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Proton decay searches in the next generation of water Cherenkov detectors, such as Hyper-Kamiokande,
are expected to probe the 1035-year lifetime regime where atmospheric neutrino backgrounds and
systematic uncertainties begin to play an increasingly important role. In this study, we employ the GIBUU

framework and reevaluate the proton decay search sensitivity for the p → eþπ0 channel by incorporating a
typical event reconstruction performance in water Cherenkov detectors. Using sophisticated models
implemented in GIBUU—most notably the mean-field potential and Boltzmann transport—which have been
benchmarked against accelerator neutrino scattering data, in particular pion production, we find that the
resulting proton decay signal detection efficiency and atmospheric neutrino background rate are
comparable to those previously evaluated for the current and near future water Cherenkov experiments
using ad hoc nuclear models. In addition to pion final-state interactions, we evaluate the impact of
differences in the Fermi momentum distribution of nucleons in the nucleus, as a source of systematic
uncertainty, on the signal detection efficiency and the expected background event rate. We find that the
uncertainty associated with pion final-state interactions is moderate, whereas the choice of Fermi
momentum distribution can significantly affect the estimated atmospheric neutrino background rate
and constitutes the dominant contribution. Our study provides an independent and complementary
characterization of nuclear effects on proton decay searches and helps to refine sensitivity estimates in the
regime where systematic uncertainties become more relevant.
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I. INTRODUCTION

Grand Unified Theories (GUTs) are among the most
compelling extensions of the Standard Model of particle
physics, providing a framework to unify the strong, weak,
and electromagnetic forces into a single interaction at
super-high energy scales [1–5]. By incorporating leptons
and quarks into unified multiplets and introducing heavy
gauge bosons to mediate interactions between them, GUTs
inherently predict the instability of the proton.
As a unique prediction frommany GUTs, the detection of

proton decay would offer profound insights into the
fundamental nature of matter and the forces that govern

the Universe. Among the various predicted decay modes,
the channels involving a positron accompanied by a neutral
pion (p → eþπ0) are particularly noteworthy due to their
relatively high branching ratios in many of the proposed
GUT models and their clear experimental signatures.
This decay mode has been and will be targeted by

many experiments, including IMB [6], Kamiokande [7],
Super-Kamiokande [8–11], and the upcoming Hyper-
Kamiokande experiment [12]. But current experimental
results do not yet provide any positive evidence for proton
decay, leading to stringent lower limits on the proton’s
lifetime. Currently, the most stringent limits come from the
Super-Kamiokande experiment, which has set lower
bounds on the proton lifetime of τ=Bðp → eþπ0Þ > 2.4 ×
1034 years at a 90% confidence level [11], where Bðp →
eþπ0Þ is the decay branching ratio for the p → eþπ0 mode.
Given the proton lifetime predicted by GUTs to exceed

1030 years, as a consequence of the super-heavy mass scale
of the mediator bosons (1014 to 1015 GeV scale), large-scale
water Cherenkov detectors such as IMB, Kamiokande, and
Super-Kamiokande were constructed in order to monitor a
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large number of protons in their water volume for the
detection of proton decay signals. These detectors are
equipped with highly sensitive optical sensors, namely
photomultiplier tubes, mounted on the detector walls to
detect Cherenkov light emitted by particles produced after
the decay. Based on the number of detected photons and
their detection times at individual photomultiplier tubes,
the number of observed particles in the form of Cherenkov
rings, their identity and kinematics, including the direc-
tions, are reconstructed [13]. In the most recent proton
decay searches conducted by the Super-Kamiokande
experiment [11], the signal detection efficiency is esti-
mated to be approximately 38%. The background event
rate originating from atmospheric neutrinos is estimated to
be around 1.8 events=ðMton · yearsÞ without neutron tag-
ging and 1.0 events=ðMton · yearsÞ when background
reduction using neutron detection is taken into account.
The loss in detection efficiency is primarily attributed to
nuclear effects associated with proton decay in oxygen
nuclei. The Hyper-Kamiokande experiment [12], whose
detector with a fiducial mass of approximately 200 kton is
currently under construction, is expected to achieve nearly
comparable proton decay search performance in terms of
the signal detection efficiency and background rates. With
ten years of operation, the expected search sensitivity at the
90% confidence level is projected to reach a proton
lifetime of 1035 years.
Other large neutrino detectors such as JUNO [14] and

DUNE [15] also possess high sensitivity to proton decay
searches, particularly for the p → νKþ mode. However, the
p → eþπ0 mode has been searched for many years using
water Cherenkov detectors, and its event reconstruction
performance is therefore better understood. In addition,
Hyper-Kamiokande is expected to achieve the highest
sensitivity for the p → eþπ0 mode. For these reasons,
the present study focuses on discussing the proton decay
search sensitivity of the Hyper-Kamiokande detector in the
p → eþπ0 channel.
In water Cherenkov detectors, the decay of a hydrogen

nucleus (free proton) in water molecules produces a final
state consisting of a positron and a neutral pion emitted back
to back, each carrying a monoenergetic momentum of
450 MeV=c. The neutral pion subsequently decays almost
instantaneously (τ ∼ 10−16 sec) into two photons, which
then produce electromagnetic showers detectable via
Cherenkov radiation, leaving a three-ring signature in the
detector as demonstrated in Fig. 1.
However, 80% of the protons in water are bound in the

oxygen nuclei. The nuclear environment introduces several
complexities that can significantly alter the expected sig-
natures of proton decay. Those nuclear effects include the
Fermi motion (FM), which imparts an initial momentum to
the decaying proton, leading to a smearing of the final state
momenta; short-range correlations (SRCs), where the
decaying proton may be correlated with another nucleon,

affecting the kinematics of the decay products; binding
energy, which effectively reduces the available energy for
the decay products; and final-state interactions (FSIs),
where the decay products may interact with other nucleons
in the nucleus before exiting, potentially altering their
4-momenta or even changing the topology of the final state
by producing additional particles, exchanging the electric
charge, or absorbing some of the decay products.
These nuclear effects complicate the reconstruction of

proton decay events and introduce a significant loss in
detection efficiency, as well as increased systematic uncer-
tainties in the analysis. The understanding and modeling of
those nuclear effects are crucial for accurately interpreting
the results of proton decay searches, setting reliable limits
on the proton lifetime, and evaluating the search sensitivity.
In this work, we reassess the impact of nuclear effects on

the sensitivity of next-generation proton decay searches in
the p → eþπ0 channel. Using the GIBUU model, we provide
a consistent treatment of nuclear effects for both the proton
decay signal and the atmospheric neutrino background.
This approach differs from many previous studies, which
typically employ intranuclear cascade (INC)-based event
generators such as GENIE [16], NUWRO [17], and NEUT [18].
These generators implement nuclear effects using factor-
ized models of the initial state and cascade-based treat-
ments of final-state interactions. Our work thus offers a
fresh perspective and a more unified modeling of the
systematic uncertainties associated with nuclear effects
in proton decay searches.
This paper is organized as follows. Section II discusses

nuclear effects that influence proton decay signals and
atmospheric neutrino backgrounds. Section III introduces
the GIBUU model used in this study. Section IV presents the
proton decay search sensitivity estimated using GIBUU and
a water Cherenkov detector response model, followed by a
summary of this paper in Sec. V.

II. NUCLEAR EFFECTS IN PROTON DECAY

The proton decay signal is modified by various nuclear
effects, including FM, binding energy, SRCs, and FSIs,
when the decay occurs within a bound nucleus, such as
oxygen in water Cherenkov detectors. The kinematics of
the decay products can be significantly altered, making the

FIG. 1. Schematic of the free proton decay, p → eþπ0, in a
water Cherenkov detector. The positron, as well as the two
photons from the π0 decay, generate electromagnetic cascades in
water and emit radially distributed Cherenkov light.
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signal identification and reconstruction more challenging
compared to the idealized case of a free proton decay,
where the decay products are back to back eþ and π0, each
with a momentum of 459 MeV=c.

A. Initial-state effects

The initial-state proton inside the nucleus is not at rest
but possesses a momentum distribution due to FM. This
intrinsic momentum distribution smears the final-state
momenta of the decay products. The binding energy of
the proton within the nucleus also plays a crucial role,
effectively reducing the available energy and leading to
lower momenta for the decay products compared to those in
the free proton case, further complicating the reconstruction
of proton decay events.
Theoretical modeling of these initial-state nuclear effects

is essential for accurately predicting the kinematic distri-
butions of the proton decay products. Various nuclear
models, such as the local Fermi gas (LFG) model [19]
or spectral function approaches [20], can be employed to
describe the momentum and energy distributions of nucle-
ons within the nucleus.
In LFG, nucleons occupy states below the Fermi surface.

However, both experimental and theoretical studies indi-
cate that nucleon-nucleon correlations can significantly
broaden the single-nucleon momentum distribution; this is
the SRC effect. Modeling SRC is challenging because it
involves complex nuclear dynamics. When the decaying
proton belongs to a correlated pair, there are substantial
deviations from the expected kinematics of uncorrelated
proton decay: the initial-state momentum of the proton can
be significantly higher than the Fermi surface, and the
decay kinematics are affected by the partner nucleon, which
absorbs part of the momentum during the process.
In Ref. [21], which is also referred to in the latest proton

decay search in Super-Kamiokande [11], the fraction of
proton decays in oxygen nuclei that involve the SRC
effect—referred to as “correlated decay” there—was esti-
mated to be approximately 10%. This nucleon-nucleon
correlation is accounted for by treating the decay as a
three-body process subject to Pauli blocking (requiring the
final recoil nucleon momentum to exceed the Fermi
momentum). The decay occurs on a pair of correlated
nucleons, i.e., pN → eþπ0 N, where N denotes the partner
nucleon. The momentum of the decaying proton is
sampled according to the customized Fermi momentum
model established based on the electron scattering experi-
ment [22]. The momentum transfer to the recoiling partner
nucleon is based on the nucleon-nucleon correlation
function obtained from the Reid soft-core potential [23].
In this treatment, the invariant mass of the initial correlated
system is fixed to the total mass of the two nucleons,
without the binding energy effects [24]. The calculation
indicates that the SRC-induced proton decay produces a
broad pseudopeak at a lower invariant mass [25].

In this work, as an alternative, the high-momentum tail
well beyond the Fermi surface has been parametrized by
Cioffi degli Atti and Simula [26]. This momentum dis-
tribution is, as an option, implemented in GIBUU (see
Sec. III) while the energy distribution is taken to be that
of a free Fermi gas. In the following discussions, the use of
this correlated momentum distribution is denoted by the
abbreviation, CdA.

B. Final-state interactions

After the proton decay, p → eþπ0, occurs, the π0 can
undergo various FSIs with the surrounding nucleons before
exiting the nucleus. These interactions include absorption,
charge exchange, and scattering processes that can alter the
momentum and final state topology of the decay products.
The rescattering process of the π0 in the nucleus involves

complicated mechanisms and possible medium modifica-
tions to the intermediate resonances, such as the Δ
resonance that contributes dominantly to pion-nucleon
interactions in the relevant energy range. The Δ resonance
properties, including its mass and width, can be modified in
the nuclear medium due to interactions with surrounding
nucleons.
The effects of the Coulomb force on the eþ outgoing

from the nucleus have been studied in the context of
neutrino interactions [27–30] and are of theoretical interest.
However, since the Coulomb potential is of the order of a
few MeVand is sufficiently small compared to the energies
of particles produced in proton decay, these effects are not
taken into account in the present study.

C. Background contamination

Atmospheric neutrino interactions constitute the domi-
nant and irreducible background in proton decay searches
because they can produce final-state kinematics and topol-
ogies that closely mimic genuine proton decay signals. Both
proton decay and atmospheric-neutrino interactions are
subject to common initial-and final-state nuclear effects
which modify the observable kinematics and topology
[31–35]. In the case of atmospheric neutrinos, however,
an additional and intrinsically distinct ingredient enters: the
primary neutrino-pion production. Recent studies exploring
alternative treatments of resonant and nonresonant pion
production within NUWRO [17,34,36–38] indicate potential
non-negligible variations in predicted atmospheric-neutrino
pion production. A similar study for an alternative variation
in the neutrino-pion production was done using GIBUU [33]
(details in Sec. III).
In contrast to event-generator frameworks such as

NUWRO and GENIE, which typically treat the primary
interaction and final-state interactions within a modular
structure, GIBUU employs an approach in which both stages
are handled consistently within the same dynamical frame-
work, and we will therefore focus on the theoretical
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systematic uncertainties evaluated within GIBUU in
this work.

D. Ternary classification

In proton decay occurring in hydrogen atoms in water,
the emitted positron and neutral pion are not affected by
the intranuclear effects discussed above. Consequently,
the invariant mass reconstructed from the kinematics
of the positron and the neutral pion is expected to be
consistent with the (free-)proton mass, and the total
momentum of the system is expected to be zero. In contrast,
for proton decay events occurring within oxygen nuclei, the
intranuclear effects described above, primarily affecting the
kinematics of the neutral pion, can lead to substantial
deviations of both the reconstructed invariant mass and the
total momentum from those of free proton decay. These two
variables, the invariant mass and the total momentum of the
system, are used in proton decay searches and provide
strong discrimination for proton decay signals against
atmospheric neutrino backgrounds. Figure 2 shows the
two-dimensional distributions of the reconstructed invari-
ant mass, Meþγγ , and total momentum, peþγγ [39]. Because
of nuclear effects, a clear difference in the discrimination
power against atmospheric neutrino backgrounds is
observed between free and bound proton decay events.

In the following, to illustrate the role of nuclear effects in
shaping the event characteristics, we analyzed the distri-
butions of the positron energy (Eeþ), the π0 energy (Eγγ),
and the opening angle between their momentum directions
(θeþ−γγ)—variables that contain information equivalent to
that of the invariant mass and total momentum of the
system, and then performed a probabilistic analysis to
classify an event candidate as originating from free proton
decay, proton decay within oxygen nuclei, or atmospheric
neutrino background.
First, for each of the event categories—free proton decay

(Cfree), bound proton decay (Cbound), or atmospheric neu-
trino background (Catmo)—we constructed a three-dimen-
sional histogram template of Eeþ vs Eγγ vs θeþ−γγ. These
histograms were generated using GIBUU (see Sec. III) and
the detector response of a water Cherenkov detector (see
Sec. IV C).
Second, for each test event with a particular x⃗ ¼ ðEeþ ;

Eγγ; θeþ−γγÞ, we denote the bin content in each template
by Hðx⃗jCiÞ.
Third, a probability classifier for each category can be

defined as follows:

Pi ≡ Hðx⃗jCiÞP
jHðx⃗jCjÞ

; ð1Þ

which describes the relative chance of an event originating
from Ci, inferred from the observed kinematic variables x⃗.
As an example, Fig. 3 shows the distribution of Patmo for
events from different sources. It can be seen that free proton
decays are very efficiently discriminated from the atmos-
pheric background, while a fraction of bound proton decays
are misidentified as atmospheric events.
The normalizations of the histogram templates are

arbitrary. This is equivalent to choosing ad hoc prior
probabilities, PðCiÞ, for each category, such that

Hðx⃗jCiÞ ¼ Pðx⃗jCiÞPðCiÞ; ð2Þ

FIG. 2. Momentum (peþγγ) vs invariant mass (Meþγγ) of the
proton decay candidates. True events from different sources—
free proton decay, bound proton decay in oxygen, and atmos-
pheric neutrino interactions—are considered. All atmospheric
neutrino events are simulated for interactions on a water target.
The nuclear initial state is modeled with LFG. The box size
corresponds to the normalized event population, shown on a
linear scale. The treatment of nuclear effects in GIBUU is
described in Sec. III. Detector effects are modeled based on
the Super-Kamiokande reconstruction performance as described
in Sec. IV C with secondary interactions (SIs) to be discussed in
Sec. IV B. The signal region defined in the latest Super-Kamio-
kande analysis, which is also adopted in the present analysis (see
C5 and C6 in Sec. IV D), is indicated by the black dotted
rectangle. The concentration of events near 0.13 GeV=c2 in
Meþγγ for atmospheric neutrinos originates from single neutral
pion production processes.

P
D
F

FIG. 3. Probability density function (PDF) of log10 Patmo,
where Patmo denotes the probability classifier that is defined
by Eq. (1). Underflow events are merged into the first bin.
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where Pðx⃗jCiÞ denotes the likelihood. Consequently, Pi
corresponds to the Bayesian posterior probability, PðCijx⃗Þ,

Pi ¼ PðCijx⃗Þ≡ Pðx⃗jCiÞPðCiÞP
jPðx⃗jCjÞPðCjÞ

: ð3Þ

For data analyses, which are beyond the scope of this work,
the discrimination power can be optimized by adjusting the
normalization of Hðx⃗jCiÞ, i.e., by choosing appropriate
priors.
Regardless of the normalization of the templates, it is

evident from Eq. (1) that

Pfree þ Pbound þ Patmo ¼ 1: ð4Þ

A classification can therefore be represented conveniently
in a ternary plot, as shown in Fig. 4. All events shown with
red boxes are true atmospheric neutrino background events:
some are correctly classified as background, while others
are misclassified as a bound proton decay signal, but few
are classified as a free proton decay signal. In contrast, true
free proton decay events (light-blue boxes) are classified
almost exclusively as proton decay signals and not as
atmospheric background. Such a hierarchical classification
is the result of the good separation between free proton
decay and background events observed in Fig. 3. It
demonstrates that nuclear effects on the signal can make

it more backgroundlike, thereby increasing the difficulty of
distinguishing signal from background.
The impact of the nuclear effects is further illustrated in

Fig. 5, where the bound proton decay signal is subdivided
according to the presence or absence of FSI and SRC
effects. For event samples without SRCs or FSIs, the
separation from the background is pronounced, with mixing
occurring mainly between free and bound proton decay
signals. When these effects are included, bound proton
decay events are more likely classified as atmospheric
neutrino background.

III. THE GIBUU MODEL

GIBUU is a comprehensive model designed to simulate a
wide range of nuclear reactions, including those induced by
neutrinos, electrons, photons, and hadrons [40]. It is based
on the Boltzmann-Uehling-Uhlenbeck equation, which
describes the time evolution of the phase-space distribution
functions of particles within a nuclear medium. GIBUU treats
the entire reaction process in a unified framework, from the
initial interaction to the final state particles exiting the
nucleus. Being widely used and tested extensively in a range
of research areas, including nuclear reactions and heavy-ion
collisions [33,41–47], GIBUU has been validated against a
variety of experimental data, demonstrating its capability to
accurately model complex nuclear processes.
For a mean-field description of the nucleus, we use the

Thomas-Fermi LFG implemented in GIBUU [31,40], which
provides a realistic representation of the nucleon

FIG. 4. Ternary classification of proton decay candidates. Each
point inside the triangle corresponds to a unique combination of
the probability classifiers, Pfree, Pbound, and Patmo, defined by
Eq. (1). As an example, the star marker indicates Pfree ¼ 0.1,
Pbound ¼ 0.3, and Patmo ¼ 0.6. The size of each box is propor-
tional to the event population, shown on a linear scale. Individual
plots for each event type are shown in Appendix A.

FIG. 5. Similar to Fig. 4, but restricted to true bound proton
decay events. In the legends, FM, SRC, and FSI denote Fermi
motion, short-range correlation, and final-state interaction, re-
spectively.
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momentum distribution, including the effects of FM and
binding energy but without SRC. Alternatively, CdA, rather
than the correlation-function approach of Ref. [21], is used
to account for the high-momentum tails of SRCs.
A key difference between GIBUU and INC-based

approaches, including those implemented in generators,
lies in the treatment of the nuclear medium and particle
propagation. While INC models typically treat nucleons as
free particles within a potential well and simulate inter-
actions as a series of independent collisions, GIBUU

incorporates mean-field potentials that account for the
collective behavior of hadrons in the nucleus. This allows
GIBUU to capture important nuclear effects such as the
Fermi motion and binding energy between nucleons more
accurately and consistently [48].
In GIBUU, an additional phenomenon—the broadening of

the Δ resonance width at the primary interaction vertex of,
e.g., an atmospheric background—can be considered using
the Oset model [49,50], which accounts for both Pauli
blocking and collisional broadening. The former results in a
reduced Δ width due to a limited decay phase space, while
the latter arises from the Δ interactions with the medium.
The net effect is a broadening of theΔwidth, which is more
pronounced at higher nuclear densities. In GIBUU, the
imaginary part of the Δ self-energy, as parametrized by
Oset et al. [49], is implemented. For the real part of the Δ
self-energy no such parametrization is available. In GIBUU,
we, therefore, work with a Δ potential linked to the nucleon
potential UN by UΔ ¼ 2=3UN following results obtained
from the Δ-hole model [50,51].
The broadening of the Δ leads to lower π production in

neutrino-nucleus interactions [33], thereby affecting the
background event rate in proton decay searches. This so-
called “Oset broadening” also applies to the cross section of
πN scattering during FSIs in an atmospheric background or
following a proton decay. It can affect the absorption,
elastic scattering, and charge exchange of pions in the
nucleus, and therefore the topology and kinematics of the
final state particles.
Another effect, the so-called “in-medium modification,”

introduces a medium density dependent suppression of the
nucleon-nucleon elastic scattering cross section [52,53] or
π inelastic scattering cross section [54]. The suppression of
the π inelastic scattering cross section can be expressed in
the following medium-density-dependent form:

σNN→NΔðρNÞ ¼ σNN→NΔð0Þ exp
�
−α

ρN
ρ0

�
; ð5Þ

where ρN is the local nuclear density at the interaction point,
and α is a free parameter. Because of time-reversal invari-
ance, this density dependence also affects the inverse cross
section for the pionless decay of the delta (ΔN → NN) and
thus the reabsorption of pions.

IV. PROTON DECAY SENSITIVITY
IN FUTURE EXPERIMENTS

In this work, we established a comprehensive simulation
and analysis framework to evaluate the sensitivity of future
proton decay searches in the p → eþπ0 channel. This
framework integrates detailed modeling of proton decay
events, atmospheric neutrino background events, and the
detector response, including typical event reconstruction
effects in modern water Cherenkov detectors. Systematic
uncertainties associated with nuclear effects were thor-
oughly assessed using the GIBUU model.

A. Proton decay event generation

Proton decay is assumed to occur with uniform proba-
bility for protons in water molecules. Decays of hydrogen
atoms (free protons) were generated by producing a
positron and a neutral pion emitted in a back-to-back
configuration.
The simulation of proton decay events within the oxy-

gen nucleus (bound protons) was performed using GIBUU

(version 25p3). The initial-state proton was sampled from
the LFG model of oxygen: the model assigns a nucleon
position and momentum corresponding to the local nuclear
density; an initial proton momentum distribution is gen-
erated with a constant probability within the local Fermi
sphere, filling the allowed phase space up to the Fermi
surface. As is shown in Fig. 6(a), the Fermi surface goes up
to about 280 MeV=c at the nuclear center due to the high
density, and decreases rapidly to below 200 MeV=c at a
radial location, Rp, beyond 3 fm. Because of the mean-
field potential, the proton is off shell, with the largest
deviation—up to about 50 MeV=c2 below the bare mass—
occurring at the nuclear center, where the binding is
strongest [Fig. 6(b)]. By restricting the radial location,
e.g., Rp < 1 fm [Fig. 6(c)], we can see that the off
shellness is stronger at lower momentum, indicating even
stronger binding [40].
In GIBUU the nucleon mean field is given by a Skyrme

potential in the local rest frame. To simplify the trans-
formation to a moving frame, the potential is then assumed
to be of a Lorentz-scalar nature, thus effectively lowering
the mass of the nucleon in the medium (for a detailed
discussion see Sec. III. 1 in [40]). The decaying proton’s
initial mass (Mp) is then given by

M2
p ¼ E2

p − jp⃗pj2 ¼ ðMfree −UÞ2; ð6Þ

where U is the positive, position- and momentum-
dependent mean-field potential; p⃗p is the sampled initial
proton momentum; and Mfree is the bare proton mass. This
reduction in the invariant mass shifts the π0 momentum
distribution toward lower values compared to the free proton
decay case, as shown in Fig. 7. Prior to the inclusion of FSI
effects, the width of the pγγ distribution is driven by the
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initial momentum of nucleons in the oxygen nucleus, while
the peak is shifted to lower momentum relative to the free-
proton case due to nuclear binding energy.
The products of the proton decay, p → eþπ0, were

generated isotropically in the rest frame of the initial
proton and then boosted to the laboratory frame using
the sampled initial proton momentum. The hadronic final
state, i.e., π0 in this case, was subsequently propagated
through the nuclear medium using GIBUU. FSIs can remove
momentum from the π0, creating a lower-momentum peak
in the momentum distribution as shown in Fig. 7.
For events in which the π0 undergoes inelastic scattering

or absorption, the final state may not contain a π0 at all,
resulting in an unavoidable loss in detection efficiency.
The fate of the π0 during FSIs is illustrated in Fig. 8:
approximately 40% of the pions are absorbed when their
momentum at production lies between 0.4 and 0.5 GeV=c.
After exiting the nucleus, the π0 decays almost instanta-

neously into two photons (π0 → 2γ). The momenta and
directions of the two photons were sampled isotropically in
the π0 rest frame and then boosted to the laboratory frame.
The four-momenta of all final-state particles, namely, the
positron and the two photons, were recorded for subsequent
analysis.

P
D
F

P
D
F

FIG. 7. π0 momentum (pγγ) distribution from free- and bound-
proton decays comparing (a) LFG and (b) CdA. The “FM only”
distribution is area normalized, while the others are physically
normalized to it.

(a)

(b)

(c)

FIG. 6. The initial proton location (Rp, the radial distance from
the nucleus center), momentum (pp), and invariant mass

(Mp ≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
p − p2

p

q
where Ep is the simulated proton energy) in

the sampled proton decay (PDK) events. The nuclear initial state
is LFG. Figures for the CdA model [26] can be found in
Appendix B. As a comparison, see also Fig. 1 of Ref. [33] for
the mass and momentum evolution during FSIs in neutrino
interactions. (a) Phase space distribution, (b) conditional prob-
ability P̃ðMpjRpÞ renormalized to the peak value, i.e., the

maximum of each Rp-slice is 1, and (c) P̃ðMpjppÞ for Rp < 1 fm.
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B. Atmospheric neutrino background event generation

The atmospheric neutrino background originates from
interactions of νe, νμ, ν̄e, and ν̄μ with nuclei in water
molecules, including both charged-current and neutral-
current processes. The neutrino flux used as input is the
Honda flux [55] for the Super-Kamiokande site. Neutrino-
nucleus interactions were simulated using the same GIBUU

setting as for the proton decay event generation.
Even when no neutral pions or neutrons—handles for

atmospheric neutrino background rejection—are produced
at the primary neutrino interaction vertex, hadrons emitted
after the primary neutrino interaction can subsequently
generate neutral pions or neutrons through secondary
hadronic interactions in water. Such processes can affect
proton decay search analyses. To account for these SIs, we
incorporate their simulation using the publicly available
GEANT4 -based (version 10.3.3 [56–58]) water Cherenkov
detector simulation package, WCSIM [59]. Hadronic inter-
actions in the energy range relevant to this study are
modeled using the Bertini intranuclear cascade model [60],
while neutron transport below 20 MeV is treated with the
high-precision data-driven model based on evaluated
nuclear data libraries [61]. The de-excitation of excited
nuclei is described by the GEANT4 precompound model
[62]. Note that the π0 from the proton decay will decay
immediately into two photons before any SI happens, and
therefore, SIs are only considered for atmospheric neutrino
interaction backgrounds.
During the simulation of secondary interactions from

atmospheric neutrinos, we track the production of neutral

pions and the capture of neutrons. Events in which charged
pions undergo charge exchange to produce a π0 are treated
as if the π0 originated from the primary interaction vertex.
And the extra neutral pions produced via secondary
interactions contribute to the background contamination
in the proton decay search in addition to those produced at
the primary interaction vertex. The impact of charge
exchange during secondary interactions on the final-state
total momentum and invariant mass distributions is
shown in Fig. 9, demonstrating a significant enhancement
of atmospheric neutrino background events in the kin-
ematic range of events that pass the selection criteria (see
Sec. IV D).
In our simulation, the number of captured neutrons is

recorded, and a realistic neutron tagging efficiency in future
water Cherenkov detectors is applied to assess the impact of
neutron tagging on background rejection (see Sec. IVD).
Figure 10 shows the relationship between the average
number of neutrons captured in water, including those
produced via secondary interactions following the neutrino
interaction, and the squared four-momentum transfer to
the nucleon, Q2, at the neutrino interaction vertex. As the
momentum transfer to the hadronic system increases, the

FIG. 8. Fractions of π0 ’s undergoing FSIs, as a function of the
pion momentum at production, pπ0 . In the legends, “no inter-
action” refers to events where the final state π0 shows no change
in its momentum; “elastic” refers to final states with no extra
particles produced and no existing particles absorbed; “charge
exchange” refers to final states where a π0 changes its charge via
interaction with nucleons, producing a π�; “absorption” refers to
events where the π0 is absorbed, leaving no pion in the final state;
and “π production” refers to processes where new pions are
produced, resulting in more than one pion in the final state. The
range of the π0 momentum at production is determined by Fermi
motion, as illustrated by the “FM Only” curve in Fig. 7(a).

FIG. 9. (a) Meþγγ and (b) peþγγ from atmospheric neutrino
background events with detector smearing, comparing the cases
with (blue curve) and without (red curve) secondary interactions
in the detector simulation. For (a), all selection criteria up to C6
(see Sec. IV D) except C5 are applied; for (b), all selection criteria
up to C5 are applied.
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number of produced neutrons also increases. This trend is
consistent with that observed in atmospheric neutrino events
in the Super-Kamiokande experiment [63]. As noted in the
same reference, the average number of neutrons produced in
water can vary by up to approximately�20% depending on
the choice of hadronic interaction model. Since evaluating
the impacts on the remaining backgrounds due to this
variation in neutron yield is beyond the scope of the present
study, it is not considered here, but it remains an interesting
subject for future investigations.

C. Detector response modeling

The detector response and reconstruction effects were
modeled by applying smearing to the momenta and direc-
tions of the final-state particles. This smearing accounts
for two key aspects: angular resolution and momentum
resolution.
Angular resolution was modeled using a distribution of

the opening angle between the measured and true particle
directions, taken from Fig. 6.16 of Ref. [64]: The distribu-
tion of the angular difference between the reconstructed and
true electron directions is well described by a Rayleigh
form; for an electron with a momentum of 500 MeV=c, the
68% containment angle is 2.81°. The momentum depend-
ence of the angular resolution was incorporated according to
Fig. 6.17 of the same reference. The reference provides
angular resolutions only for electrons and muons in single-
particle (single Cherenkov ring) events, while multiple
particles (Cherenkov rings), including high energy photons
from the π0 decay, are expected to be observed in proton
decay events. Therefore, we introduced a per-particle-type
scaling factor to extend the model to other particle types and
multiparticle event cases. This scaling factor is applied
directly to the resolution values extracted from the refer-
ence, thereby adjusting for differences in detection charac-
teristics among the various particle species.
The same approach was used to model the momentum

resolution. Gaussian distributions centered on the true
momentum values were used for smearing, with the widths

of these distributions (i.e., the momentum resolutions)
extracted from Fig. 6.18 of Ref. [64] for single-particle
events: the momentum resolution for electrons is approx-
imately 4.2% at a momentum of 500 MeV=c. For the same
reason as for the angular resolution, a per-particle-type
scaling factor was introduced to extend the momentum
resolution model to other particle types and to better
represent the characteristics of proton-decay events.
These free scaling parameters (two per particle type)—

controlling the particle direction and momentum resolu-
tions—were tuned to reproduce the invariant mass
distributions of the π0 and free proton decay events
observed in the Super-Kamiokande simulation [25]. The
tuning strategy proceeded as follows. First, the angular and
momentum resolutions for photons were adjusted to match
the invariant mass distribution of the outgoing π0 (recon-
structed from the two photons). Next, the resolutions for
electrons/positrons were tuned to reproduce the invariant
mass distribution of the eþπ0 system in free proton decay
events. The final scaling parameters obtained from this
tuning process were then applied consistently to all particle
types in the free and bound proton decay signal and
atmospheric neutrino background simulations. Note that
this tuning does not make use of event samples involving
nuclear effects; therefore, differences in the nuclear inter-
action models between this work and the Super-
Kamiokande analysis do not affect the result.
The Super-Kamiokande reconstruction algorithm cap-

tures Cherenkov rings projected onto the photosensors
mounted on the detector wall to identify the number of
particles in observed events. This Cherenkov ring counting
capability was accounted for according to Ref. [13], by
assuming that the detector can separate particles with an
opening angle greater than 15° between their particle
directions. Particles with an opening angle between them
less than 15° were merged into a single particle, with their
momenta summed. After merging, any particle with
momentum less than 30 MeV=c was considered undetect-
able and removed from the event.The separation capability
between showering (e-like) and nonshowering (μ-like)
particles in the Super-Kamiokande detector is estimated
to be very high, with an efficiency of approximately 99%.
Therefore, in this mock detector, the particle identification
for showering and nonshowering particles is assumed to be
perfect. The efficiency for tagging Michel electrons from
muon decay is assumed to be 88% [65].
In this study, a mock detector response is introduced

based on the event reconstruction performance of the
Super-Kamiokande detector as described above. These
reconstruction resolutions depend primarily on the number
of detected Cherenkov photons. The Hyper-Kamiokande
detector is expected to employ photomultiplier tubes with
approximately twice the photon detection efficiency of
those used in Super-Kamiokande, while its photocat-
hode coverage is planned to be about half that of

FIG. 10. Monte Carlo (MC) truth correlation between average
number of captured neutrons, navg, and the squared four-momen-
tum transfer, Q2, for atmospheric neutrino interactions in water.
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Super-Kamiokande [66]. As a result, the overall number of
detected photons per unit particle energy is expected to be
comparable to that of the Super-Kamiokande detector, and
no significant difference in event reconstruction perfor-
mance is therefore anticipated.
The detector response smears the kinematic distributions

of the two photons from the π0 decay, as shown in Fig. 11.
The reconstructed π0 invariant mass distribution peaks near
the nominal π0 mass of 135 MeV=c2, but exhibits signifi-
cant broadening due to detector effects. Figure 7 also shows
additional smearing to the distribution of π0 momentum,
pγγ , by reconstruction effects.
The invariant mass and total momentum distributions of

the eþπ0 system for bound proton decay events are shown
in Figs. 12(a) and 12(b), respectively. When the outgoing
π0 undergoes FSI rescattering and detector smearing, the
invariant mass of the system shifts to lower values,
producing a broad shoulder out to large momenta, visible
in Fig. 12(b). The significant impact of the FSI rescattering
and detector smearing on the opening angle between the
outgoing positron and π0 is illustrated in Fig. 12(c). A
smaller opening angle is caused by a deviation from a back-
to-back topology.

D. Signal detection efficiency and expected
background rate

The following same signal selection criteria as the Super-
Kamiokande experiment [11] were applied to the generated
proton decay signal and atmospheric neutrino background
events to evaluate the signal selection efficiency and
residual background rate:

C1 There must be two or three identified particles.
C2 All particles must be showering (e-like).
C3 There must be no Michel electrons.
C4 For events with three particles, the reconstructed
invariant mass of the π0 (from two photons) must be
within 85 MeV=c2 to 185 MeV=c2 (Fig. 11).

C5 The reconstructed invariant mass of the eþπ0 system
must be within 800 MeV=c2 to 1050 MeV=c2 [Figs. 2
and 13(a)].

C6 The reconstructed total momentum of the eþπ0
system must be less than 100 MeV=c—lower signal
region—or between 100 MeV=c and 250 MeV=c—
upper signal region [Figs. 2 and 13(b)].

C7 There must be no tagged neutrons.
As shown in Figs. 2 and 13(b), the reconstructed total
momentum of the free proton decay events is mostly below
100 MeV=c, which is significantly smaller than that for
proton decay events inside oxygen nuclei. This feature
provides strong discrimination against atmospheric neutrino

P
D
F

FIG. 11. Reconstructed π0 invariant mass, Mγγ , from proton
decay events. The true π0 mass is indicated by the solid gray line.
The signal definition cut, C4, is indicated by the two vertical
dashed lines.
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FIG. 12. Kinematic distributions of bound proton decay can-
didate: (a)Meþγγ , (b) peþγγ , and (c) opening angle between eþ and
π0, θeþ−γγ .
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events. Exploiting this characteristic to further enhance the
sensitivity to proton decay searches, two signal regions are
defined according to the reconstructed total momen-
tum, following the strategy adopted in previous Super-
Kamiokande analyses [10]. The lower signal region is
defined by a total momentum below 100 MeV=c, while
the upper signal region corresponds to a total momentum
between 100 MeV=c and 250 MeV=c.

For events with three identified particles, the π0 candi-
date was identified by selecting the pair of particles with
an invariant mass closest to the nominal π0 mass of
135 MeV=c2. The remaining particle was then assigned
as the eþ candidate.
For atmospheric neutrino background events, neutron

production often occurs through neutrino interactions or
secondary hadronic interactions in water. The detection of
these neutrons, therefore, provides an effective means of
background suppression. Neutrons produced in water are
thermalized and subsequently captured by protons, emitting
a 2.2 MeV photon. In the pure-water phase of the Super-
Kamiokande detector, as well as in Hyper-Kamiokande,
neutrons are detected by observing the faint Cherenkov light
induced by this 2.2 MeV photon. Since the neutron
detection efficiency in the Hyper-Kamiokande detector with
a photocathode coverage of 20% was estimated to be
approximately 50% [67], this analysis assumes a neutron
detection efficiency of 50%ð¼ ϵntagÞ, and each event is
weighted by the following factor ðwntagÞ according to the
true number of captured neutrons ðnncaptureÞ:

wntag ¼ ð1 − ϵntagÞnncapture : ð7Þ

This weighting is equivalent to removing events with (at
least one) tagged neutrons as done in the latest proton decay
search [11], accounting for the selection criterion C7.
The central values of the signal detection efficiency and

expected background rate were obtained using the generated
samples described in Secs. IVA and IV B, with the default
configuration of GIBUU (LFG) without explicit treatment of
SRC or in-medium Δ-width modifications—the latter are
reserved for systematic uncertainty estimation.
As shown in Table I, the signal efficiency for proton-

decay events is estimated to be 21.6% and 17.4% for
lower and upper signal regions, respectively, while the
atmospheric neutrino background event rate is esti-
mated to be 0.02 events=ðMton · yearsÞ and 0.43 events=
ðMton · yearsÞ in the lower and upper signal regions,
respectively. The total signal efficiency is comparable to

FIG. 13. Shape comparison for (a) Meþγγ with all selection
criteria applied except the Meþγγ cut, C5, and (b) peþγγ with all
selection criteria applied except the peþγγ cut, C6. The signal and
background regions are indicated by the vertical dashed lines
(see text).

TABLE I. The signal detection efficiencies and expected atmospheric neutrino background rates, expressed in
units of Mton · years, under different GIBUU variations. Here, “Lower” and “Upper” refers to the lower and higher
signal regions, respectively (see C6 in Sec. IV D). The statistical errors for the background event rate with the default
GIBUU configuration are given; those for the other configurations are expected to be of similar magnitude. The
statistical errors of the signal efficiency are less than 0.001%, and therefore are not shown. All statistical errors
correspond to the arbitrarily generated MC statistics used.

GIBUU variation Signal efficiency–lower (%) Signal efficiency–upper (%) Bkg. rate–lower Bkg. rate–upper

Default 21.6 17.4 0.022� 0.003 0.43� 0.02
CdA 22.1 16.1 0.040 0.72
Oset 21.7 18.4 0.029 0.39
In-med. α ¼ 1.2 21.6 17.5 0.029 0.48
In-med. α ¼ 2 21.6 17.6 0.035 0.56
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the value reported by the Super-Kamiokande Collaboration
(approximately 38%). The total background rate without
applying the background rejection using the tagged neutron
information is estimated to be 1.60 events=ðMton · yearsÞ,
and it is consistent with the prediction in the
Super-Kamiokande detector, 1.83� 0.59ðsysÞ events=
ðMton · yearsÞ [11], as well as the previous estimation
using the K2K 1 kton water Cherenkov detector of
1.63þ0.43

−0.33ðstatÞþ0.45
−0.51ðsysÞ events=ðMton · yearsÞ [68].

E. Systematic uncertainties

The uncertainties associated with nuclear effects were
evaluated by varying the nuclear model configurations in
GIBUU (see Sec. III). Specifically, we consider alternative
configurations that incorporate different treatments of the
initial-state nuclear model and FSIs.
For the initial-state nuclear model, we compare LFG

with the CdA model. The differences between the two
models arise primarily from the distributions of the nucleon
binding energy and the initial nucleon momentum. The
high momentum tail from CdA significantly affects the
kinematic distributions of the decay products, particularly
the momentum distribution and the opening angle distri-
bution, and therefore the invariant mass, of the eþ and π0

system, as illustrated in Fig. 12.
The impact of these differences for the proton decay

signal events is reflected in the reconstructed momentum of
the π0 and of the total momentum of the system, as can be
seen in Figs. 7 and 13. The softer spectrum by the CdA
model has a larger fraction of events below the signal cut,
resulting in a higher efficiency.
For the atmospheric neutrino background events, the

expected number of background events is significantly
enhanced in the CdA model (Fig. 13) due to the high-
momentum tail of the initial nucleon momentum distribu-
tion. As is shown in Fig. 14, the high-momentum tail can
effectively reduce the initial total momentum of the
neutrino-nucleon system. As a result, in proton decay
searches that select events with low reconstructed total
momentum, such events are more likely to be misidentified
as signal candidates.
It should be noted that the latest proton decay search by

Super-Kamiokande employed the relativistic Fermi gas
model [69], which does not include a high-momentum tail
in the distribution. Variations in the atmospheric neutrino
background associated with differences in the nucleon
momentum distribution were not evaluated, and no corre-
sponding systematic uncertainty was assigned in that
analysis. The present study indicates that such effects
could influence the estimated background rate and should
be considered in future proton decay searches.
To illustrate the impact from the pion FSIs, Fig. 15

compares the pγγ distribution from proton decay events
under different FSI configurations. The main peak at
around 450 MeV=c corresponds to events that experience

no or only minor FSI and constitutes the dominant
contribution to the selected signal candidates. The impact
of the in-medium modifications is estimated by varying the
α parameter in Eq. (5), among 0, 1.2, and 2 within the

FIG. 14. Selection efficiency for atmospheric neutrino back-
ground events as a function of the true initial nucleon momentum
(pN) and the true total momentum of the initial neutrino-nucleon
system (pνN), for (a) LFG and (b) CdA. The efficiency is defined
as the fraction of generated events that pass the selection criteria
up to C6.
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FIG. 15. pγγ distribution from proton decay events after FSI but
before detector smearing, compared to that from the postcut
candidates where detector effects have been included. The in-
medium modifications controlled by the α parameter [Eq. (5)
where α ¼ 0 means no modification which is the default choice]
are compared to Oset broadening alone.
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GIBUU simulation. Increasing α reduces the π0 absorption
probability, leading to a more pronounced secondary peak
around 200 MeV=c, which arises from energy dissipation
through FSIs relative to the free-proton decay peak of
459 MeV=c. Oset broadening increases the signal detec-
tion efficiency by reducing the cross section for π FSIs
mediated through the Δ resonance. Different strengths are
observed with the Oset broadening and in-medium mod-
ifications, but their impact is not significant for the selected
candidates.
In addition, as shown in Fig. 16 for atmospheric

neutrino interaction background, a larger value of α
reduces the pion absorption probability in FSIs and
consequently increases the expected background rate,
while Oset broadening slightly decreases it by suppressing
the cross section of neutrino interactions accompanied by
π production, which constitutes the dominant background
channel for the p → eþπ0 channel.
The corresponding changes in the signal detection

efficiency and the background event rate are summarized
in Table I. Regardless of whether the pion undergoes
scattering or absorption, a π0 produced in proton decay
rarely remains within the signal region after experiencing
FSIs. Consequently, the variation in the signal detection
efficiency due to in-medium effects is small.

In this analysis, the treatment of systematic uncertainties
is designed to closely follow that adopted in the Super-
Kamiokande proton decay searches [11]. The systematic
uncertainties associated with nuclear effects are separated
into two categories: those related to FM and SRCs, and
those related to π FSIs and neutrino interactions. The
uncertainty arising from the FM and SRCs was evaluated
from the relative difference in the signal detection effi-
ciency and atmospheric neutrino background event rate
obtained with the LFG and CdA models. The uncertainty
associated with π FSIs and neutrino interactions was
estimated by taking the unbiased standard deviation of
the signal detection efficiency and background event rate
obtained from the three different implementations of Oset
broadening and in-medium modifications listed in Table I.
Other systematic uncertainties, such as those related to the
event reconstruction and the neutrino flux, are taken to be
the same as those used in the latest Super-Kamiokande
analysis [11]. Although a direct comparison is not strictly
possible because of the differences in the models and
procedures employed for the evaluation of systematic
uncertainties between the two analyses, Table II summa-
rizes the systematic uncertainties adopted in the present
proton decay sensitivity estimate discussed in Sec. IV F
using the GIBUU model, along with those reported in the
Super-Kamiokande analysis for reference.

F. Search sensitivity projections

The sensitivity is calculated within a Bayesian frame-
work. For a hypothetical proton decay width Γ into the
eþπ0 channel, the probability of observing n events in a
given exposure is evaluated, where n is an assumed event
count varied in the sensitivity study. This probability is
described by the following Poisson likelihood:

PðnijΓ; λi; ϵi; biÞ ¼
e−ðΓλiϵiþbiÞðΓλiϵi þ biÞni

ni!
; ð8Þ

where i ¼ 1, 2 denotes the “lower” and “upper” signal
region, respectively, λ is the detector exposure in proton
years, ϵ is the signal detection efficiency, and b is the
expected number of background events. The uncertainties
in λ, ϵ, and b are incorporated through prior distributions
PðλÞ, PðϵÞ, and PðbÞ, respectively. Using Bayes’s theorem,
the posterior probability distribution for Γ given ni
observed events is

PðΓjniÞ ¼
1

Ai

ZZZ
dλidϵidbiPðnijΓ; λi; ϵi; biÞ

× PðλiÞPðϵiÞPðbiÞPðΓÞ; ð9Þ

with a normalized flat prior PðΓÞ for Γ ≥ 0, and a
normalization constant Ai.

FIG. 16. Meþγγ and peþγγ distributions comparing different pion
FSIs. The signal and background regions are indicated by the
vertical dashed line.
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The prior PðλÞ is conservatively modeled as a Gaussian
distribution centered on the nominal exposure, with a
systematic uncertainty of 1%. The prior PðϵÞ is taken as
a Gaussian distribution centered on the signal efficiency in
the GIBUU configuration shown in Table I, with a width
given by its systematic uncertainty presented in Table II and
truncated at zero. The raw number of remaining atmos-
pheric neutrino background events in the simulation is
limited. Therefore, to account for both the statistical
fluctuations of the remaining background and the associated
systematic uncertainties, the prior for the background rate
PðbÞ is modeled as a convolution of a Poisson distribution
and a Gaussian distribution [9–11]. The Gaussian is
centered at the expected background yield and has a width
corresponding to the systematic uncertainty. The 90%
credible interval upper bound on the proton decay width,
Γ̄90ðn1; n2Þ, is determined by solving

Z
Γ̄90

0

Y
i

PðΓjniÞdΓ ¼ 90%: ð10Þ

The sensitivity projection assumes that the number of
observed events is all contributed by the background,
representing the expected sensitivity in the absence of a
true signal. The expected upper limit on the proton decay
width is obtained by averaging over the Poisson distribu-
tion of possible background counts:

Γ̂90 ¼
X∞
n1¼0

X∞
n2¼0

e−b1bn11
n1!

e−b2bn22
n2!

Γ̄90ðn1; n2Þ: ð11Þ

The corresponding expected lower limit on the proton
lifetime is then τ̂90 ¼ 1=Γ̂90.
The projected 90% credible sensitivity on the proton

lifetime for the p → eþπ0 channel as a function of exposure

time for the Hyper-Kamiokande experiment is shown in
Fig. 17. Although differences in the adopted nuclear
interaction models lead to variations in the systematic
uncertainties associated with the signal detection efficiency
and the expected background event rate, as shown in
Table II, the central values of the signal efficiency and
background rate themselves closely reproduce the perfor-
mance reported in the Super-Kamiokande analysis [11].
Consequently, the resulting proton decay search sensitivity
is largely comparable to previous estimates in Refs. [12,25].
The observed 7 to 10% difference in sensitivity is primarily
attributed to the slightly higher signal detection efficiency
and lower systematic uncertainty on it in the present analysis
using the GIBUU model.

V. SUMMARY AND OUTLOOK

In this work, we have reassessed the impact of nuclear
effects on the sensitivity of next-generation proton decay
searches in the p → eþπ0 channel. Using the GIBUU model,
which provides a consistent treatment of nuclear effects for
both the proton decay signal and the atmospheric neutrino
background, we have evaluated the signal detection effi-
ciency, background event rate, and systematic uncertainties
associated with nuclear effects. By implementing a particle
kinematic reconstruction performance model that emulates
a water Cherenkov detector, we find that the use of the
GIBUU model reproduces signal detection efficiencies and
expected background event rates comparable to those
obtained in previous proton decay searches in the Super-
Kamiokande experiment [11]. As discussed below, although
the systematic uncertainties estimated in this analysis
exhibit some differences from those reported by Super-
Kamiokande, the resulting proton decay search sensitivity
under Hyper-Kamiokande conditions is largely consistent
with previous estimates in Refs. [12,25] at a level of around
10%. Ultimately, GIBUU provides the self-consistent

TABLE II. Summary of the systematic uncertainties (%) on the signal detection efficiency and the expected atmospheric neutrino
background rate. Here, “Lower” and “Upper” refer to the lower and higher signal regions, respectively (see C6 in Sec. IV D). In the same
manner as Ref. [11], the systematic uncertainty on the expected atmospheric neutrino background rate is common for both signal
regions. In this GIBUU -based analysis, the systematic uncertainty associated with FM and SRCs was evaluated by comparing the LFG
and CdA models. The systematic uncertainties related to π FSIs and neutrino interactions were estimated by introducing Oset
broadening and in-medium modifications. For comparison, the corresponding systematic uncertainties from the latest Super-
Kamiokande proton decay search [11] are shown in parentheses. For the signal detection efficiency, the uncertainties assigned to
“Correlated decay” and “Fermi momentum” in Table VI of Ref. [11] are combined in quadrature and treated as the systematic
uncertainty associated with the Fermi momentum and short-range correlations. Similarly, for the background event rate, the uncertainties
associated with “π FSI” and “Neutrino interaction” in Table VII of Ref. [11] are combined in quadrature. As noted in the main text, the
Super-Kamiokande analysis did not evaluate the atmospheric neutrino background uncertainty arising from differences in the Fermi
momentum distribution and short-range correlations. The uncertainties related to event reconstruction and the neutrino flux are taken
from Tables VI and VII of Ref. [11].

Item FM and SRC π FSI and ν interaction ν flux Reconstruction Total

Signal detection efficiency–Lower 2.3 (7.4) 0.3 (2.9) Not applicable 3.6 4.3 (8.8)
Signal detection efficiency–Upper 7.5 (10.6) 2.7 (11.7) Not applicable 3.2 8.6 (16.1)
Atmospheric neutrino backgrounds 65.8 (� � �) 16.1 (23.5) 7.3 20.5 71.1 (32.0)
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modeling required to move beyond ad hoc simulations,
offering a valuable framework for characterizing the com-
plex nuclear landscapes of the 1035-year lifetime regime.
In this analysis, two models describing the Fermi

momentum distribution, the LFG model and the CdA
model, are compared to evaluate their impact on the
detection efficiency of proton decay events in oxygen
nuclei and on the background event rate arising from
neutrino interactions on bound nucleons in oxygen. The
introduction of the high-momentum component associated
with short-range correlations described by the CdA model
leads to a moderate change in the signal detection effi-
ciency at the level of about 8%, while it induces a
significant increase in the atmospheric neutrino back-
ground rate of nearly 70%. It would therefore be desirable
to take this effect into consideration in future proton decay
searches. In the context of the systematics connected to

FSIs, complicated mechanisms dominate the pion rescat-
tering inside the nucleus and possible medium modifica-
tions to the intermediate resonances. We have shown that
these cause visible distortions in the reconstructed mass and
momentum distributions, and these effects lead to varia-
tions of a few percentages in the signal detection efficiency
and to an uncertainty of approximately 16% in the expected
atmospheric neutrino background rate. The same process
already showed a significant impact on neutrino-nucleus
interactions [31,33].
Addressing these sources of uncertainty requires a

multiprobe approach to establish a connection between
different processes governed by the same underlying
nuclear dynamics: electron-nucleus scattering, neutrino-
nucleus scattering, and proton decay. This interconnected-
ness ensures that proton decay searches are constrained by
high-precision benchmarks from the broader scattering
community. A critical advantage of this framework is the
unified modeling of medium effects across both signal and
background processes. This consistency will enable, for
the first time, the rigorous consideration of correlations
between signal and background systematic uncertainties,
which is the factor currently neglected in both this study
and existing experimental searches. Accounting for these
correlations is essential for a truly unbiased extraction of
the proton lifetime. In addition to the p → eþπ0 channel
investigated in this work, several other decay modes with
relatively large predicted branching ratios arise in various
GUT models, such as p → μþπ0, p → νKþ, p → μþK0. It
would be interesting to extend the present methodology to
these alternative channels to assess the impact of nuclear
effects and associated systematic uncertainties in a con-
sistent framework.
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FIG. 17. The projected 90% credible interval lower limit, τ̂90,
on the proton lifetime for the p → eþπ0 channel as a function of
exposure time for the Hyper-Kamiokande experiment. The red
horizontal dashed line (a) represents the current lifetime limit
obtained in Ref. [11], 2.4 × 1034 years. The blue upward tri-
angles (b) represent the expected search sensitivity in Hyper-
Kamiokande, evaluated in Ref. [25]. The orange downward
triangles (c) denote the search sensitivity in Hyper-Kamiokande
with the derived search performance using the GIBUU simulation
in this work. The ratio between the curves (c) and (b) is plotted in
the lower panel.

UNDERSTANDING THE IMPACT OF NUCLEAR EFFECTS ON … PHYS. REV. D 113, 095039 (2026)

095039-15



APPENDIX A: INDIVIDUAL TERNARY
CLASSIFICATION PLOTS

Figures 18–20 decompose the combined ternary plot
shown in Fig. 4 into its constituent event categories. They
visually confirm the hierarchical separation: free proton

decay events are isolated near their corresponding vertex
with minor mixing with bound proton, while bound proton
decay and atmospheric neutrino background events exhibit
increasing overlap.

FIG. 18. Ternary classification of free proton decay events. The
events are concentrated near the Pfree vertex, indicating they are
correctly classified as signal and well separated from the
atmospheric neutrino background region.

FIG. 19. Ternary classification of bound proton decay events.
Compared to free proton decay, these events show a broader
spread toward the Patmo vertex, reflecting the increased similarity
to atmospheric neutrino background due to nuclear effects.

FIG. 20. Ternary classification of atmospheric neutrino back-
ground events. A significant fraction of background events
populate the region near the Patmo vertex, but a non-negligible
tail extends into the bound proton decay signal region, illustrating
the source of background contamination for proton decay.

FIG. 21. Ternary classification of bound proton decay events
affected only by FM without SRC or FSIs. These events remain
largely confined to the proton decay signal region—partly
classified as free-proton decay—showing minimal mixing with
the atmospheric background.
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The decomposed plots, Figs. 21–23, illustrate the incre-
mental impact of different nuclear effects on the classi-
fication of bound proton decay events, as also summarized

in Fig. 5. The progressive overlap with the atmospheric
background region underscores the critical role of final-
state interactions in shaping the detectable signal topology
and the associated systematic uncertainties.

APPENDIX B: CDA INITIAL STATE

In addition to the LFG model in Fig. 6, the pp-Rp-Mp

correlations with the GIBUU CdA model are shown
in Fig. 24.

FIG. 22. Ternary classification of bound proton decay events
affected by both FM and SRC. The inclusion of SRC effects
begins to shift the event distribution slightly toward the atmos-
pheric background region, though the majority of events are still
classified as signal.

FIG. 23. Ternary classification of bound proton decay events
affected by FM and pion FSIs. The inclusion of pion FSIs causes
a significant migration of events into the atmospheric neutrino
background region, demonstrating that FSI is the dominant
nuclear effect responsible for the reduced signal-background
separation.

(a)

(b)

(c)

FIG. 24. Similar to Fig. 6 but for CdA.
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