̄) and the electron (anti)
neutrino flux multiplied by Peμ (Pē μ̄). Considering
appearance of electron- and tau-type neutrinos would
improve results by measuring the oscillation probabilities
Pμe, Pμτ, etc., however we analyze only muon-type

FIG. 3. Differences in the oscillation probability Pμμ with the three neutrino case shown in Fig. 2 for a four-neutrino scenario with
parameters from Table II (left) and an NSI scenario with parameters from Table III (right).

FIG. 4. Expected muon-type event yields at Hyper-Kamiokande assuming a three-neutrino scenario with parameters from Table I
(black, including statistical error bars), assuming a four-neutrino scenario with parameters from Table II (blue, dashed), and assuming
NSI exist with parameters from Table III (green, dashed). Oscillation probabilities are calculated as discussed in the text, and then
convolved with fluxes from Ref. [106]. The event distribution is divided into low-energy (Eν < 1.3 GeV, left) and high-energy
(Eν > 1.3 GeV, right) samples, and smeared by 10° (5°) for the low- (high-) energy distribution due to the correlation between the
incident muon neutrino and outgoing muon tracks. Distributions are then binned in ten bins of cos θz, as seen in the figure.
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neutrino measurements for simplicity. As with Super-K,
we divide up muon neutrino samples into sub-GeV
(Eν < 1.3 GeV) and multi-GeV events, and we divide
up the incoming direction of the neutrinos (the zenith
angle θz) into ten bins of cos θz. Additionally, we smear
the reconstructed low- (high-) energy distribution by 10°
(5°) given the correlation between the incident muon
neutrino and outgoing muon track. Expected event
counts as a function of cos θz after smearing and binning
are shown in Fig. 4. Comparing Figs. 3 and 4, we see that,

for the majority of energies, Pð4νÞ
μμ < Pð3νÞ

μμ , leading to fewer
expected events in Fig. 4. Also, we see that, pre-
dominantly for higher energy neutrinos (Eν ≳ 1 GeV),

PðNSIÞ
μμ > Pð3νÞ

μμ , leading to a higher number of expected
events in the right panel of Fig. 4.

C. Analysis method

Our analysis method is as follows. First, we simulate
expected yields for beam-based and atmospheric neutrino
detection assuming three neutrinos exist, with parameters
shown in Table I. Then, given a test hypothesis with
parameters3 ϑ⃗, we calculate a chi-squared function.

Included in the chi-squared function are Gaussian priors
on the solar mass splitting4Δm2

12 and jUe2j2, where the one-
sigma ranges are given in Table I. We also include
normalization uncertainties in the chi-squared function:
5% signal and background uncertainties for the beam-based
data, and 10% for the atmospheric-based data. While
certain parameters (sin2 ϕ34; η2;3 for the sterile neutrino
hypothesis, and ϵee and ϵμτ for the NSI hypothesis) were set
to zero for the illustrative examples listed in Tables II and
III, none of the parameters (except ϵμμ as discussed above)
are fixed in our analysis. This amounts to 12 free parameters
for the sterile neutrino scenario and 14 for the NSI scenario.
We then use the Markov chain Monte Carlo package

EMCEE to calculate posterior likelihood distributions in the
parameter space of a particular test hypothesis, and from
these, we calculate one- and two-dimensional chi-squared
distributions, marginalized over all other parameters [107].
We define the 95% (99%) C.L. sensitivity reach of
Hyper-K as regions where χ2 − χ2min > 5.99 (9.21) for two-
dimensional figures and χ2 − χ2min > 3.84 (6.63) for one-
dimensional figures. For each new physics hypothesis,
we perform this analysis using only beam-based results,
and using a combination of beam- and atmospheric-based
results.

FIG. 5. Expected sensitivity to a fourth neutrino assuming ten years of only beam-based data at Hyper-Kamiokande at 95% C.L.
(purple) and including atmospheric-based data (teal). Regions above and to the right of these curves will be excluded at 95% C.L. by
Hyper-K if only three neutrinos exist. The left panel displays sensitivity in the sin2 ϕ24—Δm2

14 plane, with contributions predominantly
from the disappearance channels, and the right panel displays sensitivity in the 4jUe4j2jUμ4j2 ¼ 4 sin2 ϕ14 sin2 ϕ24 cos2 ϕ14—Δm2

14

plane, with contributions predominantly from the appearance channels. All unseen parameters are marginalized in each panel. In the left
panel, we display existing bounds from the MINOS [108] (red, 95% C.L.) and IceCube [109] (green, 90% C.L.) experiments. In the right
panel, we display the most competitive existing bound in this parameter space, a combined analysis from the MINOS, Bugey, and Daya
Bay experiments [110] (red, 90% C.L.) and the preferred parameter space of various reactor and short-baseline sterile neutrino hints
from a combined global analysis in Ref. [111] (blue). Gaussian priors are included on the values of jUe2j2 ¼ 0.2994� 0.0117 and
Δm2

12 ¼ ð7.50� 0.18Þ × 10−5 eV2. Estimated sensitives are calculated utilizing EMCEE [107].

3For the sterile neutrino hypothesis, we use the parameter space
ϑ⃗¼ (ϕ12, ϕ13, ϕ23, Δm2

12, Δm2
13, η1, sin

2 ϕ24, 4jUe4j2jUμ4j4,
sin2 ϕ34, η2, η3, Δm2

14), where we use 4jUe4j2jUμ4j2 ¼
4sin2ϕ14cos2ϕ14sin2ϕ24 as an independent parameter to compare
against short-baseline sterile neutrino searches.

4The one-sigma range on Δm2
12 in Table I is nearly

symmetric—we approximate the one-sigma range to be
Δm2

12ð7.50� 0.18Þ × 10−5 eV2 in our analysis.
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IV. RESULTS

A. Sterile neutrino

Here, we generate data consistent with only three
neutrinos existing and analyze the sensitivity of the
Hyper-K experiment to detect a fourth neutrino. Figure 5
displays the sensitivity reach of the Hyper-K experiment in
the sin2 ϕ24—Δm2

14 (left) and 4jUe4j2jUμ4j2—Δm2
14 (right)

planes using only data from the beam-based capabilities
(purple). The region above and to the right of each curve
will be excluded at 95% C.L. by Hyper-K if only three
neutrinos exist. In both panels, we see that in the high-Δm2

14

range, oscillations average out, and in the low-Δm2
14 range,

while oscillations due to the fourth mass eigenstate are not
detectable, nonzero mixing angles ϕi4 can impact the
unitarity of the 3 × 3 submatrix of the 4 × 4 PMNS matrix
and may be detectable at Hyper-K. This feature has been
discussed in the context of long-baseline neutrino oscil-
lations (at DUNE) previously in Ref. [26]. We also see a
feature in both panels of Fig. 5 where sensitivity is weaker
for Δm2

14 ∼ 10−3–10−2 eV2. This comes from the fact that
Δm2

13 is in this range, and there is degeneracy between the
mixing angles ϕi4 and ϕi3.

FIG. 6. Expected sensitivity to nonzero NSI assuming ten years of beam-based data collection at Hyper-Kamiokande at 95% C.L.
(orange) and 99%C.L. (red). In each panel, all unseen parameters, including three-neutrino parameters and phases of off diagonal NSI, are
marginalized. The top panel of each column displays expected one-dimensional Δχ2 sensitivity for each parameter, including horizontal
lines displaying68.3% (blue), 95%(orange), and 99% (red)C.L.Above each column, the expected limits at 95%C.L. for eachparameter are
shown. Gaussian priors are included on the values of jUe2j2 ¼ 0.2994� 0.0117 and Δm2

12 ¼ ð7.50� 0.18Þ × 10−5 eV2. Estimated
sensitivities are calculated utilizing EMCEE [107].
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Figure 5 additionally displays results of our analysis
incorporating both beam- and atmospheric-based detection
(teal). We see small improvement in both the sin2 ϕ24—and
4jUe4j2jUμ4j2—Δm2

14 planes; however, it is limited, likely
due to the 10% normalization uncertainty included in the
atmospheric neutrino sample. The Super-Kamiokande
Collaboration noted that oscillations due to sterile neutrinos
average out above Δm2

14 ≳ 10−1 eV2 [105], and we see this
same behavior in Fig. 5. If a more thorough analysis were
performed, particularly including the measurement of
electron-type neutrinos in the atmospheric data sample,
there would likely be improvement, particularly in the right
panel from the sensitivity to two additional oscillation
probability channels—Pμe and Pee.

B. Nonstandard neutrino interactions

Figure 6 displays the expected sensitivity at 95%
(orange) and 99% (red) C.L. to nonstandard neutrino
interactions assuming ten years of beam-based data col-
lection at Hyper-Kamiokande. In each panel, all unseen
parameters (including three-neutrino parameters and phases
of complexNSI) aremarginalized.At the topof each column,
a one dimensional Δχ2 plot is shown for each parameter,
including horizontal lines corresponding to 68.3% (blue),
95% (orange), and 99% (red) C.L. We note several
degeneracies throughout this figure: most notable are the
features in the ϵee—jϵeτj plane and the degeneracy between
ϵττ ¼ 0 and ϵττ ≃�3. Degeneracies of this nature have been
discussed in the context of long-baseline oscillations in

FIG. 7. Expected sensitivity to nonzero NSI assuming ten years of beam- and atmospheric-based data collection at Hyper-Kamiokande
at 95% C.L. (orange) and 99% C.L. (red). In each panel, all unseen parameters, including three-neutrino parameters and phases of off
diagonal NSI, are marginalized. The top panel of each column displays expected one-dimensional Δχ2 sensitivity for each parameter,
including horizontal lines displaying 68.3% (blue), 95% (orange), and 99% (red) C.L. Above each column, the expected limits at
95% C.L. for each parameter are shown. Gaussian priors are included on the values of jUe2j2 ¼ 0.2994� 0.0117 and
Δm2

12 ¼ ð7.50� 0.18Þ × 10−5 eV2. Estimated sensitivities are calculated utilizing EMCEE [107].
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Refs. [34,55,62,65,66,73–75,78,81,83,85,92,96]. The ϵττ
degeneracy has been discussed at length in Ref. [73], and
it arises from a degeneracy between ϵττ and θ23 for a
nonmaximal physical value of θ23 as we have here
(sin2 θ23 ¼ 0.441).
Results of the analysis including both beam- and

atmospheric-based data are shown in Fig. 7. A direct
comparison between this and the results of Super-K
[112] and IceCube [61,113] is nontrivial, as our analysis
includes all NSI parameters simultaneously, as well as
allowing for the off diagonal NSI parameters to be complex
and CP violating. Allowing for complex ϵμτ has been
shown to decrease sensitivity significantly in, e.g.,
Refs. [34,65,66,73,74]. While there is not drastic improve-
ment between the results in Figs. 6 and 7, we note that there
is improvement in the degeneracies seen in the ϵee—jϵeτj
plane as well as in alleviating some of the degeneracy seen
for ϵττ. For direct comparison of the improvement in the
ϵee—jϵeτj plane, we show both expected sensitivities
in Fig. 8.
Comparing the results in Figs. 6 and 7 with those from a

multiparameter study at DUNE (see Refs. [73,74]), we see
that, even with atmospheric neutrino data, the expected
sensitivity reach to NSI at Hyper-K is between a factor of 5
to 10 weaker than that at DUNE. This is unsurprising: NSI
effects grow at larger baselines if the same L=Eν ratio is
being probed—the baseline length of Hyper-K (295 km)
is significantly shorter than that of DUNE (1300 km).
A combined analysis could prove useful—while Hyper-K
does not constrain the NSI parameters significantly better
than DUNE, the combination of beam- and atmospheric-
based data clears up degeneracies that trouble DUNE. With
DUNE and Hyper-K data measuring neutrino oscillations

in the same range of L=Eν values and at vastly different
baseline lengths, many of these degeneracies may be lifted
with a combination of data. Additionally, as noted in the
context of sterile neutrinos, the addition of electron
neutrino measurements in the atmospheric-based data
would aide in improving NSI sensitivity at Hyper-K,
particularly in the parameters ϵee, jϵeμj, and jϵeτj, which
are more relevant for oscillation probabilities Pμe and Pee

than for Pμμ and Peμ.

V. DISCUSSION AND CONCLUSIONS

Upcoming long-baseline, large-statistics neutrino oscil-
lation experiments such as Hyper-Kamiokande and the
Deep Underground Neutrino Experiment will be able to
measure the remaining parameters regarding three-neutrino
mixing and oscillation, and will additionally start to probe
whether the mixing is CP invariant. These upcoming
experiments will also have the ability to detect physics
beyond the three-massive-neutrinos paradigm. In this work,
we explored the capability of Hyper-K to detect two of
these new-physics hypotheses: the existence of a fourth,
sterile neutrino, and the existence of additional neutrino
interactions other than the weak interactions.
We discussed the ways in which these new-physics

hypotheses manifest themselves in neutrino oscillations
at long baselines, as well as in oscillations of atmospheric
neutrinos propagating through the Earth. The latter is
important, as the measurement of atmospheric neutrinos
is key in the ability of Hyper-K to achieve its physics goals,
in addition to the measurement of beam-based neutrinos
from J-PARC. The specifics of the beam- and atmospheric-
based neutrino capabilities were discussed in some detail,
including discussing backgrounds considered in the beam-
based measurements.
We performed simulations assuming the Hyper-K detec-

tors will have a total mass of 0.99 megatons (0.56 Mton
fiducial), and that the experiment will last ten years. While
more recent proposals have suggested placing one of the
two Hyper-K detectors in Korea, we considered only the
proposal that both are in Japan, 295 km from the origin of
the neutrino beam at J-PARC. We have assumed that the
beam, capable of running in both neutrino and antineutrino
modes, has a ratio of runtime of 1∶3 for ν∶ν̄ modes. Given
the size of the detector, we estimate that the total yield of
atmospheric neutrinos will be 20 times that of Hyper-K’s
predecessor, Super-Kamiokande. With conservative esti-
mates on this, zenith angle smearing, and smearing over
expected energy, as well as only considering muon-type
neutrinos, we calculate the expected yields for low- and
high-energy neutrinos at Hyper-K.
The yields we calculate are used, along with conservative

estimates for signal and background normalization uncer-
tainties, in a Markov chain Monte Carlo algorithm to
calculate expected sensitivities using a chi-squared statistic
approach. We presented our results in terms of sensitivity

FIG. 8. Improvement in sensitivity to NSI parameters at Hyper-
K between considering only beam-based data (dashed lines) and
including atmospheric-based data as well (solid lines). Contours
shown are 95% C.L. (orange) and 99% C.L. (red) in the ϵee—jϵeτj
plane—all unseen parameters, including the phase on ϵeτ are
marginalized. Sensitivities are estimated using EMCEE [107].

KEVIN J. KELLY PHYSICAL REVIEW D 95, 115009 (2017)

115009-10



reach of the Hyper-K experiment at 95% and 99% C.L,
showing both the expected reach for beam-based measure-
ments only, and the improvement when atmospheric-based
measurements are included as well. We find that Hyper-K is
able to reach new regions of parameter space that have yet
to be explored by existing experiments, and that it will be
competitive with DUNE. The results shown assumed that
the neutrino mass hierarchy is discovered prior to Hyper-K
collecting data, and that the hierarchy is normal. We also
only included muon-type neutrinos in the atmospheric-
based data sample: including electron appearance in this
sample would improve sensitivity to new physics as well.
We also briefly discussed the complementarity of DUNE

and Hyper-K, as the two experiments measure neutrino
oscillations in the same range of L=Eν, the baseline length

divided by the neutrino energy; however, they have vastly
different values for L and Eν. This overlap in L=Eν allows
the experiments to probe for new physics phenomena in
complementary ways, and a combined analysis between the
experiments would be able to better search for these new
phenomena.
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