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Proton and neutron decays into light new particles X can drastically change the experimental signatures
and benefit from the complementarity of large water-Cherenkov neutrino detectors such as Super- and
Hyper-Kamiokande and tracking detectors such as JUNO and DUNE. The proton decays p → lþX and
p → πþX with mX near phase-space closure lead to charged particles below the Cherenkov threshold,
rendering them practically invisible in Super- and Hyper-Kamiokande but not in JUNO and DUNE, which
are therefore uniquely positioned for these baryon-number-violating signatures despite their smaller size.
As an additional signature, such nucleon decays in the Earth can produce a sizable flux of X particles in
underground detectors. We present a simple model in which nucleons decay into sub-GeV sterile neutrinos
that subsequently decay through active-sterile neutrino mixing, with a promisingly large number of events
in Super-Kamiokande even in the seesaw-motivated parameter space.
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Introduction—Baryon number violation is arguably the
most sensitive probe we have of heavy physics beyond
the standard model (SM) [1]. Several experiments are
currently searching for such nucleon decays, with Super-
Kamiokande (SK) dominating visible searches such as p →
eþπ0 [2] and low-threshold detectors such as SNOþ
covering invisible final states such as n → 3ν [3]. New
neutrino detectors are planned or already under construc-
tion that will aid these efforts: JUNO [4], Hyper-
Kamiokande (HK) [5], DUNE [6], and THEIA [7].
Light new particles X can give rise to nonstandard

nucleon decaymodes such asp → πþX orp → eþX, which
could have fallen through the cracks in existing searches,
and have become an increasingly popular topic [8–20].
Here, we study nucleon decays into new light neutral
particles and emphasize the following points: (i) New
particles with masses near the nucleon-decay threshold
are accompanied by slow-moving SM particles. If these
are below the Cherenkov threshold in water, SK and HK are
effectively blind to such decays, allowing smaller detectors
to set the best limits. (ii) Even nucleon-decay lifetimes in
excess of 1033 yr can yield a sizable flux of X particles
sourced by Earth. If the new particles X are unstable, they
could lead to displaced-vertex signatures [16].

While we focus on two-body decays, our arguments also
apply to more complex decays [14,17,20]. We highlight a
simple UV-complete example in which nucleons decay
exclusively into light sterile neutrinos, which then decay
through their mixing with active neutrinos. A region of the
seesaw-inspired parameter space is testable due to the novel
nucleon-decay sterile-neutrino flux.
Light bosons—We will consider the simplest case [11]: a

new scalar ϕ with BðϕÞ ¼ LðϕÞ ¼ 1, and focus on one
particular d ¼ 7 interaction operator involving only right-
handed fermions and l∈ fe; μg, using chiral perturbation
theory [21,22] to translate it into a hadronic Lagrangian:
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where β ≃ −0.013 GeV3 is a matrix element obtained via
lattice QCD [23] and fπ ≃ 130 MeV is the pion decay
constant that is used as a large expansion parameter to first
order. The leading term is of the simple form plϕ� [10] and
leads to the two-body proton decay [11]
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with two-body final-state momentum jplj ¼ jpϕj in the
proton rest frame, which is approximately the lab frame,
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This decay mode is kinematically allowed for scalar masses
mϕ < mp −ml for l ¼ e, μ.
UV completions of Eq. (1) either require ϕ to carry a

baryon number [11,24] or some fine-tuning to explain why
the heavy particles behind Eq. (1) do not induce much
faster ϕ-less d ¼ 6 proton decays [25]. In the former case,
ϕ is stable—making it an interesting dark-matter candidate
but only leaving the monoenergetic antilepton to tag.
Giving up on ϕ’s baryon number allows it to decay, e.g.,
from mixing with the Higgs through the portal ϕjHj2. One
can even do away with the complex nature of ϕ and make it
a (pseudo)Goldstone boson [17], with typical decay chan-
nels into two photons or two leptons [26]. For simplicity we
will not consider these scenarios here.
Limits on the decay mode from Eq. (2) have been

obtained in SK [27] for mϕ ¼ 0 and exclude lifetimes
Γ−1ðp→eþϕÞ<8×1032yr and Γ−1ðp→μþϕÞ<4×1032yr,
which probe effective scales Λe;μ ∼ 6 × 109 GeV. The data
and background events provided by SK [27] for eþ (μþ)
momenta above 100 MeV (200 MeV) can be used to obtain
similar lifetime limits for mϕ ≲ 0.83 GeV (0.68 GeV). A
dedicated search could probe even larger mϕ, until the
lepton momentum (3) is at last below the Cherenkov
threshold of 1.14ml [28], which occurs for

937.5 MeV≲mϕ ≲ 937.8 MeV; for p → eþϕ; ð4Þ

768.2 MeV≲mϕ ≲ 832.6 MeV; for p → μþϕ; ð5Þ

see also Fig. 1. The practical lower bound on mϕ to
generate Cherenkov rings in SK could well be much lower.
SK is effectively blind to free-proton decays in these mϕ

ranges, the only signatures being scattering of these slow
lþ in the detector, eþe− annihilation in the positron case, as
well as the eventual μþ decay in the muon case, although
these could happen outside of the detector. For the protons
inside SK’s oxygen nuclei, Fermi motion can effectively
boost the lþ and push it above the Cherenkov threshold,
but SK’s sensitivity will still be drastically reduced. A more

realistic limit in this case comes from invisible proton
decay searches, which reach 1030 yr [3] and can likely be
improved by at least an order of magnitude in JUNO [29],
although the analysis has only been performed for invisible
neutron decay so far. Dedicated searches for p → lþϕ in
these slow-lepton regions in JUNO should then at least
reach 1031 yr, likely more, given the additional mono-
energetic lepton to tag; the larger volume and excellent
track reconstruction of DUNE should push these searches
even further, making p → lþϕ a rare example of a proton
decay channel that is best searched for in JUNO and
DUNE, despite their smaller size compared to SK and HK.
We encourage sensitivity studies by our experimental
colleagues to ascertain the actual reach, given that detector
efficiencies and background play a major role here.
Light fermions—We extend the SM by a new gauge-

singlet Dirac fermion χ with BðχÞ ¼ 1 and effective
couplings [30]
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with α ≃ −β [23,31,32]. Neglecting heavier hadrons allows
us to combine both operators into one effective parameter,
ε≡ ðβ=Λ2

1Þ þ ðα=Λ2
2Þ, which is a (small) mass mixing term

between the right-handed neutron and the sterile neutron χ
that can also be traded for a mixing angle [33].
The operator (6) is to be supplemented with the usual

hadron Lagrangian, including the neutron’s magnetic
moment term [34], and can then be used to calculate
nucleon decays after rotating n and χ to the mass basis:

Γðn → χγÞ ¼ ε2e2g2n
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Γðn → χπ0Þ ≃ 1

2
Γðp → χπþÞ ≃ ε2ð1þ gAÞ2mn

64πf2π
; ð8Þ

with gn ≃ −3.83, gA ≃ 1.27, and mπ;χ → 0 for the π modes
due to the lengthy expression, see Ref. [8] (Fig. 2).
For small mχ , p → χπþ is the dominant nucleon decay

rate, with n → χπ0 an isospin factor of 2 smaller [9]. For
mχ → 0, we can apply limits from SK’s N → πν search
[35], which are 3.9 × 1032 yr for protons and 1.1 × 1033 yr
for neutrons, the latter giving slightly better limits on ε:
ε < 4 × 10−33 GeV, probing scales Λ1;2 ∼ 2 × 1015 GeV.
For mχ > 0, the p → χπþ signature becomes even more
challenging as the reconstruction efficiency decreases [35],
until the πþ eventually falls entirely below the Cherenkov
threshold for 0.71 GeV≲mχ < mp −mπþ, making it
invisible in SK. The μþ from πþ decay is below the
threshold, too, leaving only the odd Michel positron as a

FIG. 1. Free proton decay rates vs mϕ from Eq. (2); the dot-
dashed curve parts are covered by SK [27]; the dashed parts
indicate plþ below the Cherenkov threshold in SK and HK.
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signal in SK. In this mass range, JUNO and DUNE are
poised to be the most sensitive detectors for p → πþχ,
similar to p → lþϕ.
However, this argument does not apply to the isospin-

related mode n → χπ0, as the outgoing π0 → γγ photons
always carry away at least mπ0=2 in momentum and thus
remain visible up until the phase-space closure mχ ∼
mn −mπ0 (Fig. 2). SK’s reconstruction efficiency actually
increases for slow π0 [35], so limits on n → χπ0 are likely
already of order 1033 yr over the entire χ mass range.
For mn −mπ0 < mχ < mn, the dominant process is n →

γχ [8] (Fig. 2). The SK limit Γ−1ðn → νγÞ < 5.5 × 1032 yr
[27] likely approximately applies to n → γχ with
jpγj > 100 MeV, or mχ < 0.83 GeV. For larger mχ, the
limits eventually drop to the invisible-neutron case, 1030 yr
[3], and then by many orders of magnitude once bound-
nucleon decays become kinematically forbidden for
mχ ≳ 937.993 MeV [10,34].
In this light-fermion setup, JUNO and DUNE should be

able to outperform SK and HK in p → χπþ for mχ≳
0.7 GeV, although most models [9] would be better con-
strained via the isospin-related Cherenkov-friendly n → χπ0

[36]. Dedicated sensitivity studies are necessary to identify
the best detector for n → γχ with mχ ≳ 0.83 GeV, which
blends into invisible-neutron territory.
A simple model—As a simple realization of the above

sterile-neutron setup [12], we extend the SM by the scalar
leptoquark S̄1 ∼ ð3̄; 1;−2=3Þ and several right-handed neu-
trinos N:

λabūcaS̄1Nb þ ξabd̄caS̄�
1db þ yabL̄aH̃Nb þ

mab

2
N̄c

aNb; ð9Þ

with generation indices a, b. Without theN, baryon number
is conserved upon assigning BðS̄1Þ ¼ 2=3, so all nucleon
decays must involve N, without having to impose any
symmetries as before. But without any additional quantum
numbers, N will decay through the Higgs Yukawa coupling
y, giving rise to the decay chain of Fig. 3. N plays the dual

role of sterile neutron and sterile neutrino, with well-
studied decay channels parametrized by their mixing UlN
with SM neutrinos νl [37–39]. We assume N to be
Majorana fermions here, so they give rise to seesaw
neutrino masses [40–43], generically of order mν ∼
jUlN j2mN . This also gives rise to ΔB ¼ 2 [44] neutron–
antineutron conversions, which are however, subleading
compared to nucleon decays in our region of interest. The
physical picture barely changes for Dirac N, except that
Eq. (9) then conserves Uð1ÞB−L [13] so the decay chain is
restricted to p → N̄ → antilepton (Fig. 3).
The down-quark couplings are antisymmetric in flavor

space, ξab ¼ −ξba, so the dominant nucleon decay for
mN < mp −mK is p → KþN. This signature was recently
studied in Ref. [16], where S̄1 was identified with a
supersymmetric quark partner. Since the kaon is already
below the Cherenkov threshold for mN ¼ 0, the SK limit
Γ−1ðp → νKþÞ < 5.9 × 1033 yr [45] essentially applies for
all mN < mp −mK [16]. For mp −mK < mN < mp −mπ,
the proton can still decay to πþN, albeit GF suppressed
[12], and the nucleon-decay discussion follows the sterile-
neutron case from above.
In addition to the aforementioned nucleon decay chan-

nels, which can be complementarily covered by SK and
HK, JUNO, and DUNE, the model from Eq. (9) also
provides N decays. Nucleon decays such as p → KþN in
Earth generate a flux of quasimonoenergetic sterile neu-
trinos N with decay length lD ¼ τN jpN j=mN . If N can be
produced and detected within the detector, it is a displaced-
vertex signature [16] (Fig. 3), with number of N decays

Nin
decays ¼ T Γp→NNdet

p ð1 − e−ΔL=lDÞ; ð10Þ

where Ndet
p is the number of protons inside the detector, T

the measurement time, and ΔL the effective detector
length. Such displaced-vertex events, in which the entire
decay chain of Fig. 3 occurs inside the detector, require a
rather small lD ≲ ΔL. Existing limits on the mixing angles
UlN [46] mostly forbid such fast N decays, except in the
UτN case. In the narrow region of parameter space in which
N has a short-enough decay length—e.g., because it is
produced almost at rest—the actual decay time always
exceeds 10−5 s (10−4 s for UeN), a considerable delay.
The more relevant number of N decays inside a detector

is produced by proton decays outside the detector for

FIG. 2. Free nucleon decay rates from Eq. (6) vs mχ ; the dot-
dashed curve parts are covered by SK [27,35]; the dashed part
indicates pπþ below the Cherenkov threshold in SK and HK.

FIG. 3. Proton decay chain p → KþN;N → π−lþ. Majorana
neutrinos N can also decay to πþl−. Detectors might see parts of
this chain depending on the N decay length.
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OðΔLÞ≲ lD ≲Oð2R⊕Þ. For a detector located near
Earth’s surface, R⊕, we can obtain the N flux Φdet

N by
adding up all the contributions from the protons in each
small volume, npðrÞd3r, for number density np, over all
possible proton decay locations r within Earth,

Φdet
N ¼ Γp→N

4π

Z
d3r

npðrÞ
jR⊕ − rj2 e

−jR⊕−rj=lD; ð11Þ
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q
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angle between the vectors r and R⊕. For a uniform proton
density np ¼ Np

⊕=ð4πR3
⊕=3Þ, we can solve the integral to
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The number of N decays within the detector volume is

Nout
decays ¼ Φdet

N ðAeffTÞð1 − e−ΔL=lDÞ; ð13Þ

where Aeff is the effective area of the detector. This is
maximal in the decay-length region ΔL≲ lD ≲ R⊕, with

maxðNout
decaysÞ ¼

1

2
Γp→NnpAeffΔLT ð14Þ

≃ 5

�
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��
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ð10 mÞ310 yr

�
: ð15Þ

The factor 1=2 is due to the assumption that the detector
is at the surface, receiving only flux from below. Once lD is
smaller than the overburden, Oð1 kmÞ for SK, the flux is
doubled; once lD < ΔL, Nin

decays should be added. The
direction of the N flux is determined by the decay length:
for lD ≲ km,N arrives isotropically, although this region of
parameter space requires large UlN and is strongly con-
strained. For decay lengths ∼R⊕, N are mostly coming
from the opposite side of Earth, see Fig. 4 for the zenith-
angle ϕz distribution [47], related to θ via

sinϕz

r
¼ sin θffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R⊕
2 þ r2 − 2rR⊕ cos θ

p : ð16Þ

For SK (HK), we use ΔL ≃ 32 m (67 m) and Aeff ≃
707 m2 (3421 m2) in our analysis, not taking SK’s fiducial
volume extension [2] into account, and T ¼ 20 yr for both.
DUNE is in between SK and HK. SK already exceeds
the benchmark numbers (15) for the space-time volume
AeffΔLT and could have up to 5N decays in their detector
even for a proton decay lifetime of 1035 yr.
The number of N decays into a given final state X is

then Nsig ¼ BRðN → XÞðNin
decays þ Nout

decaysÞ, with relevant
branching ratios in our mass range given in Ref. [39].

We show contours of Nsig ¼ 5 for three different mixing
scenarios in Fig. 5, using the preliminary reference
Earth model (PREM) [48] for the proton density, together
with existing laboratory constraints [46] and the generic
seesaw expectation mν ∼ jUlN j2mN , with mν ∈ f0.05 eV;
0.45 eVg, the lower bound coming from the atmospheric
mass splitting,

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Δm2

atm

p
, and the upper bound from

KATRIN [49]. For UeN;μN, we focused on the N →
π�l∓ decay, which has a large branching ratio and clean
signature. For UτN, no fully visible N decay exists in the
sub-GeV mass range, so we use N → π0ντ. In all three
cases going to smaller mN is possible but leaves us with
N → l�l∓ν, a three-body decay involving missing energy.
The chosen production rate [50] τp→N ¼ 6 × 1033 yr cor-
responds to the estimated current limit for p → KþN, but is
overly pessimistic for p → πþN and especially n → γN,
see discussion above, and could be at least a factor 5
smaller even in the SK covered mass regions.
The signature is a nearly monoenergetic flux of N; for

very slow N, i.e., near proton-decay phase-space closure,
N decays into back-to-back SM particles, while a more
boosted N emits the final states with a smaller opening
angle and box-shaped energy spectrum [51,52]. For guid-
ance: the blue SK contours in Fig. 5 roughly correspond to
lD ∼ 3 × 104 km, and scale with jUlN j−2. These searches
will face the atmospheric neutrino background, but given
the nigh unconstrained proton-decay rates in some areas
of parameter space the event numbers could be in the
thousands. We encourage a dedicated search in SK, not
least because it is a rare chance to probe the seesaw-
motivated parameter space.
An additional N flux is sourced by the Sun, but the

probability to decay in the detector is heavily suppressed.
However, satellites could see decays such as N → eþe−ν in
interplanetary space, analogous to Refs. [53–55] but with
heavier N. We leave this study for future work.

FIG. 4. The zenith-angle ϕz distribution of the sterile neutrino
flux at the detector for a few representative decay lengths lD. For
lD ≪ R⊕, the flux becomes increasingly isotropic and eventually
extends to 0 < cosϕz for lD overburden. The abrupt change in
slope comes from the sharp density change near Earth’s core in
the PREM [48].
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Conclusions—Baryon number violation, especially in
the form of nucleon decays, has been long identified as
a sensitive probe of physics beyond the SM. New light
particles emitted in those decays can drastically change the
experimental signatures and require dedicated analyses.
Nucleon decays such as p → lþX or p → πþX could be
hidden from the large water-Cherenkov detectors SK and
HK if mX is near phase-space closure, making them one of
the few nucleon decays best searched for in the smaller
detectors JUNO and DUNE, illustrating their complemen-
tarity. Nucleon decays in Earth also generate a potentially
testable flux of X particles that can again be studied in
neutrino detectors, e.g., through the sterile-neutrino decay
chain p → KþN, N → π�l∓, even for seesaw-suppressed
active-sterile mixing angles. Our initial exploration of these
signatures hints at many novel exciting opportunities for
theoretical and experimental work that could lead to the
groundbreaking discovery of new physics.
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