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Abstract: In this study, 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, which is referred to 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, and s quarks. We perform the chiral irreducible repres-
entation (irrep) decomposition of these interactions under the QCD chiral group SU3)L X SU(3)r and match them
onto the recently developed chiral framework to obtain nucleon-level effective interactions among the ALP, octet ba-
ryons, 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. Subsequently, we analyze momentum distributions for three-
body modes and find that operators belonging to the newly identified chiral irreps 6y ) X 3g) exhibit markedly dif-
ferent behavior compared to that in the usual irreps 8y r) X 1rw) and 3y, ><3R(L). In addition, we reanalyze experi-
mental data collected by Super-Kamiokande and establish bounds on the inverse decay widths of these new modes
by properly accounting for experimental efficiencies and Cherenkov threshold effects because of the lack of direct
constraints on those exotic decay modes. Our recasting constraints are several orders of magnitude more stringent
than inclusive bounds used in the literature. Based on these improved bounds, we set conservative limits on 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 have
played a crucial role in explaining the matter-antimatter
asymmetry 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 caused by 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-
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Kamiokande (Super-K) [6] have conducted extensive
searches for nucleon decays involving only SM particles,
which placed very stringent limits on their occurrence. In
recent 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 considerable 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
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more generally, axion-like particles (ALP) ". The axion
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.

Within the framework of the low energy effective
field theory (LEFT) extended by an ALP referred to as
aLEFT, Ref. [18] studied BNV nucleon and hyperon de-
cays involving an ALP in the final state. In the aLEFT
with a shift symmetry in the ALP, relevant BNV operat-
ors first appear at dimension 8 (dim 8) [41] with a total of
20 operators without counting flavors. Under the QCD
chiral symmetry SU3).®SU(3)zx of the light u, d, s
quarks, these dim-8 operators can be classified into three
irreducible representations (irreps) and their chiral part-
ners: 8;x ® Izw), 3rr ®3ra), and 3. x) ® 6z, Only & oper-
ators in the first two usual irreps are considered in [18],
while the remaining 12 operators associated with the new
chiral irreps 3;r ®6rq, are discarded as sub-leading con-
tributions. Recently, we found that operators in the new
chiral irreps can contribute to nucleon decays at the same
leading chiral order as the other two [42]. Further, pro-
cesses that change isospin by 3/2 units, such as n — n*e"a
and n — n*u~a, can only be mediated by operators be-
longing to the irreps 3.z ® 6z, because of their unique
flavor and Lorentz structures. Motivated by these consid-
erations, in this work, we systematically investigate nuc-
leon decays involving an ALP based on the complete set
of all 20 BNV aLEFT operators.

We start 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 SU(3).® U(1),,. Hadronic
matrix elements are calculated using a systematic ap-
proach that employs the chiral perturbation theory
(ChPT) framework [43—45] by matching the quark-level
operators onto their hadronic counterparts. The leading-
order chiral matching for all relevant nucleon decay oper-
ators in the LEFT has been systematically established in
[42, 46, 47] by ensuring that hadron-level operators share

the same chiral and Lorentz transformation properties as
their quark-level counterparts. Following these works, we
decompose all aLEFT operators into irreps under the
chiral group and determine relevant spurion fields
stemmed from aLEFT interactions. We obtain the de-
sired hadron-level BNV operators by substituting these
spurion fields into chiral results in [42] and expanding to
the appropriate order in pseudoscalar meson fields. To-
gether 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 mean-
ingful information from experimental data, we analyze
the momentum distributions of the final-state charged
leptons and mesons in nucleon three-body decays.

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 these exotic de-
cay modes, we constrain these channels by reanalyzing
existing data from proton decay searches conducted by
the Super-K experiment [50—54]. We simulate proton de-
cay processes using analytical decay distributions by ac-
counting for the resolution and efficiency of the detector,
and we compare the results with Super-K data to extract
lower bounds on the partial lifetime (I'"!) for certain de-
cay modes. Subsequently, these lower limits are trans-
lated into constraints on the effective scale A.¢ associ-
ated with the relevant Wilson coefficients (WCs) of
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.

The remainder of this paper is organized as follows.
We first introduce the dim-8 BNV aLLEFT operators and
derive their hadron-level counterparts within the ChPT
framework in Section II. In Section III, we formulate the
general expressions for the decay widths of nucleon de-
cays involving an ALP and study the momentum distribu-
tions of charged leptons and/or pseudoscalar mesons for
three-body decays. Section IV reinterprets existing pro-
ton decay data to establish bounds on corresponding
modes involving an additional ALP. Subsequently, we
combine these results with the available inclusive limits
to set conservative constraints on relevant WCs and fur-
ther explore their implications for other decay modes. Fi-
nally, we summarize our results in Section V. In addition,
Appendix A collects the relevant BNV vertices involving
a spurion field and a baryon field, while Appendix B
summarizes complete expressions for decay widths ex-
pressed in terms of the aLEFT WCs.

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

connected to such a symmetry.
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II. BNV ALP INTERACTIONS IN THE EFTs

In this section, we present a detailed effective field
theory (EFT) description of the BNV interactions in-
volving an ALP field, from quark-level interactions to
matching them onto hadron-level interactions based on
the QCD chiral symmetry. We start by collecting the rel-
evant dim-8 local operators within the LEFT framework
extended by an ALP (aLEFT). To perform chiral match-
ing, we decompose these operators into irreducible rep-
resentations of the chiral group and identify the corres-
ponding spurion fields involved in the matching. We in-
corporate these spurion fields into the formalism estab-
lished in Ref. [42] and obtain hadronic counterparts of the
BNV aLEFT operators.

A. BNV ALP interactions in the aLEFT

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 AB=|AL|=1 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, d,a. " Consequently, the relevant
leading-order operators appear at dim 8 and take the
form, lqqqda.

A complete set of these dim-8 operators was recently
constructed in [41]. However, to facilitate chiral match-
ing in the subsequent parts, we constructed a slightly
modified operator basis. The relevant dim-8 aLEFT oper-
ators adopted in our analysis are listed in the third column
of Table 1, where e,y represents the SM charged lepton
chiral fields, v, represent neutrinos, and u; z and dyx rep-
resent up- and down-type quarks, respectively. In the
rightmost column, we indicate the correspondence with
the operators given in [18, 41], where those 8 operators
highlighted by underlines are considered in Ref. [18] to
study BNV nucleon decays while the remaining 12 oper-
ators are neglected. When the quark flavor is considered,
there are a total of 68 operators associated with the u,d, s
quarks, among which only 22 are considered in that pa-
per. Our operator basis exhibits a clear chirality-flip sym-
metry, where one half of the operators are chirality part-
ners of the other half under the interchange L < R, with
v. © vi applied in the neutrino case. This structure sim-
plifies chiral matching and serves as a useful cross-check

for the final results. Operators in the A(B—L) =0 sector
involve a lepton field, whereas those in the A(B+L)=0
sector involve a conjugate lepton filed. This difference in
the global lepton number implies that they originate from
distinct UV-complete scenarios, wherein the generation
of operators in one sector can simultaneously forbid those
in the other.

To match aLEFT operators onto those in ChPT, one
should decompose them into irreps of the QCD chiral
group SUQ3).®SUB)x for u,d,s quarks in the massless
limit. As indicated in Table 1, these operators are divided
into the following two structures and their chirality part-
ners

B G L sy Dua G NN G )upys (1)

where (= e, e, v,»°) represents a lepton field, with x de-
noting its flavor, and y,z,w=1,2,3 indicating the light
quark flavor indices with ¢;,3 =u,d,s. The triple-quark
sector in the first structure, N}, = Qf,}v(ﬁlf,czq{,w)faﬁy,
already belongs to the 8, ®1; irrep of the chiral group.
However, the triple-quark component in the second struc-
ture generally does not form an irrep. As recognized in
Ref. [42], the flavor symmetric and anti-symmetric com-
binations of the two like-chirality quark fields form ir-
reps 6, ®3; and 3. ®3;, respectively. The antisymmetric
combination can be Fierz-transformed into a similar form
to Nt with ¢, being replaced by g¢r,. Following Ref.

yaw

[42], we parametrize them as

/kazl:t = qg,y(ﬁiqz,w)faﬁy € 3L ®3R’

/V;}It&# = q(f,(y(‘fi,cz}yﬂqg,w)faﬁy €6, ®3;. 2

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

_ — 1 —
(lpxq(]i[y)(qf,cz]’y‘uq{,w)euﬁy = E('ﬁx’y#qzw)(qf,czqz,y)eaﬁy’ (3)
which leads to
—— o \( By _ 7 A/LRu 1*/4 RL
(lpqu_,'\-)(qu'y”QR,W)E(I,By - lﬁx N\'ZW + Elybx'y Nwzy- (4)

The curly and square brackets denote symmetrization and
antisymmetrization over two flavor indices AyB, =
(1/2)(A,B.+A.B,) and ApB,=(1/2)(A,B.—A.B,), Tre-
spectively. Similarly, chirality-flipped operators with

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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Table 1.

Dim-8 aLEFT BNV operators involving an ALP. «,8,y are color indices while flavor indices are omitted for simplicity. The

chiral irrep. column lists irreducible representations under the chiral group SUQ3).®SU@3)x for the three light quarks u,d,s. The #
column counts the number of independent operators for general n, charged leptons, n, neutrinos, and n, up-type and n; down-type

quarks; the number in the square bracket represents the case with only u,d,s quarks (n, = 1 and n, = 2). There are 68n,, operators asso-

ciated with the u,d, s quarks, among which only 22n,, were considered in [18] which are underlined in the last column.

Notation Operator Chiral Irrep. # of operators Comparison with [18]
beoua Q&P ul ol d)Veup,y 8.@lx nenng[2n,] O
bacuid a1 ey 61 ®3x nempna [2n.] (O’
(592;‘{,}:},, Oy a(guf)(fy" uY)eapy 6,83 03,83 nenZng[2n,] ol Zﬁ;fu‘fw]*
Bendu Ba(eCdlY ) eup,y 6,83 0303, nenZng [2n,] O]
b By ) deupy 1L o8 nening[2ne] Oevmna
dacudu Bualeug)(dy Y ul eapy ILe6r®3L O3 nengna [2nc] dadueu
SE:Q;L, dy a(%d]‘{ )(Ey“ u)Yeapy 3.6 @303 nenZng [2n,] ng;isliu - @

Ot B sy TCIN mom 4, ~Olatuiu

O BuaSd N Y U )eupy 6,03 ®3.®3% nyn g [4ny ] O]

o 0,ua(rSd Y ) Veupy 6,03 03, 93 nynyn’ [4n,] ~Ogavd * et

Osvud 0ua (U YAV ) eupy 6.®3r®3.®3 nyny g [4ny ] O]’

O BuaTTP A ) Yeupy 8®lx monnl [4n,] Ot

B ey heGohok  mmmii o,

O3 3, AL dD Y dY eupy 38603 03 nymy [4ny] Ot

AGBL=0 ég’vzlzd 8,1a(ﬁu§{)(gl“ d])eapy 36RO nymng 4] bativ

Odvada Oy alery!dy )(dﬁcd.ﬁ )€apy 1, ®8 Fnenq(ny = 1)[2n,] Ogiﬁiu

Oiia Bua@d) (AN d eapy 3.06:03.03% nemy [8ne] Ojaedia
beedia Bua@y ) d) Yeupy 8@lx §neng(ng = 1)[2n] Ojedid

Ofenita By a@d A d)eupy 6.®3r®3L @3y ney [8nc] ~1Ojeraae)”

L & R can be decomposed into 3, ® 6z and 3, ®3z. For ex-

ample,

SL.VR _ C LR.u
[O ]xlly - a,ua eL,lely ’

daeuud

1 R
SL,VR _ T a/LRu C 4 A/RL
[O ]xlyl = auaeL,leyl + EaﬂaeL,xy

daeudu

SL,VR _ C
[Oﬁavddu]xyzl = (9#a Vix

SL.VR _
(Opedda) wow = Ouaer

N,

yzl

1
NI+ 0,y N

1yl»
4’)7 9

I
LR 4 Eaﬂa VYN

wzy*

Table 1, it is convenient to use the spurion field approach

by treating the combination of the nonquark component
of each operator and its corresponding WC as a spurion

(52)

field #. Following our previous works in [42, 56], we or-

ganize the flavor components of the 8, ® 1z and 3, ® 3y ir-
reps in the matrix form

(Sb)

(5¢)

(5d)

Based on the arguments outlined above, we indicate the
chiral irreps of each operator under consideration in the
fourth column of Table 1. Such a chiral decomposition

was neglected in [18], which results in many operators
belonging to 3, ® 3ze, being omitted from their analysis.
To perform the chiral realization of operators listed in
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N3L®1R = dds

LL
uds

LL

LL
sds

RL
uds

_ — RL
N 3e3 — dds

RL
Nvd s

NLL

usu

LL
dsu

NLL

ssu

NRL

usu
RL
dsu

NRL

ssu

LL
uud

LL
Ndud

LL
sud

RL
uud

| > (6)
Niia

and similar ones for their chirality partners with L & R.
Accordingly, we represent the corresponding spurion
matrices as



Comprehensive investigation on baryon number violating nucleon decays involving an...

Chin. Phys. C 50, 033103 (2026)

LL LL
0 Pdds Pvd s
— LL LL LL
PsL®1R - Pusu P

dsu ssu ’

LL LL LL
uud dud sud
RL RL RL
uds dds Psd s

R RL RL RL

P3L®3R - Pusu dsu Pasu ’ (7)

RL RL RL

uud dud sud

and the chirality partners with L < R. The condition
Tr/Ns,e1, = 0 has been used to attribute the (1,1) entry of
Ps,e1, 10 its (2,2) and (3,3) entries by treating N1 as re-
dundant [47]. The accompanying spurion fields of the
6L ®3x) irreps NEV# are denoted by PLEV#. With
the above conventions, all aLEFT interactions in Table 1
can be compactly written as

-£$ =Tr [PSL@)IR N ety + P1.ss: N1L®8R]
+Tr [PSL@BR N3 g3, + Pz V: 3L®3R]
+ [PIRUNGE,  +PRUNT ] +Hec., ®)

yow 2 Yyzw,u YW

where "Tr" represents the trace over the flavor space as
indicated in the matrix notation, and the repeated indices
v,z,w are summed over the three flavors u,d, s.

After decomposing all operators in Table 1 into ir-
reps (NS0, NER - and NIEFVU#) of the chiral group,
one can immediately identify the corresponding spurion
fields P through the above conventions. Note that Eq. (8)
sums both y and z over all three quark flavors, and to
avoid double counting, a factor of 1/2 is included for the
resulting spurion fields P5V* = PLEE# when y # z. For
example, for operators in Eq. (SC) with yz=32 and
yz =23, we have

SL,VR SL,VR
Z [C()avddu ]X}’Zl [O()avddu ]X)’Zl

yz=23,32

Puds uds + Pdsull c]i_suu + Pizl;;f ;‘;u,y’ (9)
whSiLc‘}llz leads to spurion fields, PR = (1/2)([CortR, Lo~
(il VS and Pt = PG = (1/2CER T ot
[Comaad) 23100 aVvi .. The full expressions of the resulting
spurion fields for all aLEFT operators are summarized in
Table 2. The absence of P-RE+# js a consequence of elec-
tric charge conservation. It is interesting to note that more
than half of aLEFT operators contain 6, ® 3z., compon-
ents, generating non-zero P.RF# terms. The operators
[OSL,VR ] OSSR d bSL,VR d their chiral

daeuudlx1ly> [ &deu]x)’yl’ an [ azzeddd]x)’)’z’ an eir chiral-

ity partners that contain two identical chiral quark fields
belong to 6 ®3gq,; therefore, they contribute exclus-

ively to PE™#. In the following, we will incorporate
these spurion fields into the recently developed chiral
framework [42] for exploring their phenomenological im-
plications with a specific emphasis on interactions associ-
ated with 6, ® 3z, irreps overlooked thus far [18].

B. BNV ALP interactions in the ChPT

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 investigated systematically in [42] for the pure
pseudoscalar meson case and in [47] for those involving a
vector meson. In this study, we focus on the pseudoscal-
ar meson sector and utilize chiral results in [42] for the
subsequent analysis. We define the octet pseudoscalar
field by Z(x) = £2(x) = exp[i V2II(x)/F,] and baryon field
by B(x) with

7TO n
—+— at K*
AT
mw=| »~ 20 g
V2 V6 ’
K- K° —\/277
3
0 0
z +A7 + p
V2 V6 20 a0
B(x) = - —E"'% n > (10)
2
=2 =0 -1/ =A°
3

where F, = f,/ V2 represents the pion decay constant in
the chiral limit with f, = 130.41(20) MeV [57].

For the three spurion fields associated with the chiral
irrepS 3]_(]{) ®3R(L), 8L(R) ®1R(L); and 6L(R) ®3R(L)7 the 1eading—
order chiral Lagrangian involving the octet baryon and
pseudoscalar meson takes the form [42]

L= 01Tt [P3, 00,6 BLé — P a3 & Bré']
+ 0o Tr [Py o1, EBLE" — Pryss, & Bré]

3
+ r[ ;SﬂFL (§iD"BLE), i x€iji
X

PLTE (E1D Beéh)yTr.60] +Heeo (11)

where all indices y,z and i, j,k are summed over the three
flavors u,d, s, and Bygy = Pur B represent the chiral bary-
on fields. FLR (8w —Yuyv/4)PLr are the vector-spinor
projectors w1th Pz =(1F7y5)/2." The low energy con-
stants (LECs) ¢, are the a and f parameters used in the

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 m;/A, ~ 0.1 at the amplitude level.

033103-5



Wei-Qi Fan, Yi Liao, Xiao-Dong Ma et al. Chin. Phys. C 50, 033103 (2026)

Table 2. Expressions of spurion fields from dim-8 aLEFT interactions. The subscripts 1, 2, and 3 stand for u, d, and s, and x serves as
a lepton flavor index. For the WCs related to representations 3pg ®3ge) and 6.x)®3raw), the following abbreviations are used:
[CZE;‘(’I‘:M o= (1/2)([C§2;‘:;:,ql wow [CE;“’JIEMJWW) and [C(,S)‘Llé‘;flqulzw = (1/2)([C§E;‘.’,]:zq1xlzw> + lCZ(L,;‘;qumw), where g =d,u. Similar abbreviations
are used for those of parity partner operators with superscript "SR,VL" and in the neutrino case.

Irrep. Spurion Expression Spurion Expression
P (Conaial 2 Ope Py P (Concaaal 223 G ey
P (il Ouarersy" P (Caetial 23 Oua)emr"
Plosu (IS 1 113(Bua)e§ PRR [CIRSR )13 @l
810 @ Tnc) P}i];u [C%’Vzdu]xzﬂ(ﬂ,,a)fyﬂ PS‘}H [CgaRfiljiu]x23l(au“)Vix P
P e P (C 331 @V, 7
Prd [Chammal 112Dy 0)57" P [Chaon L1120 a)a)’”
Pt ~[Coma b Gua)Ver P —IChh Lo (BuanE
P Caainl o2 Op P —[Chh Lo @uaE
P ~Cantan) izt O Q)EVH Prds ~[Comda s @ualvion
Plis ~[ConndaaV s Ouaerr” s ~[ConediaV s Ouaery*
Plds ~[Clmialers3 Out)err* Plis ~[ChamiaV i3 Oua)er oy
Pisu [C o o131 @ “)57’# P [C 3o o131 @ “)g)’“
S @) P (Coamudal 32 Ou@VE 7 PR, [Commal a2 GuaVEcy”
Pl (Comia 133 a)gy# P (Coaaal 133 @uaVL"
Pia ~[Conmaa 21 (8,,(1)%% G ~Cou iz (au“)aﬁ”
Piua ~[Coamalriza (6/‘“)@7’# Plina ~[Chamaalrin GuaVLr*
Pl ~[Commmali2s Pua)VE " P A Comalxi23 OuaVixr”
it - it -
Puud (ot @00 P (O @0,
Pt [CSER Tais@ael | pRLy O | @)k,
P (ot o1 @ e, P (oIt @ e,
Pud [Coamdaliinn @ “){x P [Camudal i @ OVix
Pud [Coomaal i@ a . e (Coaruaaliins @ Vi
Pusi (ot ;131(3“11)% PRL# [CSTL 4 @ a)e,
Fund (il Py (R @
6L(R) ® 3R(L) PEESM [sz;vul;d];lﬁ(aﬂa)@ PEAL;” [CSaR\,/Vu]:id];I %(a,ua)m
Paiu (Coimiu o (@), Pl [CR Lo (Ha)7is
Pl (Credaaban(@ oz Pait [CoRT Ton (P aer s
Piis [t 223 (0 )2 s ne (CRVE s ayer
P [Commi Vo @@ P (oo @@V
ind (Couaaal o e Pasi [Coandaa) 232 @ @)L s
P’ (Covtaalass @ a)ex Past [CmdaaViss @ L
Pl [} 331 (@ “)?,x Pt (C3RV Las1 (@ avie
Posd (Coreda) 532 )R Past (et 2 @ e
Pr [CSER 1 s (@ a)ers o O | ey

literature, with recent lattice QCD calculations yielding lysis estimation c; ~0.011GeV® [42] for the numerical
c1=a=-0.01257(111)GeV’ and ¢, ==0.01269(107) GeV* analysis.

[58], respectively. However, there is no available LQCD Expanding the Lagrangian in Eq. (11) to the appropri-
computation for c;, so we use the naive dimension ana- ate order in the pseudoscalar meson fields, we obtain in-
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teraction vertices involving spurion fields, octet baryons,
and meson fields. To this end, relevant vertices include
% — B terms without mesons and £ —N— M terms contain-
ing one pseudoscalar meson field, which are summarized
in Appendix A for reference. By substituting the spurion
fields # in these terms with the corresponding results
from Table 2, we obtain the desired BNV vertices con-
taining a single ALP field, which are displayed in Tables
3 and 4.

III. NUCLEON DECAYS INVOLVING AN ALP

We consider BNV two-body decays of octet baryons
and three-body decays of nucleons involving an ALP,
with the leading-order Feynman diagrams shown in
Fig. 1. We first derive general expressions for the amp-
litude squared and resulting decay width by exploiting
BNV hadronic interactions obtained in the preceding sec-
tion along with the usual baryon ChPT interactions.
These results provide the necessary input for the sub-
sequent phenomenological analysis. Further, we study
differential distribution with respect to the momenta of fi-
nal-state particles, which is crucial for disentangling op-
erator structures and deriving constraints on interactions
from experimental data.

A. Octet baryon two-body decays B — [+a
For the octet baryon two-body decays B — la in-

volving an ALP and a lepton in the final state, the single
three-point vertex B—1[—a shown in Fig. 1(a) can be ob-
tained by replacing spurion fields # in the # — B terms of
Eq. (A1) with the corresponding results from Table 2. For
each decay mode, it is convenient to organize relevant
terms in the following general form

Ly =c10"a|Cy (LyuBr) + Ci (lyuBr)

+ S50 (16,8, + S (1,8 } 12
A(RIHL) A(LIHR)’ (12)

X X

where [ represents a lepton field (¢,v,7) and 8, =d,~-
v,@/4. For a negatively (positively) charged lepton £~(£*),
g = tLr(f5,), and for a neutrino (an antineutrino) field,
I(lg) = v.(F). The first two terms in Eq. (12) are associ-
ated with the usual 8, ® 1gy) and 3y ®3g(, irreps, while
the last two terms are relevant to the 6y ®3gq, represent-
ations. In terms of the above parametrization, the coeffi-
cients C;”)"'® for each transition can be extracted from
the chiral Lagrangian and are summarized in Table 3. In
this table, we defined two ratios of LECs «, =c¢,/cy,
k3 = c3/c;. From the above Lagrangian, the two-body de-
cay amplitude can be written as

Mo = it [ D P+ Dy, Pr| us, (13)

Table 3. Specific expressions of coefficients C[';@,L/ R for each transition mode.
B—l+a C}g]'_ﬂ (upper cell) and C }iR_ﬂ (lower cell) C%Ll (upper cell) and C%&, (lower cell)
s tt 1 Coni 121 K2 Chmaa 112 3 (IC5 g 1121 = [Copmmpal12)
‘ (C ol x121 ~¥21Cogpua o112 3 (ICaemi 5121 ~ [t 112)
S (Gt lr131 =2 b (I V1 = (Cummalo13)
1t x131 * ¥2[C o 113 %3 (ICSama 3131 ~ [Coapunal113)
nov () (ol =2 Cog o1 () 5 (IComuga 120 = [Comabo21) )
o (Coamualxiz 2 o L1 () 3 (IC5mnaa 120 = [Coapaal221) ()
v (Cmaalvizs + Comaaliisa = (o V3 (ICER 1~ [CER 153) ()
A S, (- +% ([CZ,E,‘,f,];,u]xzsl + Z[ng;ifll,]ﬁzl) +)
Ay (+) —% (2[C§§;‘Z§d];123 + [Cslé;ﬁd];m - [C;z];;/‘tliljiu]x23l) \/§K3 ([CSE{,ZI;M e~ [CSE’V‘L’,];L, ;23I) (+)
— 2 (I3t + 20, Jant) - ()
055, (9 _%rz ([C;c}z{;‘;];id];lﬂ + [Cass;‘iztzu];zsl) -7 [Chmi (+) % (Z[CZ:;/‘LI:M 123~ [Commmaal 12 ~ [Comata ;231) =)
O Sy (+) % ([C;z];;/‘ﬁ;d].;l32 + [Cszl;;/‘illjiu];%l) + %[ng'vsdljm]ml =) _% (Z[CSaR:/‘IIA];d 123 = Coamaa 132 = [Comuin ;231) )
259 () [Comuia 133 * (o )31 () 3 (IS5~ [Comado31) )
Fow @ |13 =2l Copa 331 () s (ICmmuiaV 33 = Comaah31) ()
S 1 Ctedalyasa * K21 gz s 3 (1 a2 ~ | Corugaa 222
[Coendtalrzs2 = *2(Chaudaa) 223 3 (ICoumdaaV 32 ~ Coundaa)23)
= e ~1Ctnaial i+ K2l Cguiaa o2 1 (I audaa o0 = Comadal2)
‘ (Couedia 233 =2l Coaa) 223 3 (1 aeia o33 = (o)
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Table 4. Specific expressions of coefficients C,®'~® for each transition mode.

N—IM
N—IM+a CLL s (upper cell) and CiR - (lower cell) C3L s (upper cell) and C3} | (lower cell)
. =3 (1ot 2 —Kz[caa;m,dhuz) % (1ot 2 +3[caa;m,d1xuz)
% ( C;IQ-LY};M ;12] KZ[CZaR;Sulzd]X“z) 3 ([CSSQZ];/u 2121 +3[Caaeuud])‘“2)
bt ﬁ( [Commen 21 +3K2[Cgkéiid]x112) -5 ([ oo 1121~ aaeuud]xllz)
ﬁ ( CSI;;{(]:!M ;121 +3k2 [Cgt[:;su]:d])‘l 12) 2 ([nge‘g:iu 1121 Haeuud]"l 12)
% <[C3§e‘g&u ;131 +K2[CZ:;£4LWI]X1 I3) _$ ([C(%t];;vu]}iu J;l?l anuud]“ 13)
p— K 1 SLVR ;- K SR,VL
¥ ([Caacudu 31 2l Chpng 1t ”) - ([ e 1131+ [Copmmal 13)
- _%f ([Csze‘;%zu]xlzl KZ[Caaéuud]xHZ) _% (3[C32e‘{l}:1u 21~ [Caaéuud]xm)
) 5 (ICommaul i1 =2 o 12) — 25 (31C i 121 ~ (o 12)
po Tt () - f([CSSVZdem+Kz[cam,hzzl) +) X (B31Cmaalii = [Comag 1) )
P v ) _% ([Csbvz];d]xlﬂ K2 [COaV(ldu]Xzzl) ) % (3[ aRv‘gt-id]xlﬂ [C;aR;‘;l:du]<"221> (+)
po Kt (=) - % ([CSZ\/‘ZI;J:!]AIZS + [ Comaad o +¢2 [Caavddu]xnl) ) % ([CSELz]:zfz 1123+ 2AComaal 32 ~ o :231) =
Pkt () - % ([C;]c;v‘g:ld]tl% + [ngvmu];zsl k2 [Cﬂa;/da’u]ﬁﬂ ) =) %f ([CSS\ZII;IL]] 123t Z[Cﬁiv‘ifm]xm [Cgﬁv‘ibutzn) )
no v (o) 5 (IComuaa s + 2o 21) () 3 ((Comugaiioa +31Coman 1) (=)
novar’ (4 2 ([ zyﬁd]nzz +K2[Cﬂavddu])221> ) 3 ([ng]:v\g;id nt 3[C6avddu]"221) ()

1 SR,VL " SL VR )
n— v (—) T ([Cdavudd]XIZZ ’3/(2 [Cﬁavddu]xzzl) (+) 23 ([ davudd :122 - [Cﬁavddu])‘nl) )

novar () = [CSEWJM 3lChpst L) () N([CSEVYMJM (Cotlaat)  (+)

5 (ComaaTeios = (Commaalaisn) — 5 (IChmmaal 12~ [Commmaliiz + 2 o) )
no KO () ﬁ([CZ’;VE,';,qum+[cdavddu1x321) +)
n—viK? (+) _%rz([ a2~ [aa;udd]xmz) —%([Cﬁﬁ;ﬁd 123 = [Coamaa 32+ 2LC ot ;231) (+)

VR,SR R,SR
- 7 ([Cc')awldu]XB] + [Cﬂctvcldlt]X32] ) (_)

SL,VR
- ﬁk} [Ci)aeddd lx222

no &t SR,VL
- \/EKS [Cﬂa;,ddd]xzzz
1 SR,VL - VL,SL K3 SL,VR SL,VR
Kt 2 ([Cdaeddd]ﬁ’%z + KZ[Caaeddd]ﬂB) 2 ([Cdaeddd];232 + [Caaeddd]ﬂﬂ)
n— x
; 1 SL,V 3 SR,VL SR,VL
v ([Caaeddd]xzn + K2[Caaeddd]x223) 2 ([Caaeddd] ot [Caaeddd]xZB)
,a ,a ,a
4 4 4
4 ¢, ,
B ——e—— /v N ——m——s— (/v N ——s—>— (/v
M M

(a) (b)
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.

with summed matrix element squared is
= 2m} +2m? — 1
Dy = cimp (c;‘i'f o)+ = PSR ) Miiidl = 5 oy +mf =) (1D5 +1D )
4mBA)( 2
my 3R +2mpm; R (DB—>1DB—>1) (15)
+ 7CB~>I
4A,
(14)

Note that % in Eq. (13) indicates the spinor of the lepton,
which should be rewritten as V§f when the final-state

lepton is an antiparticle. u and v¢ share identical Dirac
lepton, and ALP, respectively. The spin-averaged and - properties (the equation of motion and completeness rela-

where mp, m;, and m, represent the masses of the baryon,
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tion), and thus, these results remain valid for antiparticles.
Finally, the decay width becomes

_ Mol

rB—>]a - /11/2(1’)61’ xa)’ (16)

16tmg

where  A(x,y,z) = x> +y* +7° —2xy—2yz—2zx represents
the triangle function, and x; = m?/m3 and x, = m2/m3%. In
Appendix B, we show complete decay widths for the
massless ALP case. The numerical constraints on the rel-
evant WCs are studied in the next section.

B. Nucleon three-body decays N — [+ M +a

By inserting the explicit expressions of spurion fields
from Table 2 into $—N— M terms in Eq. (A2), we obtain
effective BNV four-point interactions containing a bary-
on, a meson, a lepton, and an ALP. These interactions
yield the contact contribution to the three-body decays
shown in the second diagram of Fig. 1(b). All these local
vertices can be written in the general form

Lysima =€ 1(;“7: CBIIIL»IM Loy N+ CllllllM lry,Nx

CI%II;IM 7:9 C}SIILIM 73 Y
+ A lklaﬂNL + A lLlaﬂNR M, (17)
X X

where the first two terms are related to irreps 8pg ® 1xq,
and 3 ®3R(L), whereas the last two terms are associated
with 6 ®3ge,. The coefficients C;° for all relevant
vertices are summarized in Table 4.

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

_ D _
Lar = TrIBGP — M)B] + — Tr(BY"yslu,, BY)

F _
+ ETT(B)’”)’S[MM,B]), (18)

where  u, =i [£0, —ir)é - &0, —il)é] = &' (D,D)E."
The covariant derivatives of the meson and baryon octets
are given by D,X=9,X-il,X+iZr, and D,B=0,B+
[T, B]—iv’B, respectively. Here, I, represents the chir-
al connection, T, = 1 [£(0, —ir)é +&7(0, —i1,)é], and v,
l, , and r, are external sources, which can be omitted in
our case. We use the LECs D =0.730(11) and F = 0.4475
from the recent lattice calculation [60]. By expanding the
pseudoscalar meson matrices in Eq. (18) to the linear or-
der, we obtain

1) We note that the D and F terms differ by a minus sign from those in [59].

D—F — _ _
Lown 2 S5 [ZV75p K~ ysnd,K°
0
+ ﬁ(?y“y5pﬂuko+§y"y5n8ﬂl(’)]

3F-D
+ 2 (p 8,1+ 7y ysnd
ViF, (PY"yspdum+ny*ysnd,n)

D+3F

" 243F,
D+F
2F,

+ \/z(ﬁy“ysp[)#ﬂ’ +ﬁy“75nc')yﬂ+)]. (19)

[F’y")@payK’ +Fy“y5nﬁyl_(0]

+

[ﬁ)’”)’sl’aﬂo —ny'ysnd,n’

In general, each term has the form

CN*)BM b,

By, ysNd'M, (20)
Fy

Lyopy =

where the dimensionless coefficient Cy_ ) can be easily
read off from Eq. (19) for a given configuration of field
combinations. Combining Egs. (12) and (20) will yield
the non-contact contribution to the three-body decays
shown in the first diagram of Fig. 1(b).

After considering both contact and non-contact con-
tributions, the amplitude for a general mode can be para-
metrized as

_ —[psL SR VL -1
Mysima = U |:DN—>1MPL + Dy Pr+ Dy iy PP

+ DgileﬁlﬂﬁBPR] Uy, 2D

where B represents the baryon in the intermediate state of

momentum pz and mass mj. The expressions for DJ"®)

and Dy"®) are given by

pDSL®)
NSIM IL®R) IL®)
— = mlCN_(,,M + {(mNmB +5) <4m,CB_>1
C| FO
§—=2m? +2m?
-GS (o +mp)s
Ay
~ (4C1R('—) + ﬂcﬂ(m)} Gy
Bl Bl 2
AN, T L A(mg - )
2 2
SHI—mMy —mM; 31wy MW 3R
-—=C, - C s 22
ZAX N—IM 4A)( N—IM ( )
pYL®
N IM IL®) IRQL)
M M £ [Omy+ mg) (4miC
ClF(;lmN N—IM N B—l

2 2
8- 2my +2m;, RO

Bl
AX

) — (mymp +5)
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e, M air)\] Cvosm | My )
(405 + 2O s * an G @3

where my represents the nucleon mass, s = p3 = (p;+ pa)*,
and t=(p-p)*=(pu+p.)*. In the above equations, a
summation over the virtual baryon B is implied. Eq. (19)
clearly indicates that decay modes p — v,(v,)K*a and
n— v,(v,)K% receive non-contact contributions from
both the X and A® intermediate states as these baryons
share the same quark content. For all other decay modes
N— M+I+a, the contributing virtual baryon B is
uniquely determined by vertices Cy_py in Eq. (19). The
process n— ¢~ nta changes the isospin by 3/2 units so
that the required local vertex has to contain three down
quarks. This flavor condition is uniquely satisfied by op-
erators O i 3®VP in the irreps 6y ®3g), making only
C,M%, nonzero. Meanwhile, the non-contact contribution
is absent because of the lack of a C,_ .- vertex from Eq.
(19).

Based on Eq. (21), the spin-averaged and -summed
matrix element squared can be expressed compactly as

o1, o 5 SL 2 SR 2
IMuysimal® = E(mn‘*'ml —1) (|DN’—»1M| +IDySm )

Yo [(mﬁ —miy)(m; —m)
N

2 2 VL 2 VR 2
+ s(s+ 1=y —m2)] (IDYS P + DY )
SL SR
+2mmy R (DN—JMDN—;M )
m V.L VR
+2—sR (DNHIMDNHIM)
ny
m 2 2 VR (pSt. pyLs
+—(s+my—my) N Pxoim
my
SR yV.R* 2 2
+DN—>1MDN—>IM> + (S +m1 _ma)
S,L VR S,R V,L
xR (DN—>IMDN—>IM + DN—>lMDN—>lM) :
(24)

Finally, the decay width is

1 A
FN—UMCI = m/ds/t_ dt|MN_>lMa|2, (25)

where integration domains are

(my+mg)* < s < (my—my)?,

o= E By - (VER-m® JER-my) . ()
2

2
my — S —my,

2+s

2 2
S—m;+m
* 1 a *
E;= JEj=

2+s

Using the above formalism, each decay width can be
parametrized in terms of aLEFT WCs after performing
the full phase space integration for a given ALP mass. In

Appendix B, we present complete numerical results for
all considered baryon and nucleon BNV decay modes
with an ALP, assuming the ALP mass is negligible.

C. Normalized distribution

Experimentally, event numbers are binned against
some kinetic variables such as momentum, missing en-
ergy, and invariant mass. These distributions encode rich
information about underlying dynamics and kinematic
properties of involved particles. We analyze the mo-
mentum distribution of the three-body nucleon decays to
extract information from these distributions.

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

di 1 dr
dipl Tdpl’

di'’ 1 dr
dipul ~ T dipul’

27

where p, and pj represent the three-momenta of the
charged lepton and octet meson in the final state, respect-
ively. Since both neutrino and ALP are invisible to the
detector, their momentum distributions are not con-
sidered. For illustration, we focus on proton and neutron
decay modes that involve both a charged lepton (e,u) and
a pion, as well as proton decay modes involving # meson.
All of these are related to operators containing two up
quarks and one down quark. We assume that only one
WC is nonzero at a time and consider only half of the op-
erators with "VL,SL" and "SR,VL" chiral structures be-
cause the other chirality-flipped counterparts ("VR,SR"
and "SL,VR") yield the same distributions.

Figure 2 shows normalized differential distributions
for processes p — ¢*n’a (left panels) and n— *na
(right panels) from the insertion of various operators.
Given that the mass of the ALP spans a wide range, we
consider three benchmark points with m, ={0, 0.3,
0.5} GeV. In the plots, the solid curves represent contri-
butions from the usual chiral irrep operators [O}:>F 1,11, €
8.®1x and [O3% 17, €3.®3;, while the dashed and
dotted curves correspond to contributions from operators
[OT Tz and [O30 14,,, respectively, which belong
to the new chiral irrep 3, ®6z. As shown in Fig. 2, for
each ALP mass scenario, the operators [O}:>" 1,11, and
[0 17, lead to the same lepton/pion-momentum dis-
tributions. These operators have a definite isospin change
of AI=1/2, and therefore, they yield approximately the
same distributions for the decay modes p — ¢*n% and
n— {*n~a in each case. In contrast, operators belonging
to the new chiral irrep 3, ® 6z exhibit markedly different
|p;|-distributions across each ALP mass point and
between the two decay modes because of the presence of
both AI'=1/2 and AI =3/2 isospin components in these
operators. In each |p,|-distribution panel, distributions

033103-10



Comprehensive investigation on baryon number violating nucleon decays involving an... Chin. Phys. C 50, 033103 (2026)

T T T T T T T T
p%e*ﬂoa — m, =0 — m, =03GeV — m, =0.5GeV | n—>e+7r7a — ma=0 — m, =03GeV — m, = 0.5GeV
N VL.SL SRVL - 7] r VL.SL SRVL 1- |
— Osgoiale112s Ogpeuindernn | — Ohudlen2s (Ol
SN SR.VL N SRVL
. == Ojgealern2 1 K == [Ojpualen2
v SR.VL 1 z SR.VL
— | C == Ol i — | ra === [0z |
= 6 -6 ;
> ] > 7
5] [5) 7
O 1 &) N
= 1 s 3
& 4 J 4 B g 7 v 8
= 4 4 = 3 K
= B - 3
i ’ ] i = e
S S| 3 \
. 1 E \
L d | ] L F \ 1
2 ; 2 : '
L : 3
\ b 1
4 B 1 i 3
. ‘ ‘ ‘ N . ‘ ‘ I T
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 03 0.4 0.5
Ip.I[GeV] p.I[GeV]
8 T T T T 8 T T T T
o el Ma=0—m=03GeV — m, =05GeV | N etra — Ma=0—m=03GeV — m, =05GeV
VLSL SRVL - | VLSL SRVL |-
— Osgeualerzs Oggeuin)eran H — Qg2 Osmaernt
SR.VL 1 H SRVL
6k bl (W e i 6 === Osgualen2
SR.VL SRVL
- === [Openaeran B - bl (2 P
I |
5 13
<) - <
= 4T ! = 4T
= - Y
3 P 3
Y ' 3
S Lo S i
2r I . 2r :
. 3 . i
\ 3 : :
‘ k) H 1 i
3 : 3 H H
. o\ : . i
0 I I | \! 4 0 I H I .
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
1P,I[GeV] 1P,I[GeV]
T T T T T T T T
P—>H+7T0d' — my=0 — m, =0.3GeV — m, =0.5GeV | n%/fﬂ*a' 0 — m, =03GeV — m, =0.5GeV
H VL.SL SRVL 1- | r H VL.SL SRVL 1=
' - [Oanmd]#”b [Oﬁuem]u 121 | ' ), - [Oﬁaeuud]l‘”z’ [Oaucudu]ulzl
H SRVL H 3 L [OSRVL
' === Ogaalin2 1 ' l“ Lo YS!
' 1 Yo SRVL
— L / === Osuuiulinzs il — | . “, === [Opgeuin iz
L 6 L 6 i/ :
() ] ) f ¥
<} < ;
ey 1 = it D -me
& 4r E 8y ! i s
Sl -~ ] 5] : ; .
g B ] g L e '
. 1 E 3 3 |
\ ' y H ] \
2F | 4 2 : i B
| 1 : 1 E
\ 1 H El
| ] H 3
o \ \ \ . 0 L \ \ v A
0.0 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.4 0.5
Ip,l[GeV] Ip,lGeV]
8 T T T T 8 T T T T
p_)#+7roa — my=0 — m, =03GeV — m, =0.5GeV | n—)/fﬂ’a — my =0 — m, =03GeV — m, =05GeV
X L - o VL.SL SRVL -
| - [Oav:j;d]ullzv [03‘;‘,],';;“],‘121 R (R TERN (2 PN
o AN SR.VL 1 - [0SR
6 d 5 Bl L2/ e Y | 6 L7 MITE!
g , SR, SRVL
— / B == [Oam,';“ 21 1 — === [Opgeuininz1
I I
> ] >
© ] 5]
S | ] S
= = ¢
S | =
= E X
- 2 1 -~
3y V2 3
5 ]
2r ‘.;, ~ 2 4
: ]
.
0 L L L L L 0 L L L
0.0 0.1 0.2 0.3 0.4 0.5 0.0 0.1 0.2 0.3 0.5
1PI[GeV] 1p,I[GeV]

Fig. 2. (color online) Normalized momentum distributions for p — ¢*7% and n — £*7~a resulting from the insertion of various operat-
ors. All distributions are evaluated for three benchmark ALP masses: m, = {0, 0.3, 0.5}GeV. The vertical gray dashed lines indicate the

Cherenkov thresholds: 121MeV for x* and 159MeV for 7~ [61]. [O500- 1 = (O3 iyt £[O500: Twy11 correspond to operators associ-
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from two 3, ®6; operators tend to be concentrated at
higher |p,| values compared to those of the two usual op-
erators. These distinct patterns in the distributions can
help disentangle operator structures and determine the
ALP mass in future experimental searches.

Figure 3 shows |p;|-distributions for the decay mode
p — {*na, which involves the same set of operators as the
pion modes. Unlike the previous cases, the distributions
from the two usual irrep operators [O-°" 1,11, (solid) and

Odaeuud

[0 1715, (dashed) exhibit clear differences across all
three ALP mass values and lepton/eta-momentum scen-
arios. However, the two operators [O30- ]2 and
[O3FT 1%, in the new chiral irrep share the same behavi-
or in all cases, which is in contrast to the scenario in pro-
cess p — ¢*na. This distribution characteristic can be un-
derstood from isospin considerations. For the decay
p — {*na, only the Al = 1/2 components of the two oper-
ators contribute, which results in the coefficients of
[CMT 112 and [C355 1%, sharing the same relative ra-

daeuud daeudu
tio in both the contact (C%,,) and non-contact (CF,,

— 0
contributions. For each opeiat(;r, the behavior of the |p,|-
distribution differs from that of the p, ,-distribution. The
|p,|-distributions from the two new irrep operators are en-
hanced at higher |p,| values, whereas the two usual oper-
ators peak at intermediate |p,| values. Complementary to
the pion modes, these new features can be employed to
distinguish among various scenarios in future experi-
mental searches.

Similar distributions can be studied for the other
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three-body decay modes. For example, |p,|-distributions
in the process p — v.(v.)r"a closely resemble those of
n — e*n~a for corresponding operators with the simultan-
eous exchange of u & d and e & v(v¢). This is physically
understandable; on the one hand, nucleon-to-pion matrix
elements are connected with each other through the ex-
change of u & d, and on the other hand, the masses of
both the neutrino and electron are negligible. All these
results can be understood analytically. Given amplitude
formulas in Egs. (21) and (22) and neglecting lepton
masses in both processes, a direct comparison of their
corresponding coefficients (Cy )%, Ci5F, and Cy_py)
suffices to determine the relationship between their amp-
litudes and further their distributions. Accordingly, such
similarity in distributions is anticipated between
p—etn®ma and n— v, )r’(a, p—v.(¥)K*a and
n— vi(#)K%, as well as p — (*K°% and n — (-K*a for
corresponding operators with the simultaneous exchange
of u & d and 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 relevant WCs from available experimental
data. Exotic nucleon decays involving new light invisible
particles have been largely overlooked in the past experi-
mental searches, thereby resulting in a lack of direct con-
straints on their occurrence. The only exceptions are the

- 105,
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(color online) Same as Fig. 2 but for the decay mode p — ¢*na with m, = {0, 0.1, 0.2}GeV.
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two-body proton decay modes p — ¢*X and u*X. The Su-
per-K experiment has set stringent lower bounds on their
inverse decay widths in the limit of my — 0: I"!(p —
et +X)>79x10% yr and T-'(p - u™+X) > 4.1x10% yr
[50]. However, given the non-observation of any BNV
nucleon decays, existing experimental data from
searches for decay modes involving only SM final states
can be used to constrain exotic modes involving new light
particles. In the following subsections, we discuss how to
reinterpret existing experimental data into bounds on
these new channels, and then, we use these bounds to set
limits on the WCs of the effective operators.

A. Recasting existing data into constraints on nucleon

decay with an ALP

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 (n — invisible) and proton or neutron decays into a
charged e* or u* plus any other particles (N — e*/u*+
anything, where N = p,n). Due to the invisible nature of
the ALP, the constraint on n — invisible is directly applic-
able to the two-body modes n — #(v)a. For the decay
n — invisible, we adopt the most recent partial lifetime
bound reported by the SNO+ experiment, I'''(n —
invisible) > 9.0x 10%° yr [62]."” This limit is expected to be
further improved by two orders of magnitude in the
JUNO experiment [64]. For the nucleon decays in-
volving a positively charged lepton, the inclusive
searches around 1980s also provide partial lifetime limits
with I"!(N — e +anything) > 0.6 x10*° yr [65] and
I"'(N — u* +anything) > 12x 10* yr [66], based on de-
tecting both prompt and secondary charged Ieptons.
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.

Although there are no dedicated searches for nucleon
decays involving new light particles besides the afore-
mentioned p — e"(u*)X channels with a massless X, ex-
isting experimental data and background information
from conventional channels can be reinterpreted to con-
strain such processes. We focus on the Super-K experi-
ment, a water-Cherenkov detector, for our analysis be-
cause it provides the most stringent bound. Charged
particles traversing the detector produce Cherenkov radi-
ation, forming characteristic rings classified as either
showering (e*,y) or non-showing (u*,7*) types based on
their topological features. Each molecule (H,O) contains
two free protons (from hydrogen atoms) and eight bound
protons (from the oxygen nucleus). In this preliminary at-
tempt, we consider free proton decays in the hydrogen
atom in our simulation to derive conservative bounds on

relevant modes. A more complete treatment of bound
nucleon decays requires 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, de-
ferring the detailed investigations of these bound nucleon
decays to our future work.

The simulated channels include the two-body modes
p—{'a and the three-body modes p— v(¥)nta,
p— tnla, p— €tna, and p — u*Ka, with €=e,u. For
p — {*a, we recast the spectral search results for p — e*X
and p — u*X 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 ob-
tain the bounds on p — £*a. Similarly, for the channels
p — v(¥)r*a in which only the charged pion is visible in
the final state, we derive constraints using the reconstruc-
ted momentum distributions of the #*, as provided in Fig.
3 of [53]. For p — ¢*n’a and p — {*na, we use the recon-
structed invariant mass distributions of the charged lepton
and neutral meson. The n° predominantly decays into two
photons (Br =~ 98.8%), producing Cherenkov rings. The #
meson is reconstructed through the two-photon decay
mode 1 — 2y (Br=39%), while reconstruction through
n — 310 is less effective because of the ring-counting al-
gorithm’s limitation of identifying at most five Cheren-
kov rings. For the p — u*K% channel, we utilize the
dominant decay channel of KJ — 7tz (Br=~69%) to re-
construct the K° meson. We simulate aforementioned
proton decay processes using analytical expressions and
momentum distributions presented in previous sections,
considering one operator at a time, and we use Pythia8
[67, 68] to model the subsequent decays of mesons. The
momentum resolution of the detector is implemented ac-
cording to o, =(0.6+2.6/yp.[GeV])% and o, =(1.7+
0.7/ \/p.[GeV1)% [69]. To constrain lower limits on the
partial lifetime I'!, we require the expected signal to not
exceed the observed number of events by more than 20
in any bin, i.e., N'+ N} < N! + 20", where Ni, N}, and N!
represent the number of signals, background, and ob-
served events in the i-th bin, respectively, and o' repres-
ents the corresponding error bar. We neglected the angu-
lar resolution effects in our analysis, which were estim-
ated to be 3.0° for single-ring e-like events and 1.8° for u-
like events [69], respectively.

The recasting results for various proton decay chan-
nels are presented in Fig. 4. Owing to the fixed kinemat-
ics in two-body decays, the obtained limits on the modes
p — e*(u*)a are independent of the underlying interac-
tion structures. In contrast, momentum distributions in
three-body decays strongly depend on interaction struc-
tures; therefore, the limits for all three-body modes are
presented on an operator-by-operator basis. The plots in-

1) Note that the old KamLAND result "' (n — invisible) > 5.8 x 10%° yr [63] was used by Ref. [18] in their analysis.
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Fig. 4. (color online) New constraints on various proton decay channels as a function of the ALP mass m, obtained from our simula-
tion based on Super-K experimental data. The plots for p — ¢*a are obtained by recasting the analysis in [50]. The plots for p — ¢*7%
are based on data provided in Fig. 4 of [S1]. The plots for p — ¢*na are based on data provided in Fig. 5 of [52], where the # meson is
reconstructed by the decay channel n — 2y. The results for p — v(#n*a and p — u*K% are obtained by reanalyzing data provided in
Fig. 3 of [53] and Fig. 6 of [54], respectively. The results are the same for the chirality-flipped operators with L « R. The peaks or fluc-
tuations observed in resulting constraints arise from the simplified statistical analysis and the neglect of nuclear effects.
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dicate that recasting constraints on modes containing a
charged lepton are stronger than the corresponding in-
clusive limits by one to four orders of magnitude with the
exact improvement depending on the decay mode and
ALP mass. For the two-body channels p — {*a, the in-
clusive limits cover a slightly larger ALP mass range
compared to the recasting bounds caused by experiment-
al cuts of |p,|>100 MeV and |p,/>200 MeV in the
search [50]. Stronger bounds for heavier ALPs arise in
e*-related channels because a sharper and more localized
signal peak appears at lower reconstructed invariant
masses, improving single bin sensitivity. However, this
effect is diminished by the reduced detection efficiency
for low-momentum y* or n* produced in association with
heavier ALPs, causing the bounds on channels involving
u* or * to weaken as the ALP approaches the threshold.

We did not perform a similar analysis for the
p — e*K channel because the most recent search for
p — ¢"K° by Super-K [70] does not provide the required
kinematic distributions. Therefore, we adopt the inclus-
ive limit to set T''(p — e*K%) > 0.6 x 10* yr. For chan-
nels with the positively charged kaon, p — v(v)K*a, and
K* carries momentum below its Cherenkov threshold
(563 MeV). Thus, it cannot be detected directly in water
Cherenkov detectors. Instead, K* is identified via its de-
cay products. Owing to its low momentum and short life-
time, K* decays at rest. The Super-K experiment utilizes
the dominant two-body decay modes K — u*v, (64%)
and K — 77 (21%) for its detection. Further, for nucle-
on decays occurring within the oxygen nucleus, the resid-
ual nucleus may be left in an excited state, which can
promptly de-excite via gamma-ray emission, thereby of-
fering an additional signal. Given the similarity in final-
state signatures, existing searches for p — vK* can be dir-
ectly reinterpreted as constraints on p — ¥(v)K*a. Con-
sequently, we adopt the current Super-K limit [71] to set
I'(p - v0)K*a) > 5.9x 103 yr.

Although we focused on the current Super-K experi-
ment, we anticipate that constraints will be further im-
proved in the upcoming Hyper-K experiment, which will
have a fiducial mass approximately eight times that of the
Super-K. In addition, JUNO and DUNE experiments,
which utilize tracking detectors, are expected to offer en-
hanced capabilities for probing the mass of the ALP near
the threshold of nucleon decays because of their excel-
lent low-energy thresholds.

B. Comprehensive constraints on BNV
aLEFT interactions

With bounds on inverse decay widths for decay
modes summarized in the previous subsection, we con-
strain the aLEFT WCs. For the WC C; of an aLEFT oper-
ator O;, we define an associated effective scale A.¢ via
Aegs =|C;V*| and study the constraint on A.e asa func-
tion of the ALP mass m,. To establish the bound, we deal

with one operator at a time and require the theoretical de-
cay width to be less than the limit given in the previous
subsection.

Our final results are presented in Fig. 5. Only half of
the operators with "VL,SL" and "SR,VL" chiral structures
are presented because their chirality-flipped counterparts
("VR,SR" and "SL,VR") receive identical constraints. For
each operator, besides the constraint derived from our re-
cast analysis (solid or dotted curves), we present the limit
from inclusive searches (dashed curves) in some chan-
nels for comparison. Operators with ddd, dds, uss, dss,
and sss quark configurations cannot be constrained be-
cause of the lack of corresponding experimental data; we
neglected them in this work. Both panels in the top row
of Fig. 5 feature the same set of operators with the
a—e—u—u—d field content. The left panel shows con-
straints from the two-body mode p — e*a based on both
the recasting and inclusive results, while the right panel
presents only recasting results from the three-body modes
p — e*n°(m)a. The two-body mode based on the recasting
results provides the most stringent constraints over a wide
range of ALP masses. A similar behavior is observed in
the muonic case with the a —u—u—u—d field content, as
shown in both panels of the second row. The results for
the operators with the u —u— s quark content are shown in
the third row, with only inclusive limits provided for the
e*-related operators caused by the lack of experimental
distribution data. The last row presents results for operat-
ors with the u—d - s quark content in the left panel and
u—d—d quark content in the right panel. For u—d—d-
type operators, unlike the other cases, the inclusive
bounds are stronger than the recasting ones for several
operators across a wide range of ALP masses. These in-
clusive 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.

To compare with the results in [18], Table 5 presents
the lower bound on A.¢ when m, — 0. The last column
shows the experimental lower bounds on the inverse de-
cay widths used to reach constraints on WCs listed in the
front cells, including 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 be-
longing to the new chiral irrep 3; ® 6z. The derived en-
ergy scales associated with these operators are essen-
tially of the same order as those for operators in the usual
chiral irreps 3, ®3; and 8, ® 1;. The most stringent con-
straints for uud-type operators arise from the search for
nucleon decays N — £*X in the Super-K experiment [50]
and are consistent with those obtained in [18]. For effect-
ive scales associated with operators containing u—d—s
quarks, our results are five-to-six orders of magnitude
stronger than those obtained in that paper based on the
A%-hyperon invisible search performed by BESIII [72].
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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 m,. We have set 3 =

1 in the numerical analysis, and the results for the operators belonging to the irreps 3. ®6rq) can be

easily rescaled if «3 is found to differ from 1. The peaks observed in certain solid curves originate from the corresponding peaks in re-

casting bounds presented in Fig. 4.

Derived bounds on A associated with [Cy->r, 1,021 and
[C3MT 17,5, are slightly stronger.

Finally, 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 are
used to obtain them. As shown in the table, the con-
straints obtained in Table 5 impose very stringent limits
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Table 5. Lower bounds on the effective scale of relevant dim-8 aLEFT operators in the massless ALP limit. The limits are identical
for corresponding chirality-flipped operators with L & R, and therefore, we omitted them for brevity. Experimental lower bounds

without a reference in the last column correspond to the recasting bounds shown in Fig. 4 in the limit of m, — 0.

WCs/Process Derived bound on the effective scale Aegg = [Ci]7# /(GeV Exp. lower bound on I'! (10¥%yr)
WCs [Coamalen2 (Cotmaleran (CotmaaViron [Coammualen2
p—eta 2.2x107 2.2x107 1.4x107 1.4x%107 790 (Exclusive) [50]
p—eta 2.0%107 2.0x107 1.3%x107 1.3%x107 364
p— e n L2x107 12%107 785106 L1x107 184|208| 281|532
p—etna 9.3x10° 6.0x 10° 53x10° 53x10° 735|624|670| 668
n—etna 6.4x10° 6.4x10° 5.4%10° 43%x10°0 0.6 (Inclusive) [57]
VL,SL SR,VL - SR,VL SR,VL
WCs (Coonalniz (Coneudulmizn [Coueudupuian [Conennalutn2
p—uta 2.0%107 2.0x 107 1.3x 107 1.3%107 410 (Exclusive) [50]
p—uta 1.9%107 1.9% 107 1.3%x 107 1.3%x107 285
p - utnla 1.1x107 1.1x107 6.9 10° 1.0x 107 75|74|114|198
p—utna 8.7 % 10° 5.8% 10 5.0% 10 5.0% 10° 688743650654
n—u*tna 9.2x10° 9.2%10° 7.8 % 10° 6.2x10° 12 (Inclusive) [57]
VL,SL SR,VL - SR,VL SR,VL
WCs [Cﬁaeuud]”l 13 [Caaeudu]eBl [Caaeudu :I}I [COueuud]“ 13
p—etKla 3.7x10° 4.0%10° 3.0x10° 3.0x10° 0.6 (Inclusive) [57]
VL,SL SR,VL - SR,VL SR,VL
WCs (Conmalnt 13 (Coneudulmiz1 [Coueuduputan (Coneunalut13
p— 1K 5.8 10° 6.3x 100 47x100 47%106 31|35[36|36
VL,SL SRVL - SR,VL SR,VL
WCs [Caavddu]XZZI [COavudd]xlﬂ [C0uvudd ;1 22 [Caavddu]ﬂz'
p—virta 9.3 10° 9.3 100 8.1x 10° 6.4 109 12[12|15] 14
VL,SL SRVL - SR,VL SR,VL
WCs [Caavddu]xnl [COamdd]x132 [C0uvudd ;1 32 [Caavddu ;23I
p—viK*a 1.3%107 8.5%10° 1.1x107 9.3%10° .
5900 (p — viK+) [71]
VL,SL SRVL - SRVL - SR,VL
WCs [Caavddu]XBI [COavudd]xlB [C0avddu]x23l [Caavudd ;I 23
p—vik*a 8.5%10° 1.3x107 1.2x107 9.3x10°

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 study, we systematically investigated 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
identified relevant BNV aLEFT operators, which first ap-
pear at dimension 8 at the leading order. Then, we per-
formed a chiral decomposition of these aLEFT operators
under the QCD chiral group SU(3), ® SUx and identified
corresponding spurion fields that enter the recently de-
veloped chiral perturbation theory for nucleon decays.
With these spurion fields at hand, we conducted chiral
matching for these BNV ALP interactions and derived

general expressions for nucleon decays involving an ALP
in terms of the associated Wilson coefficients and had-
ronic parameters in the chiral framework. Compared to
the previous study in the literature, we considered the
complete set of aLEFT BNV operators involving light
u, d, s quarks. We found that 12 aLEFT operators be-
longing to the new chiral irreps 6.z ®3rq, contribute at
the same chiral order as operators in the usual irreps
8.m ® gy and 3. ®3gy). Processes that change isospin
by 3/2 units, such as n — 7*¢"a, can only be induced by
operators in new irreps. In addition, we analyzed the mo-
mentum distributions of the charged lepton and mesons in
three-body decay modes. Our results confirm that the dis-
tinct distribution behavior may help distinguish underly-
ing operator structures and potentially determine the ALP
mass in future experimental searches.

Based on this comprehensive theoretical framework,
we simulated proton decay processes involving an ALP
and recast existing Super-K data to set bounds on the in-
verse decay widths of these exotic modes. Although our
treatment of the experimental recasts is simplified and
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Table 6.
massless ALP based on constraints provided in Table 5.

Derived bounds on the hyperon two-body decay modes and neutron three-body decay modes involving a neutrino and a

Derived bounds on branching ratios

Derived bounds on inverse decay widths

Mode Mode
Br aLEFT operator !(yr) aLEFT operator

93x1074 [O45E et1s 22x10°! [O4 1221, [O58 T 1710

It —>eta 49%x107% [OZE;ZI;M];]M n— vla 4.2x10% [035;2%];(221
3.0x10°% (O3 2131+ (O3t le1 13 35% 102 [O3ameda )22
2.5% 10746 (O3S 113 6.9% 1032 (04 i1

It > puta 1.3x 10746 [Osgé‘i{]&u]ﬁlsl = vna 1.9 10% [ 353114];141];122’ [0353;;{1];122
8.2x 10~ (O 1315 (Ol 13 2.9%10% O30T 121
6.9% 107 (O 321+ Oprual i 53%10% (O 321- Ogermaalinzs
5.6x 10748 [OZ];’VZI;“]xw , [Ozs;l];d]h Y 2.7%10%2 [Og:;;,sd]'du]xzal

A% > vya 3.5%107% (Ol 231 4.4%10% (M
1.3% 10748 O30 o n— vk 9.0x 103 O30 T
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5.6x107%7 (O 231- Oguaaliize 22x10% (O3ialiize
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conservative, we still obtain meaningful results because
of the large number of protons in the experiment. These
results are complementary to current searches for nucle-
on decay modes involving only SM final states. The
bounds we derived not only significantly improve upon
inclusive limits set by experiments nearly four decades
ago but also extend across a broad range of ALP masses.
Using these results, we established conservative lower
limits on the effective scales A.¢s associated with the rel-
evant Wilson coefficients. We found that the lower
bounds on A.¢s for operators corresponding to the new
chiral irreps were of the same order as those for operat-
ors in the usual irreps. Finally, by employing these limits

on A.g in the massless ALP limit, we predicted new
bounds on the occurrence of some BNV neutron and hyp-
eron decay modes. Our results imposed very stringent
limits on the branching ratios of exotic hyperon decay
modes, while the projected bounds on neutron decays
were within the reach of future neutrino experiments such
as JUNO and DUNE.

APPENDIX A: GENERAL CHIRAL TERMS

By expanding the pseudoscalar matrix in Eq. (11) to
the zeroth order in the meson fields, we obtain the follow-
ing general vertices involving a baryon without any
pseudoscalar mesons.

_ LR LL -1 /pLRu LR.uy: 3 LR LL -1 /pLRu LRy 3
Lpp = { (1P + Py + A (Pt = Progi 10| pL+ [c1P5y + 2Py = 3N, Pt = Progi )10, | i

uud udu

1 = 1
LR LR LR LL LL -1 LR.u LR.u - 0 LR LR L.
+— [Cl( uds + dsu — zpsud) + C2( d. 27)sud) - 3C3A)( (PLISd - Pdsu )laﬂ] AL + [Cl( uds ~ dsu) - d.

su

V6
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uds

LR LL 1 ,enLR, LRuN: 3 Tom
+ [cﬂ’dds + 0Pt P —sodsd“)la,,}zL + [CISD

LR LL . A-1l/LRpu LRy 5 | o
+ [P+ aPHL — A (P - P )16#]_L} _LoR

LR + CQPLL

Ssu

L
su

V2
— oA (Pt = Prinio,] T

uus usu

-1 LR,u LRuy: g 1=0
ssu + C3AX (Pssu - Puss )la/l] =1

(AT)

Similarly, expanding the pseudoscalar matrix in Eq. (11) to the first order in the meson fields yields the following ver-

tices containing a nucleon and a meson.
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The absence of K*N and K°N terms is caused by the requirement of an anti-strange quark.

APPENDIX B: COMPLETE EXPRESSIONS FOR
DECAY WIDTHS IN ALEFT

In this Appendix, we summarize our complete numer-
ical results for decay widths expressed in terms of the
WCs in the aLEFT. We denote the specific flavors in
each WC by subscripts, with the first letter (e, u, 7) indic-
ating lepton flavors, and the other three numbers indicat-
ing quark flavors (1, 2, 3 represent u, d, s, respectively).

For modes involving a neutrino, the subscript x can be
either e, u, or 7. We neglect the ALP mass and numeric-
ally integrate all phase space factors associated with each
WC squared. ¢; remains undetermined now, and there-
fore, we retain its explicit dependence through «;(= c3/c¢1)
in these results. To present the results more compactly,
we removed the prefix "da" from the subscripts of all rel-
evant WCs.

For two-body decay processes, the complete results
are
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For processes with an antineutrino in the final state, their decay widths can be obtained by exchanging the chiral la-
bels L and R in the WCs of the corresponding neutrino cases.

For the three-body nucleon decay processes, the final results are summarized as
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Similarly, we explicitly show processes with neutrinos in the final state. The decay widths for antineutrino counter-
parts can be obtained through L < R. When restricted to WCs associated with the 8,k ® 1z, irreps, our above results
agree with those given in [18].
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