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Abstract: In this work, we systematically investigate baryon number violating (BNV) nucleon decays into an ax-
ion-like particle (ALP), within a low energy effective field theory extended with an ALP, named as aLEFT. Unlike
previous  studies  in  the  literature,  we  consider  contributions  to  nucleon  decays  from a  complete  set  of  dimension-
eight BNV aLEFT operators involving light u, d, s quarks. We perform the chiral irreducible representation (irrep)
decomposition of all those interactions under the QCD chiral group , and match them onto the re-
cently developed chiral framework to obtain nucleon-level effective interactions among the ALP, octet baryons, and
octet pseudoscalar mesons. Within this framework, we derive general expressions for the decay widths of nucleon
two- and  three-body  decays  involving  an  ALP.  We  then  analyze  the  momentum  distributions  for  the  three-body
modes and find that the operators belonging to the newly identified chiral irreps  exhibit markedly differ-
ent behavior compared to that in the usual irreps  and . Furthermore, due to the lack of direct
constraints on those exotic decay modes, we reanalyze the experimental data collected by Super-Kamiokande and es-
tablish bounds on the inverse decay widths of these new modes by properly accounting for experimental efficiencies
and Cherenkov threshold effects. Our recasting constraints are several orders of magnitude more stringent than the
inclusive bounds used in the literature. Based on these improved bounds, we set conservative limits on the associ-
ated effective scales across a broad range of ALP mass and predict stringent bounds on certain neutron and hyperon
decays involving an ALP.
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I.  INTRODUCTION

Baryon  number  violating  (BNV)  interactions  play  a
crucial  role  in  explaining  the  matter-antimatter asym-
metry  of  the  Universe  [1],  and  have  been  predicted  in
various  scenarios  beyond  the  standard  model  (SM).  The
primary  method  to  test  BNV  interactions  is  through
searches of  nucleon  decays  due  to  their  unique  experi-
mental  signature.  Over  the  past  several  decades,  many
large-fiducial-mass  experiments,  including  IMB  [2],
SNO+ [3],  KamLAND [4],  Kamiokande [5],  and Super-

Kamiokande  (Super-K)  [6],  have  conducted  extensive
searches for nucleon decays involving only SM particles,
placing very  stringent  limits  on  their  occurrence.  In  re-
cent  years,  with  the  advent  of  next-generation  neutrino
experiments  such as  Hyper-Kamiokande [7],  DUNE [8],
JUNO  [9],  and  THEIA  [10],  BNV  nucleon  decays  have
attracted  significant  attention,  including  in  particular
exotic modes involving new light invisible particles in the
final state [11−20].

One such well-motivated light particle is the axion, or
more  generally,  axion-like  particles  (ALP) 1).  The  axion
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1) An ALP is a CP-odd pseudo-Nambu-Goldstone boson that arises from spontaneous breaking of a global shift symmetry [21, 22]. A generic pseudoscalar is not con-
nected to such a symmetry. 
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was  originally  proposed  as  a  solution  to  the  strong  CP
problem  via  the  Peccei-Quinn  mechanism  [21−24].  By
relaxing  the  coupling-mass  relationship  specific  to  the
QCD  axion,  a  general  class  of  ALPs  has  emerged
[25−28].  These  particles  are  not  necessarily  tied  to  the
strong CP problem, and thus exhibit more flexible masses
and  couplings.  Both  axions  and  ALPs  have  been  widely
incorporated  into  scenarios  beyond  the  standard  model,
where they can make connections to neutrino mass gener-
ation [29, 30] and serve as viable dark matter candidates
[31−35]. Especially, ALP models involving BNV interac-
tions have been pursued recently [36−38], offering poten-
tial  explanations  for  the  long-standing  neutron  lifetime
anomaly [15, 39, 40]. Therefore, combining BNV interac-
tions with an ALP presents a very interesting direction to
explore.

SU(3)L⊗SU(3)R u, d, s

8L(R)⊗1R(L) 3L(R)⊗ 3̄R(L) 3L(R)⊗6R(L)

3L(R)⊗6R(L)

n→ π+e−a n→ π+µ−a
3L(R)⊗6R(L)

Within  the  framework  of  the  low  energy  effective
field theory extended by an ALP, termed as aLEFT, Ref.
[18] studied BNV nucleon and hyperon decays involving
an ALP in the final state. In the aLEFT with a shift sym-
metry in  the  ALP,  the  relevant  BNV  operators  first  ap-
pear at dimension 8 (dim 8) [41], with a total of 20 oper-
ators  without  counting  flavors.  Under  the  QCD  chiral
symmetry  of  the  light  quarks,
these dim-8 operators can be classified into three irredu-
cible  representations  (irreps)  and  their  chiral  partners:

, ,  and .  Only  8  operators
in  the  first  two  usual  irreps  were  considered  in  [12],
whereas  the  remaining  12  operators  associated  with  the
new chiral  irreps  were  discarded  as  sub-lead-
ing contributions. Recently, we have found that the oper-
ators  in  the  new  chiral  irreps  can  contribute  to  nucleon
decays  at  the  same leading  chiral  order  as  the  other  two
[42].  Moreover,  processes  that  change  isospin  by  3/2
units, such as  and , can only be me-
diated by operators belonging to the irreps  due
to  their  unique  flavor  and  Lorentz  structures.  Motivated
by these considerations, in this work, we will systematic-
ally  investigate  the  nucleon  decays  involving  an  ALP
based on the complete set of all  20 BNV aLEFT operat-
ors.

SU(3)c⊗U(1)em

We  begin  by  collecting  the  relevant  dim-8  BNV
aLEFT  operators  involving  an  ALP,  a  SM  lepton,  and
three  light  quark  fields,  which  are  invariant  under  the
QCD and QED symmetries . To calculate
the  hadronic  matrix  elements,  a  systematic  approach  is
through the chiral perturbation theory (ChPT) framework
[43−45] by matching the quark-level operators onto their
hadronic counterparts. For all relevant nucleon decay op-
erators  in  the  LEFT,  their  leading-order  chiral  matching
has been systematically established in [42, 46, 47] by re-
quiring  that  the  hadron-level  operators  share  the  same
chiral  and  Lorentz  transformation  properties  as  their
quark-level counterparts.  Following  these  works,  we  de-
compose all aLEFT operators into irreps under the chiral

group and determine the relevant spurion fields stemmed
from the aLEFT interactions. By substituting these spuri-
on fields into the matching results in [42] and expanding
to the appropriate order in pseudoscalar meson fields, we
obtain the desired hadron-level BNV operators. Together
with the standard baryon ChPT interactions [48, 49],  we
calculate the amplitudes and decay widths for  both octet
baryon  two-body  decays  and  nucleon  three-body  decays
involving an ALP. To extract  more meaningful  informa-
tion from  experimental  data,  we  also  analyze  the  mo-
mentum  distributions  of  the  final-state  charged  leptons
and mesons in nucleon three-body decays.

Γ−1

Λeff

After establishing the theoretical  framework for  nuc-
leon decays  involving  an  ALP,  we  examine  the  experi-
mental  constraints  on  the  relevant  aLEFT  interactions.
Given  the  limited  experimental  search  for  those  exotic
decay modes, we constrain these channels by reanalyzing
the  existing  data  from  proton  decay  searches  conducted
by  the  Super-K  experiment  [50−54].  We  simulate  the
proton decay processes  using the  analytical  decay distri-
butions by accounting for the detector’s resolution and ef-
ficiency,  and  compare  the  results  with  Super-K  data  to
extract lower bounds on the partial lifetime ( ) for cer-
tain decay modes.  These lower limits  are  then translated
into  constraints  on  the  effective  scale  associated
with  the  relevant  Wilson  coefficients  (WCs)  of  the
aLEFT operators. Finally, we predict new bounds on the
occurrence of BNV neutron and hyperon decay modes in-
volving  an  ALP.  These  predictions  provide  valuable
guidance for future experimental searches.

This paper is organized as follows. We first introduce
the dim-8 BNV aLEFT operators and derive their hadron-
level counterparts within the ChPT framework in Section
2. In Section 3, we formulate the general expressions for
the  decay  widths  of  nucleon  decays  involving  an  ALP,
and  study  the  momentum  distributions  of  the  charged
leptons  and/or  pseudoscalar  mesons  for  the  three-body
decays. Section 4 is dedicated to reinterpreting the exist-
ing proton decay data  to  establish  bounds  on the  corres-
ponding modes  involving  an  additional  ALP.  Sub-
sequently,  by  combining  these  results  with  the  available
inclusive  limits,  we  will  set  conservative  constraints  on
the  relevant  WCs  and  further  explore  their  implications
for other decay modes. Finally, we summarize our results
in Section 5. Additionally, Appendix A collects the relev-
ant BNV vertices involving a spurion field and a baryon
field, while  Appendix  B  summarizes  the  complete  ex-
pressions for  the decay widths  expressed in  terms of  the
aLEFT WCs. 

II.  BNV ALP INTERACTIONS IN THE EFTs

In this section, we present a detailed EFT description
of the BNV interactions involving an ALP field, starting
from  quark-level  interactions  and  then  matching  them
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onto  hadron-level  interactions  based  on  the  QCD  chiral
symmetry. We begin by collecting the relevant dim-8 loc-
al operators within the LEFT framework extended by an
ALP (aLEFT).  To  perform  the  chiral  matching,  we  de-
compose  these  operators  into  irreducible  representations
of the chiral  group and identify the corresponding spuri-
on  fields  involved  in  the  matching.  By  incorporating
these spurion fields into the formalism established in Ref.
[42],  we  obtain  the  hadronic  counterparts  of  the  BNV
aLEFT operators. 

A.    BNV ALP interactions in the aLEFT

∆B = |∆L| = 1

∂µa

lqqq∂a

To  investigate  low  energy  processes,  the  LEFT  is  a
good  starting  point.  When  the  LEFT  is  extended  by  a
light  axion-like  particle,  we refer  to  it  as  aLEFT.  In  this
work, we focus on two- and three-body BNV nucleon de-
cays,  whose  final  states  contain  both  an  ALP  and  a
lepton,  plus  an  additional  pseudoscalar  meson  for  three-
body  modes.  For  such  processes, the  re-
quired lowest dimensional aLEFT operators must contain
three  quark  fields  and  one  lepton  field.  We  assume  that
the interactions preserve the shift  symmetry in the axion
field a,  which  results  in  the  ALP  field  appearing  only
through  its  derivative, . 1) Consequently,  the  relevant
leading-order  operators  appear  at  dim  8  and  take  the
form, .

eL,R νL
uL,R dL,R

u,d, s

L↔ R
νL↔ νCL

∆(B−L) = 0
∆(B+L) = 0

A complete set of those dim-8 operators was recently
constructed  in  [41]. However,  to  facilitate  chiral  match-
ing  in  the  subsequent  parts,  we  will  construct  a  slightly
modified operator basis. Denoting the SM charged lepton
chiral  fields  as ,  neutrinos  as ,  and  the  up- and
down-type quarks by  and , respectively, the relev-
ant  dim-8  aLEFT  operators  adopted  in  our  analysis  are
listed  in  the  third  column  of Table  1.  In  the  rightmost
column, we indicate the correspondence with the operat-
ors  given  in  [12, 41],  where  those  highlighted  in  dark
gray were considered in Ref. [12] to study the BNV nuc-
leon decays, while the remaining 12 operators were neg-
lected there. When the quark flavor is taken into account,
there  are  totally  68  operators  associated  with  the 
quarks, among which only 22 were considered in that pa-
per. Our operator basis exhibits a clear chirality-flip sym-
metry,  where  one  half  of  the  operators  are  the  chirality
partners  of  the  other  half  under  the  interchange ,
with  applied  in  the  neutrino  case.  This  structure
will simplify the chiral matching and also serve as a use-
ful cross-check for the final results. Note that operators in
the  sector  involve  a  lepton  field,  whereas
those in the  sector involve a conjugate lepton
filed. This difference in global lepton number implies that
they  originate  from  distinct  UV-complete  scenarios,

where the generation of operators in one sector may sim-
ultaneously forbid those in the other.

SU(3)L⊗SU(3)R u,d, s

To  match  the  aLEFT  operators  onto  those  in  ChPT,
one should first  decompose them into irreducible repres-
entations  (irreps)  of  the  QCD  chiral  group

 for the  quarks in the massless limit.
As can be observed from Table 1, these operators are di-
vided into the following two structures and their chirality
partners: 

∂µa(ψxγ
µqαL,y)(q

βC
L,zq

γ
L,w)ϵαβγ, ∂µa(ψxqαL,y)(q

βC
L,zγ

µqγR,w)ϵαβγ,

(1)

ψ(= e,eC, ν,νC)
y,z,w = 1,2,3

q1,2,3 = u,d, s
NLLyzw ≡ qαL,y(q

βC
L,zq

γ
L,w)ϵαβγ

8L⊗1R

6L⊗3R
3̄L⊗3R

NLLyzw qL,y
qR,y

where  stands for a lepton field,  with x de-
noting its flavor, and  are light quark flavor
indices  with .  The  triple-quark  sector  in  the
first  structure, ,  already  belongs  to
the  irrep of the chiral group. However, the triple-
quark  component  in  the  second  structure  generally  does
not  form an irrep.  As recognized in Ref.  [42],  the flavor
symmetric  and  anti-symmetric  combinations  of  the  two
like-chirality  quark  fields  form  the  irreps  and

, respectively. The antisymmetric combination can
be Fierz-transformed into a similar form to  with 
being replaced by . Following Ref. [42], we paramet-
rize them as follows: 

NRLyzw ≡ qαR,y(q
βC
L,zq

γ
L,w)ϵαβγ ∈ 3̄L⊗3R,

NLR,µyzw ≡ qαL,{y(q
βC
L,z}γ

µqγR,w)ϵαβγ ∈ 6L⊗3R. (2)

The second structure in Eq. (1) then can be converted in-
to these irreps by using the Fierz identity, 

(ψxqαL,[y)(q
βC
L,z]γ

µqγR,w)ϵαβγ =
1
2

(ψxγ
µqαR,w)(qβCL,zq

γ
L,y)ϵαβγ, (3)

leading to 

(ψxqαL,y)(q
βC
L,zγ

µqγR,w)ϵαβγ = ψxNLR,µyzw +
1
2
ψxγ

µNRLwzy. (4)

A{yBz} ≡ (1/2)(AyBz+AzBy) A[yBz] ≡ (1/2)(AyBz−AzBy)

L↔ R 3L⊗6R 3L⊗ 3̄R

Here, the  curly  and  square  brackets  denote  symmetriza-
tion  and  antisymmetrization  over  the  two  flavor  indices,

 and ,
respectively.  Similarly,  the  chirality-flipped  operators
with  can  be  decomposed  into  and .
For instance, 
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1) Usually, a general pseudoscalar is coupled to the SM fermions through a non-derivative form. However, when focusing on the leading-order dim-5 terms, non-de-
rivative and derivative forms are physically equivalent if and only if the Wilson coefficients of the former obey specific constraints derived from field redefinitions [55].
Otherwise, the non-derivative form cannot be transformed into the derivative form and represent genuine symmetry-breaking effects.
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[OSL,VR∂aeuud]x11y = ∂µaeCL,xNLR,µ11y , (5a)

 

[OSL,VR∂aeudu]x1y1 = ∂µaeCL,xNLR,µ1y1 +
1
2
∂µaeCL,xγ

µNRL1y1, (5b)

 

[OSL,VR∂aνddu]xyz1 = ∂µaνCL,xNLR,µyz1 +
1
2
∂µaνCL,xγ

µNRL1zy, (5c)

 

[OSL,VR∂aeddd]xyzw = ∂µaeR,xNLR,µyzw +
1
2
∂µaeR,xγµNRLwzy. (5d)

3L(R)⊗ 3̄R(L)

Based  on  the  arguments  outlined  above,  we  indicate  the
chiral  irreps  of  each  operator  under  consideration  in  the
fourth column of Table 1.  It  should be noted that such a
chiral  decomposition  was  neglected  in  [18],  resulting  in
many operators belonging to  being also omit-
ted from their analysis.

To carry out the chiral realization of the operators lis-
ted in Table 1, it is convenient to use the spurion field ap-

P
8L⊗1R

3̄L⊗3R

proach by treating the combination of the nonquark com-
ponent  of  each  operator  and  its  corresponding  WC  as  a
spurion  field .  Following  our  previous  works  in  [42,
56], we organize the flavor components of the  and

 irreps in the following matrix form:
 

N8L⊗1R =

Ü
NLLuds NLLusu NLLuud

NLLdds NLLdsu NLLdud

NLLsds NLLssu NLLsud

ê
,

N3̄L⊗3R =

Ü
NRLuds NRLusu NRLuud

NRLdds NRLdsu NRLdud

NRLsds NRLssu NRLsud

ê
, (6)

L↔ Rand  similar  ones  for  their  chirality  partners  with .
Accordingly,  we  denote  the  corresponding  spurion
matrices as follows,
 

 

α,β,γ

SU(3)L ⊗SU(3)R u,d, s

ne nν nu nd

u,d, s nu = 1 nd = 2 68ne,ν

u,d, s 22ne,ν

Table 1.    The dim-8 aLEFT BNV operators involving an ALP.  are color indices while the flavor indices are omitted for simpli-
city. The chiral irrep. column lists the irreducible representations under the chiral group  for the three light quarks .
The # column counts the number of independent operators for general  charged leptons,  neutrinos, and  up-type and  down-
type quarks; the number in the square bracket represents the case with only  quarks (  and ). Totally, there are  op-
erators associated with the  quarks, among which only  were considered in [18] and are highlighted in dark gray in the last
column

Notation Operator Chiral Irrep. # of operators Comparison with [18]

Δ(B-L)=0

OVL,SL
∂aeuud ∂µa(eCRγ

µuαL )(uβCL dγL)ϵαβγ 8L ⊗1R nen2
und [2ne] − OVL,SL∂aeudu 

OSL,VR
∂aeuud ∂µa(eCLu

α
L )(uβCL γ

µdγR)ϵαβγ 6L ⊗3R nen2
und [2ne] −[OVL,SR

∂audue]†

OSL,VR
∂aeudu ∂µa(eCLu

α
L )(dβCL γ

µuγR)ϵαβγ 6L ⊗3R ⊕ 3̄L ⊗3R nen2
und [2ne] −[OVL,SR

∂aduue]†

OSL,VR
∂aeduu ∂µa(eCLd

α
L )(uβCL γ

µuγR)ϵαβγ 6L ⊗3R ⊕ 3̄L ⊗3R nen2
und [2ne] −[OVL,SR

∂auude]†

OVR,SR
∂aeuud ∂µa(eCLγ

µuαR )(uβCR dγR)ϵαβγ 1L ⊗8R nen2
und [2ne] OVR,SR

∂aeuud

OSR,VL
∂aeuud ∂µa(eCRu

α
R )(uβCR γ

µdγL)ϵαβγ 3L ⊗6R nen2
und [2ne] OVR,SR

∂aduue

OSR,VL
∂aeudu ∂µa(eCRu

α
R )(dβCR γ

µuγL)ϵαβγ 3L ⊗6R ⊕3L ⊗ 3̄R nen2
und [2ne] OVL,SR

∂adueu

OSR,VL
∂aeduu ∂µa(eCRd

α
R )(uβCR γ

µuγL)ϵαβγ 3L ⊗6R ⊕3L ⊗ 3̄R nen2
und [2ne] OVL,SR

∂adueu− O
VL,SR
∂aeudu 

OVR,SR
∂aνddu ∂µa(νCLγ

µdαR )(dβCR uγR)ϵαβγ 1L ⊗8R nνnun2
d [4nν] − OVL,SR∂adνdu 

OSL,VR
∂aνddu ∂µa(νCLd

α
L )(dβCL γ

µuγR)ϵαβγ 6L ⊗3R ⊕ 3̄L ⊗3R nνnun2
d [4nν] −[OVL,SR

∂adudν]
†

OSL,VR
∂aνdud ∂µa(νCLd

α
L )(uβCL γ

µdγR)ϵαβγ 6L ⊗3R ⊕ 3̄L ⊗3R nνnun2
d [4nν] − OVL,SL∂adνud +[OVL,SR

∂addνu]† (  )
OSL,VR
∂aνudd ∂µa(νCLu

α
L )(dβCL γ

µdγR)ϵαβγ 6L ⊗3R ⊕ 3̄L ⊗3R nνnun2
d [4nν] −[OVL,SR

∂addνu]†

Δ(B+L)=0

OVL,SL
∂aνddu ∂µa(νLγµdαL )(dβCL uγL)ϵαβγ 8L ⊗1R nνnun2

d [4nν] OVL,SL
∂aνddu

OSR,VL
∂aνddu ∂µa(νLdαR )(dβCR γ

µuγL)ϵαβγ 3L ⊗6R ⊕3L ⊗ 3̄R nνnun2
d [4nν] OVR,SR

∂audνd

OSR,VL
∂aνdud ∂µa(νLdαR )(uβCR γ

µdγL)ϵαβγ 3L ⊗6R ⊕3L ⊗ 3̄R nνnun2
d [4nν] OVR,SR

∂aduνd

OSR,VL
∂aνudd ∂µa(νLuαR )(dβCR γ

µdγL)ϵαβγ 3L ⊗6R ⊕3L ⊗ 3̄R nνnun2
d [4nν] OVR,SR

∂addνu

OVR,SR
∂aeddd ∂µa(eRγµdαR )(dβCR dγR)ϵαβγ 1L ⊗8R 1

3 nend(n2
d −1)[2ne] OVR,SR

∂aeddd

OSR,VL
∂aeddd ∂µa(eLdαR )(dβCR γ

µdγL)ϵαβγ 3L ⊗6R ⊕3L ⊗ 3̄R nen3
d [8ne] ÕVR,SR

∂aeddd

OVL,SL
∂aeddd ∂µa(eLγµdαL )(dβCL dγL)ϵαβγ 8L ⊗1R 1

3 nend(n2
d −1)[2ne] OVL,SL

∂aeddd

OSL,VR
∂aeddd ∂µa(eRdαL )(dβCL γ

µdγR)ϵαβγ 6L ⊗3R ⊕ 3̄L ⊗3R nen3
d [8ne] −[OVL,SR

∂addde]†
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P8L⊗1R =

Ü
0 PLLdds PLLsds

PLLusu PLLdsu PLLssu

PLLuud PLLdud PLLsud

ê
,

P3L⊗3̄R =

Ü
PRLuds PRLdds PRLsds

PRLusu PRLdsu PRLssu

PRLuud PRLdud PRLsud

ê
, (7)

L↔ R
TrN8L⊗1R = 0 (1,1)
P8L⊗1R (2,2) (3,3) NLLuds

6L(R)⊗3R(L) NLR(RL),µyzw PLR(RL),µyzw

and the chirality partners with . Note that the condi-
tion  has been used to attribute the  entry
of  to its  and  entries by treating  as
redundant  [47].  The  accompanying  spurion  fields  of  the

 irreps  are  denoted  by .  With
the above conventions, all aLEFT interactions in Table 1
can be compactly written as 

L/B = Tr
[
P8L⊗1RN8L⊗1R +P1L⊗8RN1L⊗8R

]
+Tr

[
P3L⊗3̄RN3̄L⊗3R +P3̄L⊗3RN3L⊗3̄R

]
+
[
PLR,µyzw NLRyzw,µ+PRL,µyzw NRLyzw,µ

]
+H.c., (8)

y,z,w
u,d, s

where 'Tr' denotes the trace over the flavor space as indic-
ated in the matrix notation and the repeated indices 
are summed over the three flavors .

NLL(RR)yzw NRL(LR)yzw NLR(RL),µyzw

P

PLR(RL),µyzw = PLR(RL),µzyw

y , z yz = 32
yz = 23

After  decomposing  all  operators  in Table  1 into ir-
reps  ( , ,  and )  of  the  chiral  group,
one  can  immediately  identify  the  corresponding  spurion
fields  through  the  above  conventions.  Note  that  Eq.
(11) sums both y and z over all three quark flavors, and to
avoid double counting, a factor of 1/2 is included by hand
for  the  resulting  spurion  fields  when

.  For  example,  for  operators  in  Eq.  (7)  with 
and , we have ∑

yz=23,32

[CSL,VR∂aνddu]xyz1[OSL,VR∂aνddu]xyz1

= PRLudsNRLuds+P
LR,µ
dsu NLRdsu,µ+P

LR,µ
sdu NLRsdu,µ, (9)

PRLuds = (1/2)([CSL,VR∂aνddu]x321−
[CSL,VR∂aνddu]x231)∂µaνCL,xγµ PLR,µdsu = P

LR,µ
sdu = (1/2)([CSL,VR∂aνddu]x321+

[CSL,VR∂aνddu]x231)∂µaνCL,x

PLR(RL),µuuu

6L(R)⊗3R(L)
PLR(RL),µyzw [OSL,VR∂aeuud]x11y

[OSL,VR∂aνddu]xyy1 [OSL,VR∂aeddd]xyyz

leading  to  the  spurion  fields, 
, 

.  The  full  expressions  of  the  resulting
spurion fields for all aLEFT operators are summarized in
Table  2.  Note  that  the  absence  of  is a  con-
sequence of electric charge conservation. It is interesting
to notice that more than half of aLEFT operators contain

 components,  thereby  generating  non-zero
 terms.  In  particular,  the  operators ,

, ,  and  their  chirality  partners  that
contain  two  identical  chiral  quark  fields  belong  to

6L(R)⊗3R(L)
PLR(RL),µyzw

6L(R)⊗3R(L)

,  and  therefore  contribute  exclusively  to
. In the following, we will incorporate these spuri-

on  fields  into  the  recently  developed  chiral  framework
[42] to explore their phenomenological implications, with
a  particular  emphasis  on the  interactions  associated  with

 irreps that were overlooked thus far [18]. 

B.    BNV ALP interactions in the ChPT

Σ(x) = ξ2(x) = exp[i
√

2Π(x)/F0]
B(x)

All  aLEFT  operators  under  consideration  contain
three light quarks without being acted upon by a derivat-
ive. For this class of operators,  their chiral matching has
been  systematically  investigated  in  [42]  for  the  pure
pseudoscalar  meson  case  and  in  [47] for  those  also  in-
volving  a  vector  meson.  In  this  work,  we  focus  on  the
pseudoscalar meson sector and utilize the chiral results in
[42]  for  the  subsequent  analysis.  We  define  the  octet
pseudoscalar field by  and
baryon field by , with 

Π(x) =


π0

√
2
+

η√
6

π+ K+

π− − π
0

√
2
+

η√
6

K0

K− K̄0 −
…

2
3
η

 ,

B(x) =


Σ0

√
2
+
Λ0

√
6

Σ+ p

Σ− − Σ
0

√
2
+
Λ0

√
6

n

Ξ− Ξ0 −
…

2
3
Λ0

 , (10)

F0 = fπ/
√

2
fπ = 130.41(20) MeV

where  is the pion decay constant in the chiral
limit with  [57].

3̄L(R)⊗3R(L) 8L(R)⊗1R(L) 6L(R)⊗3R(L)
For the three spurion fields associated with the chiral

irreps , , and , the leading-
order  chiral  Lagrangian  involving  the  octet  baryon  and
pseudoscalar meson takes the form [42]: 

L/BB = c1Tr
[
P3̄L⊗3RξBLξ−P3L⊗3̄Rξ

†BRξ†
]

+ c2Tr
[
P8L⊗1RξBLξ†−P1L⊗8Rξ

†BRξ
]

+
c3

Λχ

[
PLR,µyzi Γ

L
µν(ξiD

νBLξ)y jΣzkϵi jk

−PRL,µyzi Γ
R
µν(ξ

†iDνBRξ†)y jΣ
∗
kzϵi jk

]
+H.c.. (11)

y,z i, j,k
u,d, s BL(R) ≡ PL(R)B
ΓL,Rµν ≡ (gµν−γµγν/4)PL,R

PL,R ≡ (1∓γ5)/2

where all indices  and  are summed over the three
flavors , and  represent the chiral bary-
on  fields.  are  the  vector-spinor
projectors  with .1) The low  energy  con-

Comprehensive investigation on baryon number violating nucleon decays involving an... Chin. Phys. C 50, (2026)

ms/Λχ ∼ 0.1
1) We do not consider the chiral symmetry breaking effects due to quark masses, as they enter into the chiral matching at a higher chiral order and are therefore ex-

pected to be suppressed at least by a factor of  at the amplitude level.
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c1,2

c1=α=−0.01257(111)GeV3 c2=β=0.01269(107)GeV3

stants (LECs)  are the α and β parameters used in the
literature,  with  recent  lattice  QCD  calculations  yielding

 and 
c3

c3 ∼ 0.011GeV3

[58], respectively. However, there is no available LQCD
computation  for , so  we  use  the  naive  dimension  ana-
lysis  estimation  [42]  for  the  numerical

 

∆(B−L) = 0
∆(B+L) = 0

3L(R) ⊗ 3̄R(L) 6L(R) ⊗3R(L) [CSL,VR
∂aeddq]±xyzw ≡ (1/2)([CSL,VR

∂aeddq]xyzw ± [CSL,VR
∂aeddq]xzyw)

[CSL,VR
∂aeudq]±x1zw ≡ (1/2)([CSL,VR

∂aeudq]x1zw) ± [CSL,VR
∂aeduq]xz1w) q = d,u

SR,VL

Table 2.    Expressions of the spurion fields from the dim-8 aLEFT interactions. The white and gray cells correspond to the 
and  interactions, respectively. The subscripts 1, 2, 3 stand for u, d, and s, x serves as a lepton flavor index. For the WCs re-
lated to representations  and , the following abbreviations are used: 
and ,  where .  Similar abbreviations are used for those of parity partner operators
with superscript ' ' and in the neutrino case.

Irrep. Spurion Expression Spurion Expression

8L(R) ⊗1R(L)

PLLdds [CVL,SL
∂aeddd]x223(∂µa)eL,xγµ PRRdds [CVR,SR

∂aeddd]x223(∂µa)eR,xγµ

PLLsds [CVL,SL
∂aeddd]x323(∂µa)eL,xγµ PRRsds [CVR,SR

∂aeddd]x323(∂µa)eR,xγµ

PLLusu −[CVL,SL
∂aeuud]x113(∂µa)eCR,xγ

µ PRRusu −[CVR,SR
∂aeuud]x113(∂µa)eCL,xγ

µ

PLLdsu [CVL,SL
∂aνddu]x231(∂µa)νL,xγµ PRRdsu [CVR,SR

∂aνddu]x231(∂µa)νCL,xγ
µ

PLLssu [CVL,SL
∂aνddu]x331(∂µa)νL,xγµ PRRssu [CVR,SR

∂aνddu]x331(∂µa)νCL,xγ
µ

PLLuud [CVL,SL
∂aeuud]x112(∂µa)eCR,xγ

µ PRRuud [CVR,SR
∂aeuud]x112(∂µa)eCL,xγ

µ

PLLdud −[CVL,SL
∂aνddu]x221(∂µa)νL,xγµ PRRdud −[CVR,SR

∂aνddu]x221(∂µa)νCL,xγ
µ

PLLsud −[CVL,SL
∂aνddu]x321(∂µa)νL,xγµ PRRsud −[CVR,SR

∂aνddu]x321(∂µa)νCL,xγ
µ

3L(R) ⊗ 3̄R(L)

PRLuds −[CSL,VR
∂aνddu]−x231(∂µa)νCL,xγ

µ PLRuds −[CSR,VL
∂aνddu]−x231(∂µa)νL,xγµ

PRLdds −[CSL,VR
∂aeddd]−x232(∂µa)eR,xγµ PLRdds −[CSR,VL

∂aeddd]−x232(∂µa)eL,xγµ

PRLsds −[CSL,VR
∂aeddd]−x233(∂µa)eR,xγµ PLRsds −[CSR,VL

∂aeddd]−x233(∂µa)eL,xγµ

PRLusu [CSL,VR
∂aeudu]−x131(∂µa)eCL,xγ

µ PLRusu [CSR,VL
∂aeudu]−x131(∂µa)eCR,xγ

µ

PRLdsu [CSL,VR
∂aνudd]−x132(∂µa)νCL,xγ

µ PLRdsu [CSR,VL
∂aνudd]−x132(∂µa)νL,xγµ

PRLssu [CSL,VR
∂aνudd]−x133(∂µa)νCL,xγ

µ PLRssu [CSR,VL
∂aνudd]−x133(∂µa)νL,xγµ

PRLuud −[CSL,VR
∂aeudu]−x121(∂µa)eCL,xγ

µ PLRuud −[CSR,VL
∂aeudu]−x121(∂µa)eCR,xγ

µ

PRLdud −[CSL,VR
∂aνudd]−x122(∂µa)νCL,xγ

µ PLRdud −[CSR,VL
∂aνudd]−x122(∂µa)νL,xγµ

PRLsud −[CSL,VR
∂aνudd]−x123(∂µa)νCL,xγ

µ PLRsud −[CSR,VL
∂aνudd]−x123(∂µa)νL,xγµ

6L(R) ⊗3R(L)

PLR,µuuu — PRL,µuuu —

PLR,µuud [CSL,VR
∂aeuud]x112(∂µa)eCL,x PRL,µuud [CSR,VL

∂aeuud]x112(∂µa)eCR,x

PLR,µuus [CSL,VR
∂aeuud]x113(∂µa)eCL,x PRL,µuus [CSR,VL

∂aeuud]x113(∂µa)eCR,x

PLR,µudu [CSL,VR
∂aeudu]+x121(∂µa)eCL,x PRL,µudu [CSR,VL

∂aeudu]+x121(∂µa)eCR,x

PLR,µudd [CSL,VR
∂aνudd]+x122(∂µa)νCL,x PRL,µudd [CSR,VL

∂aνudd]+x122(∂µa)νL,x

PLR,µuds [CSL,VR
∂aνudd]+x123(∂µa)νCL,x PRL,µuds [CSR,VL

∂aνudd]+x123(∂µa)νL,x

PLR,µusu [CSL,VR
∂aeudu]+x131(∂µa)eCL,x PRL,µusu [CSR,VL

∂aeudu]+x131(∂µa)eCR,x

PLR,µusd [CSL,VR
∂aνudd]+x132(∂µa)νCL,x PRL,µusd [CSR,VL

∂aνudd]+x132(∂µa)νL,x

PLR,µuss [CSL,VR
∂aνudd]+x133(∂µa)νCL,x PRL,µuss [CSR,VL

∂aνudd]+x133(∂µa)νL,x

PLR,µddu [CSL,VR
∂aνddu]x221(∂µa)νCL,x PRL,µddu [CSR,VL

∂aνddu]x221(∂µa)νL,x

PLR,µddd [CSL,VR
∂aeddd]x222(∂µa)eR,x PRL,µddd [CSR,VL

∂aeddd]x222(∂µa)eL,x

PLR,µdds [CSL,VR
∂aeddd]x223(∂µa)eR,x PRL,µdds [CSR,VL

∂aeddd]x223(∂µa)eL,x

PLR,µdsu [CSL,VR
∂aνddu]+x231(∂µa)νCL,x PRL,µdsu [CSR,VL

∂aνddu]+x231(∂µa)νL,x

PLR,µdsd [CSL,VR
∂aeddd]+x232(∂µa)eR,x PRL,µdsd [CSR,VL

∂aeddd]+x232(∂µa)eL,x

PLR,µdss [CSL,VR
∂aeddd]+x233(∂µa)eR,x PRL,µdss [CSR,VL

∂aeddd]+x233(∂µa)eL,x

PLR,µssu [CSL,VR
∂aνddu]x331(∂µa)νCL,x PRL,µssu [CSR,VL

∂aνddu]x331(∂µa)νL,x

PLR,µssd [CSL,VR
∂aeddd]x332(∂µa)eR,x PRL,µssd [CSR,VL

∂aeddd]x332(∂µa)eL,x

PLR,µsss [CSL,VR
∂aeddd]x333(∂µa)eR,x PRL,µsss [CSR,VL

∂aeddd]x333(∂µa)eL,x

Wei-Qi Fan, Yi Liao, Xiao-Dong Ma et al. Chin. Phys. C 50, (2026)
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analysis.

P−B P−N−M

P

By expanding the Lagrangian in Eq. (14) to the prop-
er order in the pseudoscalar meson fields, we obtain inter-
action vertices  involving spurion fields,  the  octet  baryon
and  meson  fields.  For  our  purpose,  the  relevant  vertices
include the  terms without mesons and the 
terms containing one pseudoscalar meson field, which are
summarized in  Appendix  A  for  reference.  By  substitut-
ing  the  spurion  fields  in these  terms  with  the  corres-
ponding results from Table 2, we obtain the desired BNV
vertices containing  a  single  ALP  field,  which  are  dis-
played in Tables 3 and 4. 

III.  NUCLEON DECAYS INVOLVING AN ALP

In  this  work,  we  consider  BNV  two-body  decays  of
octet  baryons  and  three-body decays  of  nucleons  in-
volving  an  ALP,  with  the  leading-order Feynman  dia-
grams  shown  in Fig.  1. We  first  derive  the  general  ex-
pressions for the amplitude squared and the resulting de-
cay  width  by  exploiting  the  BNV  hadronic  interactions
obtained in the preceding section along with the usual ba-
ryon ChPT interactions. These results provide the neces-
sary input for the subsequent phenomenological analysis.
Next, we study the differential distribution with respect to
the momenta of final-state particles, which is crucial both
for disentangling the operator structures and for deriving
constraints on the interactions from experimental data. 

B→ l+aA.    Octet baryon two-body decays 
B→ la

B− l−a
P P−B

For  the  octet  baryon  two-body  decays  in-
volving an ALP and a lepton in the final state, the single
three-point  vertex  shown  in Fig.  1a can  be  ob-
tained  by  replacing  the  spurion  fields  in  the 
terms  of  Eq.  (30)  with  the  corresponding  results  from
Table 2. For each decay mode, it is convenient to organ-
ize the relevant terms in the following general form, 

LB→la = c1∂
µa
ï
C1L

B→l

(
lLγµBL

)
+C1R

B→l

(
lRγµBR

)
+

C3L
B→l

Λχ

(
lRi∂̃µBL

)
+

C3R
B→l

Λχ

(
lLi∂̃µBR

)ò
, (12)

ℓ±, ν, ν̄ ∂̃µ ≡ ∂µ−γµ/∂/4

ℓ−(ℓ+) lL,R = ℓL,R(ℓCR,L)
lL(lR) = νL(νCL)

8L(R)⊗1R(L) 3L(R)⊗ 3̄R(L)
6L(R)⊗3R(L)

C1(3)L/R
B→l

κ2 ≡ c2/c1, κ3 ≡ c3/c1

where l denotes a lepton field ( ) and .
Specifically,  for  a  negatively  (positively)  charged  lepton

, , and for a neutrino (an antineutrino)
field, . The first two terms in Eq. (15) are as-
sociated  with  the  usual  and  irreps,
while the last two terms are relevant to the  rep-
resentations.  In  terms  of  the  above  parametrization,  the
coefficients  for  each  transition  can  be  extracted
from  the  chiral  Lagrangian  and  are  summarized  in
Table 3. In the table, we have defined two ratios of LECs

.  From  the  above  Lagrangian,  the
two-body decay amplitude can be written as 

 

C1(3)L/R
B→lTable 3.    The specific expressions of the coefficients  for each transition mode.

B→ l+a C1L
B→l C1R

B→l (upper cell) and  (lower cell) C3L
B→l C3R

B→l (upper cell) and  (lower cell)

p→ ℓ+x
−[CSR,VL

∂aeudu]−x121 + κ2[CVL,SL
∂aeuud]x112 −κ3

(
[CSL,VR

∂aeudu]+x121 − [CSL,VR
∂aeuud]x112

)
[CSL,VR

∂aeudu]−x121 − κ2[CVR,SR
∂aeuud]x112 κ3

(
[CSR,VL

∂aeudu]+x121 − [CSR,VL
∂aeuud]x112

)
Σ+→ ℓ+x

[CSR,VL
∂aeudu]−x131 − κ2[CVL,SL

∂aeuud]x113 κ3
(

[CSL,VR
∂aeudu]+x131 − [CSL,VR

∂aeuud]x113
)

−[CSL,VR
∂aeudu]−x131 + κ2[CVR,SR

∂aeuud]x113 −κ3
(

[CSR,VL
∂aeudu]+x131 − [CSR,VL

∂aeuud]x113
)

n→ ν̄x

n→ νx( )

−[CSR,VL
∂aνudd]−x122 − κ2[CVL,SL

∂aνddu]x221 κ3
(

[CSL,VR
∂aνudd]+x122 − [CSL,VR

∂aνddu]x221
)

[CSL,VR
∂aνudd]−x122 + κ2[CVR,SR

∂aνddu]x221 −κ3
(

[CSR,VL
∂aνudd]+x122 − [CSR,VL

∂aνddu]x221
)

Λ0→ ν̄x

Λ0→ νx( )

1√
6

(
2[CSR,VL

∂aνudd]−x123 + [CSR,VL
∂aνudd]−x132 − [CSR,VL

∂aνddu]−x231

)
−
√

3
2 κ3

(
[CSL,VR

∂aνudd]+x132 − [CSL,VR
∂aνddu]+x231

)
+

κ2√
6

(
[CVL,SL

∂aνddu]x231 +2[CVL,SL
∂aνddu]x321

)
− 1√

6

(
2[CSL,VR

∂aνudd]−x123 + [CSL,VR
∂aνudd]−x132 − [CSL,VR

∂aνddu]−x231

) √
3
2 κ3

(
[CSR,VL

∂aνudd]+x132 − [CSR,VL
∂aνddu]+x231

)
− κ2√

6

(
[CVR,SR

∂aνddu]x231 +2[CVR,SR
∂aνddu]x321

)
Σ0→ ν̄x

Σ0→ νx( )

− 1√
2

(
[CSR,VL

∂aνudd]−x132 + [CSR,VL
∂aνddu]−x231

)
− κ2√

2
[CVL,SL

∂aνddu]x231
κ3√

2

(
2[CSL,VR

∂aνudd]+x123 − [CSL,VR
∂aνudd]+x132 − [CSL,VR

∂aνddu]+x231

)
1√
2

(
[CSL,VR

∂aνudd]−x132 + [CSL,VR
∂aνddu]−x231

)
+

κ2√
2

[CVR,SR
∂aνddu]x231 − κ3√

2

(
2[CSR,VL

∂aνudd]+x123 − [CSR,VL
∂aνudd]+x132 − [CSR,VL

∂aνddu]+x231

)
Ξ0→ ν̄x

Ξ0→ νx( )

[CSR,VL
∂aνudd]−x133 + κ2[CVL,SL

∂aνddu]x331 −κ3
(

[CSL,VR
∂aνudd]+x133 − [CSL,VR

∂aνddu]x331
)

−[CSL,VR
∂aνudd]−x133 − κ2[CVR,SR

∂aνddu]x331 κ3
(

[CSR,VL
∂aνudd]+x133 − [CSR,VL

∂aνddu]x331
)

Σ−→ ℓ−x
−[CSR,VL

∂aeddd]−x232 + κ2[CVL,SL
∂aeddd]x223 −κ3

(
[CSL,VR

∂aeddd]+x232 − [CSL,VR
∂aeddd]x223

)
[CSL,VR

∂aeddd]−x232 − κ2[CVR,SR
∂aeddd]x223 κ3

(
[CSR,VL

∂aeddd]+x232 − [CSR,VL
∂aeddd]x223

)
Ξ−→ ℓ−x

−[CSR,VL
∂aeddd]−x233 + κ2[CVL,SL

∂aeddd]x323 κ3
(

[CSL,VR
∂aeddd]+x233 − [CSL,VR

∂aeddd]x332
)

[CSL,VR
∂aeddd]−x233 − κ2[CVR,SR

∂aeddd]x323 −κ3
(

[CSR,VL
∂aeddd]+x233 − [CSR,VL

∂aeddd]x332
)

Comprehensive investigation on baryon number violating nucleon decays involving an... Chin. Phys. C 50, (2026)
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MB→la = iul
[
DLB→lPL+DRB→lPR

]
uB. (13)

with
 

DL(R)B→l ≡ c1mB

Å
C1R(L)

B→l −
ml

mB
C1L(R)

B→l +
m2

B−2m2
l +2m2

a

4mBΛχ
C3L(R)

B→l

+
ml

4Λχ
C3R(L)

B→l

ã
,

(14)

mB ml mawhere , ,  denote  the  masses  of  the  baryon,

lepton,  and  ALP,  respectively.  The  spin-averaged  and -
summed matrix element squared is
 

|MB→l+a|2 =
1
2

(m2
B+m2

l −m2
a)
(
|DLB→l|2+ |DRB→l|2

)
+2mBmlℜ

(
DLB→lD

R∗
B→l

)
. (15)

ul

vCl
vC

Note  that  the  in  Eq.  (16)  denotes  the  lepton's  spinor,
which  should  be  rewritten  as  when  the  final-state
lepton  is  an  antiparticle.  Since u and  share  identical
Dirac properties  (the  equation  of  motion  and  complete-

 

C1(3)L/R
N→lMTable 4.    The specific expressions of the coefficients  for each transition mode.

N→ lM+a C1L
N→lM C1R

N→lM (upper cell) and  (lower cell) C3L
N→lM C3R

N→lM (upper cell) and  (lower cell)

p→ ℓ+x π
0

− 1
2

(
[CSR,VL

∂aeudu]−x121 − κ2[CVL,SL
∂aeuud]x112

)
κ3
2

(
[CSL,VR

∂aeudu]+x121 +3[CSL,VR
∂aeuud]x112

)
− 1

2

(
[CSL,VR

∂aeudu]−x121 − κ2[CVR,SR
∂aeuud]x112

)
κ3
2

(
[CSR,VL

∂aeudu]+x121 +3[CSR,VL
∂aeuud]x112

)
p→ ℓ+x η

1
2
√

3

(
[CSR,VL

∂aeudu]−x121 +3κ2[CVL,SL
∂aeuud]x112

)
− κ3

2
√

3

(
[CSL,VR

∂aeudu]+x121 − [CSL,VR
∂aeuud]x112

)
1

2
√

3

(
[CSL,VR

∂aeudu]−x121 +3κ2[CVR,SR
∂aeuud]x112

)
− κ3

2
√

3

(
[CSR,VL

∂aeudu]+x121 − [CSR,VL
∂aeuud]x112

)
p→ ℓ+x K0

1√
2

(
[CSR,VL

∂aeudu]−x131 + κ2[CVL,SL
∂aeuud]x113

)
− κ3√

2

(
[CSL,VR

∂aeudu]+x131 + [CSL,VR
∂aeuud]x113

)
1√
2

(
[CSL,VR

∂aeudu]−x131 + κ2[CVR,SR
∂aeuud]x113

)
− κ3√

2

(
[CSR,VL

∂aeudu]+x131 + [CSR,VL
∂aeuud]x113

)
n→ ℓ+x π

−
− 1√

2

(
[CSR,VL

∂aeudu]−x121 − κ2[CVL,SL
∂aeuud]x112

)
− κ3√

2

(
3[CSL,VR

∂aeudu]+x121 − [CSL,VR
∂aeuud]x112

)
− 1√

2

(
[CSL,VR

∂aeudu]−x121 − κ2[CVR,SR
∂aeuud]x112

)
− κ3√

2

(
3[CSR,VL

∂aeudu]+x121 − [CSR,VL
∂aeuud]x112

)
p→ ν̄xπ

+

p→ νxπ
+( )

− 1√
2

(
[CSR,VL

∂aνudd]−x122 + κ2[CVL,SL
∂aνddu]x221

)
κ3√

2

(
3[CSL,VR

∂aνudd]+x122 − [CSL,VR
∂aνddu]x221

)
− 1√

2

(
[CSL,VR

∂aνudd]−x122 + κ2[CVR,SR
∂aνddu]x221

)
κ3√

2

(
3[CSR,VL

∂aνudd]+x122 − [CSR,VL
∂aνddu]x221

)
p→ ν̄xK+

p→ νxK+( )

− 1√
2

(
[CSR,VL

∂aνudd]−x123 + [CSR,VL
∂aνddu]−x231 + κ2[CVL,SL

∂aνddu]x321
)

κ3√
2

(
[CSL,VR

∂aνudd]+x123 +2[CSL,VR
∂aνudd]+x132 − [CSL,VR

∂aνddu]+x231

)
− 1√

2

(
[CSL,VR

∂aνudd]−x123 + [CSL,VR
∂aνddu]−x231 + κ2[CVR,SR

∂aνddu]x321
)

κ3√
2

(
[CSR,VL

∂aνudd]+x123 +2[CSR,VL
∂aνudd]+x132 − [CSR,VL

∂aνddu]+x231

)
n→ ν̄xπ

0

n→ νxπ
0( )

1
2

(
[CSR,VL

∂aνudd]−x122 + κ2[CVL,SL
∂aνddu]x221

)
κ3
2

(
[CSL,VR

∂aνudd]+x122 +3[CSL,VR
∂aνddu]x221

)
1
2

(
[CSL,VR

∂aνudd]−x122 + κ2[CVR,SR
∂aνddu]x221

)
κ3
2

(
[CSR,VL

∂aνudd]+x122 +3[CSR,VL
∂aνddu]x221

)
n→ ν̄xη

n→ νxη( )

1
2
√

3

(
[CSR,VL

∂aνudd]−x122 −3κ2[CVL,SL
∂aνddu]x221

)
κ3

2
√

3

(
[CSL,VR

∂aνudd]+x122 − [CSL,VR
∂aνddu]x221

)
1

2
√

3

(
[CSL,VR

∂aνudd]−x122 −3κ2[CVR,SR
∂aνddu]x221

)
κ3

2
√

3

(
[CSR,VL

∂aνudd]+x122 − [CSR,VL
∂aνddu]x221

)
n→ ν̄xK0

n→ νxK0( )

− 1√
2

(
[CSR,VL

∂aνudd]−x123 − [CSR,VL
∂aνudd]−x132

)
− κ3√

2

(
[CSL,VR

∂aνudd]+x123 − [CSL,VR
∂aνudd]+x132 +2[CSL,VR

∂aνddu]+x231

)
− κ2√

2

(
[CVL,SL

∂aνddu]x231 + [CVL,SL
∂aνddu]x321

)
− 1√

2

(
[CSL,VR

∂aνudd]−x123 − [CSL,VR
∂aνudd]−x132

)
− κ3√

2

(
[CSR,VL

∂aνudd]+x123 − [CSR,VL
∂aνudd]+x132 +2[CSR,VL

∂aνddu]+x231

)
− κ2√

2

(
[CVR,SR

∂aνddu]x231 + [CVR,SR
∂aνddu]x321

)
n→ ℓ−x π

+
—

√
2κ3[CSL,VR

∂aeddd]x222

—
√

2κ3[CSR,VL
∂aeddd]x222

n→ ℓ−x K+
− 1√

2

(
[CSR,VL

∂aeddd]−x232 + κ2[CVL,SL
∂aeddd]x223

)
κ3√

2

(
[CSL,VR

∂aeddd]+x232 + [CSL,VR
∂aeddd]x223

)
− 1√

2

(
[CSL,VR

∂aeddd]−x232 + κ2[CVR,SR
∂aeddd]x223

)
κ3√

2

(
[CSR,VL

∂aeddd]+x232 + [CSR,VL
∂aeddd]x223

)
 

Fig. 1.    (color online) Diagrams for BNV octet baryon two-body (a) and nucleon three-body (b) decays involving an axion. The cyan
blob (black square) represents the insertion of a BNV (usual) chiral vertex.
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ness relation), all the above results remain valid for anti-
particles. Finally, the decay width becomes, 

ΓB→la =
|MB→l+a|2

16πmB
λ1/2(1, xl, xa), (16)

λ(x,y,z) ≡ x2+ y2+ z2−2xy−2yz−2zx
xl ≡ m2

l /m
2
B xa ≡ m2

a/m
2
B

where  is the  tri-
angle function, and , . In Appendix
B, We show the complete decay widths for the massless
ALP case. The numerical constraints on the relevant WCs
will be studied in the next section. 

N→ l+M+aB.    Nucleon three-body decays 

P−N−M
By  inserting  the  explicit  expressions  of  the  spurion

fields from Table 2 into the  terms in Eq. (31),
we obtain effective BNV four-point interactions contain-
ing a baryon, a meson, a lepton and an ALP. These inter-
actions  yield  the  contact  contribution  to  the  three-body
decays, shown in the second diagram of Fig. 1b. All these
local vertices can be written in the following general form 

LN→lMa = c1
i∂µa
F0

ï
C1L
N→lM lLγµNL+C1R

N→lM lRγµNR

+
C3L
N→lM

Λχ
lRi∂̃µNL+

C3R
N→lM

Λχ
lLi∂̃µNR

ò
M̄, (17)

8L(R)⊗1R(L) 3L(R)⊗ 3̄R(L)
6L(R)⊗3R(L) C1(3)L/R

N→lM

where  again  the  first  two  terms  are  related  to  the  irreps
 and , while the last two terms are as-

sociated  with .  The  coefficients  for  all
relevant vertices are summarized in Table 4.

N

In addition to the BNV interactions given above,  the
standard leading-order chiral interactions involving bary-
ons are also needed. These enter into the non-contact dia-
gram in Fig.  1b via the three-point  vertices involving an
octet  baryon (B),  a  nucleon ( ),  and  a  meson (M).  They
are given by [48, 49] 

LB
ChPT = Tr[B̄(i/D−M)B]+

D
2

Tr(B̄γµγ5{uµ,B})

+
F
2

Tr(B̄γµγ5[uµ,B]), (18)

uµ = i
[
ξ(∂µ− irµ)ξ†− ξ†(∂µ− ilµ)ξ

]
= −iξ†(DµΣ)ξ†

DµΣ = ∂µΣ− ilµΣ+ iΣrµ DµB = ∂µB+
[Γµ,B]− iv(s)

µ B Γµ

Γµ =
1
2

[
ξ(∂µ− irµ)ξ†+ ξ†(∂µ− ilµ)ξ

]
v(s)
µ lµ rµ

D = 0.730(11) F = 0.4476
7

where .1)
The covariant derivatives of the meson and baryon octets
are  given  by  and 

, respectively. Here  is the chiral connec-
tion, , and ,  and 
are  external  sources,  which  can  be  omitted  in  our  case.
We will use the LECs  and  from
the  recent  lattice  calculation  [60].  By  expanding  the
pseudoscalar meson matrices in 21 to the linear order, we

obtain 

LB̄NM ⊃
D−F
2F0

î
Σ0γµγ5 p∂µK−−Σ0γµγ5n∂µK̄0

+
√

2
(
Σ+γµγ5 p∂µK̄0+Σ−γµγ5n∂µK−

)ó
+

3F −D

2
√

3F0

(
pγµγ5 p∂µη+nγµγ5n∂µη

)
− D+3F

2
√

3F0

î
Λ0γµγ5 p∂µK−+Λ0γµγ5n∂µK̄0

ó
+

D+F
2F0

î
pγµγ5 p∂µπ0−nγµγ5n∂µπ0

+
√

2
(
nγµγ5 p∂µπ−+ pγµγ5n∂µπ+

)ó
. (19)

Generally, each term has the following form: 

LN→BM =
CN→BM

F0
Bγµγ5N∂

µM̄, (20)

CN→BMwhere the dimensionless coefficient  can be easily
read off  from Eq.  (22)  for  a  given configuration of  field
combinations.  Combining  Eq.  Eqs.  (15)  and  (23)  will
yield  the  non-contact  contribution  to  the  three-body de-
cays shown in the first diagram of Fig. 1b.

After  taking  into  account  both  contact  and  non-con-
tact  contributions,  the  amplitude  for  a  general  mode  can
be parametrized as, 

MN→lMa = ul

î
DS,LN→lMPL+DS,RN→lMPR+DV,LN→lMm−1

N /pBPL

+DV,RN→lMm−1
N /pBPR

ó
uN, (21)

pB mB DS,L(R)N→lM

DV,L(R)N→lM

where B denotes  the  baryon  in  the  intermediate  state  of
momentum  and mass .  The expressions for 
and  are given by 

DS,L(R)N→lM

c1F−1
0
= mlC

1L(R)
N→lM ±

ï
(mNmB+ s)

Ä
4mlC

1L(R)
B→l

− s−2m2
l +2m2

a

Λχ
C3L(R)

B→l

ä
− (mN+mB)s

Ä
4C1R(L)

B→l +
ml

Λχ
C3R(L)

B→l

äò CN→BM

4(m2
B− s)

− s+ t−m2
M −m2

l

2Λχ
C3L(R)
N→lM −

mNml

4Λχ
C3R(L)
N→lM ,

(22)
 

DV,L(R)N→lM

c1F−1
0 mN

= −C1L(R)
N→lM ±

î
(mN+mB)

Ä
4mlC

1R(L)
B→l
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− s−2m2
l +2m2

a

Λχ
C3R(L)

B→l

ä
− (mNmB+ s)Ä

4C1L(R)
B→l +

ml

Λχ
C3L(R)

B→l

äó CN→BM

4(m2
B− s)

+
mN

4Λχ
C3R(L)
N→lM , (23)

mN s ≡ p2
B = (pl+ pa)2

t ≡ (p− pl)2 = (pM + pa)2

p→ νx(ν̄x)K+a
n→ νx(ν̄x)K0a

Σ0 Λ0

N→ M+ l+a
CN→BM

n→ ℓ−π+a

OSL,VR(S R,VL)
∂aeddd

6L(R)⊗3R(L) C3L/R
N→lM

Cn→Bπ−

where  is  the  nucleon  mass,  and ,
. In  the  above  equations,  a  sum-

mation  over  the  virtual  baryon B is  implied.  From  Eq.
(22), it is clear that only the decay modes 
and  receive non-contact contributions from
both the  and  intermediate  states,  as  these baryons
share the same quark content.  For all  other decay modes

,  the  contributing  virtual  baryon B is
uniquely determined by the vertices  in Eq. (22). It
should  be  noticed  that  the  process  changes
isospin by 3/2 units, so that the required local vertex has
to  contain  three  down  quarks.  This  flavor  condition  is
uniquely  satisfied  by  the  operators  in the  ir-
reps ,  thereby  only  are nonzero.  Mean-
while,  the  non-contact  contribution  is  absent  due  to  the
lack of a  vertex from Eq. (22).

Based  on  Eq.  (24),  the  spin-averaged  and -summed
matrix element squared can be expressed compactly as 

|MN→lMa|2 =
1
2

(m2
N+m2

l − t)
(
|DS,LN→lM |2+ |DS,RN→lM |2

)
+

1
2m2
N

î
(m2
N−m2

M)(m2
l −m2

a)

+ s(s+ t−m2
M −m2

a)
ó(
|DV,LN→lM |2+ |DV,RN→lM |2

)
+2mlmNℜ

(
DS,LN→lMDS,R∗N→lM

)
+2

ml

mN
sℜ

(
DV,LN→lMDV,R∗N→lM

)
+

ml

mN
(s+m2

N−m2
M)ℜ
Ä

DS,LN→lMDV,L∗N→lM

+DS,RN→lMDV,R∗N→lM

ä
+ (s+m2

l −m2
a)

ℜ
(
DS,LN→lMDV,R∗N→lM +DS,RN→lMDV,L∗N→lM

)
.

(24)

Finally, the decay width is 

ΓN→lMa =
1

256π3m3
N

∫
ds

∫ t+

t−

dt|MN→lMa|2, (25)

where the integration domains are 

(ml+ma)2 ≤ s ≤ (mN−mM)2,

t± = (E∗2 +E∗3)2−
Ä»

E∗22 −m2
a∓
»

E∗23 −m2
M

ä2
,

E∗2 ≡
s−m2

l +m2
a

2
√

s
, E∗3 ≡

m2
N− s−m2

M

2
√

s
.

(26)

Using  the  above  formalism,  each  decay  width  can  be

parametrized in terms of  the aLEFT WCs after  perform-
ing the full phase space integration for a given ALP mass.
In Appendix  B,  we  present  the  complete  numerical  res-
ults  for  all  considered  baryon  and  nucleon  BNV  decay
modes with  an  ALP,  assuming  the  ALP  mass  is  negli-
gible. 

C.    Normalized distribution
Experimentally, the event numbers are usually binned

against some kinetic variables such as momentum, miss-
ing energy,  invariant  mass,  etc.  These  distributions  en-
code rich information about the underlying dynamics and
kinematic properties of  involved particles.  To extract  in-
formation from  these  distributions,  we  analyze  the  mo-
mentum distribution of the three-body nucleon decays.

For each mode, we define the normalized differential
decay width against the momentum of either the charged
lepton or the octet meson via 

dΓ̃
d|pℓ|

≡ 1
Γ

dΓ
d|pℓ|

,
dΓ̃

d|pM |
≡ 1
Γ

dΓ
d|pM |

, (27)

pℓ pM

e,µ

VL,SL SR,VL

VR,SR

SL,VR

where  and  denote  the  three-momenta  of  the
charged lepton and the octet meson in the final state, re-
spectively. Since both the neutrino and the ALP are invis-
ible to the detector, their momentum distributions are not
considered. For illustration, we focus on proton and neut-
ron decay modes that involve both a charged lepton ( )
and a pion, as well as the proton decay modes involving
the η meson; all of these are related to operators contain-
ing two up quarks and one down quark. We assume only
one WC is nonzero at a time and consider only half of the
operators  with  " "  and  " "  chiral  structures,
since  the  other  chirality-flipped  counterparts  (" "
and " ") yield the same distributions.

p→ ℓ+π0a n→ ℓ+π−a

ma = {0, 0.3, 0.5}

[OVL,SL∂aeuud]x112 ∈ 8L⊗1R
[OSR,VL∂aeudu]−x121 ∈ 3L⊗ 3̄R

[OSR,VL∂aeuud]x112 [OSR,VL∂aeudu]+x121

3L⊗6R
[OVL,SL∂aeuud]x112

[OSR,VL∂aeudu]−x121

∆I = 1/2
p→ ℓ+π0a

n→ ℓ+π−a
3L⊗6R

|pi|

Fig. 2 shows the normalized differential distributions
for  the  processes  (left  panels)  and 
(right  panels)  from insertion  of  various  operators.  Given
that the  mass  of  the  ALP  spans  a  wide  range,  we  con-
sider three benchmark points with  GeV.
In the plots, the solid curves represent contributions from
the  usual  chiral  irrep  operators  and

,  while  the  dashed  and  dotted  curves
correspond  to  contributions  from  the  operators

 and ,  respectively,  belonging  to
the new chiral irrep . As shown in Fig. 2, for each
ALP  mass  scenario,  the  operators  and

 lead to the same lepton/pion-momentum dis-
tributions. Moreover,  since these operators  have a defin-
ite  isospin  change  of ,  they  yield  approximately
the same distributions for the decay modes  and

 in each case. In contrast, the operators belong-
ing to the new chiral irrep  exhibit markedly differ-
ent -distributions  across  each  ALP  mass  point  and
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-10

CPC
 A

cce
pte

d



 

p→ ℓ+π0a n→ ℓ+π−a

ma = {0, 0.3, 0.5}GeV

121MeV µ+ 159MeV π− [OSR,VL
∂aeudu]±x1y1 ≡ [OSR,VL

∂aeudu]x1y1 ± [OSR,VL
∂aeduu]xy11

[CSR,VL
∂aeudu]±x1y1 [CSR,VL

∂aeudu]+x1y1[OSR,VL
∂aeudu]+x1y1 + [CSR,VL

∂aeudu]−x1y1[OSR,VL
∂aeudu]−x1y1 = [CSR,VL

∂aeudu]x1y1[OSR,VL
∂aeudu]x1y1+

[CSR,VL
∂aeduu]xy11[OSR,VL

∂aeduu]xy11

Fig. 2.    (color online) The normalized momentum distributions for  and  from insertion of various operators. All
distributions are evaluated for three benchmark ALP masses: . The vertical gray dashed lines indicate the Cheren-
kov thresholds:  for  and  for  [61].  correspond to the operators associated
with  the  WCs ,  defined  through  the  relations 

.
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∆I = 1/2 ∆I = 3/2
|pπ|
3L⊗6R

|pπ|

between  the  two  decay  modes,  due  to  the  presence  of
both  and  isospin  components  in  these
operators.  In  each -distribution panel,  the  distribu-
tions  from  the  two  operators tend  to  be  concen-
trated at  higher  values compared to those of the two
usual operators.  These  distinct  patterns  in  the  distribu-
tions may help disentangle the operator structures and de-
termine the ALP mass in future experimental searches.

|pi|
p→ ℓ+ηa

[OVL,SL∂aeuud]x112 [OSR,VL∂aeudu]−x121

[OSR,VL∂aeuud]x112 [OSR,VL∂aeudu]+x121

p→ ℓ+π0a

p→ ℓ+ηa ∆I = 1/2

[CSR,VL∂aeuud]x112 [CSR,VL∂aeudu]+x121

C3R
p→ℓη

C3R
p→ℓ
|pη| pe,µ

|pη|
|pη|

|pη|

Fig. 3 shows the -distributions for the decay mode
, which involves the same set of operators as the

pion  modes  discussed  above.  Unlike  the  previous  cases,
the  distributions  from  the  two  usual  irrep  operators

 (solid) and  (dashed) exhibit clear
differences  across  all  three  ALP  mass  values  and
lepton/eta-momentum scenarios.  However,  the two oper-
ators  and  in  the  new chiral  irrep
share  the  same  behavior  in  all  cases,  in  contrast  to  the
situation in the process . This distribution char-
acteristic can also be understood from isospin considera-
tions. For the decay , only the  compon-
ents of the two operators contribute, resulting in the coef-
ficients  of  and  sharing  the  same
relative ratio in both the contact ( ) and the non-con-
tact ( ) contributions. For each operator, the behavior
of  the -distribution  differs  from  that  of -distribu-
tion. In particular, the -distributions from the two new
irrep operators are enhanced at higher  values, where-
as  the  two  usual  operators  peak  at  intermediate  val-
ues. Complementary  to  the  pion  modes,  these  new  fea-

tures can be further employed to distinguish among vari-
ous scenarios in future experimental searches.

|pπ|
p→ νx(ν̄x)π+a

n→ e+π−a
u↔ d e↔ ν(νC)

u↔ d

C1(3)L/R
B→l C1(3)L/R

N→lM

CN→BM

p→ e+π0(η)a n→ νx(ν̄x)π0(η)a p→
νx(ν̄x)K+a n→ νx(ν̄x)K0a p→ ℓ+K0a
n→ ℓ−K+a

u↔ d

Similar  distributions  can  be  studied  for  the  other
three-body  decay  modes.  For  example,  the -distribu-
tions in the process  closely resemble those
of  for  the  corresponding  operators  with  the
simultaneous  exchange  of  and .  This  is
physically understandable; on the one hand, the nucleon-
to-pion  matrix  elements  are  connected  with  each  other
through the exchange of , and on the other hand, the
masses  of  both  the  neutrino  and  electron  are  negligible.
All of these results can be understood analytically. Given
the amplitude formulas in Eqs. (24) and (25) and neglect-
ing the lepton masses in both processes, a direct compar-
ison  of  their  corresponding  coefficients  ( , ,

)  suffices  to  determine  the  relationship  between
their amplitudes  and  further  their  distributions.  Accord-
ingly,  such  similarity  in  distributions  is  also  anticipated
between  and , 

 and ,  as  well  as  and
 for the corresponding operators with the sim-

ultaneous exchange of  and the involved leptons. 

IV.  CONSTRAINTS AND IMPLICATIONS

After establishing the theoretical  framework for  nuc-
leon decay with an ALP in the final state, we investigate
constraints on  the  relevant  WCs  from  available  experi-
mental  data.  Exotic  nucleon  decays  involving  new  light

 

p→ ℓ+ηa ma = {0, 0.1, 0.2}GeVFig. 3.    (color online) Same as Fig. 2 but for the decay mode  with .
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p→ e+X µ+X

mX → 0
Γ−1(p→ e++X) > 7.9×1032 Γ−1(p→ µ++X) > 4.1×
1032

invisible  particles  have  been  largely  overlooked  in  the
past  experimental  searches,  resulting  in  a  lack  of  direct
constraints  on  their  occurrence.  The  only  exceptions  are
the two-body proton decay modes  and , and
Super-K  experiment  has  set  stringent  lower  bounds  on
their  inverse  decay  widths  in  the  limit  of :

 yr and 
 yr  [50].  Nevertheless,  given  the  non-observation  of

any BNV nucleon decays, existing experimental data from
searches for decay modes involving only SM final states
can also be used to constrain exotic modes involving new
light  particles.  In  the  following,  we  first  discuss  how  to
reinterpret the existing experimental data into bounds on
these new channels,  and then use all  these bounds to set
limits on the WCs of the effective operators. 

A.    Recasting existing data into constraints on nucleon
decay with an ALP

n→ invisible
e+ µ+

N→ e+/µ++ anything N = p,n
n→ invisible
n→ ν̄(ν)a

n→ invisible
+

Γ−1(n→ invisible) > 9.0×1029 yr

Γ−1(N→ e++ anything) > 0.6×1030

Γ−1(N→ µ++ anything) > 12×1030

First,  the  bounds  on  several  inclusive  decay  modes
can be directly applied to analogous processes involving
an invisible ALP. These include the neutron invisible de-
cay  ( )  and  proton  or  neutron  decays  into  a
charged  or  plus  any  other  particles
( , where ). Due to the invis-
ible nature of the ALP, the constraint  on  is
directly applicable to the two-body modes . For
the decay ,  we adopt  the most  recent  partial
lifetime  bound  reported  by  the  SNO  experiment,

 [62].1) This limit  is  ex-
pected to  be  further  improved  by  two  orders  of  mag-
nitude in the JUNO experiment [64]. For the nucleon de-
cays  involving  a  positively  charged  lepton,  the  inclusive
searches around 1980s also provide partial lifetime limits
with  yr  [65]  and

 yr  [66], based  on  de-
tecting  both  prompt  and  secondary  charged  leptons.
These limits are expected to be broadly applicable to the
decay channels involving the same charged leptons in the
final  state  considered  in  this  work,  provided  Cherenkov
threshold effects are properly accounted for.

p→ e+(µ+)X

(e±,γ)
(µ±,π±)

Although  no  dedicated  searches  for  nucleon  decays
involving new light particles exist, besides the aforemen-
tioned  channels  with a  massless X,  existing
experimental data and background information from con-
ventional channels can be reinterpreted to constrain such
processes.  Here,  we focus  on the  Super-K experiment,  a
water-Cherenkov detector, for our analysis, as it provides
the most stringent bound. Charged particles traversing the
detector produce Cherenkov radiation, forming character-
istic rings that are classified as either showering  or
non-showing  types based on their topological fea-
tures.  Each  molecule  (H2O)  contains  two  free  protons
(from hydrogen atoms) and eight bound protons (from the

oxygen nucleus).  In  this  preliminary  attempt,  we  con-
sider free proton decays in the hydrogen atom in our sim-
ulation  to  derive  conservative  bounds  on  the  relevant
modes. A more complete treatment of bound nucleon de-
cays would require accounting for nuclear effects such as
Fermi  motion,  nucleon  correlations,  and  meson-nucleon
interactions.  Consequently,  we  restrict  ourselves  to  the
analysis of proton decay channels in this study, deferring
the detailed investigations of these bound nucleon decays
to our future work.

p→ ℓ+a p→ ν(ν̄)π+a
p→ ℓ+π0a p→ ℓ+ηa p→ µ+K0a ℓ = e,µ
p→ ℓ+a p→ e+X

p→ µ+X

ℓ+

p→ ℓ+a
p→ ν(ν̄)π+a

π+

p→ ℓ+π0a p→ ℓ+ηa

π0

Br ≃ 98.8

η→ 2γ
Br ≃ 39 η→ 3π0

p→ µ+K0a
K0

S → π+π− Br ≃ 69 K0

Pythia8

σe = (0.6+2.6/
√

pe[GeV]) σµ = (1.7+0.7/√
pµ[GeV])

Γ−1

2σ N i
s+N i

b < N i
o+2σi N i

s N i
b

N i
o

σi

3.0◦ 1.8◦

The  simulated  channels  include  the  two-body  modes
 and  the  three-body  modes ,

, ,  and ,  with .  For
, we recast the spectral search results for 

and  with a massless X,  as reported in [50].  We
employ the reconstructed momentum distributions of the
charged  lepton, ,  shown  in Fig.  1 of  that  reference  to
obtain  the  bounds  on . Similarly,  for  the  chan-
nels , in  which only the charged pion is  vis-
ible in the final state, we derive constraints using the re-
constructed  momentum  distributions  of  the ,  as
provided in Fig.  3 of [53].  For  and ,
we make use of the reconstructed invariant mass distribu-
tions of the charged lepton and the neutral meson. The 
predominantly  decays  into  two  photons  ( %),
thus  producing  Cherenkov  rings.  The η meson is  recon-
structed  through  the  two-photon  decay  mode 
( %), while reconstruction through  is less
effective  due  to  the  ring-counting  algorithm’s  limitation
of  identifying  at  most  five  Cherenkov  rings.  For  the

 channel, we utilize the dominant decay chan-
nel of ( %) to reconstruct the  meson.
We simulate  the  aforementioned  proton  decay  processes
using the analytical expressions and momentum distribu-
tions presented in  the previous sections,  considering one
operator at a time, and use  [67, 68] to model the
subsequent decays  of  the  mesons.  The  detector's  mo-
mentum  resolution  is  implemented  according  to

%  and 
% [69].  To constrain  the  lower  limits  on  the

partial lifetime , we require that the expected signal do
not  exceed the observed number of  events  by more than

 in any bin, i.e., , where , , and
 are the numbers of  signal,  background,  and observed

events  in  the i-th  bin,  respectively,  and  is the  corres-
ponding error bar. Note that we have neglected the angu-
lar resolution  effects  in  our  analysis,  which  were  estim-
ated to be  for single-ring e-like events and  for μ-
like events [69], respectively.

p→ e+(µ+)a

The recasting  results  for  various  proton  decay  chan-
nels are presented in Fig.  4.  Due to the fixed kinematics
in  two-body  decays,  the  obtained  limits  on  the  modes

 are independent  of  the  underlying  interac-
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p→ ℓ+a

p→ ℓ+π0a p→ ℓ+ηa

η→ 2γ p→ ν(ν̄)π+a p→ µ+K0a

L↔ R

Fig.  4.    (color online) The new constraints on various proton decay channels as a function of the ALP mass ,  obtained from our
simulation based on the Super-K experimental data. The plots for  are obtained by recasting the analysis in [50]. The plots for

 are based the data provided in Fig. 4 of [51]. The plots for  are based on the data provided in Fig. 5 of [52], where
the η meson is reconstructed by the decay channel . The results for  and  are obtained by reanalyzing the
data provided in Fig. 3 of [53] and Fig. 6 of [54], respectively. Note that the results are the same for the chirality-flipped operators with

.  The peaks or  fluctuations observed in the resulting constraints  arise from the simplified statistical  analysis  and the neglect  of
nuclear effects.
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p→ ℓ+a

|pe| > 100 |pµ| > 200

e+

µ+ π+

µ+ π+

tion structures. In contrast, the momentum distributions in
three-body  decays  strongly  depend  on  the  interaction
structures;  therefore,  the  limits  for  all  three-body  modes
are presented on an operator-by-operator basis.  It  can be
seen  from  the  plots  that  the  recasting  constraints  on
modes  containing  a  charged  lepton  are  stronger  than  the
corresponding  inclusive  limits  by  one  to  four  orders  of
magnitude, with the exact improvement depending on the
decay mode and the  ALP mass.  For  the  two-body chan-
nels ,  the  inclusive  limits  cover  a  slightly  larger
ALP mass range compared to the recasting bounds due to
experimental  cuts  of  MeV and  MeV
in  the  search  [50].  Stronger  bounds  for  heavier  ALPs
arise  in -related  channels  because  a  sharper  and  more
localized signal  peak  appears  at  lower  reconstructed  in-
variant masses, which improves the single bin sensitivity.
However, this effect is diminished by the reduced detec-
tion efficiency for low-momentum  or  produced in
association  with  heavier  ALPs,  causing  the  bounds  on
channels  involving  or  to weaken  as  the  ALP  ap-
proaches the threshold.

p→ e+K0a
p→ e+K0

Γ−1(p→ e+K0a) > 0.6×1030

p→ ν̄(ν)K+a
K+

K+

K+

K→ µ+νµ K→ π+π0

p→ νK+

p→ ν̄(ν)K+a
Γ−1(p→ ν̄(ν)K+a) > 5.9×1033

We  did  not  perform  a  similar  analysis  for  the
 channel,  as  the  most  recent  search  for

 by Super-K [70] does not provide the required
kinematic distributions.  Therefore,  we  adopt  the  inclus-
ive  limit  to  set  yr.  For  the
channels  with the positively charged kaon, ,
the  typically carries momentum below its Cherenkov
threshold (563  MeV)  and  thus  cannot  be  directly  detec-
ted  in  water  Cherenkov  detectors.  Instead,  is identi-
fied via its decay products. Due to its low momentum and
short lifetime, the  usually decays at rest. The Super-K
experiment  utilizes  the dominant  two-body decay modes

 (64%)  and  (21%)  for  its  detection.
Moreover, for  nucleon  decays  occurring  within  the  oxy-
gen nucleus,  the  residual  nucleus  may  be  left  in  an  ex-
cited state, which can promptly de-excite via gamma-ray
emission, offering an additional signal. Given the similar-
ity in final-state signatures, existing searches for 
can  be  directly  reinterpreted  as  constraints  on

. Consequently,  we adopt the current Super-
K limit [71] to set  yr.

Although we have focused on the current Super-K ex-
periment, we  anticipate  that  the  constraints  will  be  fur-
ther  improved  in  the  upcoming  Hyper-K  experiment,
which  will  have  a  fiducial  mass  approximately  eight
times  that  of  the  Super-K.  Additionally,  the  JUNO  and
DUNE experiments, which will utilize tracking detectors,
will  offer  enhanced  capabilities  for  probing  ALP's  mass
near the  threshold  of  nucleon decays,  owing to  their  ex-
cellent low-energy thresholds. 

B.    Comprehensive constraints on the BNV
aLEFT interactions

With the bounds on the inverse decay widths for de-

Ci

Oi

Λeff Λeff ≡ |C−1/4
i |

Λeff ma

cay  modes  summarized  in  the  previous  subsection,  we
now  constrain  the  aLEFT  WCs.  For  the  WC  of  an
aLEFT  operator ,  we  define  an  associated  effective
scale  via ,  and  study  the  constraint  on

 as a function of the ALP mass .  To establish the
bound, we operate one operator at a time and require that
the theoretical decay width be less than the limit given in
the previous subsection.

VL,SL SR,VL

VR,SR SL,VR

ddd
dds uss dss sss

a− e−u−u−d

p→ e+a

p→ e+π0(η)a

a−µ−u−u−d

u−u− s

e+

u−d− s
u−d−d u−d−d

Our final results are presented in Fig. 5. Only half of
the operators  with " "  and " " chiral  structures
are  presented  since  their  chirality-flipped  counterparts
(" "  and  " ")  receive  identical  constraints.  For
each operator, besides the constraint derived from our re-
cast analysis (solid or dotted curves), we also present the
limit  from  inclusive  searches  (dashed  curves)  in  some
channels  for  comparison.  Note  that  operators  with ,

, , ,  and  quark  configurations  cannot  be
constrained due to the lack of corresponding experiment-
al  data,  and  we  have  neglected  them  in  this  work.  Both
panels in the top row of Fig. 5 feature the same set of op-
erators  with  the  field  content.  The  left
panel  shows  the  constraints  from  the  two-body  mode

 based on both the recasting and inclusive results,
while  the  right  panel  presents  only  the  recasting  results
from  the  three-body  modes .  It  is  evident
that  the  two-body  mode,  based  on  the  recasting  results,
provides the most stringent constraints over a wide range
of  ALP masses.  The  similar  behavior  is  observed  in  the
muonic  case  with  the  field  content,  as
shown in  both  panels  of  the  second row.  The results  for
the operators with the  quark content are shown in
the third row, with only inclusive limits provided for the

-related operators  due  to  the  lack  of  experimental  dis-
tribution data. The last row presents results for operators
with  the  quark  content  in  the  left  panel  and  the

 quark  content  in  the  right  panel.  For -
type  operators,  unlike  other  cases,  the  inclusive  bounds
are stronger than the recasting ones for several operators
across  a  wide  range  of  ALP  masses.  In  summary,  these
inclusive  searches  combined  with  the  recasting  analysis
of  available  experimental  data  enable  us  to  constrain  a
broader  set  of  operators  and  explore  a  larger  ALP  mass
range.

Λeff ma→ 0

3L⊗6R

To compare with the results in [18], Table 5 presents
the  lower  bound  on  when . The  WCs  high-
lighted  in  dark  gray  correspond to  those  also  considered
in  that  paper.  The  last  column  shows  the  experimental
lower  bounds  on the  inverse  decay widths  used to  reach
the constraints  on  the  WCs  listed  in  the  front  cells,  in-
cluding the recasting bounds obtained in Fig. 4. All WCs
in the fourth and fifth columns (except for the last one in
the  fourth  column)  correspond to  operators  belonging  to
the new chiral irrep . The derived energy scales as-
sociated  with  these  operators  are  essentially  of  the  same
order  as  those  for  operators  in  the  usual  chiral  irreps
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3L⊗ 3̄R 8L⊗1R
uud

N→ ℓ+X

 and .  The  most  stringent  constraints  for
-type operators arise from the search for nucleon de-

cays  in  Super-K experiment  [50], and are  con-
sistent  with  those  obtained  in  [12].  For  the  effective

u−d− s

Λ0

scales  associated  with  operators  containing 
quarks,  our  results  are  five-to-six  orders  of  magnitude
stronger  than  those  obtained  in  that  paper  based  on  the

-hyperon  invisible  search  performed  by  BESIII  [72].

 

ma κ3 = 1 3L(R) ⊗6R(L)
κ3

Fig. 5.    (color online) Constraints on the effective new physics scale associated with the dim-8 aLEFT operators as a function of the
ALP mass . We have set  in the numerical analysis, and the results for the operators belonging to the irreps  can be
easily rescaled if  is found to differ from 1. The peaks observed in certain solid curves originate from the corresponding peaks in the
recasting bounds presented in Fig. 4.
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Λeff [CVL,SL∂aνddu]x221

[CSR,VL∂aνudd]−x122

The  derived  bounds  on  associated  with 
and  are also slightly stronger.

Last,  we  utilize  the  constraints  in Table  5 to  derive
new bounds on several hyperon and neutron BNV decay
modes.  In Table  6,  we present  the derived bounds along
with the corresponding operators whose constraints were
used to  obtain  them.  As  shown  in  the  table,  the  con-
straints  obtained  in Table  5 impose  very  stringent  limits
on  the  occurrence  of  these  hyperon  decay  modes.
However, the  bounds  on  neutron  decay  modes  are  com-
parable  to  those  for  similar  modes  with  the  SM  final
states, making  them  promising  targets  for  future  experi-
ments. 

V.  SUMMARY

In this work, we have systematically studied two- and
three-body  BNV  nucleon  decays  involving  an  invisible
ALP.  These  decays  are  described  within  the  framework
of  aLEFT,  i.e.,  the  LEFT  framework  extended  by  an
ALP. By imposing shift  symmetry on the ALP field,  we

SU(3)L⊗SUR

u, d, s

6L(R)⊗3R(L)
8L(R)⊗1R(L) 3̄L(R)⊗3R(L)

n→ π+ℓ−a

identified the relevant BNV aLEFT operators, which first
appear at  dimension  8  at  leading  order.  We  then  per-
formed a chiral decomposition of these aLEFT operators
under  the  QCD chiral  group  and  identified
the  corresponding  spurion  fields  that  enter  the  recently
developed chiral  perturbation theory for  nucleon decays.
With these spurion fields at hand, we carried out the chir-
al matching for these BNV ALP interactions and derived
the general expressions for the nucleon decays involving
an ALP in terms of the associated Wilson coefficients and
hadronic  parameters  in  the  chiral  framework.  Compared
to the  previous  study  in  the  literature,  we  have  con-
sidered the  complete  set  of  aLEFT  BNV  operators  in-
volving  light  quarks.  In  particular,  we  found  that
the 12  aLEFT  operators  belonging  to  the  new  chiral  ir-
reps  contribute at the same chiral order as op-
erators  in  the  usual  irreps  and . Es-
pecially, processes that change isospin by 3/2 units, such
as ,  can  only  be  induced  by  operators  in  the
new irreps. Furthermore, we analyzed the momentum dis-
tributions of the charged lepton and mesons in three-body

 

L↔ R
ma→ 0

Table  5.    Lower  bounds  on  the  effective  scale  of  the  relevant  dim-8  aLEFT  operators  in  the  massless  ALP  limit.  The  limits  are
identical  for  the  corresponding  chirality-flipped  operators  with  and  are  therefore  omitted  for  brevity.  The  experimental  lower
bounds without a reference in the last column correspond to the recasting bounds shown in Fig. 4 in the limit of .

WCs/Process Λeff ≡ [Ci]−
1
4 (GeV)Derived bound on the effective scale Γ−1(1030yr)Exp. lower bound on 

WCs [CVL,SL
∂aeuud]e112 [CSR,VL

∂aeudu]−e121 [CSR,VL
∂aeudu]+e121 [CSR,VL

∂aeuud]e112

p→ e+a 2.2×107 2.2×107 1.4×107 1.4×107 790 (Exclusive) [50]

p→ e+a 2.0×107 2.0×107 1.3×107 1.3×107 364

p→ e+π0a 1.2×107 1.2×107 7.8×106 1.1×107 184
∣∣208

∣∣281
∣∣532

p→ e+ηa 9.3×106 6.0×106 5.3×106 5.3×106 735
∣∣624

∣∣670
∣∣668

n→ e+π−a 6.4×106 6.4×106 5.4×106 4.3×106 0.6 (Inclusive) [57]

WCs [CVL,SL
∂aeuud]µ112 [CSR,VL

∂aeudu]−µ121 [CSR,VL
∂aeudu]+µ121 [CSR,VL

∂aeuud]µ112

p→ µ+a 2.0×107 2.0×107 1.3×107 1.3×107 410 (Exclusive) [50]

p→ µ+a 1.9×107 1.9×107 1.3×107 1.3×107 285

p→ µ+π0a 1.1×107 1.1×107 6.9×106 1.0×107 75
∣∣74

∣∣114
∣∣198

p→ µ+ηa 8.7×106 5.8×106 5.0×106 5.0×106 688
∣∣743

∣∣650
∣∣654

n→ µ+π−a 9.2×106 9.2×106 7.8×106 6.2×106 12 (Inclusive) [57]

WCs [CVL,SL
∂aeuud]e113 [CSR,VL

∂aeudu]−e131 [CSR,VL
∂aeudu]+e131 [CSR,VL

∂aeuud]e113

p→ e+K0a 3.7×106 4.0×106 3.0×106 3.0×106 0.6 (Inclusive) [57]

WCs [CVL,SL
∂aeuud]µ113 [CSR,VL

∂aeudu]−µ131 [CSR,VL
∂aeudu]+µ131 [CSR,VL

∂aeuud]µ113

p→ µ+K0a 5.8×106 6.3×106 4.7×106 4.7×106 31
∣∣35

∣∣36
∣∣36

WCs [CVL,SL
∂aνddu]x221 [CSR,VL

∂aνudd]−x122 [CSR,VL
∂aνudd]+x122 [CSR,VL

∂aνddu]x221

p→ νxπ
+a 9.3×106 9.3×106 8.1×106 6.4×106 12

∣∣12
∣∣15

∣∣14

WCs [CVL,SL
∂aνddu]x321 [CSR,VL

∂aνudd]−x132 [CSR,VL
∂aνudd]+x132 [CSR,VL

∂aνddu]+x231

p→ νxK+5900 ( ) [71]
p→ νxK+a 1.3×107 8.5×106 1.1×107 9.3×106

WCs [CVL,SL
∂aνddu]x231 [CSR,VL

∂aνudd]−x123 [CSR,VL
∂aνddu]−x231 [CSR,VL

∂aνudd]+x123

p→ νxK+a 8.5×106 1.3×107 1.2×107 9.3×106
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decay modes. Our results indicate that the distinct distri-
bution behavior  may help  distinguish the  underlying op-
erator structures and potentially determine the ALP mass
in future experimental searches.

Λeff

Based  on  this  comprehensive  theoretical  framework,
we  have  simulated  proton  decay  processes  involving  an
ALP  and  recast  existing  Super-K  data  to  set  bounds  on
the inverse  decay  widths  of  these  exotic  modes.  Al-
though our  treatment  of  the  experimental  recasts  is  sim-
plified and  conservative,  we  still  obtain  meaningful  res-
ults thanks  to  the  huge number  of  protons  in  the  experi-
ment.  These  results  are  complementary  to  current
searches for nucleon decay modes involving only SM fi-
nal states. The bounds we have derived not only signific-
antly  improve  upon  inclusive  limits  set  by  experiments
nearly  four  decades  ago,  but  also  extend  across  a  broad
range of ALP masses. From these results, we established
conservative lower limits on the effective scales  as-

Λeff

Λeff

sociated with the relevant Wilson coefficients. We found
that  the  lower  bounds  on  for operators  correspond-
ing to the new chiral irreps are of the same order as those
for operators in the usual irreps. Last, by employing these
limits on  in the massless ALP limit, we further pre-
dict new  bounds  on  the  occurrence  of  some  BNV  neut-
ron  and  hyperon  decay  modes.  Our  results  impose  very
stringent limits on the branching ratios of exotic hyperon
decay modes, while the projected bounds on neutron de-
cays are within reach of future neutrino experiments such
as JUNO and DUNE. 

APPENDIX A: GENERAL CHIRAL TERMS

By expanding the  pseudoscalar  matrix  in  Eq.  (14)  to
the zeroth order in the meson fields, we obtain the follow-
ing  general  vertices  involving  a  baryon  without  any
pseudoscalar mesons:

 

LPB =
¶[

c1PLRuud + c2PLLuud + c3Λ
−1
χ (PLR,µuud −P

LR,µ
udu )i∂̃µ

]
pL+

[
c1PLRdud + c2PLLdud − c3Λ

−1
χ (PLR,µddu −P

LR,µ
udd )i∂̃µ

]
nL

+
1√
6

[
c1(PLRuds+PLRdsu−2PLRsud)+ c2(PLLdsu−2PLLsud)−3c3Λ

−1
χ (PLR,µusd −P

LR,µ
dsu )i∂̃µ

]
Λ0
L+

1√
2

[
c1(PLRuds−PLRdsu)− c2PLLdsu

+ c3Λ
−1
χ (2PLR,µuds −P

LR,µ
usd −P

LR,µ
dsu )i∂̃µ

]
Σ0
L+

[
c1PLRusu+ c2PLLusu− c3Λ

−1
χ (PLR,µuus −PLR,µusu )i∂̃µ

]
Σ+L

+
[
c1PLRdds+ c2PLLdds+ c3Λ

−1
χ (PLR,µdds −P

LR,µ
dsd )i∂̃µ

]
Σ−L +

[
c1PLRssu+ c2PLLssu+ c3Λ

−1
χ (PLR,µssu −PLR,µuss )i∂̃µ

]
Ξ0
L

+
[
c1PLRsds+ c2PLLsds− c3Λ

−1
χ (PLR,µssd −P

LR,µ
dss )i∂̃µ

]
Ξ−L

©
−L↔ R. (A1)

 

Table 6.    Derived bounds on the  hyperon two-body decay modes and neutron three-body decay modes involving a  neutrino and a
massless ALP based on the constraints provided in Table 5.

Mode
Derived bounds on branching ratios

Mode
Derived bounds on inverse decay widths

Br aLEFT operator Γ−1(yr) aLEFT operator

Σ+→ e+a

9.3×10−45 [OVL,SL
∂aeuud]e113

n→ νxπ
0a

2.2×1031 [OVL,SL
∂aνddu]x221, [OSR,VL

∂aνudd]−x122

4.9×10−45 [OSR,VL
∂aeudu]−e131 4.2×1030 [OSR,VL

∂aνddu]x221

3.0×10−45 [OSR,VL
∂aeudu]+e131, [OSR,VL

∂aeuud]e113 3.5×1032 [OSR,VL
∂aνudd]+x122

Σ+→ µ+a

2.5×10−46 [OVL,SL
∂aeuud]µ113

n→ νxηa

6.9×1032 [OVL,SL
∂aνddu]x221

1.3×10−46 [OSR,VL
∂aeudu]−µ131 1.9×1034 [OSR,VL

∂aνudd]−x122, [OSR,VL
∂aνudd]+x122

8.2×10−47 [OSR,VL
∂aeudu]+µ131, [OSR,VL

∂aeuud]µ113 2.9×1033 [OSR,VL
∂aνddu]x221

Λ0→ νxa

6.9×10−49 [OVL,SL
∂aνddu]x321, [OSR,VL

∂aνudd]−x123

n→ νxK0a

5.3×1033 [OVL,SL
∂aνddu]x321, [OSR,VL

∂aνudd]−x123

5.6×10−48 [OVL,SL
∂aνddu]x231, [OSR,VL

∂aνudd]−x132 2.7×1032 [OVL,SL
∂aνddu]x231

3.5×10−49 [OSR,VL
∂aνddu]−x231 4.4×1032 [OSR,VL

∂aνudd]−x132

1.3×10−48 [OSR,VL
∂aνddu]+x231 9.0×1034 [OSR,VL

∂aνddu]−x231

3.3×10−49 [OSR,VL
∂aνudd]+x132 1.3×1033 [OSR,VL

∂aνddu]+x231

Σ0→ νxa

5.6×10−57 [OVL,SL
∂aνddu]x231, [OSR,VL

∂aνudd]−x132 2.2×1034 [OSR,VL
∂aνudd]+x132

3.5×10−58 [OSR,VL
∂aνddu]−x231 5.8×1033 [OSR,VL

∂aνudd]+x123

1.7×10−58 [OSR,VL
∂aνddu]+x231

6.7×10−58 [OSR,VL
∂aνudd]+x123

4.3×10−59 [OSR,VL
∂aνudd]+x132
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Similarly, expanding the pseudoscalar matrix in Eq. (14) to the first order in the meson fields yields the following ver-
tices containing a nucleon and a meson:
 

LPNM =
i

F0

¶
−
√

2π+c3Λ
−1
χ PLR,µuuu i∂̃µpL+

√
2π−c3Λ

−1
χ P

LR,µ
ddd i∂̃µnL+

1√
2
π−
[
c1PLRdud + c2PLLdud − c3Λ

−1
χ (PLR,µddu −3PLR,µudd )i∂̃µ

]
pL

+
1√
2
π+
[
c1PLRuud + c2PLLuud + c3Λ

−1
χ (PLR,µuud −3PLR,µudu )i∂̃µ

]
nL+

1
2
π0
[
c1PLRuud + c2PLLuud + c3Λ

−1
χ (PLR,µudu +3PLR,µuud )i∂̃µ

]
pL

− 1
2
π0
[
c1PLRdud + c2PLLdud − c3Λ

−1
χ (3PLR,µddu +P

LR,µ
udd )i∂̃µ

]
nL−

1
2
√

3
η
[
c1PLRuud −3c2PLLuud + c3Λ

−1
χ (PLR,µudu −P

LR,µ
uud )i∂̃µ

]
pL

− 1
2
√

3
η
[
c1PLRdud −3c2PLLdud + c3Λ

−1
χ (PLR,µddu −P

LR,µ
udd )i∂̃µ

]
nL+

1√
2

K̄0
[
c1PLRusu− c2PLLusu− c3Λ

−1
χ (PLR,µusu +PLR,µuus )i∂̃µ

]
pL

+
1√
2

K−
[
c1PLRdds− c2PLLdds+ c3Λ

−1
χ (PLR,µdds +P

LR,µ
dsd )i∂̃µ

]
nL+

1√
2

K−
[
c1(PLRsud +PLRuds)+ c2PLLsud

− c3Λ
−1
χ (PLR,µdsu −P

LR,µ
uds −2PLR,µusd )i∂̃µ

]
pL+

1√
2

K̄0
[
c1(PLRdsu+PLRsud)+ c2(PLLsud −PLLdsu)

− c3Λ
−1
χ (2PLR,µdsu +P

LR,µ
uds −P

LR,µ
usd )i∂̃µ

]
nL
©
+L↔ R. (A2)

K+N K0NNote that the absence of  and  terms is because an anti-strange quark is needed.
 

APPENDIX B: COMPLETE EXPRESSIONS FOR
DECAY WIDTHS IN THE ALEFT

e, µ, τ
u, d, s

In this Appendix, we summarize our complete numer-
ical  results  for  the  decay  widths  which  are  expressed  in
terms of  the  WCs in  the  aLEFT.  We denote  the  specific
flavors  in  each  WC  by  subscripts,  with  the  first  letter
( )  indicating the lepton flavors  and the other  three
numbers for the quark flavors (1, 2, 3 stand for , re-

c3

κ3(≡ c3/c1)
∂a

spectively). For  modes  involving  a  neutrino,  the  sub-
script x can  be  either e,  or μ,  or τ.  We  neglect  the  ALP
mass and numerically integrate all phase space factors as-
sociated  with  each  WC  squared.  Since  remains un-
determined  now,  we  retain  its  explicit  dependence
through  in these results. To present the results
more compactly,  we have removed the prefix  " "  from
the subscripts of all relevant WCs.

For  the  two-body decay processes,  the  complete  res-
ults are

 

Γp→e+a

(0.1GeV)9
= 1300|[CVL,SLeuud ]e112|2+1300|[CSL,VReudu ]−e121|2+50κ2

3

(
|[CSL,VReudu ]+e121|2+ |[CSL,VReuud ]e112|2

)
+2600ℜ

(
[CSL,VReudu ]−e121[CVR,SReuud ]∗e112

)
−510κ3ℜ

(
([CSL,VReudu ]+e121− [CSL,VReuud ]e112)[CVR,SReuud ]∗e112

)
−510κ3ℜ

(
([CSL,VReudu ]+e121− [CSL,VReuud ]e112)[CSL,VReudu ]−∗e121

)
−99κ2

3ℜ
(
[CSL,VReudu ]+e121[CSL,VReuud ]∗e112

)
−0.6κ3ℜ

(
([CSL,VReuud ]e112− [CSL,VReudu ]+e121)[CVL,SLeuud ]∗e112

)
+0.2κ2

3ℜ
(
[CSL,VReudu ]+e121[CSR,VLeuud ]∗e112

)
−0.5κ3ℜ

(
([CSL,VReuud ]e112− [CSL,VReudu ]+e121)[CSR,VLeudu ]−∗e121

)
−0.1κ2

3ℜ
(
[CSL,VReudu ]+e121[CSR,VLeudu ]+∗e121

)
−0.1κ2

3ℜ
(
[CSL,VReuud ]e112[CSR,VLeuud ]∗e112

)
+L↔ R,

(B1)

 

Γp→µ+a

(0.1GeV)9
= 1300|[CVL,SLeuud ]µ112|2+1200|[CSL,VReudu ]−µ121|2+50κ2

3

(
|[CSL,VReudu ]+µ121|2+ |[CSL,VReuud ]µ112|2

)
+2500ℜ

(
[CSL,VReudu ]−µ121[CVR,SReuud ]∗µ112

)
−490κ3ℜ

(
([CSL,VReudu ]+µ121− [CSL,VReuud ]µ112)[CVR,SReuud ]∗µ112

)
−490κ3ℜ

(
([CSL,VReudu ]+µ121− [CSL,VReuud ]µ112)[CSL,VReudu ]−∗µ121

)
−100κ2

3ℜ
(
[CSL,VReudu ]+µ121[CSL,VReuud ]∗µ112

)
−110κ3ℜ

(
([CSL,VReuud ]µ112− [CSL,VReudu ]+µ121)[CVL,SLeuud ]∗µ112

)
+43κ2

3ℜ
(
[CSL,VReudu ]+µ121[CSR,VLeuud ]∗µ112

)
−110κ3ℜ

(
([CSL,VReuud ]µ112− [CSL,VReudu ]+µ121)[CSR,VLeudu ]−∗µ121

)
−22κ2

3ℜ
(
[CSL,VReudu ]+µ121[CSR,VLeudu ]+∗µ121

)
−22κ2

3ℜ
(
[CSL,VReuud ]µ112[CSR,VLeuud ]∗µ112

)
+L↔ R,

(B2)
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ΓΣ+→e+a

(0.1GeV)9
= 2700|[CVL,SLeuud ]e113|2+2600|[CSL,VReudu ]−e131|2+160κ2

3

(
|[CSL,VReudu ]+e131|2+|[CSL,VReuud ]e113|2

)
+5300ℜ

(
[CSL,VReudu ]−e131[CVR,SReuud ]∗e113

)
−1300κ3ℜ

(
([CSL,VReudu ]+e131− [CSL,VReuud ]e113)[CVR,SReuud ]∗e113

)
−1300κ3ℜ

(
([CSL,VReudu ]+e131− [CSL,VReuud ]e113)[CSL,VReudu ]−∗e131

)
−330κ2

3ℜ
(
[CSL,VReudu ]+e131[CSL,VReuud ]∗e113

)
−1.1κ3ℜ

(
([CSL,VReuud ]e113− [CSL,VReudu ]+e131)([CSR,VLeudu ]−∗e131+ [CVL,SLeuud ]∗e113)

)
+0.6κ2

3ℜ
(
[CSL,VReudu ]+e131[CSR,VLeuud ]∗e113

)
−0.3κ2

3ℜ
(
[CSL,VReudu ]+e131[CSR,VLeudu ]+∗e131

)
−0.3κ2

3ℜ
(
[CSL,VReuud ]e113[CSR,VLeuud ]∗e113

)
+L↔ R,

(B3)

 

ΓΣ+→µ+a

(0.1GeV)9
= 2600|[CVL,SLeuud ]µ113|2+2600|[CSL,VReudu ]−µ131|2+160κ2

3

(
|[CSL,VReudu ]+µ131|2+ |[CSL,VReuud ]µ113|2

)
+5200ℜ

(
[CSL,VReudu ]−µ131[CVR,SReuud ]∗µ113

)
−1300κ3ℜ

(
([CSL,VReudu ]+µ131− [CSL,VReuud ]µ113)[CVR,SReuud ]∗µ113

)
−1300κ3ℜ

(
([CSL,VReudu ]+µ131− [CSL,VReuud ]µ113)[CSL,VReudu ]−∗µ131

)
−330κ2

3ℜ
(
[CSL,VReudu ]+µ131[CSL,VReuud ]∗µ113

)
−230κ3ℜ

(
([CSL,VReuud ]µ113− [CSL,VReudu ]+µ131)[CVL,SLeuud ]∗µ113

)
+110κ2

3ℜ
(
[CSL,VReudu ]+µ131[CSR,VLeuud ]∗µ113

)
−230κ3ℜ

(
([CSL,VReuud ]µ113− [CSL,VReudu ]+µ131)[CSR,VLeudu ]−∗µ131

)
−56κ2

3ℜ
(
[CSL,VReudu ]+µ131[CSR,VLeudu ]+∗µ131

)
−56κ2

3ℜ
(
[CSL,VReuud ]µ113[CSR,VLeuud ]∗µ113

)
+L↔ R, (B4)

 

Γn→νxa

(0.1GeV)9
= 1300|[CVL,SLνddu ]x221|2+1300|[CSR,VLνudd ]−x122|2+50κ2

3

(
|[CSR,VLνddu ]x221|2+ |[CSR,VLνudd ]+x122|2

)
−2600ℜ

(
[CSR,VLνudd ]−x122[CVL,SLνddu ]∗x221

)
−520κ3ℜ

(
([CSR,VLνudd ]+x122− [CSR,VLνddu ]x221)[CVL,SLνddu ]∗x221

)
−510κ3ℜ

(
([CSR,VLνddu ]x221− [CSR,VLνudd ]+x122)[CSR,VLνudd ]−∗x122

)
−100κ2

3ℜ
(
[CSR,VLνudd ]+x122[CSR,VLνddu ]∗x221

)
, (B5)

 

ΓΛ0→νxa

(0.1GeV)9
= 1500|[CVL,SLνddu ]x321|2+1500|[CSR,VLνudd ]−x123|2+370|[CVL,SLνddu ]x231|2+360

(
|[CSR,VLνddu ]−x231|2+ |[CSR,VLνudd ]−x132|2

)
+180κ2

3

(
|[CSR,VLνddu ]+x231|2+ |[CSR,VLνudd ]+x132|2

)
−2900ℜ

(
[CSR,VLνudd ]−x123[CVL,SLνddu ]∗x321

)
+1500ℜ

(
[CVL,SLνddu ]x231[CVL,SLνddu ]∗x321

)
+1500ℜ

(
([CSR,VLνddu ]−x231− [CSR,VLνudd ]−x132)[CVL,SLνddu ]∗x321

)
−1500ℜ

(
[CSR,VLνudd ]−x123[CVL,SLνddu ]∗x231

)
+1500ℜ

(
([CSR,VLνudd ]−x132− [CSR,VLνddu ]−x231)[CSR,VLνudd ]−∗x123

)
−1000κ3ℜ

(
([CSR,VLνudd ]+x132− [CSR,VLνddu ]+x231)[CVL,SLνddu ]∗x321

)
−1000κ3ℜ

(
([CSR,VLνddu ]+x231− [CSR,VLνudd ]+x132)[CSR,VLνudd ]−∗x123

)
+730ℜ

(
([CSR,VLνddu ]−x231− [CSR,VLνudd ]−x132)[CVL,SLνddu ]∗x231

)
−730ℜ

(
[CSR,VLνddu ]−x231[CSR,VLνudd ]−∗x132

)
−510κ3ℜ

(
([CSR,VLνudd ]+x132− [CSR,VLνddu ]+x231)[CVL,SLνddu ]∗x231

)
−350κ2

3ℜ
(
[CSR,VLνddu ]+x231[CSR,VLνudd ]+∗x132

)
−510κ3ℜ

(
([CSR,VLνudd ]+x132− [CSR,VLνddu ]+x231)([CSR,VLνddu ]−∗x231− [CSR,VLνudd ]−∗x132)

)
,

(B6)

 

ΓΣ0→νxa

(0.1GeV)9
= 1400|[CVL,SLνddu ]x231|2+1300

(
|[CSR,VLνddu ]−x231|2+ |[CSR,VLνudd ]−x132|2

)
+300κ2

3 |[CSR,VLνudd ]+x123|2

+82κ2
3

(
|[CSR,VLνddu ]+x231|2+ |[CSR,VLνudd ]+x132|2

)
−2700ℜ

(
([CSR,VLνddu ]−x231+ [CSR,VLνudd ]−x132)[CVL,SLνddu ]∗x231

)
+2700ℜ

(
[CSR,VLνddu ]−x231[CSR,VLνudd ]−∗x132

)
−1300κ3ℜ

(
[CSR,VLνudd ]+x123[CVL,SLνddu ]∗x231

)
+1300κ3ℜ

(
([CSR,VLνddu ]−x231+ [CSR,VLνudd ]−x132)[CSR,VLνudd ]+∗x123

)
+670κ3ℜ

(
([CSR,VLνddu ]+x231+ [CSR,VLνudd ]+x132)[CVL,SLνddu ]∗x231

)
+160κ2

3ℜ
(
[CSR,VLνddu ]+x231[CSR,VLνudd ]+∗x132

)
−660κ3ℜ

(
([CSR,VLνudd ]+x132+ [CSR,VLνddu ]+x231)([CSR,VLνddu ]−∗x231+ [CSR,VLνudd ]−∗x132)

)
−330κ2

3ℜ
(
([CSR,VLνddu ]+x231+ [CSR,VLνudd ]+x132)[CSR,VLνudd ]+∗x123

)
, (B7)
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ΓΞ0→νxa

(0.1GeV)9
= 3600|[CVL,SLνddu ]x331|2+3600|[CSR,VLνudd ]−x133|2+270κ2

3

(
|[CSR,VLνddu ]x331|2+ |[CSR,VLνudd ]+x133|2

)
−7200ℜ

(
[CSR,VLνudd ]−x133[CVL,SLνddu ]∗x331

)
−2000κ3ℜ

(
([CSR,VLνudd ]+x133− [CSR,VLνddu ]x331)[CVL,SLνddu ]∗x331

)
−2000κ3ℜ

(
([CSR,VLνddu ]x331− [CSR,VLνudd ]+x133)[CSR,VLνudd ]−∗x133

)
−540κ2

3ℜ
(
[CSR,VLνudd ]+x133[CSR,VLνddu ]∗x331

)
, (B8)

 

ΓΣ−→e−a

(0.1GeV)9
= 2800|[CVL,SLeddd ]e223|2+2700|[CSL,VReddd ]−e232|2+170κ2

3

(
|[CSL,VReddd ]+e232|2+ |[CSL,VReddd ]e223|2

)
+5400ℜ

(
[CSL,VReddd ]−e232[CVR,SReddd ]∗e223

)
−1400κ3ℜ

(
([CSL,VReddd ]+e232− [CSL,VReddd ]e223)[CVR,SReddd ]∗e223

)
−1300κ3ℜ

(
([CSL,VReddd ]+e232− [CSL,VReddd ]e223)[CSL,VReddd ]−∗e232

)
−340κ2

3ℜ
(
[CSL,VReddd ]+e232[CSL,VReddd ]∗e223

)
−1.2κ3ℜ

(
([CSL,VReddd ]e223− [CSL,VReddd ]+e232)[CVL,SLeddd ]∗e223

)
+0.6κ2

3ℜ
(
[CSL,VReddd ]e223[CSR,VLeddd ]+∗e232

)
−1.1κ3ℜ

(
([CSL,VReddd ]e223− [CSL,VReddd ]+e232)[CSR,VLeddd ]−∗e232

)
−0.3κ2

3ℜ
(
[CSL,VReddd ]e223[CSR,VLeddd ]∗e223

)
−0.3κ2

3ℜ
(
[CSL,VReddd ]+e232[CSR,VLeddd ]+∗e232

)
+L↔ R, (B9)

 

ΓΣ−→µ−a

(0.1GeV)9
= 2700|[CVL,SLeddd ]µ223|2+2600|[CSL,VReddd ]−µ232|2+170κ2

3

(
|[CSL,VReddd ]+µ232|2+ |[CSL,VReddd ]µ223|2

)
+5300ℜ

(
[CSL,VReddd ]−µ232[CVR,SReddd ]∗µ223

)
−1300κ3ℜ

(
([CSL,VReddd ]+µ232− [CSL,VReddd ]µ223)[CVR,SReddd ]∗µ223

)
−1300κ3ℜ

(
([CSL,VReddd ]+µ232− [CSL,VReddd ]µ223)[CSL,VReddd ]−∗µ232

)
−340κ2

3ℜ
(
[CSL,VReddd ]+µ232[CSL,VReddd ]∗µ223

)
−230κ3ℜ

(
([CSL,VReddd ]µ223− [CSL,VReddd ]+µ232)[CVL,SLeddd ]∗µ223

)
+120κ2

3ℜ
(
[CSL,VReddd ]µ223[CSR,VLeddd ]+∗µ232

)
−230κ3ℜ

(
([CSL,VReddd ]µ223− [CSL,VReddd ]+µ232)[CSR,VLeddd ]−∗µ232

)
−58κ2

3ℜ
(
[CSL,VReddd ]µ223[CSR,VLeddd ]∗µ223

)
−58κ2

3ℜ
(
[CSL,VReddd ]+µ232[CSR,VLeddd ]+∗µ232

)
+L↔ R, (B10)

 

ΓΞ−→e−a

(0.1GeV)9
= 3700|[CVL,SLeddd ]e323|2+3600|[CSL,VReddd ]−e233|2+270κ2

3

(
|[CSL,VReddd ]+e233|2+ |[CSL,VReddd ]e332|2

)
+7300ℜ

(
[CSL,VReddd ]−e233[CVR,SReddd ]∗e323

)
−2000κ3ℜ

(
([CSL,VReddd ]e332− [CSL,VReddd ]+e233)[CVR,SReddd ]∗e323

)
−2000κ3ℜ

(
([CSL,VReddd ]e332− [CSL,VReddd ]+e233)[CSL,VReddd ]−∗e233

)
−550κ2

3ℜ
(
[CSL,VReddd ]+e233[CSL,VReddd ]∗e332

)
−1.6κ3ℜ

(
([CSL,VReddd ]+e233− [CSL,VReddd ]e332)[CVL,SLeddd ]∗e323

)
+0.8κ2

3ℜ
(
[CSL,VReddd ]e332[CSR,VLeddd ]+∗e233

)
−1.5κ3ℜ

(
([CSL,VReddd ]+e233− [CSL,VReddd ]e332)[CSR,VLeddd ]−∗e233

)
−0.4κ2

3ℜ
(
[CSL,VReddd ]e332[CSR,VLeddd ]∗e332

)
−0.4κ2

3ℜ
(
[CSL,VReddd ]+e233[CSR,VLeddd ]+∗e233

)
+L↔ R, (B11)

 

ΓΞ−→µ−a

(0.1GeV)9
= 3600|[CVL,SLeddd ]µ323|2+3600|[CSL,VReddd ]−µ233|2+280κ2

3

(
|[CSL,VReddd ]+µ233|2+ |[CSL,VReddd ]µ332|2

)
+7200ℜ

(
[CSL,VReddd ]−µ233[CVR,SReddd ]∗µ323

)
−2000κ3ℜ

(
([CSL,VReddd ]µ332− [CSL,VReddd ]+µ233)[CVR,SReddd ]∗µ323

)
−2000κ3ℜ

(
([CSL,VReddd ]µ332− [CSL,VReddd ]+µ233)[CSL,VReddd ]−∗µ233

)
−550κ2

3ℜ
(
[CSL,VReddd ]+µ233[CSL,VReddd ]∗µ332

)
−320κ3ℜ

(
([CSL,VReddd ]+µ233− [CSL,VReddd ]µ332)[CVL,SLeddd ]∗µ323

)
+170κ2

3ℜ
(
[CSL,VReddd ]µ332[CSR,VLeddd ]+∗µ233

)
−310κ3ℜ

(
([CSL,VReddd ]+µ233− [CSL,VReddd ]µ332)[CSR,VLeddd ]−∗µ233

)
−86κ2

3ℜ
(
[CSL,VReddd ]µ332[CSR,VLeddd ]∗µ332

)
−86κ2

3ℜ
(
[CSL,VReddd ]+µ233[CSR,VLeddd ]+∗µ233

)
+L↔ R. (B12)
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For processes with an antineutrino in the final state, their decay widths can be obtained simply by exchanging the
chiral labels  and  in the WCs of the corresponding neutrino cases.

For the three-body nucleon decay processes, the final results are summarized as follows:
 

Γp→e+π0a

(0.1GeV)9
= 52|[CVL,SLeuud ]e112|2+51|[CSL,VReudu ]−e121|2+14κ2

3 |[CSL,VReuud ]e112|2+ κ2
3 |[CSL,VReudu ]+e121|2

+102ℜ
(
[CSL,VReudu ]−e121[CVR,SReuud ]∗e112

)
−14κ3ℜ

(
([CVR,SReuud ]e112+ [CSL,VReudu ]−e121)[CSL,VReuud ]∗e112

)
−9.6κ3ℜ

(
([CVR,SReuud ]e112+ [CSL,VReudu ]−e121)[CSL,VReudu ]+∗e121

)
+6.3κ2

3ℜ
(
[CSL,VReudu ]+e121[CSL,VReuud ]∗e112

)
−0.1κ3ℜ

(
([CVL,SLeuud ]e112+ [CSR,VLeudu ]−e121)[CSL,VReuud ]∗e112

)
+0.03κ2

3ℜ
(
[CSL,VReuud ]e112[CSR,VLeuud ]∗e112

)
−0.02κ3ℜ

(
([CVR,SReuud ]e112+ [CSL,VReudu ]−e121)[CSR,VLeudu ]+∗e121

)
+0.02κ2

3ℜ
(
[CSL,VReudu ]+e121[CSR,VLeuud ]∗e112

)
+0.003κ2

3ℜ
(
[CSL,VReudu ]+e121[CSR,VLeudu ]+∗e121

)
+L↔ R, (B13)

 

Γp→µ+π0a

(0.1GeV)9
= 45|[CVL,SLeuud ]µ112|2+44|[CSL,VReudu ]−µ121|2+13κ2

3 |[CSL,VReuud ]µ112|2+ κ2
3 |[CSL,VReudu ]+µ121|2

+89ℜ
(
[CSL,VReudu ]−µ121[CVR,SReuud ]∗µ112

)
−16κ3ℜ

(
([CVR,SReuud ]µ112+ [CSL,VReudu ]−µ121)[CSR,VLeuud ]∗µ112

)
−13κ3ℜ

(
([CVR,SReuud ]µ112+ [CSL,VReudu ]−µ121)[CSL,VReuud ]∗µ112

)
+5.7κ2

3ℜ
(
[CSL,VReudu ]+µ121[CSL,VReuud ]∗µ112

)
−8.6κ3ℜ

(
([CVR,SReuud ]µ112+ [CSL,VReudu ]−µ121)[CSL,VReudu ]+∗µ121

)
+4.6κ2

3ℜ
(
[CSL,VReuud ]µ112[CSR,VLeuud ]∗µ112

)
−2.6κ3ℜ

(
([CVR,SReuud ]µ112+ [CSL,VReudu ]−µ121)[CSR,VLeudu ]+∗µ121

)
+3.6κ2

3ℜ
(
[CSL,VReudu ]+µ121[CSR,VLeuud ]∗µ112

)
+0.45κ2

3ℜ
(
[CSL,VReudu ]+µ121[CSR,VLeudu ]+∗µ121

)
+L↔ R, (B14)

 

Γp→e+ηa

(0.1GeV)9
= 1.6|[CVL,SLeuud ]e112|2+0.06|[CSL,VReudu ]−e121|2+0.02κ2

3

(
|[CSL,VReuud ]e112|2+ |[CSL,VReudu ]+e121|2

)
−0.6ℜ

(
[CSL,VReudu ]−e121[CVR,SReuud ]∗e112

)
+0.2κ3ℜ

(
([CSL,VReudu ]+e121− [CSL,VReuud ]e112)[CVR,SReuud ]∗e112

)
+0.05κ3ℜ

(
([CSL,VReuud ]e112− [CSL,VReudu ]+e121)[CSL,VReudu ]−∗e121

)
−0.04κ2

3ℜ
(
[CSL,VReudu ]+e121[CSL,VReuud ]∗e112

)
+10−3κ3ℜ

(
([CSR,VLeudu ]+e121− [CSR,VLeuud ]e112)[CVR,SReuud ]∗e112

)
−10−4κ2

3ℜ
(
[CSL,VReudu ]+e121[CSR,VLeuud ]∗e112

)
+2 ·10−4κ3ℜ

(
([CSR,VLeuud ]e112− [CSR,VLeudu ]+e121)[CSL,VReudu ]−∗e121

)
+5 ·10−5κ2

3ℜ
(
[CSL,VReudu ]+e121[CSR,VLeudu ]+∗e121+ [CSL,VReuud ]e112[CSR,VLeuud ]∗e112

)
+L↔ R, (B15)

 

Γp→µ+ηa

(0.1GeV)9
= |[CVL,SLeuud ]µ112|2+0.04|[CSL,VReudu ]−µ121|2+0.01κ2

3

(
|[CSL,VReuud ]µ112|2+ |[CSL,VReudu ]+µ121|2

)
−0.4ℜ

(
[CSL,VReudu ]−µ121[CVR,SReuud ]∗µ112

)
+0.1κ3ℜ

(
([CSR,VLeudu ]+µ121− [CSR,VLeuud ]µ112)[CVR,SReuud ]∗µ112

)
+0.1κ3ℜ

(
([CSL,VReudu ]+µ121− [CSL,VReuud ]µ112)[CVR,SReuud ]∗µ112

)
−0.03κ2

3ℜ
(
[CSL,VReudu ]+µ121[CSL,VReuud ]∗µ112

)
+0.03κ3ℜ

(
([CSL,VReuud ]µ112− [CSL,VReudu ]+µ121)[CSL,VReudu ]−∗µ121

)
−0.01κ2

3ℜ
(
[CSL,VReudu ]+µ121[CSR,VLeuud ]∗µ112

)
+0.02κ3ℜ

(
([CSR,VLeuud ]µ112− [CSR,VLeudu ]+µ121)[CSL,VReudu ]−∗µ121

)
+0.005κ2

3ℜ
(
[CSL,VReudu ]+µ121[CSR,VLeudu ]+∗µ121+ [CSL,VReuud ]µ112[CSR,VLeuud ]∗µ112

)
+L↔ R, (B16)
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Γp→e+K0a

(0.1GeV)9
= 2.1|[CSL,VReudu ]−e131|2+1.2|[CVL,SLeuud ]e113|2+0.2κ2

3

(
|[CSL,VReuud ]e113|2+ |[CSL,VReudu ]+e131|2

)
−3.2ℜ

(
[CSL,VReudu ]−e131[CVR,SReuud ]∗e113

)
−0.7κ3ℜ

(
([CSL,VReuud ]e113+ [CSL,VReudu ]+e131)[CSL,VReudu ]−∗e131

)
+0.6κ3ℜ

(
([CSL,VReudu ]+e131+ [CSL,VReuud ]e113)[CVR,SReuud ]∗e113

)
+0.4κ2

3ℜ
(
[CSL,VReudu ]+e131[CSL,VReuud ]∗e113

)
−0.004κ3ℜ

(
([CSR,VLeuud ]e113+ [CSR,VLeudu ]+e131)[CSL,VReudu ]−∗e131

)
+0.001κ2

3ℜ
(
[CSL,VReudu ]+e131[CSR,VLeuud ]∗e113

)
+0.003κ3ℜ

(
([CSR,VLeudu ]+e131+ [CSR,VLeuud ]e113)[CVR,SReuud ]∗e113

)
+5 ·10−4κ2

3ℜ
(
[CSL,VReudu ]+e131[CSR,VLeudu ]+∗e131+ [CSL,VReuud ]e113[CSR,VLeuud ]∗e113

)
+L↔ R, (B17)

 

Γp→µ+K0a

(0.1GeV)9
= 1.4|[CSL,VReudu ]−µ131|2+0.9|[CVL,SLeuud ]µ113|2+0.1κ2

3

(
|[CSL,VReuud ]µ113|2+ |[CSL,VReudu ]+µ131|2

)
−2.2ℜ

(
[CSL,VReudu ]−µ131[CVR,SReuud ]∗µ113

)
−0.5κ3ℜ

(
([CSL,VReuud ]µ113+ [CSL,VReudu ]+µ131)[CSL,VReudu ]−∗µ131

)
−0.4κ3ℜ

(
([CSR,VLeuud ]µ113+ [CSR,VLeudu ]+µ131)[CSL,VReudu ]−∗µ131

)
+0.3κ2

3ℜ
(
[CSL,VReudu ]+µ131[CSL,VReuud ]∗µ113

)
+0.4κ3ℜ

(
([CSL,VReudu ]+µ131+ [CSL,VReuud ]µ113)[CVR,SReuud ]∗µ113

)
+0.1κ2

3ℜ
(
[CSL,VReudu ]+µ131[CSR,VLeuud ]∗µ113

)
+0.3κ3ℜ

(
([CSR,VLeudu ]+µ131+ [CSR,VLeuud ]µ113)[CVR,SReuud ]∗µ113

)
+0.05κ2

3ℜ
(
[CSL,VReudu ]+µ131[CSR,VLeudu ]+∗µ131+ [CSL,VReuud ]µ113[CSR,VLeuud ]∗µ113

)
+L↔ R, (B18)

 

Γn→e+π−a

(0.1GeV)9
= 102|[CVL,SLeuud ]e112|2+100|[CSL,VReudu ]−e121|2+27κ2

3 |[CSL,VReudu ]+e121|2+4.2κ2
3 |[CSL,VReuud ]e112|2

+202ℜ
(
[CSL,VReudu ]−e121[CVR,SReuud ]∗e112

)
+29κ3ℜ

(
([CVR,SReuud ]e112+ [CSL,VReudu ]−e121)[CSL,VReudu ]+∗e121

)
−5κ3ℜ

(
([CVR,SReuud ]e112+ [CSL,VReudu ]−e121)[CSL,VReuud ]∗e112

)
−21κ2

3ℜ
(
[CSL,VReudu ]+e121[CSL,VReuud ]∗e112

)
+0.2κ3ℜ

(
([CVR,SReuud ]e112+ [CSL,VReudu ]−e121)[CSR,VLeudu ]+∗e121

)
−0.03κ2

3ℜ
(
[CSL,VReudu ]+e121[CSR,VLeuud ]∗e112

)
−0.08κ3ℜ

(
([CVL,SLeuud ]e112+ [CSR,VLeudu ]−e121)[CSL,VReuud ]∗e112

)
+0.05κ2

3ℜ
(
[CSL,VReudu ]+e121[CSR,VLeudu ]+∗e121

)
+0.005κ2

3ℜ
(
[CSL,VReuud ]e112[CSR,VLeuud ]∗e112

)
+L↔ R, (B19)

 

Γn→µ+π−a

(0.1GeV)9
= 89|[CVL,SLeuud ]µ112|2+87|[CSL,VReudu ]−µ121|2+25κ2

3 |[CSL,VReudu ]+µ121|2+4κ2
3 |[CSL,VReuud ]µ112|2

+176ℜ
(
[CSL,VReudu ]−µ121[CVR,SReuud ]∗µ112

)
+31κ3ℜ

(
([CVR,SReuud ]µ112+ [CSL,VReudu ]−µ121)[CSR,VLeudu ]+∗µ121

)
+26κ3ℜ

(
([CVR,SReuud ]µ112+ [CSL,VReudu ]−µ121)[CSL,VReudu ]+∗µ121

)
−20κ2

3ℜ
(
[CSL,VReudu ]+µ121[CSL,VReuud ]∗µ112

)
−13κ3ℜ

(
([CVL,SLeuud ]µ112+ [CSR,VLeudu ]−µ121)[CSL,VReuud ]∗µ112

)
−5.5κ2

3ℜ
(
[CSL,VReudu ]+µ121[CSR,VLeuud ]∗µ112

)
−4.4κ3ℜ

(
([CVR,SReuud ]µ112+ [CSL,VReudu ]−µ121)[CSL,VReuud ]∗µ112

)
+9κ2

3ℜ
(
[CSL,VReudu ]+µ121[CSR,VLeudu ]+∗µ121

)
+0.7κ2

3ℜ
(
[CSL,VReuud ]µ112[CSR,VLeuud ]∗µ112

)
+L↔ R, (B20)

 

Γp→νxπ+a

(0.1GeV)9
= 101|[CVL,SLνddu ]x221|2+99|[CSR,VLνudd ]−x122|2+27κ2

3 |[CSR,VLνudd ]+x122|2+4.1κ2
3 |[CSR,VLνddu ]x221|2

−199ℜ
(
[CSR,VLνudd ]−x122[CVL,SLνddu ]∗x221

)
+29κ3ℜ

(
([CVL,SLνddu ]x221− [CSR,VLνudd ]−x122)[CSR,VLνudd ]+∗x122

)
−21κ2

3ℜ
(
[CSR,VLνudd ]+x122[CSR,VLνddu ]∗x221

)
+5.1κ3ℜ

(
([CSR,VLνudd ]−x122− [CVL,SLνddu ]x221)[CSR,VLνddu ]∗x221

)
, (B21)
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Γp→νxK+a

(0.1GeV)9
= 3.3|[CVL,SLνddu ]x321|2+3.2|[CSR,VLνudd ]−x123|2+1.4|[CSR,VLνddu ]−x231|2+0.9κ2

3 |[CSR,VLνudd ]+x132|2

+0.2κ2
3

(
|[CSR,VLνddu ]+x231|2+ |[CSR,VLνudd ]+x123|2

)
+0.1

(
|[CVL,SLνddu ]x231|2+ |[CSR,VLνudd ]−x132|2

)
−6.5ℜ

(
[CSR,VLνudd ]−x123[CVL,SLνddu ]∗x321

)
+4.1ℜ

(
([CSR,VLνudd ]−x123− [CVL,SLνddu ]x321)[CSR,VLνddu ]−∗x231

)
+1.6κ3ℜ

(
([CVL,SLνddu ]x321− [CSR,VLνudd ]−x123)[CSR,VLνudd ]+∗x132

)
−1.3κ3ℜ

(
[CSR,VLνddu ]−x231[CSR,VLνudd ]+∗x132

)
+1.2ℜ

(
([CVL,SLνddu ]x321− [CSR,VLνudd ]−x123)([CVL,SLνddu ]∗x231− [CSR,VLνudd ]−∗x132)

)
+0.9κ2

3ℜ
(
([CSR,VLνudd ]+x123− [CSR,VLνddu ]+x231)[CSR,VLνudd ]+∗x132

)
+0.7κ3ℜ

(
[CSR,VLνddu ]−x231[CSR,VLνddu ]+∗x231

)
+0.8κ3ℜ

(
([CSR,VLνudd ]−x123− [CVL,SLνddu ]x321)[CSR,VLνddu ]+∗x231

)
−0.7κ3ℜ

(
[CSR,VLνddu ]−x231[CSR,VLνudd ]+∗x123

)
+0.8κ3ℜ

(
([CVL,SLνddu ]x321− [CSR,VLνudd ]−x123)[CSR,VLνudd ]+∗x123

)
−0.5κ2

3ℜ
(
[CSR,VLνddu ]+x231[CSR,VLνudd ]+∗x123

)
+0.7ℜ

(
([CSR,VLνudd ]−x132− [CVL,SLνddu ]x231)[CSR,VLνddu ]−∗x231

)
−0.3ℜ

(
[CSR,VLνudd ]−x132[CVL,SLνddu ]∗x231

)
+0.1κ3ℜ

(
([CVL,SLνddu ]x231− [CSR,VLνudd ]−x132)[CSR,VLνudd ]+∗x132

)
+0.07κ3ℜ

(
([CSR,VLνudd ]+x123− [CSR,VLνddu ]+x231)([CVL,SLνddu ]∗x231− [CSR,VLνudd ]−∗x132)

)
, (B22)

 

Γn→νxπ0a

(0.1GeV)9
= 52|[CVL,SLνddu ]x221|2+51|[CSR,VLνudd ]−x122|2+14κ2

3 |[CSR,VLνddu ]x221|2+1.1κ2
3 |[CSR,VLνudd ]+x122|2

−103ℜ
(
[CSR,VLνudd ]−x122[CVL,SLνddu ]∗x221

)
+15κ3ℜ

(
([CSR,VLνudd ]−x122− [CVL,SLνddu ]x221)[CSR,VLνddu ]∗x221

)
+9.7κ3ℜ

(
([CSR,VLνudd ]−x122− [CVL,SLνddu ]x221)[CSR,VLνudd ]+∗x122

)
+6.4κ2

3ℜ
(
[CSR,VLνudd ]+x122[CSR,VLνddu ]∗x221

)
, (B23)

 

Γn→νxηa

(0.1GeV)9
= 1.7|[CVL,SLνddu ]x221|2+0.06|[CSR,VLνudd ]−x122|2+0.02κ2

3

(
|[CSR,VLνddu ]x221|2+ |[CSR,VLνudd ]+x122|2

)
+0.6ℜ

(
[CSR,VLνudd ]−x122[CVL,SLνddu ]∗x221

)
+0.2κ3ℜ

(
([CSR,VLνudd ]+x122− [CSR,VLνddu ]x221)[CVL,SLνddu ]∗x221

)
+0.05κ3ℜ

(
([CSR,VLνudd ]+x122− [CSR,VLνddu ]x221)[CSR,VLνudd ]−∗x122

)
−0.04κ2

3ℜ
(
[CSR,VLνudd ]+x122[CSR,VLνddu ]∗x221

)
, (B24)

 

Γn→νxK0a

(0.1GeV)9
= 3.2|[CVL,SLνddu ]x321|2+3.1|[CSR,VLνudd ]−x123|2+2.1|[CVL,SLνddu ]x231|2+1.3|[CSR,VLνudd ]−x132|2

+0.9κ2
3 |[CSR,VLνddu ]+x231|2+0.2κ2

3

(
|[CSR,VLνudd ]+x132|2+ |[CSR,VLνudd ]+x123|2

)
+0.1|[CSR,VLνddu ]−x231|2

−6.3ℜ
(
[CSR,VLνudd ]−x123[CVL,SLνddu ]∗x321

)
+5.1ℜ

(
([CVL,SLνddu ]x321− [CSR,VLνudd ]−x123)[CVL,SLνddu ]∗x231

)
+3.9ℜ

(
([CVL,SLνddu ]x321− [CSR,VLνudd ]−x123)[CSR,VLνudd ]−∗x132

)
+3.3ℜ

(
[CSR,VLνudd ]−x132[CVL,SLνddu ]∗x231

)
+1.6κ3ℜ

(
([CSR,VLνudd ]−x123− [CVL,SLνddu ]x321)[CSR,VLνddu ]+∗x231

)
−1.4κ3ℜ

(
[CSR,VLνddu ]+x231[CVL,SLνddu ]∗x231

)
−1.3κ3ℜ

(
[CSR,VLνddu ]+x231[CSR,VLνudd ]−∗x132

)
+1.2ℜ

(
([CVL,SLνddu ]x321− [CSR,VLνudd ]−x123)[CSR,VLνddu ]−∗x231

)
+0.9ℜ

(
[CSR,VLνddu ]−x231[CVL,SLνddu ]∗x231

)
+0.9κ2

3ℜ
(
([CSR,VLνudd ]+x123− [CSR,VLνudd ]+x132)[CSR,VLνddu ]+∗x231

)
+0.8κ3ℜ

(
([CSR,VLνudd ]+x132− [CSR,VLνudd ]+x123)([CVL,SLνddu ]∗x321− [CSR,VLνudd ]−∗x123)

)
+0.8κ3ℜ

(
[CSR,VLνudd ]+x132[CVL,SLνddu ]∗x231

)
−0.7κ3ℜ

(
[CSR,VLνudd ]+x123[CVL,SLνddu ]∗x231

)
+0.7ℜ

(
[CSR,VLνddu ]−x231[CSR,VLνudd ]−∗x132

)
+0.7κ3ℜ

(
[CSR,VLνudd ]−x132[CSR,VLνudd ]+∗x132

)
−0.6κ3ℜ

(
[CSR,VLνudd ]−x132[CSR,VLνudd ]+∗x123

)
−0.4κ2

3ℜ
(
[CSR,VLνudd ]+x123[CSR,VLνudd ]+∗x132

)
−0.1κ3ℜ

(
[CSR,VLνddu ]−x231[CSR,VLνddu ]+∗x231

)
+0.07κ3ℜ

(
([CSR,VLνudd ]+x132− [CSR,VLνudd ]+x123)[CSR,VLνddu ]−∗x231

)
, (B25)

 

Wei-Qi Fan, Yi Liao, Xiao-Dong Ma et al. Chin. Phys. C 50, (2026)

-24

CPC
 A

cce
pte

d



Γn→e−π+a

(0.1GeV)9
= 10κ2

3

(
|[CSL,VReddd ]e222|2+ |[CSR,VLeddd ]e222|2

)
+0.05κ2

3ℜ
(
[CSL,VReddd ]e222[CSR,VLeddd ]∗e222

)
, (B26)

 

Γn→µ−π+a

(0.1GeV)9
= 9.7κ2

3

(
|[CSL,VReddd ]µ222|2+ |[CSR,VLeddd ]µ222|2

)
+8.5κ2

3ℜ
(
[CSL,VReddd ]µ222[CSR,VLeddd ]∗µ222

)
, (B27)

 

Γn→e−K+a

(0.1GeV)9
= 2.3|[CSL,VReddd ]−e232|2+1.3|[CVL,SLeddd ]e223|2+0.2κ2

3

(
|[CSL,VReddd ]e223|2+ |[CSL,VReddd ]+e232|2

)
−3.4ℜ

(
[CSR,VLeddd ]−e232[CVL,SLeddd ]∗e223

)
−0.7κ3ℜ

(
([CSL,VReddd ]e223+ [CSL,VReddd ]+e232)[CSL,VReddd ]−∗e232

)
+0.6κ3ℜ

(
([CSL,VReddd ]e223+ [CSL,VReddd ]+e232)[CVR,SReddd ]∗e223

)
+0.4κ2

3ℜ
(
[CSL,VReddd ]+e232[CSL,VReddd ]∗e223

)
−0.004κ3ℜ

(
([CSL,VReddd ]e223+ [CSL,VReddd ]+e232)[CSR,VLeddd ]−∗e232

)
+0.003κ3ℜ

(
[CSL,VReddd ]e223[CVL,SLeddd ]∗e223

)
+0.003κ3ℜ

(
[CSL,VReddd ]+e232[CVL,SLeddd ]∗e223

)
+0.001κ2

3ℜ
(
[CSL,VReddd ]+e232[CSR,VLeddd ]∗e223

)
+5 ·10−4κ2

3ℜ
(
[CSL,VReddd ]e223[CSR,VLeddd ]∗e223+ [CSL,VReddd ]+e232[CSR,VLeddd ]+∗e232

)
+L↔ R, (B28)

 

Γn→µ−K+a

(0.1GeV)9
= 1.5|[CSL,VReddd ]−µ232|2+0.9|[CVL,SLeddd ]µ223|2+0.2κ2

3 |[CSL,VReddd ]µ223|2+0.1κ2
3 |[CSL,VReddd ]+µ232|2

−2.4ℜ
(
[CSR,VLeddd ]−µ232[CVL,SLeddd ]∗µ223

)
−0.5κ3ℜ

(
([CSL,VReddd ]µ223+ [CSL,VReddd ]+µ232)[CSL,VReddd ]−∗µ232

)
−0.5κ3ℜ

(
[CSL,VReddd ]µ223[CSR,VLeddd ]−∗µ232

)
+0.5κ3ℜ

(
[CSL,VReddd ]µ223[CVR,SReddd ]∗µ223

)
+0.4κ3ℜ

(
([CVL,SLeddd ]µ223− [CSL,VReddd ]−µ232)[CSR,VLeddd ]+∗µ232

)
+0.3κ2

3ℜ
(
[CSL,VReddd ]+µ232[CSL,VReddd ]∗µ223

)
+0.3κ3ℜ

(
([CSL,VReddd ]µ223+ [CSL,VReddd ]+µ232)[CVL,SLeddd ]∗µ223

)
+0.2κ2

3ℜ
(
[CSL,VReddd ]+µ232[CSR,VLeddd ]∗µ223

)
+0.1κ2

3ℜ
(
[CSL,VReddd ]µ223[CSR,VLeddd ]∗µ223+ [CSL,VReddd ]+µ232[CSR,VLeddd ]+∗µ232

)
+L↔ R. (B29)

L↔ R 8L(R)⊗1R(L)
Similarly, we explicitly show only processes with neutrinos in the final state. The decay widths for the antineutrino

counterparts can be obtained simply through . When restricted to the WCs associated with the  irreps,
our above results agree with those given in [12].
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