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Nucleon Decays into Light New Particles in Neutrino Detectors
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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 — ¢*X and
p — n"X with my 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 —
etz® [2] and low-threshold detectors such as SNO +
covering invisible final states such as n — 3v [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 decay modes suchas p — 7z X or p — e "X, 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 10°* 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].

“Contact author: heeck @virginia.edu
Contact author: shoemaker@vt.edu

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

0031-9007/25/135(11)/111804(6)

111804-1

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 ¢ with B(¢) = L(¢) = 1, and focus on one
particular d = 7 interaction operator involving only right-
handed fermions and # € {e, u}, using chiral perturbation
theory [21,22] to translate it into a hadronic Lagrangian:
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where f# =~ —0.013 GeV? is a matrix element obtained via
lattice QCD [23] and f, ~ 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 pZ¢* [10] and
leads to the two-body proton decay [11]
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This decay mode is kinematically allowed for scalar masses
my < m, —ny for Z = e, p.

UV completions of Eq. (1) either require ¢ 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 ¢-less d = 6 proton decays [25]. In the former case,
¢ 1s stable—making it an interesting dark-matter candidate
but only leaving the monoenergetic antilepton to tag.
Giving up on ¢’s baryon number allows it to decay, e.g.,
from mixing with the Higgs through the portal ¢|H|?>. One
can even do away with the complex nature of ¢ 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 my =0 and exclude lifetimes
I(poetp)<8x102yrand I (p—>uth) <4x102yr,
which probe effective scales A, , ~ 6 x 10° GeV. The data
and background events provided by SK [27] for e (u™)
momenta above 100 MeV (200 MeV) can be used to obtain
similar lifetime limits for m, < 0.83 GeV (0.68 GeV). A
dedicated search could probe even larger my, until the
lepton momentum (3) is at last below the Cherenkov
threshold of 1.14m, [28], which occurs for

937.5 MeV $my; $937.8 MeV, for p = e, (4)

768.2 MeV < m,; < 832.6 MeV, for p — ut¢, (5)
see also Fig. 1. The practical lower bound on mj to
generate Cherenkov rings in SK could well be much lower.

SK is effectively blind to free-proton decays in these m,
ranges, the only signatures being scattering of these slow
£ in the detector, e e~ annihilation in the positron case, as
well as the eventual 4T 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 #* and push it above the Cherenkov threshold,
but SK’s sensitivity will still be drastically reduced. A more
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FIG. 1. Free proton decay rates vs m, from Eq. (2); the dot-

dashed curve parts are covered by SK [27]; the dashed parts
indicate p,+ below the Cherenkov threshold in SK and HK.

realistic limit in this case comes from invisible proton
decay searches, which reach 10°° 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 — £7¢ in
these slow-lepton regions in JUNO should then at least
reach 103! 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 — £*¢ 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 y with B(y) =1 and effective
couplings [30]

(Rdr) (dix) | (Q1Q1)(dixi)
At A3
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with a@ ~ —f [23,31,32]. Neglecting heavier hadrons allows
us to combine both operators into one effective parameter,
e = (B/A?) + (a/A3), which is a (small) mass mixing term
between the right-handed neutron and the sterile neutron y
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 y to the mass basis:

e2e’q’ mé
Mo =t (1-2). )
1 21+ gy)°m,
['(n —>;(710) zEF(p — ynh) QW, (8)

with g, ~ —3.83, g4 ~ 1.27, and m,,, — O for the x modes
due to the lengthy expression, see Ref. [8] (Fig. 2).

For small m,, p — yz* is the dominant nucleon decay
rate, with n — yz° an isospin factor of 2 smaller [9]. For

m, — 0, we can apply limits from SK’s N — zv search

[35], which are 3.9 x 10°? yr for protons and 1.1 x 10°? yr
for neutrons, the latter giving slightly better limits on &:
e <4 x 1073 GeV, probing scales Aj, ~2 x 1015 GeV.
For m, > 0, the p — yz™ signature becomes even more
challenging as the reconstruction efficiency decreases [35],
until the z eventually falls entirely below the Cherenkov
threshold for 0.71 GeV <m, < m, —m,+, making it
invisible in SK. The y* from n™ decay is below the
threshold, too, leaving only the odd Michel positron as a
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FIG. 2. Free nucleon decay rates from Eq. (6) vs m,; the dot-
dashed curve parts are covered by SK [27,35]; the dashed part
indicates p,+ below the Cherenkov threshold in SK and HK.

signal in SK. In this mass range, JUNO and DUNE are
poised to be the most sensitive detectors for p — 7y,
similar to p — £1¢.

However, this argument does not apply to the isospin-
related mode n — yz°, as the outgoing z° — yy photons
always carry away at least m_0/2 in momentum and thus
remain visible up until the phase-space closure m, ~
m, —m_o (Fig. 2). SK’s reconstruction efficiency actually
increases for slow 7° [35], so limits on n — yz° are likely
already of order 10°* yr over the entire y mass range.

For m,, —m,0 < m, < m,, the dominant process is n —
yx [8] (Fig. 2). The SK limit I'"!(n — vy) < 5.5 x 10* yr
[27] likely approximately applies to n — yy with
lp,| > 100 MeV, or m, < 0.83 GeV. For larger m,, the
limits eventually drop to the invisible-neutron case, 10 yr
[3], and then by many orders of magnitude once bound-
nucleon decays become kinematically forbidden for
m, 2 937.993 MeV [10,34].

In this light-fermion setup, JUNO and DUNE should be
able to outperform SK and HK in p — yz* for m,2
0.7 GeV, although most models [9] would be better con-
strained via the isospin-related Cherenkov-friendly n — yz°
[36]. Dedicated sensitivity studies are necessary to identify
the best detector for n — yy with m, 2 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 S; ~ (3,1, —2/3) and several right-handed neu-
trinos N:

_ _ - - m _
Aap 881Ny + EapdeSidy + ya LaFINy + =2 NGNp,  (9)

with generation indices a, b. Without the N, baryon number
is conserved upon assigning B(S;) = 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

v, giving rise to the decay chain of Fig. 3. N plays the dual

Uy +
> > Ve - ‘ W
+ N TTe-l
Tk =<,
Uy
FIG. 3. Proton decay chain p - K*N,N — z~¢*. Majorana

neutrinos N can also decay to z"¢~. Detectors might see parts of
this chain depending on the N decay length.

role of sterile neutron and sterile neutrino, with well-
studied decay channels parametrized by their mixing U,y
with SM neutrinos v, [37-39]. We assume N to be
Majorana fermions here, so they give rise to seesaw
neutrino masses [40-43], generically of order m, ~
|U/y|*my. This also gives rise to AB = 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 U(1),_; [13] so the decay chain is
restricted to p — N — antilepton (Fig. 3).

The down-quark couplings are antisymmetric in flavor
space, &,, = —&pq, SO the dominant nucleon decay for
my < m, —myg is p — K*N. This signature was recently
studied in Ref. [16], where S, was identified with a
supersymmetric quark partner. Since the kaon is already
below the Cherenkov threshold for my = 0, the SK limit
I'(p - vK™) < 5.9 x 10% yr [45] essentially applies for
all my <m, —mg [16]. For m, —mg < my <m, —my,
the proton can still decay to z N, albeit Gy 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 — K*N in
Earth generate a flux of quasimonoenergetic sterile neu-
trinos N with decay length ¢, = y|py|/my. 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 =T FP*NN(IiIet(l - e_AL/fD)’ (10)
where Nget is the number of protons inside the detector, T
the measurement time, and AL 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 7, < AL. Existing limits on the mixing angles
U,y [46] mostly forbid such fast N decays, except in the
U,y 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 fime always
exceeds 107 s (10™* s for U,y), a considerable delay.
The more relevant number of N decays inside a detector
is produced by proton decays outside the detector for
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O(AL) <¢p S O(2Rg). For a detector located near
Earth’s surface, Rg, we can obtain the N flux @' by
adding up all the contributions from the protons in each
small volume, n p(r)d3 r, for number density n,, over all
possible proton decay locations r within Earth,

cD;i\;at _ FZ_)N/d3r|Rnp(r)|2 e~ IRe=1/¢p (11)
T o~

where |Rg —r| = \/Réa + 1> —=2rRgcos6, and 6 the

angle between the vectors r and Rg. For a uniform proton
density n, = N4 /(47R3,/3), we can solve the integral to

r,. ¢
ot — Panpr[l_—2RD®(1-e—2R@/fD). (12)

The number of N decays within the detector volume is

Nout (I)g]et(AeffT)(l _ e—AL/fD), (13)

decays

where Ay is the effective area of the detector. This is
maximal in the decay-length region AL <7p S Rg, with

1
maX(Ngg‘t:ays) = EFP_’NnPAeffALT (14)
10 At ALT
~5 7 eff 2 . (15)
TpoN (10 m)°10 yr

The factor 1/2 is due to the assumption that the detector
is at the surface, receiving only flux from below. Once ¢, is
smaller than the overburden, O(1 km) for SK, the flux is
doubled; once £, < AL, N should be added. The

decays
direction of the N flux is determined by the decay length:
for £p < km, N arrives isotropically, although this region of
parameter space requires large U,y and is strongly con-
strained. For decay lengths ~Rg, N are mostly coming
from the opposite side of Earth, see Fig. 4 for the zenith-
angle ¢, distribution [47], related to 0 via
sin ¢, B sin @
r VRg> + 17 —2rRg cos @

(16)

For SK (HK), we use AL~32 m (67 m) and Ay ~
707 m? (3421 m?) in our analysis, not taking SK’s fiducial
volume extension [2] into account, and 7" = 20 yr for both.
DUNE is in between SK and HK. SK already exceeds
the benchmark numbers (15) for the space-time volume
A ALT and could have up to 5 N decays in their detector
even for a proton decay lifetime of 10° yr.

The number of N decays into a given final state X is
then Ngg = BR(N = X)(Nif.s + Niusays)s With relevant
branching ratios in our mass range given in Ref. [39].

0.030 : :
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% 0.015F — =025Rs |
o - {p =0.1 RGB
= 0.010¢ ]
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Q
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cos ¢,

FIG. 4. The zenith-angle ¢, distribution of the sterile neutrino
flux at the detector for a few representative decay lengths . For
¢p < Rg, the flux becomes increasingly isotropic and eventually
extends to 0 < cos ¢, for £ overburden. The abrupt change in
slope comes from the sharp density change near Earth’s core in
the PREM [48].

We show contours of N, =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 m, ~ |Uzy|*my, with m, € {0.05 eV,
0.45 eV}, the lower bound coming from the atmospheric

mass splitting, /Am2,,, and the upper bound from
KATRIN [49]. For U,y ,y, we focused on the N —

¢ decay, which has a large branching ratio and clean
signature. For U,y, no fully visible N decay exists in the
sub-GeV mass range, so we use N — 7%,. In all three
cases going to smaller my is possible but leaves us with
N — £*¢Fv, a three-body decay involving missing energy.
The chosen production rate [50] 7,,_,y = 6 X 1033 yr cor-
responds to the estimated current limit for p — KN, but is
overly pessimistic for p — zN and especially n — yN,
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
£p ~3x 10* km, and scale with |U,y| 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 suchas N — eTe vin
interplanetary space, analogous to Refs. [53-55] but with
heavier N. We leave this study for future work.
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N - e’ in SK and HK

3.

N - r#u¥ in SK and HK
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FIG. 5. Left: contours of Ny, = 5 sterile neutrino decays N — 7+

sig
decay channels with lifetime 7

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 — £7X or p — 77X could be
hidden from the large water-Cherenkov detectors SK and
HK if my 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 - K*N, N — n*¢7, 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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