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Introduction to Hyper-Kamiokande 

Brief presentation of some of our 
recent activities related to Hyper-K 

Concluding Remarks



What is Hyper-Kamiokande?
Hyper-Kamiokande is a next generation Water Chrenkov detector and 


also the name of the project with various physics programs to be 

performed by this detector

Detector Size 
Diameter: 68 m


Height: 71 m 
total mass: 258 kt 

fiducial mass: 188 kt 

Site: Under the Nijugo Mountain, 

with overburden of 650 m of 


rock close to Kamioka

Sucessor (3rd generation) of Kamiokande (fid. mass ~ 1kt) 

and Super-Kamiokande (fid. mass ~ 22 kt)

(8.4 times Super-K )
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Current Status of Hyper-Kamiokande
Approved (funded) oficially in Japan in 2020

Currently under construction, to start data taking in 2027  
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21/Mar/2022

Hyper-K Collaboration

14

20 countries, 99 institutes, 
~500 people as of January 
2022, and growing

Feb 2022



Main Objectives of Hyper-Kamiokande
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Hyper-Kamiokande

Hyper-K

J-PARC
Accelerator Complex

üGigantic neutrino and nucleon decay detector
ü186 kton fiducial mass : ~10 × Super-K 
ü× 2 higher photon sensitivity than Super-K 
üSuperb detector capability, technology still evolving 
ü2nd oscillation maximum by 2nd tank in Korea under study

üMW-class	world-leading	ν-beam	by	upgraded	J-PARC
üProject	now	is	a	priority	project	by	MEXT’s	Roadmap

üAiming	to	start	construcBon	in	FY2019,	operaBon	in	FY2026

 Longbaseline Oscillation Physics

Observation of CP Violation
A Accelerator based neutrinos 205
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FIG. 129. Oscillation probabilities as a function of the neutrino energy for ⌫µ ! ⌫e (left) and ⌫µ ! ⌫e

(right) transitions with L=295 km and sin2 2✓13 = 0.1. Black, red, green, and blue lines correspond to

�CP = 0�, 90�, 180� and �90�, respectively. Solid (dashed) line represents the case for a normal (inverted)

mass hierarchy.
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FIG. 130. Oscillation probabilities of ⌫µ ! ⌫e (left) and ⌫µ ! ⌫e (right) as a function of the neutrino energy

with a baseline of 295 km. sin2 2✓13 = 0.1, �CP = �90�, and normal hierarchy are assumed. Contribution

from each term of the oscillation probability formula is shown separately.

Also shown in Fig. 129 are the case of normal mass hierarchy (�m2
32 > 0) with solid lines and

inverted mass hierarchy (�m2
32 < 0) with dashed lines. There are sets of di↵erent mass hierarchy

and values of �CP which give similar oscillation probabilities, resulting in a potential degeneracy if

the mass hierarchy is unknown. By combining information from experiments currently ongoing [43–

45, 84, 179] and/or planned in the near future [39, 40, 46–48], it is expected that the mass hierarchy

will be determined by the time Hyper-K starts to take data. If not, Hyper-K itself has a sensitivity

to the mass hierarchy by the atmospheric neutrino measurements as described in the next section.

Thus, the mass hierarchy is assumed to be known in this analysis, unless otherwise stated.

Figure 130 shows the contribution from each term of the ⌫µ ! ⌫e and ⌫µ ! ⌫e oscillation

probability formula, Eq.(8), for L = 295 km, sin2 2✓13 = 0.1, sin2 2✓23 = 1.0, �CP = �90�, and

By Comparing the Oscillation Probabilities between     and   
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Expected sensitivity for CP violation

216 III.1 NEUTRINO OSCILLATION
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FIG. 138. The expected 90% CL allowed regions in the sin2 2✓13-�CP plane. The results for the true values

of �CP = (�90�, 0, 90�, 180�) are shown. Left: normal hierarchy case. Right: inverted hierarchy case. Red

(blue) lines show the result with Hyper-K only (with sin2 2✓13 constraint from reactor experiments).
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FIG. 139. Expected significance to exclude sin �CP = 0 in case of normal hierarchy. Mass hierarchy is

assumed to be known.

contour becomes narrower in the direction of sin2 2✓13, the sensitivity to �CP does not significantly

change because �CP is constrained by the comparison of neutrino and anti-neutrino oscillation

probabilities by Hyper-K and not limited by the uncertainty of ✓13.

Figure 139 shows the expected significance to exclude sin �CP = 0 (the CP conserved case).

The significance is calculated as
p

��2, where ��2 is the di↵erence of �2 for the trial value of

�CP and for �CP = 0� or 180� (the smaller value of di↵erence is taken). We have also studied the

case with a reactor constraint, but the result changes only slightly. Figure 140 shows the fraction

of �CP for which sin �CP = 0 is excluded with more than 3� and 5� of significance as a function of

the integrated beam power. The ratio of integrated beam power for the neutrino and anti-neutrino

mode is fixed to 1:3. The normal mass hierarchy is assumed. The results for the inverted hierarchy

A Accelerator based neutrinos 217
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FIG. 140. Fraction of �CP for which sin �CP = 0 can be excluded with more than 3� (red) and 5� (blue)

significance as a function of the running time. For the normal hierarchy case, and mass hierarchy is assumed

to be known. The ratio of neutrino and anti-neutrino mode is fixed to 1:3.
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FIG. 141. Expected 68% CL uncertainty of �CP as a function of running time. For the normal hierarchy

case, and mass hierarchy is assumed to be known.

are almost the same. CP violation in the lepton sector can be observed with more than 3(5)�

significance for 76(57)% of the possible values of �CP .

Figure 141 shows the 68% CL uncertainty of �CP as a function of the integrated beam power.

The value of �CP can be determined with an uncertainty of 7.2� for �CP = 0� or 180�, and 23� for

�CP = ±90�.

As the nominal value we use sin2 ✓23 = 0.5, but the sensitivity to CP violation depends on the

value of ✓23. Figure 142 shows the fraction of �CP for which sin �CP = 0 is excluded with more than
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are almost the same. CP violation in the lepton sector can be observed with more than 3(5)�

significance for 76(57)% of the possible values of �CP .

Figure 141 shows the 68% CL uncertainty of �CP as a function of the integrated beam power.

The value of �CP can be determined with an uncertainty of 7.2� for �CP = 0� or 180�, and 23� for

�CP = ±90�.

As the nominal value we use sin2 ✓23 = 0.5, but the sensitivity to CP violation depends on the

value of ✓23. Figure 142 shows the fraction of �CP for which sin �CP = 0 is excluded with more than

Significance to establish CP violation as a 
function of the true value of δCP

Fraction of δCP to exclude  sin δCP = 0

Expected Error of δCP as a function of time

Hyper-K Design Report, 

arXiv:1805.04163v2 [hep-ex]
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Search for Nucleon Decay
Study stability of nucleons probing new physics related to GUT/SUSY

Because of the larger detector size, ~ 8 times larger than Super-K, 

we can improve significantly the current limits

examples of 2 decay modes expected in various models beyond SM

Hyper-K Design Report, arXiv1805.04163v2 [hep-ex]
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 Programs for Neutrino Astrophysics

Observation of Neutrinos coming from nearby supernova
A Supernova 267
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FIG. 177. Total energy spectrum for each interaction for a supernova at 10 kpc with 1 tank. Black, red,

purple, and light blue curves show event rates for interactions of inverse beta decay, ⌫e-scattering, ⌫e+16O

CC, and ⌫̄e+16O CC, respectively. Solid, dashed, and dotted curves correspond to no oscillation, N.H., and

I.H., respectively.

and inverted hierarchy, respectively. Colored curves in the figure show event rates for inverse beta

decay (⌫̄e +p ! e+ +n), ⌫e-scattering(⌫ + e�
! ⌫ + e�), ⌫e+16O CC(⌫e + 16O ! e� + 16F(⇤)), and

⌫̄e+16O CC (⌫̄e + 16O ! e+ + 16N(⇤)). The burst time period is about 10 s and the peak event rate

of inverse beta decay events reaches about 50 kHz at 10 kpc. The DAQ and its bu↵ering system of

Hyper-K will be designed to accept the broad range of rates, for a galactic SN closer than 10 kpc.

A sharp timing spike is expected for ⌫e-scattering events at the time of neutronization. Fig. 176

shows the expanded plot around the neutronization burst peak region. We expect ⇠9, ⇠23 and

⇠55 ⌫e-scattering events in this region for a supernova at 10 kpc, for N.H., I.H., and no oscillation

respectively. Although the number of inverse beta events is ⇠100 (N.H.), ⇠210 (I.H.), and ⇠60

(no oscillation) in the 10 ms bin of the neutronization burst, the number of events in the direction

of the supernova is typically 1/10 of the total events. So, the ratio of signal events (⌫e-scattering)

to other events (inverse beta) is expected to be about 9/10 (N.H.), 23/21 (I.H.) and 55/6 (no

oscillation).

The energy distributions of each interaction are shown in Fig. 177, where the energy is the

electron-equivalent total energy measured by a Cherenkov detector. The energy spectrum of ⌫̄e

can be extracted from the distribution.

Figure 178 shows the expected number of supernova neutrino events at Hyper-K versus the

268 III.3 NEUTRINO ASTROPHYSICS AND GEOPHYSICS

distance to a supernova. At the Hyper-Kamiokande detector, we expect to see about 50,000 to
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FIG. 178. Expected number of supernova burst events for each interaction as a function of the distance

to a supernova with 1 tank. The band of each line shows the possible variation due to the assumption of

neutrino oscillations.

75,000 inverse beta decay events, 3,400 to 3,600 ⌫e-scattering events, 80 to 7,900 ⌫e+16O CC events,

and 660 to 5,900 ⌫̄e + 16O CC events, in total 54,000 to 90,000 events, for a 10 kpc supernova. The

range of each of these numbers covers possible variations due to the neutrino oscillation scenario

(no oscillation, N.H., or I.H.). Even for a supernova at M31 (Andromeda Galaxy), about 10 to 16

events are expected at Hyper-K. In the case of the Large Magellanic Cloud (LMC) where SN1987a

was located, about 2,200 to 3,600 events are expected.

The observation of supernova burst neutrino and the directional information can provide an

early warning for electromagnetic observation experiments, e.g. optical and x-ray telescopes. Fig-

ure 179 shows expected angular distributions with respect to the direction of the supernova for four

visible energy ranges. The inverse beta decay events have a nearly isotropic angular distribution.

On the other hand, ⌫e-scattering events have a strong peak in the direction coming from the

supernova. Since the visible energy of ⌫e-scattering events are lower than the inverse beta decay

events, the angular distributions for lower energy events show more enhanced peaks. The direction

of a supernova at 10 kpc can be reconstructed with an accuracy of about 1 to 1.3 degrees with

Hyper-K, assuming the performance of event direction reconstruction similar to Super-K [252].

This pointing accuracy will be precise enough for the multi-messenger measurement of supernova

D = 10 kpc

Hyper-K Design Report, arXiv:1805.04163v2 [hep-ex]

For example,
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For more detailed understanding of the explosion mechanism of supernova, 

formations of neutron stars and black holes



Time Schedule of Hyper-Kamiokande

Neutel2021 - 24 Feb 2021

Hyper-K Schedule
7 years construction from year 2020; 5 years excavation + subsequent 2 

years detector construction.  Data taking from 2027.
We will start water filling and detector commissioning in Dec.-2026.
The participating countries need to be ready to start installation of their 

components by Dec.-2025 (We have ~5 years for preparation).

5

~7 years of construction from 2020,  5 years of 
excavation + 2 years of detector construction

Data taking expected from 2027

9
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Entrance Yard Construction

SK

HK

1000 m

600 m

Tunnel
Entrance

Kamioka town

Route 41

NMt. Ikeno-yama

Access tunnel
(~2km)

Mt. Nijyugo-yama

Wasabo

Maruyama

13

Access tunnel (1873m) 
completed in February 2022.


Approach tunnel started.
    

1 Nov 2021


25 Feb 2022 

Current Status

Presente by Francesca Di Lodovico (HK co-spokes person) @ 

First Pan-African Astro-Particle and Colider Physics Workshop, 21 March 2022



3 oficial HK members (theorists) from PUC-Rio

Current members of  Hyper-K 

group in Brazil

Hiroshi Nunokawa (faculty)

Arman Esmaili (faculty)

Alexander A. Quiroga (pos-doc)

11

+ Some Students

Ana Maria Garcia Trzeciak (PhD)

Emilse Cabrera Capera (PhD)


+ Some External Collaborators



Our Contributions to HK

• Prob new physics beyond Standard Model, beyond minimum 
extension of the 𝜈SM (SM + neutrino masses/mixing)

We are interested to explore Physics Potential of 

Hyper-K experiment

Neutrino Phenomenology related to Hyper-K

• For example, neutrino decay, non-standard interactions, 

violation of unitarity, sterile neutrinos, decoherence, large extra 
dimensions, etc, for accelerator, solar, atmospheric and 
supernova neutrinos


12

Currently, our efforts are theory/phenomenogy oriented
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Neutrino Phenomenology related to Hyper-K

We are also interested to explore possible 

synergies between Hyper-K and other experiments 


such as JUNO, DUNE, IceCube, Gravitational

Wave detectors, etc

Our Contributions to HK
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Abstract. The observation of Earth matter e�ects in the spectrum of neutrinos coming from
a next galactic core-collapse supernova (CCSN) could, in principle, reveal if neutrino mass
ordering is normal or inverted. One of the possible ways to identify the mass ordering is
through the observation of the modulations that appear in the spectrum when neutrinos
travel through the Earth before they arrive at the detector. These features in the neutrino
spectrum depend on two factors, the average neutrino energies, and the di�erence between the
primary neutrino fluxes of electron and other flavors produced inside the supernova. However,
recent studies indicate that the Earth matter e�ect for CCSN neutrinos is expected to be
rather small and di�cult to be observed by currently operating or planned neutrino detectors
mainly because of the similarity of average energies and fluxes between electron and other
flavors of neutrinos, unless the distance to CCSN is significantly smaller than the typically
expected one, ≥ 10 kpc. Here, we are looking towards the possibility if the non-standard
neutrino properties such as decay of neutrinos can enhance the Earth matter e�ect. In this
work we show that invisible neutrino decay can potentially enhance significantly the Earth
matter e�ect for both ‹e and ‹̄e channels at the same time for both mass orderings, even if
the neutrino spectra between electron and other flavors of neutrinos are very similar, which
is a di�erent feature not expected for CCSN neutrinos with standard oscillation without the
decay e�ect.

Keywords: neutrino properties, supernova neutrinos

ArXiv ePrint: 2109.02737

c• 2022 IOP Publishing Ltd and Sissa Medialab https://doi.org/10.1088/1475-7516/2022/01/003

Recently, we showed that effect of  
neutrino decay can be manifested  

at Hyper-K, JUNO and DUNE 
simultaneously through  
the Earth matter effect

JCAP01(2022)003

The Earth matter e�ect for CCSN neutrinos has been extensively studied by many
authors as it can be used to determine neutrino mass ordering, see e.g. [32–39]. Roughly
speaking, the magnitude of the Earth matter e�ect is proportional to the di�erence between
the initial electron neutrino and non-electron neutrino spectra [32]. Since the di�erence
of the spectra between electron and non-electron neutrinos turn out to be rather similar
according to recent CCSN simulations the observation of the Earth matter e�ect seems to
be more di�cult than previously considered, unless the distance to CCSN from the Earth is
significantly smaller than the typical distance of ≥ 10 kpc [36]. We will show that the decay
e�ect can potentially enhance the Earth matter e�ect even if the initial spectra of electron
and non-electron neutrino species are very similar. This is because the decay e�ect tends to
enhance the di�erence by reducing the part of the spectra which is coming originally from
the non-electron neutrino species, therefore, tends to enhance the Earth matter e�ect, as we
will see later.

The relevant quantity for the decay e�ect is ·E/(mD) where · , m and E are, respec-
tively, proper lifetime, mass and energy of neutrino and D is the distance between the source
(CCSN) and detection. For the distance D = 10 kpc, and typical energy of CCSN neutri-
nos, ≥ 10 MeV, we can roughly estimate the ·/m to have a large impact of decay just by
considering the situation where O(·E/(mD)) ≥ 1 as

·

m
≥ D

E
≥ 105

5
D

10 kpc

6 5
E

10 MeV

6≠1 s
eV . (1.1)

From the successful observations [1, 2] of neutrinos, which were considered dominantly
as ‹̄e, coming from SN1987A, located about 50 kpc away from the Earth, at least either
·1/m1 or ·2/m2 must be larger than ≥ 6 ◊ 105 s/eV [22], where ·i/mi (i = 1, 2, 3) imply
the ratio of the lifetime to mass of i-th generation of neutrino. In this work we consider
the cases where only one of ·1/m1 or ·2/m2 can be of order ≥ 105 s/eV or smaller such
that a significant fraction of ‹̄e flux from SN1987A must have been arrived at the Earth in
order to be consistent with the observed data [22, 24]. Due to the uncertainty of the overall
normalization of CCSN neutrino fluxes, we assume that even a complete decay of either ‹1

or ‹2 may not be excluded from the SN1987A neutrino data as well as from the future CCSN
neutrino data and see if we can say something about the decay e�ect purely based on the
Earth matter e�ect. For simplicity, we consider only the so called invisible decay of neutrinos
where the decay products are not observable.

The Earth matter e�ect manifest itself as the modulation in the observed CCSN neutrino
spectra at the detectors [34] which will be further influenced by the decay e�ect if exist. The
modulation tends to be enhanced by the decay but not always as we will see later. In
this work, we will discuss the possible impact of the neutrino decay on the Earth matter
e�ect for JUNO-like, Hyper-Kamiokande-like and DUNE-like detectors, roughly mimicking,
respectively, JUNO [7, 8], Hyper-Kamiokande [9] and DUNE [10] detectors by taking into
account only their main features, i.e., sizes and energy resolutions.

2 Neutrinos from core-collapse supernova

Core collapse supernovae are the explosions that mark the death of stars more massive than
≥ 8M§, where M§ is the mass of the Sun. These explosions represent one of the most violent
and energetic events in the Universe, where almost all the energy released by gravitational
collapse is radiated away as neutrinos and anti-neutrinos of all flavors with energies of a few

– 2 –

this can be possible if neutrino life 
time divided by mass is given by 

Some examples of our recent activities
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Figure 5. Visible (left panels) and inverse (right panels) energy distribution of IBD events expected
at our JUNO-like detector for L = 4000 km. The solid blue and red histograms refer specifically to
S1 (no decay) and S3 (100% decay of ‹2) scenarios computed for NMO. The dashed gray and black
histograms refer to the same decay scenarios but for the case of IMO.

important jump3 in the density that neutrinos encounter when they travel inside the Earth,
would be a clear sign of the presence of matter e�ects.

As mentioned in section 3, current uncertainties of the relevant mixing parameters for
the Earth matter e�ects, sin2 ◊12 and �m2

21, are at ≥ 3–4% level. Since the true values of
these mixing parameters can be somewhat di�erent from the present best fitted values, we
have checked explicitly that variations of these parameters within the current uncertainties
do not change much our results shown in figures 6 for NMO and 7 for IMO. Moreover, since
it is expected that JUNO will significantly reduce the uncertainties of these parameters, we
believe that just considering the fixed values of these mixing parameters is well justified. For
simplicity, in this work the only errors to be taken into account are statistical ones (1‡ Poisson
fluctuations at the event number determination) and ignore any systematic uncertainties of
the detectors. The propagation of these errors to the power spectrum make di�cult to
observe the Earth matter e�ect peaks.

With the aim of visualizing how these uncertainties work on the power spectrum, in
figures 6 for NMO and 7 for IMO we present an example in which to obtain each point, a
total of 1000 MC (Monte Carlo) run samples have been fitted. As error in the measurement,
the standard deviation given in the fit has been taken (vertical bars). The left panels refer
to S1 scenario, the central panels to S2 and the right ones to S3. As we can see from the S1

3When neutrinos only traverse the mantle, they encounter only one jump in the density: the di�erence
between the vacuum and mantle densities (by regarding that the Earth atmosphere is vacuum). But, when
neutrinos also go through the core they encounter two additional jumps corresponding to the di�erences
between the mean densities in the mantle-core and core-mantle boundaries.

– 14 –
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Figure 6. Averaged power spectrum over 1000 MC (Monte Carlo) run samples for L = 4000 km
and normal mass ordering. We present these results for a CCSN distance of 10 kpc (upper panels)
and 5 kpc (lower panels) for the 3 scenarios, S1 (no decay), S2 (≥ 50% decay) and S3 (100% decay)
described in the subsection 3.1. As error in the measurement, the standard deviation given in the fit
has been considered and indicated by vertical error bars.

scenario in figure 7, the expected value for the background fluctuations is ≥ 1; this makes
that at 1‡ C.L. the scenarios S1 (for NMO) and S2 (for both NMO and IMO) are not
suitable for Earth matter e�ects observation, since at less 68% of observed CCSNe (samples)
would present a peak in the power spectrum comparable to or shadowed by the background
statistical fluctuations, even for a more optimistic case, such as a CCSN at 5 kpc. This
makes us to focus more on the scenario S3, which seems to present a greater possibility of
identifying the presence of Earth matter e�ects in the neutrino spectrum and, therefore, be
able to observe a clear peak.

In order to set a benchmark on the Earth e�ects observation probability for the next
CCSN neutrino spectrum, we opted for using the general framework provided by frequentist
statistics to study decisions that are made in uncertain or ambiguous situations. First, for
each sample we calculate the area (A) under the curves of the averaged power spectrum shown
in figures 6 and 7; this calculation is made between two fixed frequencies Êmin and Êmax as
performed in ref. [71]. Thus we obtain two distributions which we call signal, corresponding
to the case in which we consider the regeneration factors for both S1 and S3, and background
calculated without taking into account the regeneration factors. Once these distributions are
known, we decided to accept the observation of Earth e�ects at confidence level (C.L.) 1≠– if
the observation, A, is greater than a critical value A–

c which is known as detection condition.
Figure 8 shows these area distributions for neutrinos coming from a galactic CCSN for two
baselines: L = 4000 km and L = 12000 km. Then, as in ref. [71] we define the probability of
detection, p = 1≠—, as the fraction of the area of the signal distribution, p(A | signal), above
A–

c ; red shaded region in figure 8. Where — is the probability of making an error type-II, i.e.,
considering as background fluctuations the signal below the detection criterion.

– 15 –

Periodic modulations in the observed 
spectra due to  

the Earth matter + decay effect 

E. Delgado et al, JCAP01 (2022)003, arXiv: 2109.02737 [hep-ph]

This can be identified by Fourier Analysis

Impact of neutrino decay for supernova neutrino observation
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!e discovery of the neutrino ( ν ) oscillations phenomenon has completed a remarkable scienti"c endeavor lasting 
several decades changing forever our understanding of the leptonic sector’s phenomenology of the standard model 
of elementary particles (SM). !e new phenomenon was taken into account by introducing massive neutrinos 
and consequently neutrino #avour mixing and the possibility of violation of charge conjugation parity symmetry 
or CP-violation (CPV); e.g.,  review1.

Neutrino oscillations imply that the neutrino mass eigenstates ( ν1 , ν2 , ν3 ) spectrum is non-degenerate, so at 
least two neutrinos are massive. Each mass eigenstate ( νi ; with i = 1, 2, 3) can be regarded as a non-trivial mixture 
of the known neutrino #avour eigenstates ( νe , νµ , ντ ), linked to the three (e, µ , τ ) respective charged leptons. Since 
no signi"cant experimental evidence beyond three families exists so far, the mixing is characterised by the 3 × 3 
so called Pontecorvo-Maki-Nakagawa-Sakata (PMNS)2,3 matrix, assumed to be unitary, thus parameterised by 
three independent mixing angles ( θ12 , θ23 , θ13 ) and one CP phase ( δCP ). !e neutrino mass spectra are indirectly 
known via the two measured mass squared di!erences, indicated as δm2

21(≡ m2
2 − m2

1 ) and !m2
32 ( ≡ m2

3 − m2
2 ), 

����

ͷ���ǡ� ����Ȁ��͸�͹ǡ� ���Ȁ��	�ǡ� ������������� ��� �����ǡ� ��������� ������ ���±� ����������ǡ� ͽͻ͸Ͷͻ� ������ ������
ͷ͹ǡ� 	�����Ǥ� ͸�
����ǡ� ���������±� �����Ǧ������ǡ� ����Ȁ��͸�͹ǡ� ͿͷͺͶͻ� �����ǡ� 	�����Ǥ� ͹����������� ��� ��������
���� ���������ǡ� ����������� ��� ����������� ��� ������ǡ� ������ǡ� ��� Ϳ͸ͼͿͽǡ� ���Ǥ� ͺ����� ������������ ����������ǡ�
����Ȁ��͸�͹Ǧ���ǡ� �����ǡ� 	�����Ǥ� ͻ������������� ��� 	À����ǡ� ������������� ��������� ��� ��������ǡ� ��������ǡ�
���;ͼͶͻͷǦͿͿͶǡ�������Ǥ�ͼ��	�ǡ������������������ǡ�������������;ǡ�͹ͻͷ͹ͷ������ǡ������Ǥ�ͽ����������������������������������
�������ǡ� 	������� ��� ������������ ���� �������ǡ� �������� ����������ǡ��� ����æ���«����� ͸ǡ� ͷ;Ͷ� ͶͶ� ������� ;ǡ� ������
��������Ǥ�;���������������������ǡ�������À��������������������×���������������
������ǡ��������
������ǡ��
�͸͸ͺͻͷǦͿͶͶǡ�
������Ǥ�Ϳ��������ǡ�����Ȁ��͸�͹ǡ����������±����������ǡ� ���Ǧ����������ǡ�ͺͺ͹Ͷͽ�������ǡ�	�����Ǥ�ͷͶ��������������
���������������������ǡ���������������������ǡ�	�����ǡ������������ͷ�Ϳ��ǡ���Ǥ�ͷͷ�������Ǧ��������������ǡ���Ǥ�ͷ͹ͻ�
���������������ǡ�
���������ͻͷͶ͸ͽͻǡ������Ǥ *�����ǣ�������Ǥ��������̻���Ǥ��Ǣ��������Ǥ������̻��Ǥ����Ǥ��

Some examples of our recent activities
Using the current best fitted neutrino mixing 
parameters, we have updated the effect of  

strong synergy between reactor (JUNO) and 
accelerator (T2K, NOvA, HK and DUNE) 
experiments for the determination of the 

neutrino mass ordering
normal inverted

We still do not know the neutrino mass ordering (MO)
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de Salas et al. Neutrino Mass Ordering in 2018

Despite the good precision that neutrino experiments have
reached in the recent years, still many neutrino properties
remain unknown. Among them, the neutrino character, Dirac
vs. Majorana, the existence of CP violation in the leptonic
sector, the absolute scale of neutrino masses, and the type of
the neutrino mass spectrum. Future laboratory, accelerator and
reactor, astrophysical and cosmological probes will address all
these open questions, that may further reinforce the evidence for
physics beyond the SM. Themain focus of this review is, however,
the last of the aforementioned unknowns. We will discuss what
we know and how we could improve our current knowledge of
the neutrino mass ordering.

Neutrino oscillation physics is only sensitive to the squared
mass differences (!m2

ij = m2
i − m2

j ). Current oscillation data
can be remarkably well-fitted in terms of two squared mass
differences, dubbed as the solar mass splitting (!m2

21 " 7.6 ×
10−5 eV2) and the atmospheric mass splitting (|!m2

31| " 2.5 ×
10−3 eV2) (de Salas et al., 2018)1. Thanks to matter effects in
the Sun, we know that !m2

21 > 02. Since the atmospheric
mass splitting !m2

31 is essentially measured only via neutrino
oscillations in vacuum, which exclusively depend on its absolute
value, its sign is unknown at the moment. As a consequence, we
have two possibilities for the ordering of neutrino masses: normal
ordering (NO, !m2

31 > 0) or inverted ordering (IO, !m2
31 < 0).

The situation for the mass ordering has changed a lot in
the last few months. The 2017 analyses dealing with global
oscillation neutrino data have only shown a mild preference
for the normal ordering. Namely, the authors of Capozzi
et al. (2017), by means of a frequentist analysis, found χ2

IO −
χ2
NO = 3.6 from all the oscillation data considered in their

analyses. Very similar results were reported in the first version
of de Salas et al. (2018)3, where a value of χ2

IO − χ2
NO = 4.3

was quoted4 (nufit)5 Furthermore, in Gariazzo et al. (2018a),
the authors verified that the use of a Bayesian approach and the
introduction of cosmological or neutrinoless double beta decay
data did not alter the main result, which was a weak-to-moderate
evidence for the normal neutrino mass ordering according to
the Jeffreys’ scale (see Table 2). The most recent global fit
to neutrino oscillation data, however, reported a strengthened
preference for normal ordering that is mainly due to the new data
from the Super-Kamiokande Abe et al. (2018a), T2K Hartz
(2017), and NOνA Radovic (2018) experiments. The inclusion of
these new data in both the analyses of Capozzi et al. (2018a)
and the 2018 update of de Salas et al. (2018)1 increases the
preference for normal ordering, which now lies mildly above
the 3σ level. In this review we will comment these new results
(see section 2) and use them to perform an updated global

1Valencia-Globalfit, 2018; Available online at: http://globalfit.astroparticles.es/.
2Note that the observation of matter effects in the Sun constrains the product
!m2

21 cos 2θ12 to be positive. Therefore, depending on the convention chosen to
describe solar neutrino oscillations, matter effects either fix the sign of the solar
mass splitting !m2

21 or the octant of the solar angle θ12, with !m2
21 positive by

definition.
3See the “July 2017” version in1.
4A somewhat milder preference in favor of normal mass ordering was obtained in
the corresponding version of the analysis in Refs. Esteban et al. (2017)
5NuFIT v3.2, http://www.nu-fit.org/.

FIGURE 1 | Probability of finding the α neutrino flavor in the i-th neutrino mass

eigenstate as the CP-violating phase, δCP, is varied. Inspired by Mena and

Parke (2004).

analysis, following the method of Gariazzo et al. (2018a) (see
section 5).

The two possible hierarchical6 neutrino mass scenarios are
shown in Figure 1, inspired by Mena and Parke (2004), which
provides a graphical representation of the neutrino flavor content
of each of the neutrino mass eigenstates given the current
preferred values of the oscillation parameters de Salas et al.
(2018), see section 2. At present, even if the current preferred
value of δCP for both normal and inverted mass orderings lies
close to 3π/2 de Salas et al. (2018), the precise value of the
CP violating phase in the leptonic sector remains unknown.
Consequently, in Figure 1, we have varied δCP within its entire
range, ranging from 0 to 2π .

Given the two known mass splittings that oscillation
experiments provide us, we are sure that at least two neutrinos

have a mass above
√

!m2
21 " 8 meV and that at least one of

these two neutrinos has a mass larger than
√
|!m2

31| " 50 meV.
For the same reason, we also know that there exists a lower
bound on the sum of the three active neutrino masses (

∑
mν =

m1 +m2 +m3):

∑
mNO

ν = m1 +
√
m2

1 + !m2
21 +

√
m2

1 + !m2
31 , (1)

∑
mIO

ν = m3 +
√
m2

3 + |!m2
31| +

√
m2

3 + |!m2
31| + !m2

21 ,

where the lightest neutrino mass eigenstate corresponds to m1
(m3) in the normal (inverted) ordering. Using the best-fit values
for the neutrino mass splittings in Table 1 one finds that

∑
mν !

0.06 eV in normal ordering, while
∑

mν ! 0.10 eV in inverted

6A clarification about the use of “hierarchy” and “ordering” is mandatory. One
talks about “hierarchy” when referring to the absolute scales of neutrino masses,
in the sense that neutrino masses can be distinguished and ranked from lower to
higher. This does not include the possibility that the lightest neutrinomass is much
larger than the mass splittings obtained by neutrino oscillation measurements,
since in this case the neutrino masses are degenerate. On the other hand, the mass
“ordering” is basically defined by the sign of !m2

31, or by the fact that the lightest
neutrino is the most (least) coupled to the electron neutrino flavor in the normal
(inverted) case.

Frontiers in Astronomy and Space Sciences | www.frontiersin.org 2 October 2018 | Volume 5 | Article 36

Salas et al, FASS 5, 36(2018) 

Normal MO is currently favored only at ~ 3σ, not yet conclusive

ν3

ν2

ν1

The key idea: We can know the mass 
ordering if we know if 

or
normal

inverted

Nunokawa et al, PRD 72, 013009 (2005)

need to be measured very precisely!



2. NOvA and T2K

fects, such as those enabling the �CP manifestation, are
exploited by the LB⌫B experiments. JUNO alone can
yield the most precise measurements of ✓12, �m2

21
and

|�m2
32
|, at the level of 1% precision for the first time.

This implies JUNO is to lead the measurements of about
half (i.e. three out of six) of the parameters in the field.

-1.0 -0.5 0.0 0.5
δCP / π

0

5

10

15

20

25

30

Δ
χ2 LB

νB
-II

  to
 re

je
ct

 w
ro

ng
 M

O

-1.0 -0.5 0.0 0.5 1.0
δCP / π

Colored Regions: sin2
θ

23
   = 0.45 − 0.60

true

(a) True MO: Normal (b) True MO: Inverted

true

true

σ(sin2
θ23) = 2%

A
C

T2K Current

T2K Future
NOvA Future

NOvA Current

sin2
θ

23
   = 0.565(0.568) for NMO(IMO)true

Figure 2: LB⌫B-II Mass Ordering Sensitivity. The
Mass Ordering (MO) sensitivity of LB⌫B-II experiments via
the appearance channel (AC), constrained to a range of ✓23, is
shown as a function of the true value of �CP. The bands rep-
resent the cases where the true value of sin2 ✓23 lies within the
interval [0.45, 060] with a relative experimental uncertainty
of 2%. The sin2 ✓23 = 0.60 (0.45) gives the maximum (mini-
mum) sensitivity for a given value of �CP. The NuFit5.0 best
fitted sin2 ✓23 value is indicated by the black dashed curves.
The NMO and IMO sensitivities are illustrated respectively
in the (a) and (b) panels. The sensitivity arises from the fake
CPV e↵ect due to matter e↵ects, which are proportional to
the baseline (L). The strong dependence on �CP is due to the
unavoidable degeneracy between NMO and IMO, thus caus-
ing the sensitivity to swigs by 100%. T2K, now (light green)
and future (dark green), exhibits very small intrinsic sensi-
tivity due to its shorter baseline (LT2K= 295 km). Instead,
NOvA, now (orange) and future (red), hold leading order MO
information due to its larger baseline (LNOvA= 810 km). The
future full exposure for T2K and NOvA imply a ⇠3⇥ more
statistics relative to today’s. NOvA is unfortunately not ex-
pected to resolve (i.e. reach ��2� 25) alone. These curves

are referred as ��2 AC
LB⌫B and were derived from data as de-

tailed in Appendix A.

JUNO has been however designed to yield a unique
MO sensitivity via vacuum oscillation upon the spec-
tral distortion 3⌫ analysis formulated in terms of �m2

21

and �m2
32

(or �m2
31
). JUNO’s MO sensitivity relies on

a challenging experimental articulation for the accurate
control of the spectral shape related systematics arising
from energy resolution, energy scale control (nonlinear-
ities being the most important) and even the reactor
reference spectra to be measured independently by the
TAO project [44]. The nominal intrinsic MO sensitivity
is ⇠3� (��2 ⇡ 9) upon 6 years of data taking. All JUNO
inputs follow the collaboration prescription [37]. Hence,
JUNO is unable to resolve (��2�25) MO alone. In our

simplified approach, we shall characterise JUNO by a
simple ��2= 9±1. The uncertainty aims to illustrate
possible minor variations in the final sensitivity due to
the experimental challenges behind.

Mass Ordering Resolution Power in LB⌫B-II

In all LB⌫B experiments, the intrinsic MO sensitivity
arises via the appearance channel (AC), from the tran-
sitions ⌫µ ! ⌫e and ⌫̄µ ! ⌫̄e; also sensitive to �CP. MO
manifests as an e↵ective faked CPV bias. This e↵ect
causes the oscillation probabilities to be di↵erent for
neutrino and anti-neutrinos even under CP-conserving
solutions. Disentangling the genuine (�CP) and the faked
CPV terms is not trivial. Two main strategies exist
based on the fake component, which is to be either a)
minimised (i.e. shorter baseline, like T2K) enabling to
measure only �CP or b) maximised (i.e. longer baseline)
so that matter e↵ects are strong enough to disentangle
them from the �CP, and both can be measured simultane-
ously. The latter implies baselines>1000 km, best repre-
sented by DUNE (1300 km). NOvA’s baseline (810 km)
remains a little too short for a full disentangling abil-
ity. Still, NOvA remains the most important LB⌫B to
date with sizeable intrinsic MO sensitivity due to its
relatively large matter e↵ects, as compared to T2K.

The current and future intrinsic MO sensitivities of
LB⌫B-II experiments are shown in Figure 2, including
their explicit ✓23 and �CP dependences. The obtained
MO sensitivities were computed using a simplified strat-
egy where the AC was treated as rate-only (i.e. one-
bin counting) analysis, thus neglecting any shape-driven
sensitivity gain. This approximation is particularly ac-
curate for o↵-axis beams (narrow spectrum) specially
in the low statistics limit where the impact of system-
atics remains small (here neglected). The background
subtraction was accounted and tuned to the latest ex-
periments’ data. To corroborate the accuracy of our
estimate, we reproduced the LB⌫B-II latest results [20];
as detailed in Appendix A.

While NOvA AC holds major intrinsic MO informa-
tion, it is unlikely to resolved (��2�25) alone. This
outcome is similar to that of JUNO. Of course, the nat-
ural question may be whether their combination could
yield the full resolution. Unfortunately, as it will be
shown, this is unlikely but not far. Therefore, in the fol-
lowing, we shall consider their combined potential, along
with T2K, to provide the extra missing push. This may
be somewhat counter-intuitive, since T2K has just been
shown to hold very small intrinsic MO sensitivity; i.e.
4 units of ��2. Indeed, the role of T2K, along with
NOvA, has an alternative path to enhance the overall
sensitivity, which is to be described next.

4

Expected MO resolution sensitivity by T2K and NOvA

T2K and NOvA (alone or together) can not reach 5σ for currently preferred 
NOvA is significantly more powerful than T2K because of larger matter effect

How much we can expect from on-going long-baseline ν beam (LBνΒ) experiments? 
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A. Marrone in this workshop
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dependent

δCP, θ23
Can not reach   

for current  

favored     .

5σ

δCP

NOvA and T2K 

synergy not shown

NOvA and T2K MO sensitivity reproduction (information from Neutrino2020) 

and expectation (  times more statistics).∼ 3

MO via appearance channel (AC)  with matter effects.νμ → νe, νμ → νe

On-going long baseline neutrino beam (LB B) experimentsν1. Introduction
Neutrino Mass Ordering (MO): a fundamental open question in neutrino physics. 

Normal ( ) or Inverted ( ) ?  

Normal MO is favored at  in current global analysis [1,2,3]. 

Eventually,  MO answer is requisite. 

In our arXiv:2008.11280 study, we demonstrate that the combined sensitivity 

 of JUNO with NOvA and T2K experiments has the potential to yield  

the first fully resolved ( ) measurement of neutrino MO. 

mν1
< mν2

< mν3
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< mν1
< mν2

∼ 3σ

≥ 5σ

≥ 5σ

Yang HAN1, Anatael CABRERA2, Hiroshi NUNOKAWA3,2 

Earlier Resolution of Neutrino Mass Ordering?

1. SYSU, Guangzhou, China 2. IJCLab, Orsay, France 3. PUC, Rio de Janeiro, Brazil 

5. Boosting MO sensitivity
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6. Boosted JUNO MO sensitivity

Remain as vacuum oscillation MO measurement
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4. MO boosting synergy between JUNO and LB Bν
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 measured by JUNO and LB B agree (disagree) for true (false) MO. Δm2
32 ν

Disagreement of  for 

false MO is the origin of 

the boosting.

Δm2
32

Schematic illustration of the origin of the boosting

sensitivity, which is to be described next.

Synergetic Mass Ordering Resolution Power

A remarkable synergy exist between JUNO and LB⌫B
experiments thanks to their complementarity [? ? ?
? ]. In this case, we shall explore the contribution via
the LB⌫B’s disappearance channel (DC); i.e. the tran-
sitions ⌫µ ! ⌫µ and ⌫̄µ ! ⌫̄µ. Again, this might appear
counter-intuitive, since DC is practically blinded (i.e. a
<1% e↵ect) to MO; as proved in Appendix-B. Instead,
DC provides a complementary precise measurement of
�m2

32
. This information unlocks a mechanism, to be

described below, enabling the intrinsic MO sensitivity
of JUNO to be enhanced by the external �m2

32
. This

highly non-trivial synergy may yield a MO leading order
role but introduces new dependences explored below.

Both JUNO and LB⌫B analyse data in the 3⌫ frame-
work so they can provide �m2

32
(or �m2

31
) directly as

output. The 2⌫ approximation leads to e↵ective ob-
servables, such as �m2

µµ and �m2
ee [? ] detailed in

Appendix-C. The LB⌫B DC information precision on
the �m2

32
measurement is limited by a �CP-driven ambi-

guity. The role of this ambiguity is small, but not fully
negligible and will be detailed below. The dominant
LB⌫B-II’s precision is today ⇠2.9% per experiments [?
? ]. The combined LB⌫B-II global precision on �m2

32
is

already ⇠1.4% [? ]. Further improvement below 1.0%
appears possible within the LB⌫B-II era when integrat-
ing the full luminosities. An average precision of 0.5%
is reachable only upon the LB⌫B-III generation. In-
stead, JUNO precision on �m2

32
is expected to be well

within the sub-percent (<0.5%) level [? ].

The essence of the synergy is here described. Upon
3⌫ analysis, both JUNO and LB⌫B experiments obtain
two di↵erent values for �m2

32
. Since there is only one

true solution, either NMO or IMO, the other solution
is thus false. The standalone ability to distinguish be-
tween those two solutions is the intrinsic MO resolution
power of each experiment. The key observation tough
is that the general relation between the true-false so-
lutions is di↵erent for reactors and LB⌫B experiments,
as illustrated in Figure 3. For a given true �m2

32
, its

false value, referred as �m2
32

false
, can be estimated, as

shown in Appendix C. Regardless, all experiments
must agree on the unique true �m2

32
solution. As a

consequence, the corresponding JUNO (�m2
32

false

JUNO
) and

LB⌫B (�m2
32

false

LB⌫B
) false solutions will di↵er, if the over-

all �m2
32

precision allows their relative resolution. This
false solution di↵erence can be exploited as an extra ded-

icated discriminator characterised by the term
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Figure 3: JUNO & LB⌫B Mass Ordering Synergy.
Semi-quantitative and schematic illustration of the JUNO-
LB⌫B MO resolution synergy is shown for the cases where the
true MO is normal (left panels) or inverted (right panels). For
each case, the true values of �m2

32 are assumed to coincide
with the NuFit5.0 best fitted values indicated by the black
asterisk symbols. For each assumed true value of �m2

32, pos-
sible range of the false values of �m2

32 expected from LB⌫B
DC is indicated by the yellow color bands where their width
reflects the ambiguity due to the CP phase (see Appendix
C). The approximated current 1� allowed regions from Nu-
Fit5.0 are indicated by the dashed green curve whereas the
future projections assuming the current central values with
1% (0.5%) uncertainty of �m2

32 are indicated by filled orange
(red) color. Expected 1� ranges of �m2

32 from JUNO alone
are indicated by the blue color bands though the ones in the
wrong MO region would be disfavored at ⇠ 3� CL by JUNO
itself. When the MO assumed in the fit coincides with the true
MO, allowed region of �m2

32 by LB⌫B overlaps with the one
determined by JUNO as shown in the panels I(a) and II(b).
On the other hand, when the assumed (true) MO and fitted
one do not coincide, the expected (false) values of �m2

32 by
LB⌫B and JUNO do not agree, as shown in the panels I(b)
and II(a), which is the origin of what we call the boosting
e↵ect in this paper.
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disappearance channel (DC).

Δm2
32 LBνB
νμ → νμ, νμ → νμ

7. Combined MO sensitivity of JUNO, T2K and NOvA
JUNO + T2K & NOvA appearance channel and disappearance channel 
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3. JUNO Upcoming medium baseline reactor neutrino experiment

MO via  channel with ~vacuum oscillation.νe → νe
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Energy resolution: �3 % / (E) Oscillation parameters from NuFit5.0 (Table 1)

JUNO intrinsic MO 

sensitivity  [4]. 

Can not reach .

∼ 3σ
5σ

CP phase independent

The combined sensitivity of JUNO, NOvA and T2K has the potential to yield the first resolved (≥5σ) MO measurement. 

JUNO + LB B disappearance channel information ( ) has the potential to achieve ≥5σ vacuum driven MO measurement. 

It would be important for the comparison between two fully resolved MO measurements: vacuum oscillation (JUNO+ ) 

and matter effects (DUNE). This comparison serves as cross-check. If discrepancy appears, it may imply new physics.

ν Δm2
32 LBνB

Δm2
32 LBνB

10. Conclusions

9. Vacuum oscillation MO vs Matter effect MO

2 fully resolved MO measurements:  

Vacuum oscillation by JUNO+Boosting vs Matter effect by DUNE.  

Discrepancy may imply new physics.
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On behalf of co-authors of arXiv:2008.11280 [hep-ph]

Strong synergy/complementarity  between JUNO and HK/DUNE

17

 JUNO alone ~3σ to JUNO+HK/DUNE (osc. in vacuum) with more than 5σ

A. Cabrera et al, Scientific Reports 12, 5393 (2022), arXiv: 2008.11280 [hep-ph]

By comparing measured by reactor and accelerator experiments, 
we can determine the neutrino mass ordering (because for the wrong 

ordering they do not agree with each other) - vacuum oscillation

If the 2 results (vacuum vs matter) do not agree          New Physics



Concluding Remarks

We believe that the Hyper-K project has strong and good scientific

motivations and expect to make some important contributions to 

the physics community

18

It is interesting to consider and explore complementarity/synergy 
between Hyper-K and different experiments such as JUNO, DUNE, 
IceCube, etc, to strengthen the significance of expected results and 
also maximize the opportunity which can lead to some new 
discovery of new physics beyond SM!

Interactions/collaborations between theorists and experimentalists 
can benefit both sides 
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this ambiguity as the best !tted !m2
32 values for NMO and IMO also re"ect the most likely values of δCP 

maximising our predictions’ accuracy to the most probable parameter-space, as favoured by the latest world 
neutrino data [despite that !χ2

boost de!ned by Eqs. (15) and (16) in Appendix-C does not depend explicitly 
on the CP phase, we are implicitly using the CP phase information since the best !tted !m2

32 coming from 
the global analysis carry the informtion on δCP through the LBνBAC data used in the global analysis].

 
In brief, when combining JUNO and the LBν B experiments, the overall sensitivity works as if JUNO’s intrinsic 

sensitivity gets boosted, via the external !m2
32 information. $is is further illustrated and quanti!ed in Fig. 5, 

as a function of the precision on !m2
32 despite the sizeable impact of "uctuations. $e LBν B intrinsic AC con-

tribution will be added and shown in the next section. It is also demonstrated that the DC information of the 
LBνB’s, via the boosting, play a signi!cant role in the overall MO sensitivity. However, this improvement cannot 
manifest without JUNO – and vice versa. For an average precision on !m2

32 below 1.0%, even with "uctuations, 
the boosting e%ect can be already considerable. A !m2

32 precision as good as > 0.75% may be accessible by LBν
B-II while the LBνB-III generation is expected to go up to ≤ 0.5% level.

Since the exploited DC information is practically blinded to matter e%ects [the !m2
32 measurement of depends 

slightly on δCP , obtained via the AC information, itself sensitive to matter e%ects], the boosting synergy e%ect 
remains dominated by JUNO’s vacuum oscillations nature. For this reason, the sensitivity performance is almost 
identical for both NMO and IMO solutions, in contrast to the sensitivities obtained from solely matter e%ects, 
as shown in Fig. 2. $is e%ect is especially noticeable in the case of atmospheric data. $e case of T2K is particu-
larly illustrative, as its impact on MO resolution is essentially only via the boosting term mainly, given its small 
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Figure 3.  Origin of MO Boosting by LBν B for JUNO. Semi-quantitative and schematic illustration of the LBν
B JUNO MO resolution synergy is shown for the cases where the true MO is normal (le& panels) or inverted 
(right panels). For each case, the true values of !m2

32 are assumed to coincide with the NuFit5.0 best !tted values 
indicated by the black asterisk symbols. For each assumed true value of !m2

32 , possible range of the false values 
of !m2

32 to be determined from LBν B DC is indicated by the yellow color bands where their width re"ects the 
ambiguity due to the CP phase (see Appendix C). $e approximate current 1 σ allowed ranges of ( δCP, "m2

32 ) 
from NuFit5.0 are indicated by the dashed green curve whereas the future projections assuming the current 
central values with 1% (0.5%) uncertainty of !m2

32 are indicated by !lled orange (red) color. Expected 1 σ ranges 
of !m2

32 from JUNO alone are indicated by the blue color bands though the ones in the wrong MO region 
would be disfavored at ∼ 3σ con!dence level (CL) by JUNO itself. When the MO which is assumed in the !t 
coincides with the true one, allowed region of !m2

32 by LBν B overlaps with the one to be determined by JUNO 
as shown in the panels I(a) and II(b). On the other hand, when the assumed (true) MO and !tted one do not 
coincide, the expected (false) values of !m2

32 by LBν B and JUNO do not agree, as shown in the panels I(b) and 
II(a), disfavouring these cases, which is the origin of what we call the boosting e%ect in this paper.

A. Cabrera et al, Scientific Reports 12, 5393 (2022), arXiv: 2008.11280 [hep-ph]
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FIG. 3. A comparison of historical experimental limits on the rate of nucleon decay for several key modes to

indicative ranges of theoretical prediction. Included in the figure are projected limits for Hyper-Kamiokande

and DUNE based on 10 years of exposure.

The message the reader should conclude from this figure is that 10 years of Hyper-K exposure

is sensitive to lifetimes that are commonly predicted by modern grand unified theories. The key

decay channel p ! e+⇡0 has been emphasized, because it is dominant in a number of models, and

represents a nearly model independent reaction mediated by the exchange of a new heavy gauge

boson with a mass at the GUT scale. The other key channels involve kaons, wherein a final state

containing second generation quarks are generic predictions of GUTs that include supersymmetry.

Example Feynman diagrams are shown in Fig. 4.

Generally, nucleon decay may occur through multiple channels and ideally, experiments would

reveal information about the underlying GUT by measuring branching ratios. It is a strength of

Hyper-K that it is sensitive to a wide range of nucleon decay channels, however the few shown here

are su�cient to discuss the details of the search for nucleon decay by Hyper-Kamiokande later in

this document.

Practically, because of the stringent limits from more than 300 kt·y of Super-K running, the next

generation experiments will have to concentrate on the discovery of nucleon decay, perhaps by one

or a small number of events. The predictions are uncertain to two or three orders of magnitude,

and one should not expect a negative search to definitively rule out the idea of GUTs. To excel

Comparison with the current limits
Search for Nucleon Decay
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FIG. 181. Detection rate modulation induced by SASI in Hyper-K 1 tank. Red line shows the theoretical

event rate estimation for the inverse beta decay reaction. Gray line shows a simulated event rate taking into

account statistical fluctuation. The SN progenitor mass is 27 solar mass. The direction to the detector is

chosen for strong signal modulation. This neutrino flux is adopted from [62].
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FIG. 182. Detection rate modulation produced by a rotating SN model in Hyper-K 1 tank. The SN

progenitor mass is 27 solar mass. The supernova rotational axis is orthogonal (red) and parallel (green)

with the direction to the earth. This figure is adopted from [243].

be ignored, because these neutrinos are emitted only from the very center of the supernova. The

flux is well predicted and hardly a↵ected by the physics modelling of the EOS or the progenitor

mass [268, 269]. The number of event will be about 50% larger in IH case comparing to NH, after

20 ms from the core bounce. In the succeeding accretion phase, we will have another chance by

observing the rise-time of neutrino event rate. The mixing of ⌫̄X to ⌫̄e, will result in a 100 ms faster

rise time for the inverted hierarchy compared to the normal hierarchy case [270]. We will have fair

chance to investigate it for a supernova at the galactic center, see Fig. 180.

In Hyper-K, it could be possible to detect burst neutrinos from supernovae in nearby galaxies.
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FIG. 179. Angular distributions of a simulation of a 10 kpc supernova with 1 tank. The plots show a

visible energy range of 5-10 MeV (left-top), 10-20 MeV (right-top), 20-30MeV (left-bottom), and 30-40 MeV

(right-bottom). The black dotted line and the red solid histogram (above the black dotted line) are fitted

contributions of inverse beta decay and ⌫e-scattering events. Concerning the neutrino oscillation scenario,

the no oscillation case is shown here.

at the center of our galaxy, with the world’s largest class telescopes, i.e. Subaru HSC and future

LSST telescope [253].

1.3. Physics impacts The shape of the rising time of supernova neutrino flux and energy

strongly depends on the model. Figure 180 shows inverse beta decay event rates and mean ⌫̄e

energy distributions predicted by various models [251, 254–259] for the first 0.3 sec after the onset

of a burst. The statistical error is much smaller than the di↵erence between the models, and

so Hyper-K should give crucial data for comparing model predictions. The left plot in Fig. 180

shows that about 150-500 events are expected in the first 20 millisecond bin. This means that

the onset time can be determined with an accuracy of about 1 ms. This is precise enough to

allow examination of the infall of the core in conjunction with the signals of neutronization as well

as possible data from future gravitational wave detectors. Our measurement will also provide an

opportunity to observe black hole formation directly, as a sharp drop of the neutrino flux [260].

Determination of SN direction Observation of SASI 

(Standing  Accretion Shock Instability) 

Hyper-K Design Report, arXiv:1805.04163v2 [hep-ex]
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Observation of Neutrinos coming a galactic supernova
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21/Mar/2022

Hyper-K Detector Construction has Started

17

Production has started on time for 
the 50cm PMTs with Box&Line dynode.

300 PMTs by March, 20,000 PMTs in 
total by 2026 according to the 
Japanese budget profile.

Presente by Francesca Di Lodovico (HK co-spokes person) @ 

First Pan-African Astro-Particle and Colider Physics Workshop, 21 March 2022


