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Noncanonical nucleon decays as window into light new physics
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Nucleon decays are generic predictions of motivated theories, including those based on the unification of
forces and supersymmetry. We demonstrate that noncanonical nucleon decays offer a unique opportunity to
broadly probe light new particles beyond the Standard Model with masses below ~ few GeV over decades in
mass range, including axion-like particles, dark photons, sterile neutrinos, and scalar dark matter. Conventional
searches can misinterpret and even completely miss such new physics. We propose a general strategy
based on momenta of visible decay final states to probe these processes, offering a rich physics program for
existing and upcoming experiments such as Super-Kamiokande, Hyper-Kamiokande, DUNE, and JUNO.
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Introduction. Baryon number B appears to be an acciden-
tally conserved symmetry of the Standard Model (SM) that
ensures the stability of protons. However, many consid-
erations strongly motivate and highlight the fundamental
necessity of searching for observable B-violating (BNV)
AB # 0 processes that would constitute a clear sign of new
physics beyond the SM. While strongly suppressed at low
temperatures, B is already violated by three units in the SM
through nonperturbative instanton effects [1]. Global sym-
metries in general, including B or lepton number L, are
expected to be broken by quantum gravity effects [2,3]. The
violation of B is one of the key conditions necessary to
successfully generate the observed asymmetry between
baryons and antibaryons in the early Universe [4]. Nucleon
decays, corresponding to BNV processes, naturally appear
within the context of fundamental grand unified theories
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(GUTs) [5,6] and theories based on supersymmetry (see
Refs. [7,8] for a review).

Significant efforts have been devoted to searching for
fundamental BNV nucleon decays, with over 60 processes
already analyzed over the span of several decades [9].
Diverse strategies for analyzing such processes have been
discussed [10,11]. Most sensitive limits have been
obtained by the Super-Kamiokande large water Cherenkov
experiment [12] (see Ref. [13] for a review), pushing the
nucleon lifetime above ~10°* years for proton decays
p — etn°, p — uta° [14] and ruling out or constraining
broad classes of theories, especially minimal GUT models.
Nucleon decays constitute prime physics targets for
upcoming experiments including Hyper-Kamiokande [15],
DUNE [16], and JUNO [17].

In conventional nucleon decay searches, it has been
assumed that the observable processes only involve SM
fields as the external final states. However, in a variety of
theories, nucleon decay can be induced by external
interactions [18,19], resulting in unusual kinematics of
outgoing particles. In Ref. [20], it was suggested that
p — (e’ + missing energy), combined with the nonobser-
vation of p — e*z°, could be related to the appearance of
sterile neutrinos. Invisible nucleon decays n — (invisible)
have been discussed in the context of new dark sector
fermions related to the neutron lifetime puzzle [21-23] and
unparticles that do not behave like particles [24].

Published by the American Physical Society
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In this work, we demonstrate that noncanonical nucleon
decays (NCNDKs) constitute an underexplored frontier
covering a broad landscape of motivated light new physics
targets beyond the SM spanning decades of orders of
magnitude in the mass range below ~ few GeV, including
scalars [e.g., axion-like particles (ALPs), Majorons], neutral
fermions (e.g., sterile neutrinos, light neutral composite
fields), and gauge bosons (e.g., dark photons). We show that
ongoing and upcoming experiments looking for the conven-
tional nucleon decay modes are sensitive with distinguishable
signatures to a plethora of novel scenarios where the nucleons
can decay into different light states beyond the SM. We
propose a general strategy to exploit these opportunities.

Novel nucleon decays with light states. Nucleon decay
processes mediated by AB # O interactions can be explored in
generality using SM effective field theory [25-28]. From the
low-energy SM perspective, AB = 1 operators start to mani-
fest at the lowest order at dimension six (d = 6). Particularly
well studied are |A(B — L)| = 0 conserving processes, such
as p — e* 7% which is often the dominant channel of non-
supersymmetric theories and sensitive to GUT scale physics
around ~10'® GeV. At d =7, for example, there are
|A(B — L)| = 2 nucleon decays [29,30] such as n — e~z ™"
discussed in the context of the Pati-Salam model and SO(10)
GUTs [31-33]. Additional channels from higher dimensions,
such as p — eTe™u~, can be observable if the scale of new
physics mediating the processes is significantly below GUT
scales [34-36]. A systematic overview of nucleon decay
modes with an emphasis on new inclusive searches can be
found in Ref. [10].

TABLE L

To elucidate light new physics scenarios that can lead to
NCNDKs, we consider effective interactions involving
scalars, pseudoscalars, neutral fermions, and gauge bosons.
These possibilities can be taken to correspond to well-
motivated and actively searched-for scenarios of light new
physics beyond the SM, such as dark scalars that may
contribute to dark matter or Majorons that are Goldstone
bosons associated with the lepton doublet L [37,38], ALPs
that are general (pseudo-)Goldstone bosons of a global
U(1) symmetry breaking (e.g., Ref. [39]), sterile neutrinos
that mix with active SM neutrinos (e.g., Ref. [40]), light
neutral composite fields [41-44], or dark photon gauge
bosons (e.g., Ref. [45]).

In particular, we illustrate such characteristic new phys-
ics interactions, focusing on the operators up to dimension
9 listed in Table I. Furthermore, higher-dimensional oper-
ators can also be constructed similarly [46]. As depicted in
the last columns of Table I, different operators will lead to
one or multiple missing energy contributions in the
nucleon decay final states. Intriguingly, we note that novel
nucleon decay modes n — Na (i.e., an ALP with a sterile
neutrino) as well as n — vX (i.e., a neutrino with a dark
photon) constitute the most minimal invisible nucleon
decay channels, since considering only SM final states
gives n — vwv. Invisible nucleon decays have been
searched for in various experiments [47,48] and could
become significant in models based on extra dimensions
(see, e.g., Refs. [49,50]) or partially unified Pati-Salam—
type theories [51].

We stress that the characteristic list of our NCNDK
modes in Table I is not exhaustive. Dinucleon (see, e.g.,

Characteristic list of SM invariant B-violating operators mediating NCNDKSs in four-component spinor notation involving

the SM as well as additional new light degrees of freedom. Here, ¢» denotes new light scalars, N fermions, X vector fields, and a ALPs,
all being singlets under the SM gauge group. Processes are shown only up to three-body decays.

(@] Operator (AB,AL) Dim Decay modes New field(s)
Opun € (dSN) (dSu,) (1, 1) 6 p(n) = 7zt ON Sterile neutrino
Opiun e’ (Ny,d,)(d;D"u,) (1,-1) 7 n— Ny Sterile neutrino
p(n) = 7O Ny
Ouiey e (dsuy)(eu, )’ (1, 1) 7 p—etd Dark scalar, Majoron
p(n) = eta’g
Opoix b (Q5y,dy)(L;d.)X* (1,-1) 7 n—vX/entX Dark photon
p(n) - vatOx
OuprLirg e“”C(QgiQi)(iidC)qusT (1,-1) n—uvp/entp Dark scalar, Majoron
Opiota e¢(0,a)(05y*dy)(L;d,) (1,-1) n—valenta ALPs
ODdzuNa eabc(aﬂa)(]vy”du)(a;;uc) (l, —1) n — Na ALP with
p(n) = 7t ONa Sterile neutrino
Ouuoel & b (eu,)(0%'y,d.)(Liy"N¢) (1,-1) 9 p—euN Sterile neutrino
n—ete N
OduzeNz eabc(ZlZub)(éCuC)(NcN) (1,3) 9 p = etNN Sterile neutrino
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Refs. [52,53] for dinucleon decays with SM final states)
and trinucleon decays (see, e.g., Ref. [54] for trinucleon
decays with SM final states) and new radiative modes
analogous to p — ey with SM final states [55] are also
possible. More so, as exemplified by n — Na, a broad
variety of additional NCNDKs involving a combination of
novel light final-state particles that can have distinct
theoretical motivations are feasible. We leave a compre-
hensive systematic analysis of possible NCNDK channels
for future work.

The two-body NCNDK widths corresponding to the
operators in Table I are given by

1 AY2(my, m;,m)) e
[ij=———LIN MY (1)
=Y 6n my, 21:

with A being the Killén function A(x,y,z)=

x* +y? + 72 — 2xy — 2yz — 2zx. Here the Wilson coeffi-
cient C; corresponding to the operator O; is obtained by
integrating out all of the heavy degrees of freedom
mediating NCNDK in a UV completion at the heavy
new physics scale. The matrix element M; is evaluated
by taking the values provided from lattice QCD simulations
(e.g., Ref. [56]) at a typical hadronic scale yy = 2 GeV and
then taking into account the running of the operators
between 4 and the heavy new physics scale.

For the three-body nucleon decay, the differential rate for
v — ijk is given by

dry,_;; 1 1 2my,|p; r
ol 3 3 2W|pll > dt|M,_ipl?. (2)
dipil  (2r)*32my \/m?+|p* )
where s = (p, — p;)* and 1= (p,—p;)*. A concise
summary of the details of the kinematics and the matrix
element calculation, including the form factor formalism

and renormalization group running, are provided in the
Appendices.

Ultraviolet model completion. We now illustrate how
two characteristic distinct processes from Table I, based
on Op,y leading to p — Nzt and Oppp, leading to
p— e, can be realized within concrete models.
For p — Nz, the sterile state N must have a mass below
the proton mass. Further, given our BNV effective
interaction, a natural context to consider it in is the left-
right symmetric models [57-60] with the gauge group
GreSUQB)e xSUQ2), xSUQR2)g xU(1)g_,. If the
masses of right-handed neutrinos N are significantly lighter
than the right-handed gauge bosons, and the right-handed
gauge bosons lie well above the electroweak scale, then the
feebleness of the right-handed interactions make N effec-
tively “sterile” states.

To mediate the p — Nz™ mode, we need mediators
with diquark and leptoquark couplings, which are well
known to be present in theories unifying leptons and
quarks, like the Pati-Salam model [61] [based on the gauge

group Gps € SU(2); x SU(2)g x SU(4),, which can be
embedded in SO(10)]. However, in the conventional
minimal nonsupersymmetric SO(10) GUT models, the
right-handed neutrino mass my is often intimately linked
with SU(2), breaking occurring at relatively high scales
O(10'271%) GeV, which is necessary to realize the conven-
tional high-scale seesaw. Therefore, p — Nz is difficult to
realize in this context.

The related conventional nucleon decay with SM final
states p — z7v can be mediated via the leptoquark- and
diquark-type mediators (in the 126, multiplet) with masses
close to the GUT scale. However, the resultant dimension-
six operators are significantly suppressed because
of the GUT-scale mediators. Sizable proton decay rates
can be obtained in the supersymmetric version of this
model [62,63].

The implementation of SO(10) breaking through the
Pati-Salam route with an explicit D-parity breaking [64—67]
can lead to light enough my, realizing p — Nz at tree
level without supersymmetry [68]. The most salient
features regarding this scenario are as follows. (i) The
SO(10) breaking scale my, D-parity breaking scale mp,
the Pati-Salam symmetry breaking scale mpg, SU(2), (in
G r) symmetry breaking scale mp, and B — L symmetry
breaking scale mp_; can be decoupled: my > mp >
Mmpg > mp > mp_; > mgy. (1) For type-II seesaw
neutrino mass dominance, the active neutrino mass is
given by m, =~ pv>my/M(c), where f is O(1) constant,
v ~ 246 GeV is the electroweak vacuum expectation value,
and M and o are of the order of mp [71,72]. (iii) For
mp >> mpg ~ my,, this allows for a decoupling of masses
my << mpg, in contrast to the case of the type-1 seesaw
scenario.

An example diagram for the p — Nz decay within this
model is shown in Fig. 1. The resulting proton lifetime is
given by

2 -1 mie 4 m 4
my 126 10y
(GeV2 + 086) (2>< 108 GeV) <2>< 108 GeV)

2

n+)/12 )42 V(1,1,15) 4 ’
dN""ud \ 2x10% GeV
(3)

where 4,y and 4, are the Yukawa couplings in Fig. 1 (left).
Since the diquark and leptoquark mediator masses are
generated when SU(4). is broken to U(1)z_; x SU(3).
at the scale mpg via the Pati-Salam multiplet
(1,1,15) € 210y, their masses are of order mpg instead
of my as in the conventional case. As a benchmark,
assuming my ~400 MeV and mpg ~2 x 108 GeV, we
find 7, y,+ ~ 1.1 x 10% years, which could be within
the reach of Hyper-Kamiokande [15].

The effective interaction O,,z,, leading to p — e*¢p
can be realized at tree level, as shown in Fig. 1, within
minimal ultraviolet extensions of the SM. One such

Tp—)Nﬂ.'Jr —
8.1x 107y

A2 (m2 m%m
GeV?
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X V(1,1,15) ~ MPS

FIG. 1.
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Left: proton decay p — z"N in the GUT model described in the text, with representations shown for SO(10) GUT, and the

vacuum expectation value for the Pati-Salam gauge group SU(2), x SU(2) x SU(4).. Right: proton decay p — e*(u")¢ mediated

by the S; and ) leptoquarks. See text for details.

scenario comprises two copies of the scalar leptoquark
S1,8): (3,1,1/3). The relevant interactions are

LD ys cufdySy — ys dyeqS) — mdSiS|.  (4)

Here, e corresponds to the SU(3), antisymmetric tensor.
Rapid proton decays at dimension six, mediated via the
coexistence of leptoquark and diquark couplings of S, in
all generality, are absent in the case where §; only has
diquark couplings, while S} only has leptoquark couplings.
When the above trilinear coupling y; is considered instead,
the combination of the S| and S leptoquarks can lead to an
experimentally interesting proton decay lifetime, given by

) ms, 4 ms’] 4
Pt GeV 105GeV ) \105GeV (5)

20x 10y 12 (m2 m2.m2 5 5 2
0x10%y 4 (mwmwmlﬁ) ySlyS/l 1015ﬂé;ev

T

As a benchmark, taking m, ~ 700 MeV, Mg ~ 100 TeV,
py ~mg, ~10" GeV, and the couplings ys ~ys ~ 0.4,
we find 7,4 ~ 1.1 x 10% years.

Observational strategy and visible momenta. Traditionally,
nucleon decay searches have focused on processes where
the decay products are a combination of the SM photon,
charged leptons, light mesons, or missing energy associated
with active neutrinos, depending on the process. For these
modes, the expected number of events after background
subtraction shows a peaked distribution in the momentum
of the observable particle(s), as highlighted, e.g., by
spectral searches at Super-Kamiokande [52,73,74].

For novel NCNDKs with light but not massless new
particles in the final state, the momenta distributions of
experimentally visible SM final-state constituents can
significantly differ with respect to the conventional nucleon
decays, with distributions peaking at lower momenta
compared to analogous modes with nearly massless neu-
trinos. Here, we do not distinguish neutrinos and
antineutrinos.

In Fig. 2, we compute and illustrate the distribution of
visible particle momenta of 7z (solid black) and e™ (solid
red) for two- and three-body decay modes, p — n'v
(searched for in Ref. [73]) and p — etwv (searched for

in Ref. [74]), respectively. The importance of nucleon
decay momenta distributions, in the case of conventional
nucleon decays with SM constituents in the final state, was
highlighted in Refs. [10,75].

In Fig. 2 we display (dashed and dotted black and
red lines) NCNDK modes that provide similar visible
final-state signatures as nucleon decays with SM final
states, but with dramatically distinct peaked momenta
distributions [76]. Here, we assume mjy = 400 MeV and
my =700 MeV. We note that the effects of the Fermi
motion (e.g., Ref. [77]), nuclear binding energies (e.g.,
Ref. [78]), and predicted nucleon-nucleon correlation in
decays [79] can contribute to the modification of the
momenta distributions for nucleon decays in nuclei.

Modified momenta associated with NCNDKs can sig-
nificantly impact conventional nucleon decay searches,
which can misinterpret or even completely miss such
processes, as we discuss. The Super-Kamiokande spectral
search for p — eTvv [74] and p — etX (here X was
assumed massless) [52] considered a sample with an
imposed visible reconstructed e™ momentum cut of
100 MeV < p, < 1000 MeV. For p — etw, 97% of
the true visible signal momentum distribution lies above
100 MeV. On the other hand (see Fig. 2 examples), for a
sterile neutrino with mass m, = 400 MeV, for NCNDK

14; —ponty —— poew ]
—rl_‘ 12F 7N —mm= PN —=== pe"NN ]
>0 LAY ]
8 10; ,’I \“ ---------- p ot e p—e'yN ]
= A A :
N 8 ! 1 ]
3 [ '/ lnl B ]
= 6 ! 1 i 1
S b : P ]
= 4F / H i \ ]
= b 1 g
AN L [ ]
2r; - koA ]
i v 1 ]
1 L o 1% - U Y
8.0 0.1 0.2 0.3 0.4 0.5
il [GeV]

FIG. 2. Normalized distribution of visible particle momentum
|p;| for ie{xt,e",u"} in two- and three-body decays, for a
sterile neutrino mass my = 400 MeV and dark scalar mass
my = 700 MeV. The two-body distributions have been multi-
plied by a factor of 1 for visibility.
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p — e¢"NN only 26% of the true visible momentum
distribution exceeds 100 MeV. However, in the case of
NCNDK p — e*vN, such my gives 95% of the signal
momentum distribution above the cut. Hence, signal
efficiency can be dramatically modified in NCNDKs,
leading to a misinterpretation of signals and with lifetime
limits altered by over a factor of a few.

More crucially, as we illustrate in the case of a sterile
neutrino my = 420 MeV, the channel p — e NN is com-
pletely invisible in the search as visible et momentum is
always below 100 MeV. Similarly, for the two-body
channel p — e*¢ and dark scalar ¢ mass m, = 840 MeV,
the peaked visible e™ momentum is also completely below
100 MeV, while for my = 700 MeV the e™ peak is visible
above 100 MeV but mostly invisible above a similar muon-
specific cut of 200 MeV for p — ut¢ [52]. Hence,
conventional searches can completely miss such physics.

We note that, even if the whole relevant visible momen-
tum range of NCNDK is accessible, a shift to a lower
momentum distribution due to light new physics compared
to SM final-state searches can lead to distinct results. This
is possible, for example, if the uncertainties or signal
efficiencies are not uniform over momenta distributions.

In dinucleon or trinucleon decays, higher available
maximum energies allow to probe new light physics
final-state constituents with masses above GeV and unlock
additional accessible parameter space.

Conclusions. Nucleon decays have long been sought as key
signatures of motivated fundamental theories. We demon-
strated that noncanonical nucleon decays offer a unique
window of opportunity for broad exploration of light new
physics beyond the SM, including dark photons, ALPs,
sterile neutrinos, and scalar dark sectors. As we showed,
conventional nucleon decay searches can both misinterpret
and completely miss such new physics. We proposed a
general strategy based on the momentum distribution of
decays, especially with invisible final states, which offers a
rich program connecting distinct subfields to search for
new physics through noncanonical nucleon decays in
existing and upcoming major experiments, such as
Super-Kamiokande, Hyper-Kamiokande, DUNE, and
JUNO.
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Appendix A: Two- and three-body nucleon decays. To
calculate the rate of nucleon decay via the operators in
Table I, we use the nucleon form factor [56]

(7leape (q“CPrq®) Prg‘ly)
4 ilﬁ /
= Pro| W (. p?) == WiT (. p?) |y,
v

(A1)

where y € {n, p} is a nucleon and g € {u,d} is a quark
[80]. Furthermore, p is the transferred momentum, y is
the energy scale, and I',I" € {L, R} denote left- or right-
handed chiralities. For convenience, we also define the
matrix element for a purely right-handed operator as

(7leanc(q°CPRrq")Prq‘ ) = Fiy(u, p*)u,,.  (A2)
We now turn to the decay p — z*N as an example,
which may be induced by Op,y from Table I. The
matrix element can be written as

Mp—m*N = <Nﬂ+|cd2uN(:uNP)chzuN|p>’ (A3)

where, using Eq. (A2), we have

M win = U/(ﬂNPvﬂO)CdzuN(ﬂNP)FZ+ (uo- my )u, Piy.
(A4)
As another example, we consider the decay p — et ¢

mediated via O, from Table 1. The matrix element
can be written as

Mp—»e*t]ﬁ = <e¢|cdeuz(/)(:uNP)Odeuz(/)|p>’ (AS)
where the form factor is given by [56]
<O|€abc(6]aPrqb)Pr’Clc|‘//> = lx;/(ﬂ)Pr’”y/- (A6)

Using Eq. (A6), we have

Mooty = U'(np #0) Corg (inp) @y (1o ), PRit,. (A7)

From these two-body decays, we can calculate the decay
width as

1 ll/z(my/’mi’mj) 2
y—ij :Em—;’p\/ly/—)t/‘ .

(A8)
Here, the momentum p; of the final-state particles i and j
have opposite directions and the same magnitude |p,|
given by
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A2 (md, m?, m?)

- (A9)

|I31| =

The differential rate for the three-body y — ijk mode
with respect to the momentum of the final-state particles is
given by

dl—‘z//—ﬂjk: ds dr(//—»ijk
dp;|  dlp;| ds

(A10)

where s = (p, — p;)* and where in the center-of-mass
frame we have

d 2m, |
s ___ 2mylpi (A11)

dpl  /m>+|p*

The differential decay rate with respect to s is given by

dar, _;; 1 1 rr
w—ijk 2
= dt M —ij
ds (27) 32m;, [ My

for 1 = (p,, — p;)*, where

(A12)

(my, — m; +m3 —my)?

+
t —
4s

1
—— (A2 (s, m2, m?) F A2 (s, m%, m2))%.

I 2 2 (A13)

Appendix B: Running of effective interactions. The
running of the strong coupling ag between the scale of
the nucleon decay y and the scale at which the operator
is generated punp 1is incorporated by the function
U’ (pnps Ho)- Assuming pxp > m, and my, > pog > m,, it
is given by

N;=6 N;=5
U,(/‘NPa//‘O) =U,; ! (/lNP,m;>U[ ! (m,,mb)

N,—4
x U "™ (my, po),

where [81]

N ag(u }’?/2/30
Uif(.“]v,“Z) = < S( 2)>

vi Pro) @s(ua) — as(u)
<[+ G- o) 2w

K
%)
—
=
-

(B2)

For the operators given in the examples above, we have

2 38
14 4
Yo = —4, 71 = _<? +§Nf>, (B4)

where Ny is the number of fermions.
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