
Dark matter induced nucleon decay through the neutron portal

Nicole F. Bell ,* Peter Cox ,† Jayden L. Newstead ,‡ and Michael B. G. Verde §

ARC Centre of Excellence for Dark Matter Particle Physics, School of Physics,
The University of Melbourne, Victoria 3010, Australia

(Received 7 December 2025; accepted 27 February 2026; published 23 March 2026)

The neutron portal operator provides a theoretically motivated connection between the visible and dark
sectors and features in several well-studied asymmetric dark matter models. This operator leads to dark
matter induced nucleon decays that mimic the experimental signature of “ordinary” nucleon decays. In this
work, we reinterpret Super-Kamiokande nucleon decay searches for n → π0ν and p → πþν to constrain
dark matter induced nucleon decays. For GeV-scale dark matter, we obtain lower bounds of Oð1 TeVÞ on
the scale of the effective neutron portal operator. We also discuss the prospects for future searches at Hyper-
Kamiokande and highlight the importance of a dedicated experimental analysis with reduced systematic
uncertainties.

DOI: 10.1103/8qfr-v4wx

I. INTRODUCTION

One of the most promising avenues to understand the
nature of dark matter (DM) is to directly detect it in
terrestrial experiments. Direct detection experiments have
primarily focused on searches for the elastic scattering of
DM with Standard Model (SM) particles, DMþ SM →
DMþ SM, where the relevant SM particles are either
atomic nuclei or electrons. However, within the broad
landscape of DM candidates, there exists a much wider
range of possible experimental signatures, including those
in which the DM and/or SM particles differ between the
initial and final states,1 i.e., DMþ SM → DM0 þ SM0.
A particularly well-motivated class of DM models are

those that lie within the paradigm of asymmetric DM
(ADM) (for a review see [7–9]). These models are
motivated by the apparent coincidence between the
energy densities of baryonic and dark matter (ΩDM≃5Ωb)
and seek to explain this coincidence by connecting
the matter-antimatter asymmetry in the visible sector
with a particle-antiparticle asymmetry in the dark

sector.2 Perhaps the most interesting subclass of ADM
models are those in which the DM itself carries (a gen-
eralized) baryon number [10]. These models feature a
distinctive experimental signature: the DM induced
destruction/decay of baryons [11].
Experiments searching for proton decay and exotic neu-

tron decays are potentially also highly sensitive to DM-
induced nucleon decays (INDs). In this work, we reinterpret
data from the Super Kamiokande (Super-K) searches for
p → πþν and n → π0ν [12] to constrain the DM-induced
processes DMþp→ πþþDM0 and DMþ n → π0 þ DM0,
where DM0 represents a second dark sector particle.
The low-energy effective theory of ADM includes

operators that provide the connection between the SM
and dark sectors. In this work, we derive new constraints on
the dimension-7 neutron portal operator, ðuRdRÞðdRΨRÞΦ,
where Ψ, Φ are dark sector fields. This operator arises in
well-studied UV completions of ADM such as hylogenesis
[11]. In fact, the IND processes we consider were first
studied in the context of this model in Ref. [13], in its
supersymmetric extension in [14], and most recently within
an effective field theory (EFT) framework in [15].
IND processes can also arise in other types of models.

The p → πþ and n → π0 INDs occur within mesogenesis
models of baryogenesis [16], although via a different
operator. The sensitivity of future experiments to INDs
in mesogenesis was investigated in Ref. [17]. IND is also
predicted in certain models seeking to explain the neutron
lifetime anomaly [15,18–21]. IND processes with leptonic
final states have also been studied [22–24], and the
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1Examples of such processes include the absorption of
fermionic DM [1–3] and inelastic scattering within multi-com-
ponent dark sectors [4–6].

2A complete explanation of the coincidence also requires a
connection between the DM mass and the proton mass.

PHYSICAL REVIEW D 113, 055033 (2026)

2470-0010=2026=113(5)=055033(9) 055033-1 Published by the American Physical Society

https://orcid.org/0000-0002-5805-9828
https://orcid.org/0000-0002-6157-3430
https://orcid.org/0000-0002-8704-3550
https://orcid.org/0009-0006-5570-4517
https://ror.org/00cybsr61
https://crossmark.crossref.org/dialog/?doi=10.1103/8qfr-v4wx&domain=pdf&date_stamp=2026-03-23
https://doi.org/10.1103/8qfr-v4wx
https://doi.org/10.1103/8qfr-v4wx
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


complementarity with dinucleon decays was recently
explored in Ref. [25].
In this paper, we obtain the first robust limits on the

neutron portal operator from the IND processes N þΦ →
Ψ̄þ π and N þ Ψ → Φ† þ π, where N ¼ ðp; nÞ, by per-
forming a detailed reinterpretation of the Super-K analysis
in Ref. [12].3 The kinematics of the IND processes differ
from the corresponding “ordinary” nucleon decays, with
the final-state pion energy determined by the masses of
the two dark sector states. We obtain lower bounds of
0.5–2 TeV on the EFT scale of the dim-7 neutron portal
operator, depending on the DM mass, DM spin, and mass
splitting. We also investigate the prospects for future IND
searches at Hyper-Kamiokande (Hyper-K), highlighting
both the additional parameter space that could be probed
by a dedicated experimental search and the need for further
improvements in the modeling of nuclear effects to reduce
systematic uncertainties.

II. INDUCED NUCLEON DECAY

In this paper, we focus on thewell-motivated dimension-7
neutron portal operator given by (in two-component
notation)4

Lint ¼
1

Λ3
ϵαβγΦðuαRdβRÞðdγRΨRÞ; ð1Þ

where fα; β; γg denote color indices that will henceforth be
suppressed. The two new dark sector particles are a
complex scalar, Φ, and a Dirac fermion, Ψ. The interaction
strength between the visible and dark sectors is para-
metrized by the scale Λ. There is a second dim-7 neutron
portal operator, obtained with the replacement ΨR → Ψ†

L.
Both operators have identical IND signatures and our
analysis is applicable to either operator. We remain agnostic
to the UV completion of the operator and separately
consider the cases where either Φ or Ψ constitute all of
the DM.
The operator in Eq. (1) allows interactions of the form

N þΦ → Ψ̄þ π; ð2Þ

N þΨ → Φ† þ π; ð3Þ

where N is a nucleon. A representative Feynman diagram
for these processes is shown in Fig. 1. These processes are
known as induced nucleon decays as they can mimic the

experimental signature of the nucleon decay N → πν. We
refer to the IND processes in Eq. (2) and Eq. (3) as nucleon-
Φ and nucleon-Ψ IND, respectively. In this work, we only
consider the operator containing first generation quark
fields; operators with second and third generation quarks
can lead to IND processes with different final states, such as
N þΦ → Ψ̄þ K [13].
For the IND processes to be kinematically permitted, the

dark sector particles must satisfy certain mass require-
ments. The nucleon-Φ IND process, for example, requires
mN þmΦ > mΨ þmπ . Additionally, to ensure that the DM
is stable, the decay channel Φ → Ψ̄n → Ψ̄pν̄ee− must be
kinematically forbidden, which requires mΦ < mΨ þ
mp þme. Analogous mass constraints apply for the
nucleon-Ψ process, where Ψ is the DM. Putting the pieces
together, the mass requirements for the nucleon-Φ IND
process are

mπ −mN < Δm < mp þme; ð4Þ

while for the nucleon-Ψ IND process

−ðmp þmeÞ < Δm < mN −mπ; ð5Þ

where Δm≡mΦ −mΨ is the mass splitting between
the two dark sector particles and mN , mπ , mp, and me

are the masses of the initial-state nucleon, the outgoing
pion, the proton, and the electron, respectively. For low DM
masses, the proton decay channel p → πþΦΨ is kinemat-
ically accessible, which leads to much stronger bounds.
In specific ADM models, e.g., hylogenesis [11], there is

an additional restriction on the masses to ensure that the
correct DM relic abundance is obtained. We do not impose
any additional constraints in our analysis, thus our results
can be reinterpreted in the context of any model that
generates the neutron portal operator, Eq. (1), at low
energies. In Appendix A, we provide constraints on the
hylogenesis scenario of Ref. [13].

A. Induced nucleon decay cross section

In this Section, we calculate the cross sections for the
IND processes. For proton-Φ IND interactions, the matrix
element is

FIG. 1. Example neutron-Φ IND process resulting from the
dimension-7 neutron portal operator of Eq. (1).

3Bounds on the neutron portal operator from nþΨ→Φ†þπ0

were previously derived in Ref. [15] for a restricted range of Φ
and Ψ masses motivated by the neutron decay anomaly. In this
work, we consider all IND processes and perform a detailed
statistical analysis with a careful treatment of signal efficiencies.

4The operator with Lorentz structure ϵαβγðuαRΨRÞðdβRdγRÞ van-
ishes due to the interplay of the spinor structure and antisym-
metric color indices on the d quarks.
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ðiMÞΦp¼
1

Λ3
ūðpΨÞhπþjðuRdRÞdRjpi

¼ 1

Λ3
ūðpΨÞPR

�
WRR

0 ðq2Þþ =q
mp

WRR
1 ðq2Þ

�
uðppÞ;

ð6Þ

where PR is the right-handed projection operator, and ū and
u are the standard four-component Dirac spinors for Ψ and
the proton, respectively. The matrix element for the proton-
Ψ IND processes is obtained by substituting ū → v̄ in
Eq. (6). The form factors W0ðq2Þ and W1ðq2Þ parametrize
the proton-to-pion matrix element as a function of the
momentum transfer of the process, q ¼ pp − pπþ .
The matrix element for the neutron-DM IND processes

can be obtained from the proton-DM case using isospin
symmetry, which relates the relevant hadronic matrix
elements,

hπ0jðuRdRÞdRjni ¼
1ffiffiffi
2

p hπþjðuRdRÞdRjpi: ð7Þ

The proton-DM IND cross sections will therefore be a
factor of two larger than the corresponding neutron-DM
cross sections (up to small isospin-violating corrections).
We take the values of the form factors from lattice QCD

results [26] and from light cone sum rule (LCSR) calcu-
lations [27] in q2 regions where lattice results are
unavailable.
Since the incoming DM and nucleon velocities are

nonrelativistic, q2 is driven by the difference in the masses
of the initial and final state particles. Figure 2 shows the
dependence of the momentum transfer on the mass splitting
for the neutron-Φ IND process, nþΦ → Ψ̄þ π0, for three
benchmark values of the mass of the incoming DM particle,
mΦ. The plot covers the full range of Δm values consistent

with Eq. (4). Note, the blue curve (corresponding to
mΦ ¼ 0.5 GeV) is restricted to Δm < 0.5 GeV, since
Δm≡mΦ −mΨ ≤ mΦ. The shaded regions denote the q2

ranges over which lattice (−0.65 GeV2 ≤ q2 ≤ 0.45 GeV2)
[26] and LCSR (−2.5 GeV2 ≤ q2 < −0.65 GeV2) [27]
form factor values are used. For Δm≲ −0.7 GeV, the
value of q2 falls outside these ranges and there are no
available form factors. (For the neutron-Ψ process this occurs
for Δm≳ 0.7 GeV.) As such, we exclude this small range
of Δm values from our analysis.
The general expression for the IND differential cross

sections is given by

dσIND
dEf

¼ jMj2iN
32πmNðE2

i −m2
i Þ
; ð8Þ

where i and f denote the initial and final DM states,
respectively. The velocity-averaged cross section is thus

hσviIND ¼
Z

dEf

Z
d3v

dσIND
dEf

vfEarthðvÞ; ð9Þ

where fEarthðvÞ is the DM velocity distribution boosted into
the reference frame of the Earth. We take this to be a
truncated Maxwellian distribution given by

fEarthðvÞ ¼
1

Nðv0Þ
exp

�
−
ðv þ VeðtÞÞ2

v20

�

× Θðvesc − jv þ VeðtÞjÞ; ð10Þ

where N is a normalization factor,

Nðv0Þ ¼ π3=2v30

�
erf

�
vesc
v0

�

−
2ffiffiffi
π

p vesc
v0

exp

�
−
v2esc
v20

��
: ð11Þ

Adopting the recommended values from [28], we take the
velocity dispersion to be σ0 ¼ v0=

ffiffiffi
2

p
with v0 ¼ 238 km=s,

the escape velocity to be vesc ¼ 544 km=s, and the velocity
of the Earth, Ve, to simply be the velocity of the Sun, which
is jVej ¼ 250.2 km=s [28]. We neglect the orbital velocity
of the Earth around the Sun, as it is an order of magnitude
smaller than the Sun’s velocity through the Milky Way.
Figure 3 shows the velocity-averaged cross sections for

both neutron-DM IND processes as a function of the DM
mass splitting. For each curve, the mass of the incoming
DM particle is chosen to be 1 GeV and a benchmark value
of Λ ¼ 1 TeV is used. The two curves are mirrored about
Δm ¼ 0 GeV due to the interchange of the Φ and Ψ
particles between the two processes and the definition of
the mass splitting, Δm ¼ mΦ −mΨ. Notice that the neu-
tron-Ψ IND cross section is smaller than the neutron-Φ
cross section. While the matrix element takes the same

FIG. 2. Momentum transfer, q2, as a function of the mass
splitting, Δm, for the neutron-Φ IND process. The upper shaded
region represents the range of q2 for which lattice QCD [26] form
factors are used, the lower corresponds to LCSR [27].
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form for both processes, the difference arises due to the
fermion Ψ being in either the initial or final state. As
previously discussed, the proton-DM IND cross sections
are a factor of two larger than the neutron cross sections due
to the relation in Eq. (7).
The discontinuities in Fig. 3 correspond to the transition

from lattice to LCSR form factors at q2 ¼ −0.65 (as seen in
Fig. 2). The error bands show the quoted uncertainties for
the lattice [26] and LCSR [27] form factors; the regions
with larger error bands correspond to the LCSR results.
Note that the uncertainties are too small to bridge the
discontinuity in the transition region, suggesting that one,
or both, of these calculations have underestimated their
uncertainties.

III. REINTERPRETATION OF THE
SUPER-K NUCLEON DECAY ANALYSES

As their name suggests, the pion-producing IND events
have near-identical experimental signatures to the nucleon
decay channels n → π0ν and p → πþν. The best con-
straints on these decays come from the Super-K analyses
performed in [12], which searched for single neutral and
charged pions with momenta pπ < 1 GeV. Here, we
repurpose these data to place bounds on the scale of the
neutron portal operator, Λ.
“Ordinary” nucleon decay channels produce mono-

energetic pions with energy fixed by the two-body decay
kinematics, up to corrections from Fermi motion.
Therefore, the signal typically appears in only a few
momentum bins around pπ ¼ 450 MeV. IND processes
are also effectively monoenergetic, due to the nonrelativ-
istic relative velocity of the incoming DM (though they are
also affected by Fermi motion, which we discuss later).
However, the pion momentum is now fixed by the mass
splitting of the dark sector particles (given a fixed initial

state DM mass). For example, for the nucleon-Φ IND case,
the pion momentum is given by

jp⃗πj2≈
�ðmN þmΦÞ2þm2

π − ðmΦ−ΔmÞ2
2ðmN þmΦÞ

�
2

−m2
π: ð12Þ

We therefore perform a series of single-bin analyses, setting
bounds on Λ for each value of Δm and for fixed values of
the DM mass.
For a given exposure, the expected number of IND

events at Super-K, NIND, is given by,

NIND ¼ nDM × hσviIND × ϵ × Nt × texp; ð13Þ

where nDM is the local number density of DM, hσvi is the
velocity-averaged cross section [from Eq. (9)], ϵ is the
signal efficiency, Nt is the number of targets, and texp is
the exposure time. The analysis in [12] used data corre-
sponding to an exposure of 172.8 kton · yrs.
In our analysis, for each nucleon-DM IND process, we

assume that the incoming DM particle (either Φ or Ψ)
accounts for 100% of the galactic DM. The results we
obtain can be reinterpreted for alternative scenarios in
which the DM is a mixture of the two states. We take the
local DM density to be ρDM ¼ 0.4 GeV=cm3. Note that the
bounds we obtain on the scale of the effective operator,
Λ, scale only as the sixth root of the signal efficiency, ϵ. In
the following Section, we make conservative choices to
approximate the signal efficiency for each of the nucleon-
DM IND processes.

A. Neutron-DM IND efficiency

The neutron-DM IND process produces a single neutral
pion in the final state. The dominant background at Super-
K is therefore the neutral current process νþ n → νþ π0,
where the incoming ν is an atmospheric neutrino. The
Super-K n → π0ν analysis in [12] imposed the following
selection cuts:
(1) There must be exactly two showering (i.e., electron-

like) Cherenkov rings (from the π0 → γγ decay).
(2) The reconstructed invariant mass of the pion must be

between 85 MeV and 185 MeV.
(3) The reconstructed momentum of the pion must be

less than 1 GeV.
The efficiency curve for these selection cuts for the back-
ground process νþ n → νþ π0 is presented in [12] as a
function of the pion momenta. Since the experimental
signature is identical for both the signal and background
processes (a single π0), we can directly apply this efficiency
curve to our neutron-IND signal process.
For certain values of the mass splitting Δm, the momen-

tum of the pion produced by the IND process can exceed
1 GeV. Therefore, the selection cut on the pion momentum
restricts the region of parameter space in which the Super-K

FIG. 3. Velocity-averaged cross sections for the neutron-DM
IND processes as a function of the DM mass splitting. The mass
of the initial state DM is set to 1 GeV and a benchmark value of
Λ ¼ 1 TeV is used. The discontinuities occur at the transition
between lattice and LCSR form factors.
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analysis can be used to set constraints. A dedicated
experimental analysis, extending to larger pion momenta,
would be able to constrain additional parameter space at
larger jΔmj.
In addition to the above selection cuts, the analysis in

[12] requires that events be fully contained inside Super-
K’s fiducial volume (FV). For neutron-DM IND processes,
an event is deemed fully contained if the photons produced
by the decay of the π0 fully shower within the FV.5 The
maximum shower length of a photon is given by

Lmax ¼ X0

�
ln
Emax

Ec
þ 0.5

�
; ð14Þ

where, for water, X0 ¼ 36.17 cm, Ec ¼ 78.33 MeV, and
Emax is the energy of the showering photon [29]. We
implement this cut by defining an effective, fully contained
FV, defined by shrinking the FV in all dimensions by Lmax.
To ensure this is conservative, Lmax is calculated using the
maximum possible photon energy (in the lab frame) for a
given DM mass and mass splitting.

B. Proton-DM IND efficiency

Next,we consider the proton-DMINDprocess,which has
a single charged pion in the final state. SinceSuper-K can not
distinguish betweenmuons and charged pions, the dominant
background is atmospheric neutrino charged-current qua-
sielastic interactions of the form ν̄μþp→ μþþn. The
selection cuts used in the p → πþν analysis in [12] are:
(1) There must be exactly one nonshowering (i.e.,

muonlike) Cherenkov ring.
(2) There is either zero or one electronlike rings. (Either

one Michel electron from the decay of the muon or
no electron if the pion is absorbed while travelling
through the water).

(3) The reconstructed momentum of the pion must be
less than 1 GeV.

Reference [12] provides efficiency curves for the back-
ground process ν̄μ þ p → μþ þ n as a function of the muon
momentum, with separate curves for zero and one electron
events.6 While these efficiency curves can also be used to
determine the selection efficiency for our signal process, we
first need to determine the fraction of zero and one electron
events. However, since the two efficiency curves differ by at
most 20%, we instead apply the one electron curve to all
events for simplicity, which gives a conservative estimate of
the signal efficiency.
We again have the additional requirement that the signal

events be fully contained within the FV. A fully contained
event requires all energy deposition to occur within the FV.
For proton-DM IND events, we require the decay of the

charged pion, the decay of the subsequent muon, and the
energy loss of the Michel electron to all occur within the
FV. Assuming that the charged pions lose kinetic energy at
a rate of approximately 0.002 GeV=cm [29], their stopping
length is Lstop ¼ Tπ=ð0.002 GeV=cmÞ, where Tπ is the
kinetic energy of the pion. The charged pion then decays at
rest, producing a muon that is below Cherenkov threshold.
Assuming the same kinetic energy loss as the charged pion,
this muon travels a distance of approximately 2 cm before
coming to rest. The subsequent Michel electron will travel a
similar distance before falling below Cherenkov threshold
due to energy losses. To determine the fully contained FV,
we reduce the FV in all dimensions by the sum of these
three distances (which is dominated by Lstop).
Finally, unlike in the neutron-DM IND analysis, we need

to separately take into account the effects of intranuclear
pion interactions. This is because the selection efficiency
curve we adopt from Ref. [12] is for muon-origin events,
where there are no such effects. As the pion emerges from
the nucleus it may be scattered, absorbed, or undergo
charge exchange, altering the kinematics of the outgoing
pion. Instead of performing a dedicated Monte Carlo
simulation, we adopt the conservative approach of includ-
ing only the fraction of pion events that do not interact with
the nucleus. This underestimates the true signal efficiency,
resulting in slightly weaker bounds. We take the fraction of
noninteracting pions from Fig. 2 of [12], noting that while
this applies to neutral pions, the charged pion case is stated
to be “similar.” To account for possible differences, we
normalize the total proton-DM IND signal efficiency such
that it agrees with the signal efficiency quoted in Ref. [12]
at the pion momentum for p → πþν.

C. Smearing of the pion momentum

For both nucleon-DM IND and ordinary nucleon decays,
the momentum of the outgoing pion is smeared due to the
Fermi motion of the nucleons. The smearing effects of
Fermi motion are of order 100 MeV, which is also the bin
width used in the Super-K analysis. Therefore, this effect
can smear the events across multiple momentum bins. To
simplify the analysis, we simply double the momentum bin
widths to 200 MeV and perform the analysis for values of
Δm which produce pions with a momentum corresponding
to the central value of each bin. This greatly reduces the
likelihood of events being shifted into an adjacent bin,
allowing us to neglect Fermi motion and perform a single-
bin analysis.

D. Statistical analysis

We now reinterpret the data from Fig. 3 of [12] to obtain
95% CL upper limits on the scale of the interaction, Λ, for
both the Φ and Ψ DM cases. We use a profile likelihood
ratio approach, employing the qμ test statistic defined in
[30] and assume that it is distributed according to Wilks’s

5The distance the neutral pion travels before decaying
is negligible due to its extremely short lifetime.

6These are the curves labeled as muon-origin in Fig. 1 of [12].
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theorem. The smallest number of events in a pionmomentum
bin is approximately 10,which is expected to be sufficient for
Wilks’s theorem to provide a good approximation.
We present a single bound on Λ, combining both the

neutron-DM and proton-DM IND processes via a joint
likelihood function.7 However, we find that the neutron-
DM process is more sensitive due to a larger background
for the proton-DM process.
To account for systematics, we introduce two nuisance

parameters that normalize the expected number of back-
ground and signal events. We assume these parameters are
uncorrelated and Gaussian distributed, with a mean of 1
and a standard deviation of 0.3 (based on the systematic
uncertainties quoted in [12]). The dominant systematic is
the theoretical uncertainty in modeling the pion-nucleus
interactions. The theoretical uncertainty due to the form
factors is not included in the statistical analysis. Instead, we
separately show the impact of these uncertainties on our
results in the figures in Sec. IV.
Additionally, we perform projections for the future

Hyper-K detector, assuming an exposure of 3.8 mega-
ton-years (20 years exposure). This is approximately 22
times the Super-K exposure used in [12]. We assume that
the expected background at Hyper-K is the same as at
Super-K, scaled up by the increase in exposure, and that all
systematic uncertainties can be reduced by 50% (i.e., the
standard deviations for the nuisance parameters are halved
from 0.3 to 0.15). The fully contained FV cuts are
recalculated for Hyper-K, with the remaining efficiencies
assumed to be the same as Super-K.

IV. RESULTS AND DISCUSSION

Figure 4 shows our 95% CL lower bounds on the scale Λ
as a function of the DM mass splitting and for three
benchmark values of the incoming DM mass: 0.5, 1, and
10 GeV. The shaded regions correspond to excluded values
of Λ and the small lighter shaded regions illustrate the
impact of the uncertainties on the form factors. The
uncertainty on the form factor has a minimal effect due
to Λ scaling as the sixth root of the cross section. As
discussed in Sec. II A, the nucleon-Φ cross section is larger
than the nucleon-Ψ cross section by a factor of approx-
imately 4. This leads to the stronger bound on Λ for the
nucleon-Φ case.
We note that our bounds do not cover all kinematically

allowed values of Δm. This is due to two limitations of the
analysis:
(1) The upper limit on the pion momentum of 1 GeV,

imposed by Super-K, limits the coverage of the

curves to the right (left) of the upper (lower) plot
of Fig. 4.

(2) The limited range of form factor values restricts the
reach to the left (right) of the upper (lower) plots. For
example, in the Φ case, no form factor values are
available for Δm values below −0.7 GeV (as seen
in Fig. 2).

Note that the Δm ranges of the blue curves (correspond-
ing to an incoming DM mass of 0.5 GeV) are further
reduced due to the definition of Δm, which enforces
−mΨ ≤ Δm ≤ mΦ. This gives the additional requirement
Δm < 0.5 GeV (nucleon-Φ) and Δm > −0.5 GeV
(nucleon-Ψ). This is only relevant when the mass of the
incoming DM particle becomes of order Δm and so does
not affect the other curves in Fig. 4. The hatched region
illustrates the Δm values for which proton decay can occur
(blue curve only). This region is already strongly con-
strained by the ordinary proton decay analysis [12].

FIG. 4. Bounds on the scale of the dimension-7 neutron portal
operator at 95%CL from nucleon-Φ (top) and nucleon-Ψ (bottom)
IND. The solid curves use existing data from Super-K, while the
dashed curves show projections for Hyper-K assuming a 50%
improvement of the systematics. In each plot, the incoming DM
particle (either Φ or Ψ) is assumed to comprise 100% of the
galactic DM. The small lighter shaded regions represent the
uncertainty due to the matrix element form factors. The hatched
region shows where the direct proton decay constraints apply for a
DM mass of 0.5 GeV (blue curves).

7Note that the proton- and neutron-IND processes are both
kinematically allowed in almost all of the parameter space—
except in the tiny region at the edge of the parameter space where
mp −mπþ < Δm < mn −mπ0 .
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Included in Fig. 4 are the projections for Hyper-K (dashed
curves), which show a minor improvement of about 15%
over the Super-K results. This should be compared to the
naive expectation of ∼30% due to the increase in exposure.
This indicates that despite the assumed 50% improvement in
the systematics (relative to Super-K), the projected sensi-
tivity remains systematics limited. We note that without the
reduced systematics, the projections show almost no
improvement. As such, a dedicated experimental analysis
with reduced systematics (particularly in themodeling of the
pion-nucleus interactions) will be required if Hyper-K is to
improve upon our bounds.
Finally, in the Appendixes, we also provide model-

independent upper bounds on the velocity-averaged cross
section for each of the INDs, and reinterpret our bounds to
constrain the hylogenesis scenario of Ref. [13].

V. CONCLUSION

Neutron portal operators provide a well-motivated con-
nection between the dark and visible sectors in ADM
models where DM carries baryon number. In this paper, we
studied the dimension-7 neutron portal operator that
couples udd to a dark fermion together with a dark scalar.
This permits SM baryon-number violating processes in the
form of induced nucleon decays, which can mimic “ordi-
nary” nucleon decays inside a detector. These signals are
experimentally accessible to nucleon decay searches such
as those performed by Super-K.
In this work, we reinterpreted the Super-K nucleon-

decay searches for n → π0ν and p → πþν to place limits
on the DM-induced counterparts, obtaining model-
independent bounds on the scale of the neutron portal
operator. For a Super-K exposure of 172.8 kiloton-years,
we exclude Λ≲Oð1 TeVÞ for GeV-mass DM. We project
that next-generation nucleon decay searches at Hyper-K,
with ∼20-times greater exposure, would improve the
sensitivity toΛ by amodest 15%, assuming a 50% reduction
in systematic uncertainties compared to the Super-K analy-
sis. The present analysis is systematics limited, predomi-
nantly due to the uncertainty on the pion-nucleus interaction
modeling and, as such, we do not expect any improvement
from Hyper-K without a commensurate reduction in these
uncertainties. This work highlights the importance of a
dedicated experimental analysis for Hyper-K with reduced
systematics, which would broaden the range of DMmasses
that can be constrained and enhance the exclusion power of
future detectors.
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APPENDIX A: CONSTRAINTS ON THE
HYLOGENESIS MODEL

The results of this analysis can be directly applied to the
hylogenesis models presented in [11,13]. These models
impose that nB ¼ nΦ ¼ nΨ, which then requires mΨ þ
mΦ ≈ 5mp to ensure the correct DM relic abundance. This
is an additional mass requirement, beyond those discussed
in Sec. II. The combined mass requirements impose
mΨ ¼ f1.7; 2.9g GeV, with mΦ ¼ 5mp −mΨ [13]. In
Fig. 5, we present bounds on Λ, as a function of mΨ,
with these mass relations imposed. Included on this plot are
the projections for Hyper-K (shown by the dashed lines)
under the same assumptions discussed in Sec. III.

APPENDIX B: CONSTRAINTS ON THE
IND CROSS SECTIONS

In this Appendix, we provide model-independent upper
bounds on the IND cross sections. These are shown in
Fig. 6 for each individual nucleon-DM IND process. The
upper (lower) row corresponds to neutron-DM (proton-
DM) and the left (right) column to IND processes with
Φ (Ψ) in the initial state. Since these constraints do not
depend on the form factors, which restricted the values of
q2, there is an additional Δm point compared to the bounds
on Λ in Fig. 4.

FIG. 5. IND constraints on the EFT scale Λ in Hylogenesis
models (95% CL), which satisfy the additional mass requirement
mΦ ¼ 5mp −mΨ with mΨ ¼ f1.7; 2.9g GeV. These are shown
for the nucleon-Φ (red) and nucleon-Ψ (blue) IND processes.
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