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We investigate baryon number violating (BNV) nucleon decays into three leptons from noncontact
contributions that are induced by dimension-6 (dim-6) BNV operators in low-energy effective field
theory (LEFT) with an exchange of a baryon, meson, lepton, or photon field. We systematically
classify all these processes that change lepton flavor by one unit and formulate their decay widths in
terms of the dim-6 LEFT Wilson coefficients. By applying constraints on these Wilson coefficients
derived from current experimental limits on BNV two-body nucleon decays, we obtain stringent and
robust bounds on the rates of these triple-lepton modes. These bounds vary significantly from one
dim-6 operator to another under consideration. Our results for the ∆(B − L) = 0 modes differ by
several orders of magnitude from previous phase-space estimates in the literature, thereby providing
a more reliable assessment of their potential occurrence. In addition, we provide improved bounds
on ∆(B +L) = 0 modes compared to the existing experimental limits.

I. INTRODUCTION

Baryon number violation (BNV) is predicted in var-
ious scenarios beyond the standard model (SM) [1–7],
and searching for nucleon decay offers the most practi-
cal and feasible way to test it, thanks to the abundance
of nucleons in terrestrial experimental setups. Among
various nucleon decay modes, exotic nucleon decays into
three leptons are particularly intriguing, due to their
clear experimental signatures compared to the conven-
tional two-body modes involving a meson. Over the
past few decades, experiments such as IMB [8, 9], Super-
Kamiokande [10, 11], and SNO+ [12, 13] have searched
for these exotic decays and established stringent limits
on their occurrence, setting lower bounds on the partial
lifetimes Γ−1 (aka the inverse partial decay width) at the
level of 1030 to 1034 years [14]. The current and upcom-
ing neutrino experiments, including JUNO [15], Hyper-
Kamiokande [16], DUNE [17], and Theia [18], are ex-
pected to further probe these modes with unprecedented
sensitivity.

In light of upcoming experimental efforts, it is timely
to examine these decays systematically from a theoret-
ical perspective. Focusing on SM leptons, the nucleon
triple-lepton decay modes N → lxlylz, with N = p, n and
lx,y,z = e±, µ±, νe,µ,τ , ν̄e,µ,τ , can be classified according to
a generalized lepton flavor number ∆FL = 1, 3. Here,
∆FL ≡ ∣∆Fe∣+ ∣∆Fµ∣+ ∣∆Fτ ∣, with ∆Fi (i = e, µ, τ) denot-
ing the number of change of the i-flavor. The ∆FL = 1
class corresponds to the cases where only one lepton fla-
vor changes by one unit, and these modes are listed in
Table I. Working in the low energy effective field theory
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Class ∆(B −L) = 0 ∆(B +L) = 0

M
o
d
e

p→ ℓ−xℓ
+
yℓ
+
z n→ ℓ+xℓ

−
yνz

n→ ℓ−xℓ
+
y ν̄z p→ ℓ+xνyνz

p→ νxℓ
+
y ν̄z n→ ν̄xνyνz

n→ νxν̄y ν̄z

TABLE I. Classification of all possible nucleon triple-lepton
decay modes with ∆FL = 1. The lepton flavor indices x, y, z
are related by x = y or x = z.

(LEFT) [19, 20], the leading order contributions to the
∆FL = 1 decays are from noncontact diagrams that are
generated by dim-6 BNV interactions augmented by SM
interactions with the exchange of a lepton, baryon, pho-
ton, or meson. In contrast, the decays with ∆FL = 3
can only be mediated at the leading order by local dim-9
LEFT interactions.
In this Letter, we focus on the ∆FL = 1 decays while

leaving those with ∆FL = 3 in the upcoming paper [21].
We aim to derive robust bounds on the partial life-
times of the ∆FL = 1 decays in chiral perturbation the-
ory (ChPT), assuming that their dominant contributions
arise from dim-6 LEFT BNV interactions. These bounds
are obtained by utilizing available constraints on the Wil-
son coefficients (WCs) of the relevant dim-6 operators.
Our final results, summarized in Tables IV and V, show
that the newly derived bounds vary from one operator to
another by several orders of magnitude, and significantly
improve upon the existing experimental limits.
The remainder of this Letter is organized as follows. In

Section II, we begin by collecting the relevant dim-6 BNV
operators along with their counterparts in ChPT. Next,
in Section III, we examine the leading-order Feynman
diagrams that contribute to these nucleon decay modes
due to dim-6 operators. Our expressions for the decay
widths, together with the newly derived bounds, are pre-
sented in Tables IV and V of Section IV. Our conclusions
are summarized in Section V. Additionally, the involved
SM four-fermion interactions and chiral interactions are
collected in Section A and Sections B and C, respectively,
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while the experimental bounds on the two-body nucleon
decays and the branching ratios of the meson leptonic
decays are summarized in Section D.

II. EFT DESCRIPTIONS OF ∆FL = 1 NUCLEON
TRIPLE-LEPTON DECAYS

∆(B −L) = 0 ∆(B +L) = 0
OLL

νdud (νC
Ld

α
L )(uβC

L dγL )ϵαβγ OLL
ℓ̄ddd (ℓRd

α
L )(dβCL dγL )ϵαβγ

OLL
ℓudu (ℓCLu

α
L )(dβCL uγ

L )ϵαβγ ORL
ν̄dud (νLdαR )(uβC

L dγL )ϵαβγ

ORL
ℓduu (ℓCRd

α
R )(uβC

L uγ
L )ϵαβγ ORL

ν̄udd (νLuα
R )(dβCL dγL )ϵαβγ

ORL
ℓudu (ℓCRu

α
R )(dβCL uγ

L )ϵαβγ ORL
ℓ̄ddd (ℓLd

α
R )(dβCL dγL )ϵαβγ

OLR
ℓduu (ℓCLd

α
L )(uβC

R uγ
R )ϵαβγ OLR

ℓ̄ddd (ℓRd
α
L )(dβCR dγR )ϵαβγ

OLR
ℓudu (ℓCLu

α
L )(dβCR uγ

R )ϵαβγ ORR
ν̄dud (νLdαR )(uβC

R dγR )ϵαβγ

OLR
νddu (νC

Ld
α
L )(dβCR uγ

R )ϵαβγ ORR
ℓ̄ddd (ℓLd

α
R )(dβCR dγR )ϵαβγ

OLR
νudd (νC

Lu
α
L )(dβCR dγR )ϵαβγ

ORR
ℓudu (ℓCRu

α
R )(dβCR uγ

R )ϵαβγ

TABLE II. Dim-6 BNV operators in the LEFT with ∆B = 1
and ∆L = ±1. α,β, γ are color indices while flavor indices are
omitted for simplicity.

The BNV nucleon decays are well described in the
LEFT framework [19, 20, 22–27], which serves as a sys-
tematic approach to processes occurring below the elec-
troweak scale, ΛEW. In LEFT, the lowest-order BNV in-
teractions appear at dimension 6 and are categorized ac-
cording to their net baryon (B) and lepton (L) number
changes into two classes: those with ∆(B − L) = 0 and
those with ∆(B+L) = 0, as summarized in Table II. They
consist of three quark fields and one lepton field, which
can be either a charged lepton or a neutrino.

To calculate nucleon decay matrix elements due to the
above dim-6 operators involving light u, d, s quarks, a
powerful and systematic method is to match the quark-
level interactions into hadronic counterparts through
ChPT, with quark degrees of freedom being traded by
light hadrons. In the mesonic ChPT extended with octet
baryons [28–30], the relevant hadronic degrees of freedom
are the octet meson and baryon fields that are organized
in matrix form,

Σ(x) = ξ2(x) = exp ( i
√
2Π(x)
F0

), (1a)

Π(x) =
⎛
⎜⎜⎜
⎝

π0
√
2
+ η
√
6

π+ K+

π− − π0
√
2
+ η
√
6

K0

K− K̄0 −
√

2
3
η

⎞
⎟⎟⎟
⎠
, (1b)

B(x) =
⎛
⎜⎜⎜
⎝

Σ0
√
2
+ Λ0
√
6

Σ+ p

Σ− − Σ0
√
2
+ Λ0
√
6

n

Ξ− Ξ0 −
√

2
3
Λ0

⎞
⎟⎟⎟
⎠
. (1c)

Here F0 = (86.2 ± 0.5)MeV denotes the pion decay con-
stant in the chiral limit. Under the QCD chiral group,
Gχ = SU(3)L ⊗ SU(3)R, the meson field Σ transforms

as Σ → L̂ΣR̂†, where (L̂, R̂) ∈ Gχ. ξ transforms as

ξ → L̂ξh† = ĥξR̂†, where ĥ is a function of L̂, R̂, and ξ,

and the baryon field transforms covariantly as B → ĥBĥ†.
The relevant operators responsible for nucleon de-

cays involve light u, d, s quarks and transform under Gχ

as irreducible representations (irreps) 888L(R) ⊗ 111R(L) and

3̄33L(R) ⊗ 333R(L). Denoting the triple-quark component of
each operator by Ni and the product of the lepton field
(Ψi) and its corresponding WC (Ci) as the spurion field

Pi = CiΨi, the BNV Lagrangian reads

L /B = Tr[P888L⊗111RN888L⊗111R + P333L⊗3̄33RN3̄33L⊗333R] + L↔ R. (2)

Here, the triple-quark components and the spurion fields
have been organized as matrices in flavor space. For ref-
erence, they are collected in Eqs. (B1) and (B2) of Sec-

tion B. Under (L̂, R̂) ∈ Gχ, they transform as

N888L⊗111R → L̂N888L⊗111RL̂
†, N3̄33L⊗333R → R̂N3̄33L⊗333RL̂

†, (3a)

P888L⊗111R → L̂P888L⊗111RL̂†, P333L⊗3̄33R → L̂P333L⊗3̄33RR̂
†. (3b)

At leading chiral order, their chiral realizations take the
following form [23, 26, 31]:

LChPT/B = c1Tr [P3̄33L⊗333RξBLξ − P333L⊗3̄33Rξ
†BRξ

†]
+ c2Tr [P888L⊗111RξBLξ

† − P111L⊗888Rξ†BRξ] +H.c., (4)

where BL(R) ≡ PL(R)B represent the chiral baryon fields.
The low energy constants (LECs) c1 and c2 are also de-
noted by α and β in the literature, and the recent lat-
tice QCD calculations yield c1 = −0.01257(111)GeV3 and
c2 = 0.01269(107)GeV3 [32]. By expanding Eq. (4) to the
desired order in the pseudoscalar meson fields, one ob-
tains the explicit BNV interaction terms involving one
lepton, one baryon, and any number of meson fields.
These results are summarized in Section B.
Since we are concerned with noncontact contributions

to nucleon decays into three leptons, additional baryon
number conserving (BNC) interactions from the SMmust
be incorporated. These interactions include the QED in-
teractions for charged leptons and nucleons, the strong
interactions between the octet baryons and mesons, and
the charged- and neutral-current weak interactions be-
tween lepton pairs and mesons or baryons. A detailed
description of all these interactions can be found in Sec-
tion C.

III. LEADING-ORDER DIAGRAMS

Using the two- and three-point BNV vertices pro-
vided in Eqs. (B3) and (B4), the QED vertices in
Eq. (C1), the strong interactions of the octet mesons
and baryons in Eq. (C4), as well as the neutral- and
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Mode Feynman diagrams

∆
(
B
−
L
)
=
0

p→ ℓ−xℓ
+

xℓ
+

y

(xy = ee, µµ, eµ,µe)
p

ℓ+x
ℓ−xγ

p
ℓ+y p

ℓ+x
ℓ−xγ

ℓ
ℓ+y p

ℓ+x
ℓ−xπ0, η ,K0

p ,Σ+
ℓ+y p

ℓ+x
ℓ−xπ0, η ,K0

ℓ+y

n
→

ℓ− x
ℓ+ x
ν̄ x

(
x
=
e,
µ
)

n→ ℓ−xℓ
+

xν̄y
(xy = eµ, eτ,

µe, µτ) n

ℓ+x
ℓ−xγ

n
ν̄y

—

n

ℓ+x
ℓ−xπ0, η ,K0

n ,Λ0,Σ0
ν̄y n

ℓ+x
ℓ−xπ0, η ,K0

ν̄y

n→ ℓ−xℓ
+

y ν̄x
(xy = eµ,µe)

n

ν̄x
ℓ−x

p
ℓ+y n

ν̄x
ℓ−x

ν
ℓ+y n

ν̄x
ℓ−xπ

p
ℓ+y n

ν̄x
ℓ−xπ
ℓ+y

p
→

ℓ+ x
ν x
ν̄ x

(
x
=
e,
µ
)

p→ νxℓ+y ν̄x
(xy = µe, τe,

eµ, τµ) p

ν̄x νx

p
ℓ+y p

ν̄x
νx

ℓ
ℓ+y p

ν̄x
νx

ℓ+y p

ν̄x
νx
ℓ+y

p→ νxℓ+xν̄y
(xy = eµ, eτ,

µe, µτ) p

ℓ+x νx

n,Λ0,Σ0
ν̄y p

ℓ+x
νx

ℓ
ν̄y p

ℓ+x
νxπ,K

n,Λ0,Σ0
ν̄y p

ℓ+x
νxπ,K

ν̄y

n→ νxν̄xν̄y
(x, y = e, µ, τ)

n

νx
ν̄x

n
ν̄y n

ν̄x
νx

ν
ν̄y n

ν̄x
νx

ν̄y n

ν̄x
νx
ν̄y

∆
(
B
+
L
)
=
0 n
→

ℓ− x
ℓ+ x
ν x

(
x
=
e,
µ
)

n→ ℓ−xℓ
+

xνy
(xy = eµ, eτ,

µe, µτ) n

ℓ+x
ℓ−xγ

n
νy

—

n

ℓ+x
ℓ−xπ0, η ,K0

n ,Λ0,Σ0
νy n

ℓ+x
ℓ−xπ0, η ,K0

νy

n→ ℓ+xℓ
−

yνx
(xy = eµ,µe)

n

ℓ+x νx

Σ−
ℓ−y n

ℓ+x
νx

ν
ℓ−y n

ℓ+x
νxK

Σ−
ℓ−y n

ℓ+x
νxK

ℓ−y

p→ ℓ+xνxνy
(xy = ee, µµ,
eµ, eτ, µe, µτ) p

ℓ+x νx

n,Λ0,Σ0
νy

—

p

ℓ+x
νxπ,K

n,Λ0,Σ0
νy p

ℓ+x
νxπ,K

νy

n→ ν̄xνxνy
(x/y = e, µ, τ)

n

ν̄x νx

n
νy n

ν̄x
νx

ν
νy n

ν̄x
νx
νy n

ν̄x
νx
νy

TABLE III. Diagrams showing leading-order noncontact contributions to nucleon triple-lepton decays. The cyan blobs denote
the BNV vertices, while the purple squares and black (hollow) dots indicate the SM strong and weak charged- (neutral-)current
vertices, respectively.

charged-current weak interactions involving mesons and
baryons in Eqs. (C5) to (C7), we can construct all pos-
sible leading-order Feynman diagrams for each process.
Table III summarizes the diagrams induced by the dim-
6 BNV operators for the seven classes of ∆FL = 1 pro-
cesses listed in Table I. The crossed diagrams for identical
final-state particles are not shown for simplicity. These
diagrams can be categorized into three types: photon-
mediated diagrams, pseudoscalar-meson-mediated dia-
grams (shown in the last two columns), and diagrams
involving weak four-fermion interactions. The meson-
mediated diagrams with a gray background vanish in
the limit of mν → 0, while the diagrams involving weak

charged-current four-fermion vertices shown in gray, as
well as the meson-mediated diagrams with their inter-
mediate particles highlighted in gray, are subdominant
compared to the other retained diagrams in the presence
of the same dim-6 BNV vertices. Therefore, we omit the
diagrams related to gray in the calculations and only keep
the dominant contributions from each relevant operator
in every process.

It should be noticed that diagrams mediated by pseu-
doscalar mesons can also be replaced by octet vector
mesons such as ω, ρ,K∗. However, for a given dim-6 BNV
operator, these contributions are suppressed compared
to other diagrams involving the same operator shown in
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Table III. This suppression arises mainly from three fac-
tors. First, vector mesons have relatively larger masses
and widths, which leads to suppression through prop-
agator effects. Second, their couplings to charged lep-
ton currents are extremely small, as evidenced by the
much smaller branching ratios of their leptonic decays,
as shown in the last two columns of Table VII in Sec-
tion D. Third, the ρ0- and ω-mediated diagrams involve
the same BNV operators as the photon-mediated dia-
grams. Due to their small leptonic branching ratios, the
former contributions are negligible compared to the lat-
ter.

In the following, we provide a detailed discussion of
the leading contributions to the processes in each class,
along with the corresponding BNV operators that induce
them. We start with the ∆(B −L) = 0 sector.

p→ ℓ−ℓ+ℓ+ class:p→ ℓ−ℓ+ℓ+ class:p→ ℓ−ℓ+ℓ+ class: For proton decays into three charged
leptons, there are four ∆FL = 1 processes: p → e−e+e+,
p → µ−µ+µ+, p → e−e+µ+, and p → µ−µ+e+. They

are induced by the dim-6 operators OXY,e(µ)
ℓuud via photon-

mediated and π0, η-mediated diagrams, and by the op-

erators OXY,e(µ)
ℓusu through K0-mediated diagrams. The

generic chirality labels X,Y = L,R are used throughout our
paper. Among these contributions, those mediated by
π0 and η are suppressed relative to the photon-mediated
ones. Contributions from K0-mediated diagrams are
kept because they involve distinct operators.

n→ ℓ−ℓ+ν̄ class:n→ ℓ−ℓ+ν̄ class:n→ ℓ−ℓ+ν̄ class: These processes can be divided into
three groups based on their lepton flavor combinations:
n → ℓ−xℓ

+
xν̄y≠x, n → ℓ−xℓ

+
y≠xν̄x, and n → ℓ−xℓ

+
xν̄x. For

the first group, n → ℓ−xℓ
+
xν̄y≠x, the dominant contri-

butions arise from the photon-mediated diagrams in-

volving the operators OLR(LL),y
νdud , as well as from the

K0-mediated diagrams associated with the operators

OLR,y
νuds,O

LR(LL),y
νdsu ,OLR(LL),y

νsud . In the second group, n →
ℓ−xℓ
+
y≠xν̄x, the leading contributions come from the di-

agrams with a four-lepton vertex via the operators

OLR(LL),y
νdud as well as from the π±-mediated diagrams due to

the operators OXY,y
ℓuud. Finally, for the third group, which

includes the processes n → e−e+ν̄e and n → µ−µ+ν̄µ, the
dominant contributions are a combination of those de-
scribed in the first two groups.

p→ ℓ+νν̄ class:p→ ℓ+νν̄ class:p→ ℓ+νν̄ class: Similarly to the n → ℓ−ℓ+ν̄ class, the
processes in this class are categorized into three groups:
p → νxℓ

+
y≠xν̄x, p → νxℓ

+
xν̄y≠x, and p → νxℓ

+
xν̄x. In the

first group, the four relevant processes (p → e+νµν̄µ,
p → e+ντ ν̄τ , p → µ+νeν̄e, p → µ+ντ ν̄τ ) are uniquely in-

duced by the operators OXY,y
ℓuud. For the second group,

the processes can be generated both by the operators
OXY,y

ℓuud through the four-lepton vertex diagrams and by

the operators OLR,y
νuds,O

LR(LL),y
νdsu ,OLR(LL),y

νsud (OLR(LL),y
νdud ) via the

K±(π±)-mediated diagrams. Finally, the two processes
in the third group, p → e+νeν̄e and p → µ+νµν̄µ, receive
combined contributions from both the first and second
groups.

n→ νν̄ν̄ class:n→ νν̄ν̄ class:n→ νν̄ν̄ class: The processes in this group are uniquely

induced by the operators OLR(LL),y
νdud through diagrams

that involve weak neutral-current four-fermion vertices
from both neutrino-neutron and neutrino-neutrino inter-
actions.
In the ∆(B + L) = 0 sector, the leading-order di-

agrams for the decay n → ℓ−ℓ+ν closely resemble
those for n → ℓ−ℓ+ν̄, with the difference being the
BNV operators involved. Specifically, the photon-

mediated diagrams involve the operators ORL(RR),y
ν̄dud , while

the K0- and K±-mediated diagrams are induced by

ORL,y
ν̄uds,O

RL(RR),y
ν̄dsu ,ORL(RR),y

ν̄sud and OXY,y

ℓ̄dds
, respectively. For

the decay p → ℓ+νν, the dominant contributions arise
from the π±- and K±-mediated diagrams induced by the
same set of operators as in n → ℓ−ℓ+ν excluding OXY,y

ℓ̄dds
.

Lastly, the processes in the class n → νν̄ν̄ are uniquely

generated by the operators ORL(RR),y
ν̄dud .

IV. RESULTS

Having identified the leading-order diagrams and the
relevant BNV operators in the previous section, we now
proceed to calculate their decay widths and derive new
robust bounds on their occurrence. For a generic nucleon
triple-lepton decay mode, N(p) → l1(p1)l2(p2)l3(p3), the
decay amplitude associated with the retained diagrams in
Table III can be directly written down using the vertices
provided in Sections B and C. The corresponding decay
width is then calculated as

Γ = 1

S!

1

256π3

1

m3
N
∫ ds∫

t+

t−
dt ∣M∣2, (5)

where ∣M∣2 denotes the spin-averaged and -summed ma-
trix element squared, and S(= 1,2) is a symmetry factor
accounting for identical particles in the final state. The
kinematically allowed integration regions are specified by

(m1 +m2)2 ≤ s ≤ (mN −m3)2,

t± = (E∗2 +E∗3 )2 − (
√

E∗22 −m2
2 ∓
√

E∗23 −m2
3)

2

,

E∗2 =
s −m2

1 +m2
2

2
√
s

, E∗3 =
m2

N − s −m2
3

2
√
s

. (6)

Here, s ≡ (p1 + p2)2 and t ≡ (p2 + p3)2, where pi rep-
resents the four-momentum of the i-th final-state lepton
andmi denotes its mass. In calculating each decay width,
interference terms between operators differing in lepton
and quark flavor configurations are neglected. However,
interference terms between operators sharing the same
flavor combinations but differing in chiral structures are
retained.
In practice, the purely meson-mediated contributions

experience resonance enhancement and can be factorized,
using the narrow-width approximation method, into the
product of the relevant two-body nucleon decay width
and the corresponding meson decay branching ratio, i.e.,
ΓN→l1l2l3(Ci) = ΓN→Ml1(Ci)BM→l2l3 . Here, Ci denote the
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∆(B −L) = 0

Mode Decay width expression Γ [10−9GeV5] Bounds on Γ−1 [yr]
This work Experiment Ref. [33]

p→ e−e+e+
2.35 (∣CL,e

ℓuud∣
2 + ∣CR,e

ℓuud∣
2) − 0.0045R (CL,e

ℓuudC
R,e∗
ℓuud)

+(109GeV−5)Γp→e+K0 (CXY,e
ℓusu) BK0→e−e+ +⋯

2.3 ⋅ 1039 (†)
5.7 ⋅ 1042 (⋆) 3.4 ⋅ 1034 [11]

1037

p→ e−e+µ+
2.28 (∣CL,µ

ℓuud∣
2 + ∣CR,µ

ℓuud∣
2) − 0.96R (CL,µ

ℓuudC
R,µ∗
ℓuud)

+(109GeV−5)Γp→µ+K0 (CXY,µ
ℓusu) BK0→e−e+ +⋯

1.6 ⋅ 1039 (†)
9.2 ⋅ 1042 (⋆) 2.3 ⋅ 1034 [11]

p→ µ−µ+e+
0.28 (∣CL,e

ℓuud∣
2 + ∣CR,e

ℓuud∣
2) − 0.00035R (CL,e

ℓuudC
R,e∗
ℓuud)

+(109GeV−5)Γp→e+K0 (CXY,e
ℓusu) BK0→µ−µ+ +⋯

1.9 ⋅ 1040 (†)
7.5 ⋅ 1039 (⋆) 9.2 ⋅ 1033 [11]

p→ µ−µ+µ+
0.31 (∣CL,µ

ℓuud∣
2 + ∣CR,µ

ℓuud∣
2) − 0.052R (CL,µ

ℓuudC
R,µ∗
ℓuud)

+(109GeV−5)Γp→µ+K0 (CXY,µ
ℓusu) BK0→µ−µ+ +⋯

1.1 ⋅ 1040 (†)
1.2 ⋅ 1040 (⋆) 1.0 ⋅ 1034 [11]

n→ e−e+ν̄y
{y = (e), µ, τ}

2.62 ∣CL,y
νdud∣

2

+δy,e(109GeV−5)Γn→e+π− (CXY,e
ℓuud) Bπ−→e−ν̄e

+(109GeV−5)Γn→νK0 (CLR,y
νuds,C

LX,y
νdsu,C

LX,y
νsud) BK0→e−e+ +⋯

9.3 ⋅ 1037 (†)
(4.3) ⋅ 1037 (☆)
1.2 ⋅ 1046 (⋆)

2.57 ⋅ 1032 [9]

1036

n→ µ−µ+ν̄y
{y = e, (µ), τ}

0.32 ∣CL,y
νdud∣

2

+δy,µ(109GeV−5)Γn→µ+π− (CXY,µ
ℓuud) Bπ−→µ−ν̄µ

+(109GeV−5)Γn→νK0 (CLR,y
νuds,C

LX,y
νdsu,C

LX,y
νsud) BK0→µ−µ+ +⋯

7.6 ⋅ 1038 (†)
(3.5) ⋅ 1033 (★)
5.1 ⋅ 1043 (⋆)

7.9 ⋅ 1031 [9]

n→ e−µ+ν̄e
271.7 × 10−11 ∣CL,µ

νdud∣
2

+(109GeV−5)Γn→µ+π− (CXY,µ
ℓuud) Bπ−→e−ν̄e +⋯

9.0 ⋅ 1046 (◇)
2.8 ⋅ 1037 (☆) 8.3 ⋅ 1031 [9] 1044

n→ µ−e+ν̄µ
271.7 × 10−11 ∣CL,e

νdud∣
2

+(109GeV−5)Γn→e+π− (CXY,e
ℓuud) Bπ−→µ−ν̄µ +⋯

9.0 ⋅ 1046 (◇)
5.3 ⋅ 1033 (★) 0.6 ⋅ 1030 [34] —

p→ e+νy ν̄y
{y = µ, τ} 10−11[98.04 (∣CL,e

ℓuud∣
2 + ∣CR,e

ℓuud∣
2) − 0.43R (CL,e

ℓuudC
R,e∗
ℓuud) ] 5.5 ⋅ 1048 (◇)

1.7 ⋅ 1032 [10]

—

p→ e+νeν̄y
{y = e, (µ), [τ]}

10−11[738(306)[44.6] ∣CL,y
ℓuud∣

2

+98(3.9)[160] ∣CR,y
ℓuud∣

2 − 1.5(69)[169]R (CL,y
ℓuudC

R,y∗
ℓuud) ]

+(109GeV−5)Γp→ν̄yπ+ (C
LX,y
νdud) Bπ+→e+νe

+(109GeV−5)Γp→ν̄yK+ (C
LR,y
νuds,C

LX,y
νdsu,C

LX,y
νsud) BK+→e+νe +⋯

7.3(12)[−] ⋅ 1047 (◇)
5.5(91)[−] ⋅ 1048 (◇)

3.2 ⋅ 1036 (☆)
3.7 ⋅ 1038 (☆)

1045

p→ µ+νy ν̄y
{y = e, τ} 10−11[96.34 (∣CL,µ

ℓuud∣
2 + ∣CR,µ

ℓuud∣
2) − 76.66R (CL,µ

ℓuudC
R,µ∗
ℓuud) ] 3.7 ⋅ 1048 (◇)

2.2 ⋅ 1032 [10]

—

p→ µ+νµν̄y
{y = e, (µ), [τ]}

10−11[270.5(699)[40.4] ∣CL,y
ℓuud∣

2

+8 ⋅ 10−5(111)[145] ∣CR,y
ℓuud∣

2 − 0.3(273)[153]R (CL,y
ℓuudC

R,y∗
ℓuud) ]

+(109GeV−5)Γp→ν̄yπ+ (C
LX,y
νdud) Bπ+→µ+νµ

+(109GeV−5)Γp→ν̄yK+ (C
LR,y
νuds,C

LX,y
νdsu,C

LX,y
νsud) BK+→µ+νµ +⋯

20(5.1)[−] ⋅ 1047 (◇)

67(32)[−] ⋅ 1053(47) (◇)
3.9 ⋅ 1032 (★)
9.3 ⋅ 1033 (★)

1045

n→ νxν̄xν̄y
{x, y = e, µ, τ} 92.8(185.6) ⋅ 10−11 ∣CL,y

νdud∣
2
for x ≠ y(x = y) 2.6(1.3) ⋅ 1047 (◇) 0.9 ⋅ 1030 [13] 1044

TABLE IV. Summary of the nucleon triple-lepton decay widths (in the second column) induced by dim-6 BNV operators in the
LEFT, together with the newly derived lower bounds on their partial lifetimes (in the third column). The dependence on WCs
of the two-body decay widths is explicitly indicated in brackets. The ellipses denote interference terms between operators with
different field configurations. The values marked with a dagger (†), a diamond (◇), and a star (⋆/ ☆ /★) represent the bounds
resulting from the photon-mediated, four-fermion-involved, and meson-mediated contributions, respectively. For comparison,
the fourth column presents the experimental bounds, and the last column is the estimates based on phase space difference and
counting of SM couplings between two- and three-body decays in [33].

WCs of the corresponding dim-6 BNV operators that in-
duce both the two- and three-body decays. As we will
discuss below, these resonance effects are crucial for cor-
rectly deriving robust bounds on these nucleon triple-
lepton decay modes.

We formulate the decay widths in terms of the WCs of
the relevant dim-6 BNV operators. To perform the nu-
merical integration over the phase space, we use the cen-
tral values of SM parameters from the latest PDG [14],
and the relevant hadronic LECs appearing in Eqs. (C3)
and (4) are taken from [32, 35]. The branching ratios
for the two-body leptonic decays of the mesons asso-
ciated with the meson-mediated diagrams are summa-

rized in Table VII. Our key results for the final decay
widths are summarized in the second column of Ta-
ble IV and Table V, corresponding to the ∆(B − L) =
0 and ∆(B + L) = 0 sectors, respectively. Contribu-
tions from photon-mediated diagrams and those involv-
ing four-fermion vertices are directly parametrized by the
relevant WCs, whereas meson-mediated contributions are
expressed as the product of the two-body nucleon de-
cay widths and the corresponding meson leptonic decay
branching ratios. For the former, the following combina-
tions of WCs are adopted

CL,x
ℓuud ≡ C

LR,x
ℓuud + κC

LL,x
ℓuud, C

L,x
νdud ≡ C

LR,x
νdud + κC

LL,x
νdud, (7)
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∆(B +L) = 0

Mode Decay width expression Γ [10−9GeV5]
Bounds on Γ−1 [yr]

This work Experiment

n→ e−e+νy
{y = (e), µ, τ}

2.62 ∣CR,y
ν̄dud∣

2

+δy,e(109GeV−5)Γn→e−K+ (CXY,e

ℓ̄dds
) BK+→e+νe

+(109GeV−5)Γn→νK0 (CRL,y
νuds,C

RX,y
νdsu,C

RX,y
νsud) BK0→e−e+ +⋯

9.3 ⋅ 1037 (†)
(2.0) ⋅ 1036 (☆)
1.2 ⋅ 1046 (⋆)

2.57 ⋅ 1032 [9]

n→ µ−µ+νy
{y = e, (µ), τ}

0.32 ∣CR,y
ν̄dud∣

2

+δy,µ(109GeV−5)Γn→µ−K+ (CXY,µ

ℓ̄dds
) BK+→µ+νµ

+(109GeV−5)Γn→νK0 (CRL,y
νuds,C

RX,y
νdsu,C

RX,y
νsud) BK0→µ−µ+ +⋯

7.6 ⋅ 1038 (†)
(9.0) ⋅ 1031 (★)
5.1 ⋅ 1043 (⋆)

7.9 ⋅ 1031 [9]

n→ e−µ+νµ
271.7 × 10−11 ∣CR,e

ν̄dud∣
2

+(109GeV−5)Γn→e−K+ (CXY,e

ℓ̄dds
) BK+→µ+νµ +⋯

9.0 ⋅ 1046 (◇)
5.0 ⋅ 1031 (★) 8.3 ⋅ 1031 [9]

n→ µ−e+νe
271.7 × 10−11 ∣CR,µ

ν̄dud∣
2

+(109GeV−5)Γn→µ−K+ (CXY,µ

ℓ̄dds
) BK+→e+νe +⋯

9.0 ⋅ 1046 (◇)
3.6 ⋅ 1036 (☆) 0.6 ⋅ 1030 [34]

p→ e+νeνy
{y = e, µ, τ}

(109GeV−5)Γp→νyπ+ (C
RX,y
ν̄dud) Bπ+→e+νe

+(109GeV−5)Γp→νyK+ (C
RL,y
ν̄uds,C

RX,y
ν̄dsu,C

RX,y
ν̄sud) BK+→e+νe +⋯

3.2 ⋅ 1036 (☆)
3.7 ⋅ 1038 (☆)

1.7 ⋅ 1032 [10]

p→ µ+νµνy
{y = e, µ, τ}

(109GeV−5)Γp→νyπ+ (C
RX,y
ν̄dud) Bπ+→µ+νµ

+(109GeV−5)Γp→νyK+ (C
RL,y
ν̄uds,C

RX,y
ν̄dsu,C

RX,y
ν̄sud) BK+→µ+νµ +⋯

3.9 ⋅ 1032 (★)
9.3 ⋅ 1033 (★)

2.2 ⋅ 1032 [10]

n→ ν̄xνxνy
{x, y = e, µ, τ} 334.4(668.8) ⋅ 10−11 ∣CR,y

ν̄dud∣
2
for x ≠ y(x = y) 7.3(3.7) ⋅ 1046 (◇) 0.9 ⋅ 1030 [13]

TABLE V. Same as Table V but for the ∆(B +L) = 0 sector.

together with their chirality partners obtained by L ↔
R (and ν ↔ ν̄). Here, κ ≡ c2/c1 ≈ −1.0096. For the
latter, the analytical expressions of the relevant two-body
nucleon decays can be found in the previous paper [27].

Using the current experimental bounds on Γ−1s of the
two-body nucleon decays and the meson leptonic decay
branching ratios listed in Table VII, together with the
constraints on the WCs of the relevant dim-6 operators
presented in Table S4 of the Supplemental Material of
Ref. [27], we derive new robust lower bounds on these
∆FL = 1 nucleon decays into three leptons. Our final re-
sults are shown in the third column of Tables IV and V.
The dependence of the derived bounds on the WCs of
dim-6 operators is explicitly indicated in the tables. Note
that for resonance contributions involving K0, the meson
decay branching ratios are given in terms of their mass
eigenstates, KL and KS . Therefore, we use the experi-
mental limits on nucleon decays involving KL,S to obtain
conservative estimates.

It can be seen that our derived bounds on Γ−1

from photon-mediated contributions are on the order of
O(1038−40 yr) (labeled by †), while those involving weak
four-fermion vertices are typically around O(1046−49 yr)
(labeled by ◇). However, the bounds on decay modes
involving muon-flavor lepton pairs µ+νµ and µ−ν̄µ from
the π±- and K±-mediated diagrams are approximately
O(1032−34 yr) (labeled by ★), significantly weaker than
others due to their large branching ratios. The bounds
on decay modes involving electron-flavor lepton pairs
e+νe and e−ν̄e from the same π±- and K±-mediated dia-
grams are around O(1036−38 yr) (labeled by ☆), as a re-
sult of their much smaller branching ratios. Finally, the
bounds from K0-mediated diagrams lie in the range of
O(1040−46 yr) (labeled by ⋆), owing to their extremely

small branching ratios.
Finally, we make a few remarks on our results. First,

Ref. [33] made an estimate of triple-lepton decay widths
from two-body nucleon decays by attaching electroweak
couplings and considering differences in two- and three-
body phase spaces while treating decay amplitudes es-
sentially as a constant. Its numbers are shown in the
last column of Table IV. In contrast, our results exhibit
strong dependence on specific operators under consider-
ation, with values varying by several orders of magni-
tude. In particular, the resonance effects in the meson-
mediated contributions were totally neglected in [33].
Second, from the last three columns of Table IV, we find
that our bounds on the four decay modes of the proton
into three charged leptons are at least 5 orders of magni-
tude more stringent than the current experimental limits.
Moreover, these bounds improve upon previous estimates
by 2 to 3 orders of magnitude. Lastly, for the remain-
ing nucleon decay modes that do not involve a µ+νµ or
µ−ν̄µ pair, our results surpass the existing experimental
bounds by 4 to 17 orders of magnitude, depending on the
processes and dim-6 operators under consideration. For
decay modes involving a µ+νµ or µ−ν̄µ pair, our derived
bounds are comparable to their experimental limits.

V. SUMMARY

We have systematically investigated the noncontact
contributions to the ∆FL = 1 nucleon triple-lepton decays
induced by dim-6 BNV operators through SM media-
tors. Employing chiral perturbation theory, we collected
at leading order all relevant hadronic-level interactions
responsible for these decay modes. For each decay mode,
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we analyzed the leading-order Feynman diagrams that
are induced by various dim-6 BNV operators involving
light u, d, s quarks and calculated its decay width. By
combining experimental limits on nucleon two-body de-
cays with existing bounds on these operators from the lit-
erature, we established new stringent lower limits on the
partial lifetimes of the triple-lepton decay modes. The
formulas for the decay widths and our new bounds are
summarized in Tables IV and V.

Our results indicate that the meson-mediated diagrams
involving a µ+νµ or µ−ν̄µ pair can be enhanced by res-
onance effects, leading to lifetime bounds from certain
operators that are comparable to the current experimen-
tal limits. In contrast, the photon-mediated diagrams,
the diagrams involving weak four-fermion interactions,
and other meson-mediated contributions yield bounds

that surpass existing experimental constraints by a factor
ranging from O(104) to O(1017), depending on the spe-
cific mode and operators involved. These findings imply
that noncontact contributions to nucleon triple-lepton
decays induced by dim-6 operators are generally small,
except for a few modes where resonance effects play a
significant role. In light of this, we will consider the con-
tact contributions from dim-9 operators in a forthcoming
paper [21].
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Appendix A: Summary of SM weak four-fermion interactions

Many triple-lepton decay modes of the nucleon involve the SM leptonic and semi-leptonic weak interactions. In the
semi-leptonic interactions, only the u, d, s quarks are relevant here. These interactions are summarized in Table VI.
Note that the neutral current (NC) and charged current (CC) contributions to the left-handed charged lepton and
neutrino interactions are explicitly separated.

Notation Operator Matching coefficient

S
em

il
ep

to
n
ic

OLL
uν (ūLγµuL)(ν̄LxγµνLx) −4

√
2( 1

2
− 2

3
s2W )( 12)GF

OLL
uℓ (ūLγµuL)(ℓ̄LxγµℓLx) −4

√
2( 1

2
− 2

3
s2W )(− 1

2
+ s2W )GF

OLR
uℓ (ūLγ

µuL)(ℓ̄RxγµℓRx) −4
√
2( 1

2
− 2

3
s2W )(s2W )GF

ORL
uν (ūRγµuR)(ν̄LxγµνLx) −4

√
2(− 2

3
s2W )( 12)GF

ORL
uℓ (ūRγµuR)(ℓ̄LxγµℓLx) −4

√
2(− 2

3
s2W )(− 1

2
+ s2W )GF

ORR
uℓ (ūRγµuR)(ℓ̄RxγµℓRx) −4

√
2(− 2

3
s2W )(s2W )GF

OLL
dν (d̄LiγµdLi)(ν̄LxγµνLx) −4

√
2(− 1

2
+ 1

3
s2W )( 12)GF

OLL
dℓ (d̄LiγµdLi)(ℓ̄LxγµℓLx) −4

√
2(− 1

2
+ 1

3
s2W )(− 1

2
+ s2W )GF

OLR
dℓ (d̄LiγµdLi)(ℓ̄RxγµℓRx) −4

√
2(− 1

2
+ 1

3
s2W )(s2W )GF

ORL
dν (d̄RiγµdRi)(ν̄LxγµνLx) −4

√
2( 1

3
s2W )( 12)GF

ORL
dℓ (d̄RiγµdRi)(ℓ̄LxγµℓLx) −4

√
2( 1

3
s2W )(− 1

2
+ s2W )GF

ORR
dℓ (d̄RiγµdRi)(ℓ̄RxγµℓRx) −4

√
2( 1

3
s2W )(s2W )GF

OLL,CC
duνℓ (d̄LiγµuL)(ν̄LxγµℓLx) −2

√
2GFV

∗
ui

OLL,CC
udℓν (ūLγµdLi)(ℓ̄LxγµνLx) −2

√
2GFVui

L
ep

to
n
ic OLL

νν (ν̄LxγµνLx)(ν̄LyγµνLy)−2
√
2( 1

2
)( 1

2
)GF

OLL,NC
νℓ (ν̄LxγµνLx)(ℓ̄LyγµℓLy)−4

√
2( 1

2
)(− 1

2
+ s2W )GF

OLL,CC
νℓℓν (ν̄LxγµℓLx)(ℓ̄LyγµνLy)−2

√
2GF

OLR
νℓ (ν̄LxγµνLx)(ℓ̄RyγµℓRy)−4

√
2( 1

2
)(s2W )GF

TABLE VI. Semi-leptonic and leptonic four-fermion operators in the LEFT and their coefficients originating from the exchange
of W and Z bosons in the SM, where x, y = e, µ, τ and i = d, s. GF denotes the Fermi constant, and Vij are the CKM matrix
elements. For the four-neutrino operator OLL

νν , both indices x and y run over the three neutrino flavors e, µ, τ .
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Appendix B: The relevant BNV interactions at hadronic level

Denoting N LL
yzw ≡ qαL,y(qβCL,zq

γ
L,w)ϵαβγ and N RL

yzw ≡ qαR,y(qβCL,zq
γ
L,w)ϵαβγ , the matrices N8L⊗1R

and N3̄33L⊗333R appearing in

Eq. (2) are the triple-quark components in the irreps 8L ⊗ 1R and 3̄33L ⊗ 333R [31]:

N8L⊗1R
=
⎛
⎜
⎝

N LL
uds N LL

usu N LL
uud

N LL
dds N LL

dsu N LL
dud

N LL
sds N LL

ssu N LL
sud

⎞
⎟
⎠
, N3̄33L⊗333R =

⎛
⎜
⎝

N RL
uds N RL

usu N RL
uud

N RL
dds N RL

dsu N RL
dud

N RL
sds N RL

ssu N RL
sud

⎞
⎟
⎠
. (B1)

Their chirality partners are obtained by interchanging the left- and right-handed chiralities, L↔ R. The corresponding
spurion field matrices are

P888L⊗111R =
⎛
⎜⎜⎜
⎝

0 CLL,x

ℓ̄dds
ℓRx CLL,x

ℓ̄sds
ℓRx

CLL,x
ℓusuℓ

C
Lx CLL,x

νdsuν
C
Lx CLL,x

νssuν
C
Lx

CLL,x
ℓuudℓ

C
Lx CLL,x

νdudν
C
Lx CLL,x

νsudν
C
Lx

⎞
⎟⎟⎟
⎠
, P111L⊗888R =

⎛
⎜⎜⎜
⎝

0 CRR,x

ℓ̄dds
ℓLx CRR,x

ℓ̄sds
ℓLx

CRR,x
ℓusuℓ

C
Rx CRR,x

ν̄dsuνLx CRR,x
ν̄ssuνLx

CRR,x
ℓuudℓ

C
Rx CRR,x

ν̄dudνLx CRR,x
ν̄sudνLx

⎞
⎟⎟⎟
⎠
,

P333L⊗3̄33R =
⎛
⎜⎜⎜
⎝

CRL,x
ν̄udsνLx CRL,x

ℓ̄dds
ℓLx CRL,x

ℓ̄sds
ℓLx

CRL,x
ℓusuℓ

C
Rx CRL,x

ν̄dsuνLx CRL,x
ν̄ssuνLx

CRL,x
ℓuudℓ

C
Rx CRL,x

ν̄dudνLx CRL,x
ν̄sudνLx

⎞
⎟⎟⎟
⎠
, P3̄33L⊗333R =

⎛
⎜⎜⎜
⎝

CLR,x
νudsν

C
Lx CLR,x

ℓ̄dds
ℓRx CLR,x

ℓ̄sds
ℓRx

CLR,x
ℓusuℓ

C
Lx CLR,x

νdsuν
C
Lx CLR,x

νssuν
C
Lx

CLR,x
ℓuudℓ

C
Lx CLR,x

νdudν
C
Lx CLR,x

νsudν
C
Lx

⎞
⎟⎟⎟
⎠
. (B2)

where the elements in gray are associated with the ∆(B +L) = 0 operators in Table II.
By substituting the spurion matrices from Eq. (B2) into Eq. (4) and expanding the pseudoscalar meson matrix to

the zeroth order, we obtain the following two-point BNV interactions involving an octet baryon and a lepton:

L∆(B−L)=0Bl ⊃(c1CLR,x
ℓuud + c2C

LL,x
ℓuud)(ℓCLxpL) − (c1C

RL,x
ℓuud + c2C

RR,x
ℓuud)(ℓCRxpR)

+ (c1CLR,x
ℓusu + c2C

LL,x
ℓusu)(ℓCLxΣ

+
L ) − (c1CRL,x

ℓusu + c2C
RR,x
ℓusu)(ℓCRxΣ

+
R )

+ (c1CLR,x
νdud + c2C

LL,x
νdud)(νCLxnL) +

1√
2
[c1(CLR,x

νuds −C
LR,x
νdsu) − c2C

LL,x
νdsu] (νCLxΣ

0
L)

+ 1√
6
[c1(CLR,x

νuds +C
LR,x
νdsu − 2C

LR,x
νsud) + c2(C

LL,x
νdsu − 2C

LL,x
νsud)] (νCLxΛ

0
L), (B3a)

L∆(B+L)=0Bl ⊃(c1CLR,x

ℓ̄dds
+ c2CLL,x

ℓ̄dds
)(ℓRxΣ−L ) − (c1CRL,x

ℓ̄dds
+ c2CRR,x

ℓ̄dds
)(ℓLxΣ−R )

− (c1CRL,x
ν̄dud + c2C

RR,x
ν̄dud)(νLxnR) −

1√
2
[c1(CRL,x

ν̄uds −C
RL,x
ν̄dsu) − c2C

RR,x
ν̄dsu] (νLxΣ

0
R)

− 1√
6
[c1(CRL,x

ν̄uds +C
RL,x
ν̄dsu − 2C

RL,x
ν̄sud) + c2(C

RR,x
ν̄dsu − 2C

RR,x
ν̄sud)] (νLxΛ

0
R). (B3b)

Similarly, expansion to the first order in the meson fields gives the three-point BNV terms involving a baryon, a
lepton, and a meson:

L∆(B−L)=0BlM ⊃ i√
2F0

{ 1√
2
[(c1CLR,x

ℓuud + c2C
LL,x
ℓuud)(ℓCLxpL) + (c1C

RL,x
ℓuud + c2C

RR,x
ℓuud)(ℓCRxpR)]π

0

− 1√
6
[(c1CLR,x

ℓuud − 3c2C
LL,x
ℓuud)(ℓCLxpL) + (c1C

RL,x
ℓuud − 3c2C

RR,x
ℓuud)(ℓCRxpR)]η

+ [(c1CLR,x
ℓusu − c2C

LL,x
ℓusu)(ℓCLxpL) + (c1C

RL,x
ℓusu − c2C

RR,x
ℓusu)(ℓCRxpR)]K̄

0

+ (c1CLR,x
νdud + c2C

LL,x
νdud)(νCLxpL)π

− + [c1(CLR,x
νuds +C

LR,x
νsud) + c2C

LL,x
νsud](νCLxpL)K

−}

− i√
2F0

{ 1√
2
(c1CLR,x

νdud + c2C
LL,x
νdud)(νCLxnL)π0 + 1√

6
(c1CLR,x

νdud − 3c2C
LL,x
νdud)(νCLxnL)η

− [(c1CLR,x
ℓuud + c2C

LL,x
ℓuud)(ℓCLxnL) + (c1CRL,x

ℓuud + c2C
RR,x
ℓuud)(ℓCRxnR)]π+

− [c1(CLR,x
νsud +C

LR,x
νdsu) + c2(C

LL,x
νsud −C

LL,x
νdsu)](νCLxnL)K̄0}, (B4a)

L∆(B+L)=0BlM ⊃ i√
2F0

{(c1CRL,x
ν̄dud + c2C

RR,x
ν̄dud)(νLxpR)π

− + [c1(CRL,x
ν̄uds +C

RL,x
ν̄sud) + c2C

RR,x
ν̄sud](νLxpR)K

−}
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− i√
2F0

{ 1√
2
(c1CRL,x

ν̄dud + c2C
RR,x
ν̄dud)(νLxnR)π0 + 1√

6
(c1CRL,x

ν̄dud − 3c2C
RR,x
ν̄dud)(νLxnR)η

− [c1(CRL,x
ν̄sud +C

RL,x
ν̄dsu) + c2(C

RR,x
ν̄sud −C

RR,x
ν̄dsu)](νLxnR)K̄0

− [(c1CLR,x

ℓ̄dds
− c2CLL,x

ℓ̄dds
)(ℓRxnL) + (c1CRL,x

ℓ̄dds
− c2CRR,x

ℓ̄dds
)(ℓLxnR)]K−}. (B4b)

Appendix C: The relevant BNC interactions at hadronic level

First, the relevant QED vertices for the charged leptons, proton, and neutron are:

LQED
f̄fA
⊃ −eℓ̄γµℓAµ + ep̄γµpAµ + eap

4mp
p̄σµνpF

µν + ean
4mn

n̄σµνnF
µν . (C1)

where ap = 1.793 and an = −1.913 are the anomalous magnetic moments of the proton and neutron [14], respectively.
Next, we examine the hadronic analogs of the quark-level strong and weak interactions within the framework of

ChPT. To this end, we start with the QCD Lagrangian extended by external sources:

L = L0
QCD + qL l̂µγµqL + qRr̂µγµqR + [qL(s − ip)qR +H.c.] . (C2)

where l̂µ, r̂µ, s, p, t
µν
l are external sources associated with various quark-bilinear currents. These are 3 × 3 matrices

in the flavor space and correspond to non-QCD objects. In our context, they can be identified as the products

of leptonic currents and their coefficients shown in Table VI. We denote the traceless components of l̂µ and r̂µ by

lµ ≡ l̂µ − Tr(l̂µ)/3 and rµ ≡ r̂µ − Tr(r̂µ)/3, respectively. Furthermore, we define the vector and axial-vector external

sources as v̂µ ≡ (l̂µ + r̂µ)/2 and âµ ≡ (r̂µ − l̂µ)/2, respectively. Their corresponding traces are denoted by vsµ ≡ Tr(v̂µ)
and asµ ≡ Tr(âµ). Accordingly, we define their traceless parts as vµ ≡ v̂µ − vsµ/3 and aµ ≡ âµ − asµ/3. By incorporating
these external sources, the leading order BNC chiral Lagrangian terms relevant to our analysis take the form [28–30]:

LChPT =
F 2
0

4
Tr [DµΣ(DµΣ)†] +Tr [B(i /D −MB)B]

+ D

2
Tr [Bγµγ5{uµ,B}] +

F

2
Tr [Bγµγ5[uµ,B]] + cs asµTr[Bγµγ5B]. (C3)

Here, the covariant derivatives are defined as DµΣ ≡ ∂µΣ − ilµΣ + iΣrµ and DµB ≡ ∂µB + [Γµ,B] − ivsµB. uµ is

referred to as the chiral vielbein and is defined as uµ ≡ i [ξ(∂µ − irµ)ξ† − ξ†(∂µ − ilµ)ξ] = −iξ†(DµΣ)ξ†, and Γµ is the

chiral connection Γµ ≡ 1
2
[ξ(∂µ − irµ)ξ† + ξ†(∂µ − ilµ)ξ]. D,F, cs are the LECs. Numerically, the values D = 0.73 and

F = 0.45 are taken from [35], while cs = 0.16 is determined by requiring that the contributions of the axial-vector
quark currents to the nucleon matrix elements match the corresponding calculations based on the form factor method
at zero momentum transfer.

By neglecting the external sources in Eq. (C3) and expanding the meson matrix to the linear order in the meson
fields, the relevant interactions between octet mesons and baryons are given by

LQCD
B̄NM

⊃D + F
2F0

(pγµγ5p − nγµγ5n)∂µπ0 + 3F −D
2
√
3F0

(pγµγ5p + nγµγ5n)∂µη

+ (D − F√
2F0

Σ+γµγ5p −
D + 3F
2
√
3F0

Λ0γµγ5n −
D − F
2F0

Σ0γµγ5n)∂µK̄0

+ (D − F
2F0

Σ0γµγ5p −
D + 3F
2
√
3F0

Λ0γµγ5p +
D − F√
2F0

Σ−γµγ5n)∂µK−

+ D + F√
2F0

pγµγ5n∂
µπ+ + D + F√

2F0

nγµγ5p∂
µπ−. (C4)

Lastly, we gather the effective weak interactions that appear in the Feynman diagrams shown in Table III. These in-
teractions include three-particle vertices involving a meson and a lepton current, as well as four-fermion vertices involv-
ing two baryons and two leptons. For diagrams involving neutral-current meson-lepton-lepton vertices (Mℓℓ,Mνν),
their contributions to the relevant nucleon triple-lepton decays are either suppressed (in the charged lepton case) or
vanish entirely (in the neutrino case), as discussed in Section III. Therefore, we do not include these vertices here.
For the charged-current vertices involving a meson (Mℓν), the relevant terms are

LCCMℓν ⊃2F0GF [(Vud∂µπ
− + Vus∂µK

−) (ℓLxγµνLx) + (V ∗ud∂µπ+ + V ∗us∂µK+) (νLxγµℓLx)] . (C5)
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The four-fermion weak interactions between the nucleon and leptonic currents are obtained by bringing the weak
external sources listed in Table VI into the baryonic chiral Lagrangian terms in Eq. (C3), yielding the following
neutral- and charged-current interactions:

LNCNNll ⊃ −
√
2GF

6
[p̄γµ(3(1 − 4s2W ) − (2D + 6F − 3cs)γ5)p + n̄γµ(−3 + (4D + 3cs)γ5)n]

× [(νLxγµνLx) + (−1 + 2s2W )(ℓLxγµℓLx) + 2s2W (ℓRxγµℓRx)], (C6)

LCCBNℓν ⊃ −
√
2GF [V ∗ud nγµ(1 − (D + F )γ5)p −

V ∗us√
6
Λ0γµ(3 − (D + 3F )γ5)p

− V ∗us√
2
Σ0γµ(1 + (D − F )γ5)p − V ∗usΣ−γµ(1 + (D − F )γ5)n](νLxγµℓLx)

−
√
2GF [Vud pγµ(1 − (D + F )γ5)n](ℓLxγµνLx). (C7)

Appendix D: Experimental limits on two-body nucleon decay modes and branching ratios of octet meson
leptonic decays

Table VII summarizes the current experimental limits on two-body nucleon decays involving a lepton and a pseu-
doscalar meson, as well as the leptonic decay branching ratios of pseudoscalar and vector mesons. These data are
used to derive constraints on the partial lifetimes of the corresponding nucleon triple-lepton decay modes due to the
meson-mediated diagrams shown in Table III. Note that the branching ratios for the pseudoscalar meson K0

S and
the vector mesons ρ±,K∗± are based on theoretical estimates from [36, 37], while the remaining branching ratios
correspond to central values or the 90% CL upper bounds (indicated by “<”) compiled by the latest PDG [14].

Proton decay Neutron decay Pseudoscalar meson Vector meson

Mode Γ−1exp [yr] Mode Γ−1exp [yr] Mode Branching ratio Mode Branching ratio

p→ νπ+ 3.9 × 1032 n→ e+π− 5.3 × 1033 π± → e±νe 1.23 × 10−4 ρ± → e±νe 4.6 × 10−13 [37]

n→ µ+π− 3.5 × 1033 π± → µ±νµ 0.999877 ρ± → µ±νµ 4.5 × 10−13 [37]

p→ νK+ 5.9 × 1033 n→ e−K+ 3.2 × 1031 K± → e±νe 1.582 × 10−5 K∗± → e±νe 1.2 × 10−13 [37]

n→ µ−K+ 5.7 × 1031 K± → µ±νµ 0.6356 K∗± → µ±νµ 1.2 × 10−13 [37]

p→ e+π0 2.4 × 1034 π0 → e−e+ 6.46 × 10−8 ρ0 → e+e− 4.72 × 10−5

p→ e+η 1034 n→ νπ0 1.1 × 1033 η → e−e+ < 7 × 10−7 ω → e+e− 7.41 × 10−5

p→ µ+π0 1.6 × 1034 n→ νη 1.58 × 1032
η → µ−µ+ 5.8 × 10−6 ρ0 → µ+µ− 4.55 × 10−5

p→ µ+η 4.7 × 1033 ω → µ+µ− 7.4 × 10−5

p→ e+K0
L 5.1 × 1031 K0

L → e+e− (9+6−4) × 10−12 K∗0 → e+e− —

p→ e+K0
S 1.2 × 1032 n→ νK0

L — K0
S → e+e− 2.1 × 10−14 [36] K̄∗0 → e+e− —

p→ µ+K0
L 8.3 × 1031 n→ νK0

S 2.6 × 1032 K0
L → µ+µ− 6.84 × 10−9 K∗0 → µ+µ− —

p→ µ+K0
S 1.5 × 1032 K0

S → µ+µ− 5.1 × 10−12 [36] K̄∗0 → µ+µ− —

TABLE VII. Summary of the experimental lower bounds on the partial lifetimes of two-body nucleon decays and the branching
ratios of meson decays into two leptons.
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