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We examine the most general nucleon decay interactions that involve three light quarks without being
acted upon by a derivative. We identify four generic operator structures that correspond to the irreducible
representations in the chiral group SUð3ÞL ⊗ SUð3ÞR of QCD, f8L ⊗ 1R; 3̄L ⊗ 3R; 6L ⊗ 3R; 10L ⊗ 1Rg,
plus their chirality partners under the interchange of chiralities L ↔ R. While half of them have been
extensively discussed in the literature, the other half, 6LðRÞ ⊗ 3RðLÞ and 10LðRÞ ⊗ 1RðLÞ, are identified for the
first time. We perform chiral matching for these interactions at the leading chiral order and find that each
has a unique chiral realization in terms of the octet baryons and pseudoscalars. Notably, the chiral
interaction in the 6LðRÞ ⊗ 3RðLÞ representation appears at the same chiral order as those of the known ones,
while the one in the 10LðRÞ ⊗ 1RðLÞ representation appears at a higher chiral order. These new structures are
prevalent in effective field theories and ultraviolet models, and they offer novel experimental avenues to
search for baryon number violating nucleon decays.
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Introduction—The stability of matter and the very
existence of ourselves imply that the baryon number must
be an almost conserved quantity—while the electron has no
lighter charged particles to decay into, and the neutron
undergoes beta decay without violating baryon number
conservation, the proton is kinematically allowed to decay
into other particles such as a positron plus a neutral pion or
a neutrino plus a positively charged pion. But the latter has
never been observed. On the other hand, baryon number
violation is one of the three Sakharov conditions [1] to
explain the overwhelming dominance of matter over
antimatter in the current Universe. It is, thus, of funda-
mental importance to examine the fate of the baryon
number, and baryon number violating (BNV) nucleon
decays are the most feasible processes that can be searched
for in terrestrial laboratories.
There is a long history of experimental endeavors that

date back to the latter half of the 20th century. Large
fiducial mass experiments such as IMB [2]; SNOþ [3];
KamLAND [4]; and Kamiokande [5] and its upgrade,

Super-Kamiokande [6], have investigated various charac-
teristic nucleon decays, yielding null results that have
imposed stringent limits on their occurrence. The next
generation of neutrino experiments [7], including DUNE
[8,9], Hyper-Kamiokande [10], JUNO [11], and THEIA
[12], are expected to further enhance sensitivity to nucleon
decays. It is important that all possible decay channels
should be attempted, exotic as well as conventional, and
this requires a complete analysis of relevant interactions at
both the effective and fundamental levels.
BNV nucleon decays are rare, if they exist at all. This

implies that baryon number violations must originate from
physics at a very high energy scale. Indeed, baryon number
violation is a common prediction in theories beyond the
standard model (SM), such as grand unified theories
[13–15]. Effective field theory (EFT) provides a systematic
and consistent framework to relate the physical origin of
BNVat high energy to the experimentally sought processes
at low energy. Most importantly, with minimal assump-
tions, it does not rely on the details of high energy physics
and is, thus, universal in a broad sense.
In this Letter, we investigate general BNV interactions of

the octet baryons that violate the baryon number by one
unit (jΔBj ¼ 1), and thus, contribute to BNV nucleon
decays. We explore BNV interactions in the low energy
effective field theory (LEFT) that involve three light quarks
without being acted upon by a derivative. By matching
them to those in chiral perturbation theory (ChPT), we
establish BNV effective interactions for the octet baryons
and pseudoscalars, neutrinos and charged leptons, and the
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photon, plus any new light particles beyond the SM, and
thus, put the study of all possible BNV nucleon decays on
the same footing.
We find that the above triple-quark structures are

classified into four irreducible representations (irreps), plus
their chirality partners, under the chiral group Gχ ¼
SUð3ÞL ⊗ SUð3ÞR of QCD: 8LðRÞ ⊗ 1RðLÞ, 3̄LðRÞ ⊗ 3RðLÞ,
6LðRÞ ⊗ 3RðLÞ, 10LðRÞ ⊗ 1RðLÞ, where the subscripts L;R
refer to the left- and right-handed chirality of quarks. While
the first half of the irreps were known in the 1980s [16–21]
in the form of dimension-6 (dim-6) operators, the other
half are identified for the first time. A ChPT was built
in Ref. [22] based on the irreps 8LðRÞ ⊗ 1RðLÞ and
3̄LðRÞ ⊗ 3RðLÞ. Since then, nearly all phenomenological
analyses of BNV nucleon decays have been based on
these results. In particular, these chiral interactions have
been extensively employed in recent studies of various
nucleon decay modes from the EFT perspective [23–36].
As we show in this Letter, the new structures, 6LðRÞ ⊗ 3RðLÞ
and 10LðRÞ ⊗ 1RðLÞ, naturally appear in higher-dimension
operators. We find that they have nontrivial chiral realiza-
tions in ChPT, operate (6LðRÞ ⊗ 3RðLÞ) at the same chiral
order as those previously identified (8LðRÞ ⊗ 1RðLÞ and
3̄LðRÞ ⊗ 3RðLÞ) [22], and thus, may significantly influence
nucleon decays. They are especially important for exotic
nucleon decays that are either prohibited at the dim-6 order
or involve new light particles.
General BNV triple-quark interactions—In the LEFT

framework or its extensions with new light fields, we find
that a general BNVoperator involving three quarks (q ¼ u,
d, s) without being acted upon by a covariant derivative can
always be expressed in terms of the following four
structures,

Oyzw
a ¼ ðΨaqαL;yÞðqβCL;zqγL;wÞϵαβγ; ð1aÞ

Oyzw
b ¼ ðΨbqαR;yÞðqβCL;zqγL;wÞϵαβγ; ð1bÞ

Oyzw
c ¼ ðΨc;μqαL;fyÞðqβCL;zgγμqγR;wÞϵαβγ; ð1cÞ

Oyzw
d ¼ ðΨd;μνqαL;fyÞðqβCL;zσμνqγL;wgÞϵαβγ; ð1dÞ

and their chirality partners with L ↔ R. Here y, z, w ¼ 1, 2,
3 are light quark flavor indices, with q1;2;3 ¼ u, d, s.
The curly brackets indicate symmetrization in all flavor
indices of like-chirality fields included, viz., AfyBzg ≡
ð1=2ÞðAyBz þ AzByÞ and AfyBzCwg ≡ ð1=6Þ½AyBzCwþ
5 perms of ðy; z; wÞ�. The conjugate fermion-type external
fields Ψa;Ψb;Ψc;μ;Ψd;μν are combinations of non-QCD
fields that can be identified for each specific operator. The
completeness and independence of the structures in Eq. (1)

can be proved using nonstandard Fierz identities provided
in [37,38] (see Supplemental Material [39] for examples).
We now analyze the transformation properties of the

structures in Eq. (1) and their chirality partners under the
chiral symmetry group Gχ . The triple-quark sector in each
structure corresponds to the following irreps, respectively,

N LL
yzw ¼ qαL;yðqβCL;zqγL;wÞϵαβγ ∈ 8L ⊗ 1R; ð2aÞ

N RL
yzw ¼ qαR;yðqβCL;zqγL;wÞϵαβγ ∈ 3̄L ⊗ 3R; ð2bÞ

N LR;μ
yzw ¼ qαL;fyðqβCL;zgγμqγR;wÞϵαβγ ∈ 6L ⊗ 3R; ð2cÞ

N LL;μν
yzw ¼ qαL;fyðqβCL;zσμνqγL;wgÞϵαβγ ∈ 10L ⊗ 1R; ð2dÞ

plus those with L ↔ R. Note that N LL
yzw has no singlet

component, i.e., ϵyzwN LL
yzw ¼ 0, due to the Fierz identity.

Thus, we may treatN LL
uds as a redundant operator in favor of

N LL
dsu and N LL

sud.
When restricted to dim-6 operators in LEFT, Ψa;b ¼ ψ̄ ,

Ψc;μ ¼ ψ̄γμ, andΨd;μν ¼ ψ̄σμν, where ψ is a charged lepton
or neutrino field. The operators Oyzw

a;b corresponding to the
structures N LL;RL

yzw are the well-known dim-6 operators in
the LEFT [49], while the operatorsOyzw

c;d associated with the
structures N LR;μ

yzw ;N LL;μν
yzw can be shown to vanish by Fierz

identities and flavor symmetries. Thus, the new structures
N LR;μ

yzw and N LL;μν
yzw first appear as dim-7 and higher

operators [50–52]. For example, the BNV dim-7 operators
OL̄QddD in the standard model EFT (SMEFT) [37] and
OQdQND in the SMEFTextended with light sterile neutrinos
(νSMEFT) [53] are essentially related to the irreps
6LðRÞ ⊗ 3RðLÞ. By using the Fierz identities and integration
by parts, these operators can indeed be transformed into the
structure given byOyzw

c . For the irreps 10LðRÞ ⊗ 1RðLÞ, there
is no dim-7 LEFToperator, since the only possibility for the
non-QCD part of Oyzw

d is Ψd;μν ¼ Dμψγν, which, however,
yields a vanishing Oyzw

d upon applying Fierz identities.
Nontrivial contributions start to appear at dim 8. An
example is BμνðeCuαÞðuCβσμνdγÞϵαβσ, where Bμν is the
hypercharge gauge field strength tensor and e, u, d are
the right-handed lepton and quark singlets. Currently, there
are no phenomenological studies that explore these new
structures, although they will result in exotic nucleon
decays. In the isospin space, while the known structures
N LL

yzw andN RL
yzw have isospin components I ¼ 0; 1=2, 1, the

new ones, N LR;μ
yzw and N LL;μν

yzw , contain the additional
component I ¼ 3=2. Consequently, nucleon and other
BNV decays that change isospin by 3=2 units can be
induced by operators associated with these new structures,
e.g., the two-body decays n → e−πþ and n → μ−πþ.
To facilitate chiral matching, we follow Ref. [54] to

organize the flavor components of the two known
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representations in matrix form:

N 8L⊗1R ¼

0
BB@

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

1
CCA; ð3aÞ

N 3̄L⊗3R ¼

0
BB@

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

1
CCA: ð3bÞ

Together with N LR;μ
yzw and N LL;μν

yzw in Eq. (2), they trans-
form under ðL̂; R̂Þ∈Gχ as

N 8L⊗1R → L̂N 8L⊗1RL̂
†; ð4aÞ

N 3̄L⊗3R → R̂N 3̄L⊗3RL̂
†; ð4bÞ

N LR;μ
yzw → L̂yy0L̂zz0R̂ww0N LR;μ

y0z0w0 ; ð4cÞ

N LL;μν
yzw → L̂yy0L̂zz0L̂ww0N LL;μν

y0z0w0 : ð4dÞ
The transformation rules for chirality partners are obtained
from the above by swapping LðL̂Þ with RðR̂Þ.
Before embarking on chiral matching of the LEFT

operators, we find it important to take into account their
Lorentz properties. While the known structures correspond
to the simple chiral spinor representations N 8L⊗1R ;
N 3L⊗3̄R ∈ ð1=2; 0Þ, and N 1L⊗8R ;N 3̄L⊗3R ∈ ð0; 1=2Þ under
the Lorentz algebra sulð2Þ ⊕ surð2Þ, the new structures
exhibit characteristics of a spin-3=2 field:

N LR;μ
yzw ∈ ð1; 1=2Þ; N RL;μ

yzw ∈ ð1=2; 1Þ; ð5aÞ
N LL;μν

yzw ∈ ð3=2; 0Þ; N RR;μν
yzw ∈ ð0; 3=2Þ; ð5bÞ

which complicates their chiral matching. The vanishing of
dim-6 operators associated with the new structures is
equivalent to the following algebraic identities,

γμN
LRðRLÞ;μ
yzw ¼ 0; γμN

LLðRRÞ;μν
yzw ¼ 0: ð6Þ

We will demonstrate that considering these irreducible
Lorentz representations and algebraic identities is essential
for achieving consistent chiral matching.
For each generic operator Oyzw

i (i ¼ a, b, c, d), we
denote its corresponding Wilson coefficient (WC) by Cyzw

i ,
which retains the same flavor symmetry as the operator.
Furthermore, for each interaction term Cyzw

i Oyzw
i , we

denote the product of the nonquark field Ψ̄ and the WC
Cyzw
i as a spurion field Pi

yzw. In a manner similar to Eq. (3),
we introduce the spurion fields in matrix form, P8L⊗1R;3L⊗3̄R

for N 8L⊗1R;3̄L⊗3̄R, and denote the spurion fields of N LR;μ
yzw

and N LL;μν
yzw by PLR;μ

yzw and PLL;μν
yzw , where the last one is also

antisymmetric in the Lorentz indices μ, ν. We have
attributed the (1,1) element (PLL

uds) of P8L⊗1R to its (2,2)

and (3,3) elements (PLL
dsu and PLL

sud) by treating N LL
uds as

redundant, and thus, set PLL
uds ¼ 0.

It proves convenient to employ the spurion technique for
chiral matching. In this technique, the spurion field P is
assumed to transform in a manner such that the corre-
sponding interaction PN is invariant under all symmetries
of QCD in the chiral limit, including chiral, Lorentz,
baryon-number, and discrete symmetries of charge con-
jugation (C), parity (P), and time reversal (T). We thus
assign the following chiral transformation rules to the
spurion fields,

P8L⊗1R → L̂P8L⊗1R L̂
†; ð7aÞ

P3L⊗3̄R → L̂P3L⊗3̄RR̂
†; ð7bÞ

PLR;μ
yzw → L̂�

yy0L̂
�
zz0R̂

�
ww0PLR;μ

y0z0w0 ; ð7cÞ

PLL;μν
yzw → L̂�

yy0L̂
�
zz0L̂

�
ww0PLL;μν

y0z0w0 ; ð7dÞ
and similar ones for their chirality partners with L ↔ R.
The general ΔB ¼ 1 LEFT Lagrangian can now be
compactly expressed as

L=Bq3 ¼ Tr
�
P8L⊗1RN 8L⊗1R þ P1L⊗8RN 1L⊗8R

�

þ Tr
�
P3L⊗3̄RN 3̄L⊗3R þ P3̄L⊗3RN 3L⊗3̄R

�

þ �
PLR;μ

yzw N LR
yzw;μ þ PRL;μ

yzw N RL
yzw;μ

�

þ �
PLL;μν

yzw N LL
yzw;μν þ PRR;μν

yzw N RR
yzw;μν

�þ H:c:; ð8Þ
where the trace is over the three-flavor space and the
repeated indices y, z, w are summed over. Any analogous
BNV interactions expressed in other bases can always be
transformed into the canonical form in Eq. (8) to facilitate
chiral matching.
The effective operators Oyzw

i in Eq. (1) are typically
matched at the electroweak (EW) scale ΛEW ≈ 160 GeV
with those in SMEFT or its extensions. Consequently, their
contributions to nucleon decays below the chiral symmetry
breaking scale Λχ ≈ 1.2 GeV are influenced by the renorm-
alization group evolution (RGE) effect, with the leading
one coming from one-loop QCD corrections. Using
the RGE equations in Supplemental Material [39], we find
Cyzw
a;b ðΛχÞ ≈ 1.32Cyzw

a;b ðΛEWÞ, Cyzw
c ðΛχÞ ≈ 0.91Cyzw

c ðΛEWÞ,
and Cyzw

d ðΛχÞ ≈ 0.76Cyzw
d ðΛEWÞ.

Chiral matching—To obtain the hadronic counterparts of
the quark-level interactions in Eq. (8), a consistent
approach is to work with ChPT, which can systematically
account for interactions of both the octet pseudoscalar
mesons and baryons. In ChPT, the meson and baryon octet
fields are organized in matrix form,

ΣðxÞ ¼ ξ2ðxÞ ¼ exp

�
i

ffiffiffi
2

p
ΠðxÞ
F0

�
; ð9aÞ
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ΠðxÞ ¼

0
BBB@

π0ffiffi
2

p þ ηffiffi
6

p πþ Kþ

π− − π0ffiffi
2

p þ ηffiffi
6

p K0

K− K̄0 −
ffiffi
2
3

q
η

1
CCCA; ð9bÞ

BðxÞ ¼

0
BBB@

Σ0ffiffi
2

p þ Λ0ffiffi
6

p Σþ p

Σ− − Σ0ffiffi
2

p þ Λ0ffiffi
6

p n

Ξ− Ξ0 −
ffiffi
2
3

q
Λ0

1
CCCA; ð9cÞ

where F0 ¼ ð86.2� 0.5Þ MeV is the pion decay constant
in the chiral limit. Their chiral transformation rules are
Σ → L̂ΣR̂†, B → ĥBĥ†, ξ → L̂ξĥ† ¼ ĥξR̂†, where the
matrix ĥ is a function of L̂; R̂, and ξ. For convenience,
we note that ξBξ → L̂ðξBξÞR̂†, ξ†Bξ† → R̂ðξ†Bξ†ÞL̂†,
ξBξ† → L̂ðξBξ†ÞL̂†, and ξ†Bξ → R̂ðξ†BξÞR̂†.
The chiral building blocks corresponding to the LEFT

interactions in Eq. (8) consist of the spurion fields, the
meson and baryon octet fields, and their derivatives. To
identify their leading chiral counterparts, we adopt the
chiral derivative power counting scheme in which
fΣ; ξ; B;DμBg ∼Oðp0Þ and DμΣ ∼Oðp1Þ. The covariant
derivatives are defined as DμΣ ¼ ∂μΣ − ilμΣþ iΣrμ,
DμB ¼ ∂μBþ ½Γμ; B�, where the external sources lμ and
rμ are traceless matrices in the flavor space and
Γμ ¼ ð1=2Þ½ξð∂μ − irμÞξ† þ ξ†ð∂μ − ilμÞξ�. These covariant
derivatives transform as B and Σ themselves. It is important
that we must account for Lorentz as well as chiral proper-
ties on chiral matching. We find that, for the chiral irreps
6LðRÞ ⊗ 3RðLÞ, the ð1; 1=2Þ and ð1=2; 1Þ components of a
general vector-spinor object, such as ∂νB, is extracted by
the projectors

ΓL;R
μν ≡

�
gμν −

1

4
γμγν

�
PL;R; ð10Þ

which satisfy the relations ΓL;R
μρ ΓL;Rρ

ν ¼ ΓL;R
μν and

γμΓL;R
μν ¼ 0. On the other hand, for the chiral irreps

10LðRÞ ⊗ 1RðLÞ, we have to resort to the following pro-
jectors [55],

Γ̂L;R
μναβ ≡ 1

24
ð2fσμν; σαβg − ½σμν; σαβ�ÞPL;R; ð11Þ

to extract the irreducible ð3=2; 0Þ and ð0; 3=2Þ components
of a tensor-spinor object such as ∂

αB∂βΣ. These pro-
jectors satisfy similar relations, Γ̂L;R

μνρσΓ̂
L;Rρσ
αβ ¼ Γ̂L;R

μναβ and

γμΓ̂L;R
μναβ ¼ 0.
We can now construct, order by order, the chiral

interactions for the LEFT interactions in Eq. (8) that satisfy
all required symmetries and Lorentz properties. We find
that each of the chiral irreps 3̄LðRÞ ⊗ 3RðLÞ, 8LðRÞ ⊗ 1RðLÞ,
and 6LðRÞ ⊗ 3RðLÞ has a unique chiral realization, which

appears at the same chiral order. They can be succinctly
parametrized as follows:

L=B;0B ¼ c1Tr
�
P 3̄L⊗3RξBLξ − P3L⊗3̄Rξ

†BRξ
†�

þ c2Tr
�
P8L⊗1RξBLξ

† − P1L⊗8Rξ
†BRξ

�

þ c3
Λχ

�
PLR;μ

yzi ΓL
μνðξiDνBLξÞyjΣzkϵijk

− PRL;μ
yzi ΓR

μνðξ†iDνBRξ
†ÞyjΣ�

kzϵijk
�þ H:c:; ð12Þ

where all of the indices y, z and i, j, k are summed over the
three flavors u, d, s, andBLðRÞ ≡ PLðRÞB. The relative minus
sign in each term arises from parity consideration. The
parameters c1−3 (and c4; c̃3; c̃4 below) are unknown low
energy constants that can be estimated based on the naive
dimensional analysis or calculated by lattice QCD; see
Supplemental Material [39] for details. Note that the factor
Λ−1
χ in the c3 term is balanced by the derivative acting on the

baryon field according to chiral power counting.
For the totally symmetric irreps 10LðRÞ ⊗ 1RðLÞ, the

leading chiral matching is also unique, but it must involve
a derivative acting on the octet mesons, and thus, appears
only at a higher chiral order than the other irreps. Using the
projectors in Eq. (11), we parametrize it as follows:

L=B;1B ¼ c4
Λ2
χ

�
PLL;μν

yzw Γ̂L
μναβðξDαBLξÞyiΣzjðDβΣÞwkϵijk

− PRR;μν
yzw Γ̂R

μναβðξ†DαBRξ
†ÞyiΣ�

jzðDβΣÞ�kwϵijk
�

þ H:c: ð13Þ

Since the spin-3=2 decuplet baryons share the same sym-
metry properties as the triple quarks in 10LðRÞ ⊗ 1RðLÞ, it
looks natural to include them. Denoting them by the vector-
spinor field Tμ

ijk, which is totally symmetric in the flavor
indices ijk and transforms under Gχ as Tμ

ijk →

ĥii0 ĥjj0 ĥkk0T
μ
i0j0k0 , the leading BNV terms are

L=B;0T ¼ c̃3
�
PLR;μ

yzw ΓL
μνTν

ijkξyiξzjξ
�
kw

− PRL;μ
yzw ΓR

μνTν
ijkξ

�
iyξ

�
jzξwk

�

þ c̃4
Λχ

�
PLL;μν

yzw Γ̂L
μναβiD

αTβ
ijkξyiξzjξwk

− PRR;μν
yzw Γ̂R

μναβiD
αTβ

ijkξ
�
iyξ

�
jzξ

�
kw

�þ H:c: ð14Þ

These may contribute a decuplet pole term to BNV nucleon
decays with the help of a conventional nucleon-decuplet-
meson interaction. In Supplemental Material [39], we show
an example of such a contribution.
Equations (12) and (13) are our main results in this

Letter. The irreps 3̄LðRÞ ⊗ 3RðLÞ and 8LðRÞ ⊗ 1RðLÞ are
common in the literature [22], and they are closely related
to the dim-6 BNV operators in the LEFT or SMEFT.
However, our construction is more universal. With the aid
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of general spurion fields, our formalism allows for broader
applicability that extends beyond the dim-6 order.
Some phenomenological applications—The Lagrangians

in Eqs. (12) and (13) generate interactions of the type
MnðPBÞ, involving a single baryon B, n pseudoscalar
mesons M, and a spurion P, which may contain one or
more nonhadronic fields. In what follows, we restrict
ourselves to the nucleon (N ¼ p, n) decays. Without a
pseudoscalar in the decay product, all irreps except
10LðRÞ ⊗ 1RðLÞ may contribute. With a pseudoscalar in
the final state, the irreps 10LðRÞ ⊗ 1RðLÞ start to contribute.
In this case, there are generally two types of contributions: a
contact term due to local interactions in Eqs. (12) and (13)
and a pole term due to the exchange of an octet or decuplet
baryon with the help of a usual BBM or BTM vertex. For
the purpose of illustration, we discuss briefly a few BNV
nucleon decays that are induced by the contact terms due to
the new triple-quark structures, while leaving a more
complete phenomenological analysis for future work.
Consider first the decays n → l−πþ with l ¼ e, μ that

change isospin by 3=2 units. The leading contribution is
from the c3 terms in Eq. (12) associated with the irreps
6LðRÞ ⊗ 3RðLÞ. Such interactions can be induced from dim-7
LEFT operators that, in turn, may descend from the
following dim-7 SMEFT operator upon applying Fierz
identities and equations of motion:

Oprst
DLddQ ¼ ðiDμLpdαfrÞðdβCsg γμQγ

t Þϵαβγ: ð15Þ
This fixes the spurion field PRL;μ

ddd ¼ −0.91Cl111
DLddQi∂

μlL.
We have incorporated the QCD RGE effect and ignored the
CKM matrix, and the WC at the scale ΛEW can be para-
metrized as Cl111

DLddQ ¼ Λ−3
l . The decay rate is found to be

Γðn → l−πþÞ ∼ ð5 × 109 GeV=ΛlÞ6=ð1031 yrÞ for l ¼ e,
μ, where the number in the denominator indicates the
current experimental lower bound or sensitivity on the
inverse decay width.
As a second example involving only SM particles in the

final state, we consider the decays p → lþlþl0− with
ll0 ¼ eμ; μe. These are among the most stringently con-
strained processes in experimental searches for proton
decay [23,56,57]. They can be mediated only by dim-9
(and higher) LEFToperators, and thus, are connected again
to the irreps 6LðRÞ ⊗ 3RðLÞ. To appreciate the importance of
these new representations, let us consider the contribution
from the following dim-9 LEFT operator,

Oll0 ¼ ðlC
LγμlRÞðl0

RuαLÞðuβCL γμdγRÞϵαβγ; ð16Þ
with a WC Λ−5

ll0 . This yields a spurion field PLR;μ
uud ¼

Λ−5
ll0 ðlC

Lγ
μlRÞl0

R in the c3 term of Eq. (12). The decay
widths are found to be Γðp → lþlþl0−Þ ∼ ð3.4 ×
105 GeV=Λll0 Þ10=ð1034 yrÞ on neglecting the lepton mass.
When there is a new light particle, it may appear in the

decay product of nucleons. We consider two popular
examples that may act as dark matter: the axion

(or axionlike particle) and the dark photon. Because of a
shift symmetry, the axion appears in a derivative form, so
that a natural BNV dim-8 LEFT operator is

Oa ¼ ð∂μaÞðeCLuαLÞðuβCL γμdγRÞϵαβγ; ð17Þ
which is, again, in the irrep 6L ⊗ 3R. Denoting its WC as
Λ−4
a , this corresponds to the spurion field PLR;μ

uud ¼
Λ−4
a ð∂μaÞeCL in the Lagrangian at both quark [Eq. (8)] and

hadron [Eq. (12)] levels. The latter then induces a contri-
bution to the decay p → eþa. We find Γðp → eþaÞ∼
ð1.4 × 107 GeV=ΛaÞ8=ð1033 yrÞ. The new structures
6LðRÞ ⊗ 3RðLÞ were overlooked or incorrectly discarded as
terms of a higher chiral order than the known ones 8LðRÞ ⊗
1RðLÞ and 3̄LðRÞ ⊗ 3RðLÞ in previous works [33,58].
As a final example of the new structures, we consider the

field strength tensor of a dark photon coupled to triple
quarks and a charged lepton via the dim-8 operator,

OXl ¼ XμνðlRdαLÞðdβCL σμνdγLÞϵαβγ; ð18Þ
with a WC Λ−4

Xl. This interaction belongs to the irrep
10L ⊗ 1R, and it brings in a spurion field PLL;μν

ddd ¼
Λ−4
XlX

μνlR. It thus induces the decay n → l−πþX
(l ¼ e, μ), which changes isospin by 3=2 units and would
not be possible by other structures at the same dim-8
order. The decay rate is found to be Γðn → l−πþXÞ∼
ð3 × 106 GeV=ΛXlÞ8=ð1030 yrÞ.
ManyotherBNVnucleondecays are possible, for instance,

n → νe;τðν̄μ;τÞe−μþ; νμ;τðν̄e;τÞμ−eþ; 3νðν̄Þ. For systematic
investigations of BNV nucleon decays involving new light
particles such as sterile neutrinos or scalar or vector particles,
it is advantageous towork in anEFT framework likeνSMEFT
[53] and dark sectorEFT (DSEFT) [59].As a final remark,we
illustrate by amodel hownewstructuresmaybegenerated at a
high energy scale. We introduce three leptoquarks, which
carry the quantumnumbers of the SMgaugegroup SUð3Þc ⊗
SUð2ÞL ⊗ Uð1ÞY, Φ1ð3; 1;−1=3Þ, Φ2ð3; 2; 1=6Þ, and
Φ3ð3; 3;−1=3Þ. We impose a Z2 symmetry under which
the electron-type leptons ee, Le and the leptoquarks Φ1;3 are
odd while all other fields are even. Due to the flavorful Z2

symmetry, the model starts to generate BNV SMEFT
interactions only at dimension 10 via the diagram in
Fig. 1. Upon spontaneous breaking of the electroweak

FIG. 1. Diagram that induces dim-10 BNV interactions.
H;Q; L represent the SM Higgs, left-handed quark, and lepton
doublets, while e, u, d are the right-handed lepton and quark
singlets, respectively.
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symmetry, these interactions will lead to dim-9 LEFT
operators in the irreps 3L ⊗ 6R and 3L ⊗ 3̄R.
Conclusion—The study of baryon number violating

nucleon decays represents an exhilarating frontier in the
exploration of new physics. Many experiments have been
designed to search for nucleon decays, highlighting their
significance in uncovering fundamental aspects of particle
interactions. The general classification of triple-quark
interactions and their chiral matching developed in this
Letter would find many applications in the search of BNV
processes. Notably, we have identified new chiral structures
that go beyond the BNV interactions originating from the
conventional dim-6 LEFT operators. This opens up new
avenues for experimental investigations, including novel
nucleon decays involving new light particles that may
connect BNV interactions with the nature of dark matter as
well as the neutrino mass puzzle. We emphasize that these
structures are also pertinent to hyperon and tau lepton BNV
decays.
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