
Historical Context

Grand Unification of strong, weak and
electromagnetic interactions at
Q & MX ∫ MZ . [Pati, Salam (PRL ’73); Georgi,

Glashow (PRL ’74)]

Consequence: Proton decay mediated by
new gauge bosons which couple to both
quarks and leptons.

Dimension-6 operator: Amplitude
Ã 1/M2

X or decay rate Ã 1/M4
X .

Lifetime: ·p ≥ 16fi2M4
X

g4
GUTm5

p
≥ 1030 yr for

MX ≥ 1014 GeV.

1030 nucleons ≥ 20 ton of water.

Original idea behind Kamiokande
(Kamioka Nucleon Decay Experiment).

Subsequently upgraded to
Super-Kamiokande (several kt water).
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Figure 10: The second version of the mPMT electronics main board (left) and the mPMT mechanical assembly with
good optical contact (right).

The prototype of the system has been fabricated and built within a lab at Imperial College. The system is currently
undergoing long term operation testing, including running of all moving components and position readout. The y
component of the system is also being tested to a 150 percent load capacity. Samples of each component material are
undergoing soak testing to ensure compatibility with ultra-pure and gadolinium doped water. Due to the developments
with the detector design, including placement of cameras within the top end cap of the detector, the manipulator arm
will be redesigned slightly to shorten the length. Other minor modifications will be made based on the long term testing
before the final fabrication of the arm, due to begin in September 2023. There has also been the addition of a light
sealed cover over the entry shaft into the detector which allows calibration sources to be removed from the detector,
changed and redeployed without any light leak and subsequent damage to the PMTs.

Laser Diffuser Ball

The CDS will be used to deploy a laser diffuser ball, along with several other sources. This type of light source provides
uniform mono-chromatic light with a sub-nanosecond pulse rise time and of sufficient intensity to calibrate the time
response of the mPMTs. A full redesign of the "pre-load" mass has been performed to ensure a water tight seal around
the neck of the laser ball flask, after a failed soak test. Laser ball production is currently in process and plans are in
place to characterise the first prototypes by Autumn 2022.

4.3 Radioactive Sources

Two main radioactive sources will be deployed in the WCTE for calibration studies: a Ni/Cf (nickel-californium)
gamma ray source, and an Am/Be (americium/beryllium) neutron source.

Ni/Cf gamma ray source
A “nickel” source will be employed to perform absolute gain calibrations and study detector uniformity, as was done in
Super-K [5]. This source will be composed of granular nickel oxide and high density polyethylene mixed with epoxy
and cured in a spherical mould (see Fig. 12, left). Due to size limitations in the WCTE central deployment system,
the diameter of the source (13.5 cm) will be somewhat smaller than that used in Super-K. A 252Cf neutron source is
held by a metal rod at the center of the sphere, which emits neutrons whose interactions with Ni (58Ni + n → 59Ni
+ ω) yield gamma rays of approximately 9 MeV in total energy. These gamma rays along with those emitted by the
252Cf source itself will lead to an emitted spectrum with energies up to approximately 9 MeV when accounting for
possible interactions of the gamma rays within the sphere. The emitted gamma rays produce enough Cherenkov light
to observe single photons in the detector PMTs with about a 1-3% probability per 252Cf decay, therefore providing a
uniform source of single-photon events for PMT calibration.

Am/Be neutron source
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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
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Figure 3: Left: Hyper-K CP sensitivity. Right: Hyper-K ωC P phase coverage.
Credit and Copyright: Plots by Denis Carabadjac & Claire Dalmazzone; The Hyper-
Kamiokande collaboration (Carabadjac & Dalmazzone 2023) [10].

years for ωC P=→ϵ/4. Overall, ωC P will be measured with a resolution better than 23↑ for
any possible true value. Moreover, Hyper-K will measure the neutrino mass hierarchy with a
significance between four and six standard deviations depending on the true value of sin 2ϑ23
by combining neutrino accelerator and atmospheric data. Beyond its primary focus on long-
baseline neutrino measurements, Hyper-K will provide a rich program in a wide range of sci-
ence [11, 12]. Hyper-K will have the world-leading sensitivity in the search for proton decay,
which may bring to the experimental proof of the Grand Unified Theories. With 20 years of
data, Hyper-K will reach a proton decay sensitivity of 1035 years for p ↓ ϵ0

e
+ and 3↔ 1034

years for p↓ ϖ̄K
+.

Furthermore, Hyper-K has the potential to achieve new discoveries with observations of
astrophysical neutrinos, such as solar and supernova neutrinos, and will play an important
role in multi-messenger astronomy at lower energies relative to the IceCube experiment [11].

4 Conclusion

Hyper-Kamiokande will be a next-generation large water Cherenkov detector, filled with 258
kton ultrapure water, being the world’s largest underground facility. Hyper-K is currently in the
construction phase and its operations are scheduled to start in 2027. Hyper-K will benefit from
upgraded neutrino beam of 1.3 MW, as well as upgraded near detector and new intermediate
water Cherenkov detector.

With its increased fiducial mass and improved detection capabilities, Hyper-K will produce
world-leading results in neutrino oscillations, including a search for CP violation with 5ϱ sen-
sitivity in 60% of ωC P values, as well as determining the neutrino mass hierarchy. In addition,
it will deliver the world-leading nucleon decay searches with an expected lifetime sensitivity
exceeding 1035 years in 10 years of data taking. Beyond long baseline neutrino oscillation
studies, Hyper-K will precisely study atmospheric and solar neutrinos as well as search for
neutrinos from other astronomical sources, including Supernova.
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