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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 SU(3). X SU(3)g, 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 61(r) X 3g(r) exhibit markedly differ-
ent behavior compared to that in the usual irreps 8 r) X 1r@) and 3y g) X 3R(L). 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-
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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) ". 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 2%, 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.

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 SU(3).® SU3)z of the light u, d, s quarks,
these dim-8 operators can be classified into three irredu-
cible representations (irreps) and their chiral partners:
8.x ®1ra), 3Ly ®3re), and 3.r ®6rey. Only 8 operators
in the first two usual irreps were considered in [12],
whereas the remaining 12 operators associated with the
new chiral irreps 3z ® 6rq) 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 n — r*e”a and n — n*u~a, can only be me-
diated by operators belonging to the irreps 3, ® 6zq, 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.

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 SU(3).® U(1).,. 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.

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 (I'"') for cer-
tain decay modes. These lower limits are then translated
into constraints on the effective scale A.¢ 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

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, lgqqda.

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 e; g, neutrinos as v;, and the up- and
down-type quarks by u; x and dy g, 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 u,d,s
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 L < R,
with v, © ¢ 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 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 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.

To match the aLEFT operators onto those in ChPT,
one should first decompose them into irreducible repres-
entations  (irreps) of the QCD chiral group
SU3). ® SU3)g for the u,d, s 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:

a}l a(@qf,y )(E’yﬂ q K,w ) eaﬁy s
(D

8,0y at N dLal ) €upys

where ¥(= e, e, v,»°) stands for a lepton field, with x de-
noting its flavor, and y,z,w =1,2,3 are light quark flavor
indices with g3 =u,d,s. The triple-quark sector in the
first structure, N7, = qg,y(qf,czqz,w)eaﬁy, already belongs to
the 8, ® 1y 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 6, ®3; and
3. ®3g, respectively. The antisymmetric combination can
be Fierz-transformed into a similar form to N}, with g,
being replaced by g¢gr,. Following Ref. [42], we paramet-
rize them as follows:

= _
N)lizzl;v = Qg,y(qf.zqz,w)eaﬁy € 3L ®3R’

N = g (Y @) €upy € 6L @ 3. )

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

I— 1 —
(et ey T €y = E(wxy“qﬁ,w)(ﬁqi,y)eaﬁy, 3)

leading to

_ —= _ 1
Wt LA B oy = U N+ SN @)

Here, the curly and square brackets denote symmetriza-
tion and antisymmetrization over the two flavor indices,
AyB. = (1/2)(A,B. +A.B,) and A, B, = (1/2)(A,B.—A.B,),
respectively. Similarly, the chirality-flipped operators
with L < R can be decomposed into 3, ®6; and 3. ®3;.
For instance,

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.



Wei-Qi Fan, Yi Liao, Xiao-Dong Ma et al.

Chin. Phys. C 50, (2026)

Table 1. The dim-8 aLEFT BNV operators involving an ALP. «,8,y are color indices while the flavor indices are omitted for simpli-

city. The chiral irrep. column lists the irreducible representations under the chiral group SU3). ® SUQ3)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). Totally, there are 68n,, op-
erators associated with the u,d,s quarks, among which only 22n,, were considered in [18] and are highlighted in dark gray in the last

column

Notation Operator Chiral Irrep. # of operators Comparison with [18]
O Bualefy )l d) sy 8.8 1x nenZng [2n,] _onst
Odeuna Bua(eCu) A & )eapy 61 @3 nenyna [2nc] ~(Otue)’
OSE;‘,TZU Bﬂa(gu‘{)(fy“ uY)€apy 6. @3 3. ®3g nenZng[2n,] - [Og];ﬂiw]d‘-
O By uVeupy 6,03 ®3.®3 nengng [2n,) (O]’
Obteuna Bualey ) deupy 1L@8 nening [2n,] Bocud

B0 Oitd T AT hoh nenng [2n] e
O i Bﬂa(eg ug)(dgcy“ u?_’)e(,ﬁy 3L®6r®3L 3k nenZng [2n] gﬁfu‘fm
O Oual eV eapy hokededk neryna [2ne] Ofeimes™ Oseont

evid Bualb Y ) W )eapy 1,®8 nynn [4ny ] - oS

Oevdu 3ua(/Cd )Y u)eupy 6. ®3r 3 ®3p nymg 4] ~[Ogeiu)”
Ovua Bt sy 6L9% oI @3 ot 4ny] =~ Opeia s
Ofemta 3ua( U Y dYYeupy 6. @3z ®3; ® 3y nynyg [4ny] O]’
Opeviin B AT N oy 8ol nynng [4n,] Ofersan
O (VA ) ey 3060303k nynun [4ny] Otatva
Ofeniua B, aTLdD A ) Yeup, 3Le6re3L 03 nynyg [4ny] Ofeiiava

- Oé,z;zzd BT ey 3 o603 a3k o 4n;] Ot
Oteid dua(@y d2)(d dY)eapy 1L @8 $nenatg =12 Otuita
Oaia 3@ B d) eupy 3 06re3 83k nemy [8n] Ofaia
Otvdia pa@y AN d) eupy 8L @1y Ynena(ng = 112n.] becdia
Otvita B @RV 0 eupy 6,83 @303 nemy [8n] ~O%iage)

[OSETR iy = Buael, NlLff’ (5a) proach by treating the combination of the nonquark com-

l -
(O3l = Buael NI + S 0,ae YN, (5b)

Odaeudu

P 1 P
[ng];;/va}:lu]x)’zl = a,ua VE,):NLRI’M + 58;1(1 VI(E,nyNRL (SC)

yz lzy»

_ r,
[OSZZ/]:id]xyzw = a;ﬂ eR,xN ‘I}s‘}” + Eaﬂa e Y'N, 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. It should be noted that such a
chiral decomposition was neglected in [18], resulting in
many operators belonging to 3, ® 3, 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-

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 8, ® 1; and
3,93 irreps in the following matrix form:

LL
uds

LL
/VsL®1R = dds

LL
sds

RL
uds

_ — RL
N 3e3 — dds

RL
Nsd s

NLL

usu

LL
dsu

NLL

Ssu
NE
usu
RL
dsu

NRL

ssu

LL
uud

LL
N, dud

LL

sud

RL
uud

| » (6)
Niia

and similar ones for their chirality partners with L < R.
Accordingly, we denote the corresponding spurion

matrices as follows,
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LL LL
0 Pdds Psd s

Py, = | PL LL  LL ,

usu dsu ssu
LL LL LL
uud dud sud
RL RL RL
uds dds Psd s

R RL RL RL

P3L®3R - Pusu dsu Pssu ’ (7)

RL RL RL

uud dud sud

and the chirality partners with L < R. Note that the condi-
tion TrNg 1, = 0 has been used to attribute the (1,1) entry
of Pg 61, t0 its (2,2) and (3,3) entries by treating Nt as
redundant [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

L=Tr [PSL@)IR Ns o1, +P1.e8; N1L®8R]
+Tr [PSL@BR N3 g3, + P3ros N3 oi ]
+ [PIRUNGE,  +PRUNT ] +Hec., (8)

yaw /¥ yzwop YW
where "Tr' denotes the trace over the flavor space as indic-
ated in the matrix notation and the repeated indices y,z,w
are summed over the three flavors u,d, s.

After decomposing all operators in Table 1 into ir-
reps (NZE, NO® - and NEFD#) 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 PAM# = PLEE# when
y # z. For example, for operators in Eq. (7) with yz =32
and yz =23, we have

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

yz=23,32
LR, LR,

= Pl;z];s tl:clius + Pdsull c]i_su,u + Psduﬂ ;‘;u,y’ (9)

leagivr;g to the spurion fields, PR = (1/2)([Corir,Jiaai—
s C LR LR.

[Czivggu]xBl)aya VLY, P =Pt = 1/ 2)([Comili +
[Comaad) 23100 aVvi .. The full expressions of the resulting
spurion fields for all aLEFT operators are summarized in
Table 2. Note that the absence of P=R®W# jsa con-
sequence of electric charge conservation. It is interesting
to notice that more than half of aLEFT operators contain
6.x ®3re) components, thereby generating non-zero
PREUL terms. In particular, the operators [Of i1y,
(O Joyts (OG0 alone> and their chirality partners that
contain two identical chiral quark fields belong to

6.x ®3r1), and therefore contribute exclusively to
PLRELL 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
6.r ®3rq, irreps that were overlooked thus far [18].

B. BNYV 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 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 Z(x) = £2(x) = exp[i V2I1(x)/F,] and
baryon field by B(x), with

7T0 n
T * K
e
) ® q
nw=| = S g |,
V2 V6
K- K° —\/277
3
0 0
z +A7 + P
V2 Ve 20 a0
B(x) = x _ﬁ-’-% n > (10)
2
o = VI
3

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

For the three spurion fields associated with the chiral
irreps 3L(R) ®3R(L): 8L(R) ®1R(L)5 and 6L(R) ®3R(L)> the 1eading—
order chiral Lagrangian involving the octet baryon and
pseudoscalar meson takes the form [42]:

L= 01Tt [Ps o, EBLE — Py s & Bré']
+ 0 Tr [Py ot EBLET — Py é Bré]

c o
+ Ai [P;E’”Fbv(f iD"BLE)y X ki
X

— PR (€7D BréT)y T 6] +Hee. (1)
where all indices y,z and i, j,k are summed over the three
flavors u,d, s, and By = PLx)B represent the chiral bary-
on fields. F}lj‘ = (g —YuYv/4)PLz are the vector-spinor
projectors with Py = (1Fy5)/2." The low energy con-

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.
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Table 2. Expressions of the spurion fields from the dim-8 aLEFT interactions. The white and gray cells correspond to the A(B-L) =0
and A(B+ L) = 0 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 3 ®3re) and 6.r) ®3rw), the following abbreviations are used: [Cgié‘;‘;quyzw =( 1/2)([C§2;‘{’;;q] wow £ lCZE;‘Z;fquW

and [C;;"(;;‘l’l‘;q o = (1/2)([C§I;;‘$q]mw) + [ngé‘;‘:lq]lew), where ¢ =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 (Chq 223G v PR, [CRSR ) o (G
P [CISE 1 an @@y P, [CRR 33 (Bua)erry”
Pusu - [C‘dlzseibd]" 113 (@,a)%y“ Ph -[C X,ljil:«d]xl 13 (aya)?,.ﬂ’”
S 6 T, Pisu [C e 231 Ou@VLA PRR (R @,
P [Choi) 331 (Dua)VL oy P [Chmor 331 (Bua)ve
Pra [CIESE T12(Gua)eg P, [CRSR 111> Bua)el
Piia ~[Comai b Qua) L Pt ~[Chmt b @
Pl —[Cy 1321 (G Vi PR —[C 153210, a)gy“
Puds ~[Coamtl 231 Ou “){ﬂ’u Prds ~[Coandal 231 CuaVLr*
P 1 CmdaaV s Ou) Pidds 1 CanaaaV 3o Ou)Z eV
P oo Gue P, O Gur
Pisi (ol Qw7 PL, [CSRE 1o 3, G 7
3w ©3w P [Commali33 @y a)gy’l G (ComuaT o132 Ou VLV
P [Comaaliaas@uanf " P (Coammaalsi33 Ou@VL eV
P AC o121 O a)gyﬂ G ~Comuaniz1 (‘9#“)%7”
7’5];4 —[CSE’VY,]ZLI];]ZZ(@M)EV“ Pbﬁd _[C;Z’v‘g;id];l 22«%@@7’1
Paid S (G ARCIO g P 1 Comalxi23 OuaVir*
it - it -
Pl (Coptmalei @00 P (om0
arha [ng;‘zid]xm(a" ayef Phat [Cgs;‘f‘td]xm(é‘“ a)%
r ol 05 it (G i 0,
i Cit @ i (G @
Puds (ool iz @@ e [Coamia)iizs O OVLx
e il @ i (O T P,
P (Comuaal 132(6”‘1)@ Pt [Coaaaliizn@ Vi
6L®) ®3r(L) P [CSZ;Z‘Zd];m(aﬂa)g Pt [Commaal iz @ aViz
Padi [Coanda 221 @), Pain [Cont o1 (D aviy
i (a2 (0 @) s Pait (CRTE Jom (@ ayer
Paat (oo 223 )er Pt (CRV T3 (@ a)ers
Pl (Ciazsa P P (€ sa P
P (Covdialasa @ )ex Pasd. (i) 1232 (0 2L x
Past' [Camdda)iass (O s Past' (e N s
P [CSER 11 (@ a)ve PR CRI | s
Pt [Chamual332(& @)er s PRy [CSRE s (@ e
Pt [CSER | ss(@aers PRL (ORI | ey

stants (LECs) ¢, are the o and S parameters used in the [58], respectively. However, there is no available LQCD
literature, with recent lattice QCD calculations yielding computation for c¢;, so we use the naive dimension ana-
c1=a=-0.01257(111)GeV? and ¢, =8=0.01269(107) GeV* lysis estimation ¢ ~0.011GeV® [42] for the numerical
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analysis.

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 # — B terms without mesons and the #—N—- M
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.

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—I!—a shown in Fig. lacan be ob-
tained by replacing the spurion fields # in the - B
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,

L= ea| Gl () + i (i)

+ G (id,BL) + %(ﬂé B )} (12)
A RV DL A LtUuPOR ) | »

X X

where / denotes a lepton field (¢*,v,7) and d, = 8, —y,d/4.
Specifically, for a negatively (positively) charged lepton
€ (€%)4 lg = Gux(£5,), and for a neutrino (an antineutrino)
field, i.(lx) = v.(%). The first two terms in Eq. (15) are as-
sociated with the usual 8, ®1ze, and 3. r ®3gq, irreps,
while the last two terms are relevant to the 6, ® 3, rep-
resentations. In terms of the above parametrization, the
coefficients C;°)/® 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
Ky = Cca/c1,k3 = c3/cy. From the above Lagrangian, the
two-body decay amplitude can be written as

Table 3. The specific expressions of the coefficients C\*"*/* for each transition mode.

B—l

B—l+a C!L  (upper cell) and CI}

(lower cell)

C3L  (upper cell) and CR ; (lower cell)

Bl Bl Bl Bl
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(Z -7 ~[Coemmtal 1z =<2 31 3 (ICapua o133 = [Coamaan331)
s e ~[Comaa a3 + <2 [C 15223 K3 ([CSI(;:?}M o~ [Cglz;’emd]ﬁﬁ)
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3 ([Caaeddd 233~ [Cgaeddd]xssz)




Wei-Qi Fan, Yi Liao, Xiao-Dong Ma et al.

Chin. Phys. C 50, (2026)

Table 4. The specific expressions of the coefficients c,‘ﬁ;;f‘ for each transition mode.

1L 3L 3R
N—IM+a CLL ., (upper cell) and CiR - (lower cell) CJL ) (upper cell) and CJ} - (lower cell)
L ({SRVL = , CSLVR 1+ SL,VR
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Cﬁaeudu x121 + 3K2 [Caaeuud])‘l 12) (’)aeudu x121 7 ﬁaeuud])‘l 12
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Fig. 1.

blob (black square) represents the insertion of a BNV (usual) chiral vertex.

Ms_iq = it [ D, PL+ Dy Py up. (13)

with

DB(—>)I =Ccimpg (C

where mg, m;, m, denote the masses of the baryon,

CB—)Z

(color online) Diagrams for BNV octet baryon two-body (a) and nucleon three-body (b) decays involving an axion. The cyan

lepton, and ALP, respectively. The spin-averaged and -

summed matrix element squared is

IL®) —2mj +2m;, a 3L

4mBAX B—l

|MB~>l+u|2 =

1
5 Omp i =m) (1D +1D5 1)

+2m3m1%(DB_>1DB_)1) (15)

Note that the #; in Eq. (16) denotes the lepton's spinor,
(14) which should be rewritten as V§f when the final-state

lepton is an antiparticle. Since u and v¢ share identical
Dirac properties (the equation of motion and complete-
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ness relation), all the above results remain valid for anti-
particles. Finally, the decay width becomes,

Mp_ial
IﬁB*)Iu: | oot | /ll/z(laxhxu)a (16)
16mtmg
where A(x,y,z) = x> +y* +72 —2xy—2yz—2zx isthe tri-

angle function, and x; = m?/m3%, x, = m?/m%. 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.

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

By inserting the explicit expressions of the spurion
fields from Table 2 into the #—-N—- M 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

i"a _ _
Lysima = €1 To Cqul;zM lLnyL + C}l;]i[M lR)’yNR
Citum 7 v . O3 v |
+ —2RiO N+ ——2[i0,Ng| M,
A)( H AX H

(17)

where again the first two terms are related to the irreps
8.% ® Ir1) and 3, ® 3z, while the last two terms are as-
sociated with 6 ®3gy,. The coefficients €, 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 needed. These enter into the non-contact dia-
gram in Fig. 1b via the three-point vertices involving an
octet baryon (B), a nucleon (N), and a meson (M). They
are given by [48, 49]

_ D _
Leypr = TrBGP ~ M)B]+ 2 Tr(By"ys{u,, BY)

F_ .
+ ETI‘(B’}/#’}/S[M#,B]), (18)

where u, =i [£0, —ir)é - &0, —il)é] = —iE'(D,D)ET."
The covariant derivatives of the meson and baryon octets
are given by D,X=0,2-il,X+i¥r, and D,B=09,B+
(T,.B] —ivfj)B, respectively. Here T, is the chiral connec-
tion, T, = § [£8, —ir,)E" + &0, —il,)¢], and v, [, and r,
are external sources, which can be omitted in our case.
We will use the LECs D =0.730(11) and F = 0.4475 from
the recent lattice calculation [60]. By expanding the
pseudoscalar meson matrices in 21 to the linear order, we

1) We note that the D and F terms differ by a minus sign from those in *°).

obtain
Lo > 2 [S0ysp0,K = 50yy5n 3, K"
0
+ \/E(gy"%paul_{o—i-?y"ysnaul(’)]
3F-D
2V3F,

D+3F

" 243F,

+D+F
2F,

+ \/E(ﬁy”ysp o, + ﬁy“ysnayiﬁ)] .

+ (PY"ysp Oun +1y"ysnd,n)

[A%yspd, K™+ N0yysnd, K]

[PV ¥sp0,n =y ysn d,n°

(19)

Generally, each term has the following form:

Crospy— _
Lyopy = ”F—WByﬂysNa“M,
0

(20)
where the dimensionless coefficient Cy_ ) can be easily
read off from Eq. (22) for a given configuration of field
combinations. Combining Eq. Eqgs. (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,

_ —[psSL SR VL . -1
Myime =t [DN—>1MPL + Dy Pr+ DySpmy ppPr

VR
+ Dy iy IjBPR] Un,

@1

where B denotes the baryon in the intermediate state of

momentum pp and mass mp. The expressions for Df,i(}}\}

and D{*® are given by

DS'L(IR ) IL®R) IL®R)
N IM
— =mCy oy + {(mNmB +5) (4m1C3az
C FO
s— 2’"12 + 2m§ CL®
- A B—l
X
(my +m )s<4C1R(L) i m CSR(L)):| Cyom
— N B B—l T N “B-l 2
A, T A(mg )
2 2
_ ST my Ty e T Ray
2A)( N—IM 4A)( N—IM>
(22)
DV'L(IR ) IL(R) IR(L)
N—>IM
M _ O, [(my + mp) (4m,C
ClFalmN N—IM B—l
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2 2
s —2mj +2m, CRL)
A B—l

X

m; _3LrR)
+ A Coo )]
X

- ) = (mymg +5)
C m
NoBM N 3R

4C1L(R) ,
< Bl 4(m% _ S) 4A)( N—IM

(23)

where my is the nucleon mass, and s = p3 = (p;+ p.)?,
t=(p-p)? =(pu+pa)’. 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 p — v.(v,)K*a
and n — v,(v,)K"a 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 the vertices Cy_py in Eq. (22). It
should be noticed that the process n — {"x*a 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 O3 " in the ir-
reps 6.r ®3g), thereby only CﬁL_f?M are nonzero. Mean-
while, the non-contact contribution is absent due to the
lack of a C,_5,- vertex from Eq. (22).

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

Iy e S DTS SL 2 SR 2
IMysimal® = E(mNJ’-ml -1 (|DNL>1M| +1DyZml )

g

2 2 2 2
+ Tmﬁ [(mN —my,)(my —my)
V.L

2 2 L2 VR 2
+ s(s+1=my —m2) FIDYE P +1DYE 1, )
S,L S,Rx
+2mmy R (DNHIMDNHIM)
m VL VR
+2—sR (DN—>IMDN—>ZM)
ny
ny 2 2 S.L V,L
+ 7(*9 + mN - mM) % (DNH/MDNH}‘M
ny
SR V.R* 2 2
+ DN—>1MDN—>IM> +(s+mp—m,)
S,L VR S,R V,L
% (DN—>IMDN—>IM + DN—»IMDN—>IM) .

(24)

Finally, the decay width is

1 e
Dyvoma = m/ds/L dtiMySimal?, (25)

where the integration domains are

(my+mg)* < s < (my—my)?,

=B+ B - (VEZ-mw EZ-ni ) ()
2 2 2

My—S—m
a,E;E N M

2+s

s—m?+m

2+s

E; =

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

dl
dip|

1.dr
Tdp,|’

dr _1.dr
dipul  Tdpul’

27

where p, and p, 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 (e,u)
and a pion, as well as the proton decay modes involving
the # 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 "VL,SL" and "SR,VL" chiral structures,
since the other chirality-flipped counterparts ("VR,SR"
and "SL,VR") yield the same distributions.

Fig. 2 shows the normalized differential distributions
for the processes p — ¢*na (left panels) and n — ¢*na
(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 m, = {0, 0.3, 0.5} GeV.
In the plots, the solid curves represent contributions from
the usual chiral irrep operators [Oj> 1,112 € 8, ® 1 and
(O3 1101 € 3. ®3k, while the dashed and dotted curves
correspond to contributions from the operators
(O30 1an and [O380- 1%, respectively, belonging to
the new chiral irrep 3; ® 6;. As shown in Fig. 2, for each
ALP mass scenario, the operators [0} 1,1, and
(O3 17101 lead to the same lepton/pion-momentum dis-
tributions. Moreover, since these operators have a defin-
ite isospin change of Al =1/2, they yield approximately
the same distributions for the decay modes p — £*n% and
n — ¢*n"a in each case. In contrast, the operators belong-
ing to the new chiral irrep 3, ® 6z exhibit markedly differ-
ent |p;|-distributions across each ALP mass point and
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between the two decay modes, due to the presence of
both AI=1/2 and Al =3/2 isospin components in these
operators. In each |p,|-distribution panel, the distribu-
tions from the two 3, ® 6z operators tend to be concen-
trated at higher |p,| 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.
Fig. 3 shows the |p;|-distributions for the decay mode
p — {*na, 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
(05> N (solid) and [O5eth 171, (dashed) exhibit clear
differences across all three ALP mass values and
lepton/eta-momentum scenarios. However, the two oper-
ators [O50r 1412 and [O50T 1%, in the new chiral irrep
share the same behavior in all cases, in contrast to the
situation in the process p — ¢*n%. This distribution char-
acteristic can also be understood from isospin considera-
tions. For the decay p — ¢*na, only the Al = 1/2 compon-
ents of the two operators contribute, resulting in the coef-
ficients of [Ciork 112 and [Chers 1%, sharing the.same
relative ratio in both the contact (Cf}: ¢,) and the non-con-
tact (C;,,) contributions. For each operator, the behavior
of the |p,|-distribution differs from that of p, ,-distribu-
tion. In particular, the |p,|-distributions from the two new
irrep operators are enhanced at higher |p,| values, where-
as the two usual operators peak at intermediate |p,| val-
ues. Complementary to the pion modes, these new fea-
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(color online) Same as Fig. 2 but for the decay mode p — ¢*na with m,
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tures can be further employed to distinguish among vari-
ous scenarios in future experimental searches.

Similar distributions can be studied for the other
three-body decay modes. For example, the |p,|-distribu-
tions in the process p — v, (v, )n*a closely resemble those
of n— e*na for the corresponding operators with the
simultaneous exchange of u & d and e © v(¥°). This is
physically understandable; on the one hand, the nucleon-
to-pion matrix elements are connected with each other
through the exchange of u < d, 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 Egs. (24) and (25) and neglect-
ing the lepton- masses in both processes, a direct compar-
ison of their corresponding coefficients (C; )%, CyOHR,
Cy_pu ), suffices to determine the relationship between
their amplitudes and further their distributions. Accord-
ingly, such similarity in distributions is also anticipated
between p—e*n’(p)a and n—v.F)°Ma, p—
vi@)K*a and n — v(¥,)K’a, as well as p — £ K% and
n— ¢ K*a for the corresponding operators with the sim-
ultaneous exchange of u < d 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
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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 p — ¢*X and u*X, and
Super-K experiment has set stringent lower bounds on
their inverse decay widths in the limit of my — 0O:
Ip—oe+X)>79x102 yrand I'''(p — u* +X) > 4.1x
10* 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

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 invis-
ible nature of the ALP, the constraint on n — invisible is
directly applicable 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 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 T7'(N — e* +anything) > 0.6x10*® yr [65] and
I"Y(N - u* +anything) > 12x 10*® 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.

Although no dedicated searches for nucleon decays
involving new light particles exist, besides the aforemen-
tioned p — e¢*(u™)X 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 (e*,y) or
non-showing (u*,7%) types based on their topological fea-
tures. Each molecule (H,O) 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.

The simulated channels include the two-body modes
p—{ta and the three-body modes p—v(¥)r'a,
p— na, p— tina, and p — u*Ka, with £ =e,u. For
p — {*a, we recast the spectral search results for p — e*X
and p — p*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
obtain the bounds on p — ¢*a. Similarly, for the chan-
nels p —»v(¥)n*a, 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 p — ¢*n% and p — {*na,
we make use of the reconstructed invariant mass distribu-
tions of the charged lepton and the neutral meson. The 7°
predominantly decays into two photons (Br=98.8%),
thus producing Cherenkov rings. The # meson is recon-
structed through the two-photon decay mode n— 2y
(Br =~ 39%), while reconstruction through 7 — 37° is less
effective due to the ring-counting algorithm’s limitation
of identifying at most five Cherenkov rings. For the
p — utK%a channel, we utilize the dominant decay chan-
nel of KY — n*n~ (Br = 69%) to reconstruct the K 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 Pythia8 [67, 68] to model the
subsequent decays of the mesons. The detector's mo-

mentum resolution is implemented according to
o= (0.6+2.6/VpIGeV)%  and o, =(1.7+0.7/

v/ PulGeV])% [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
20 in any bin, i.e., Nl + N} < N' + 20", where NI, N}, and
N! 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 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. Due to the fixed kinematics
in two-body decays, the obtained limits on the modes
p— et (uh)a are independent of the underlying interac-

1) Note that the old KamLAND result ! (n — invisible) > 5.8 x 10% yr *) was used by Ref. ' in their analysis.

-13



Wei-Qi Fan, Yi Liao, Xiao-Dong Ma et al.

Chin. Phys. C 50, (2026)

' [102 yr]

OO Inclusive limit | __
0.2 04 0.6
m, [GeV]
+. 0 ‘
o pema
— [OgenicTeir — [Opponeilenr2
— [OgenieTiir — [Ojoadlenr2

' [10*2yr]

04
m, [GeV]

T

. p—ena,n— 2y
R.VL - \VL.SL

- [Osaueudu 21— [OQggeualez

— O3V — [Ojk'w']ellz

daeudule121 aeuud-

' [10* yr]

02
m, [GeV]
04 T T T
p—v(nta
SR.VL 71— WVL.SL
03p — [Ozeruadlviz2 — [Oagdeon

SR.VL 1+ R.VL
— [Ozeruaahii — [Osanvddu]"221

' [10* yr]

03 04
m, [GeV]

Fig. 4.

T [10* yr]

T [10* yr]

SR.VL . VL
| (Oaiudn [Dacua i

03
m, [GeV]
p—unaln -2y
- [0222;];121 - [0;2:5,,];1],4112
o [0?:22; izt — [Ogﬁfbl,mz

0.15

0.10
m, [GeV]

0.6 T T T T
p— 'K, Kg — '~
RVL1- __ rAVLSL

- [Osauzudu]plsl L ITES
R.VL . R.VL

o [osaazudu 131 [Ogaeuud]um

0'&00 [ . . 0.20
m, [GeV]

025

(color online) The new constraints on various proton decay channels as a function of the ALP mass m,, obtained from our

simulation based on the Super-K experimental data. The plots for p — ¢*a are obtained by recasting the analysis in [50]. The plots for
p — £*7% are based the data provided in Fig. 4 of [51]. The plots for p — ¢*na are based on the data provided in Fig. 5 of [52], where
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L & R. 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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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 p — ¢*a, the inclusive limits cover a slightly larger
ALP mass range compared to the recasting bounds due to
experimental 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 in-
variant masses, which improves the single bin sensitivity.
However, this effect is diminished by the reduced detec-
tion efficiency for low-momentum u* or n* produced in
association with heavier ALPs, causing the bounds on
channels involving u* or n* to weaken as the ALP ap-
proaches the threshold.

We did not perform a similar analysis for the
p—e*K% channel, as 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 — ¢"K%) > 0.6 x 10°" yr. For the
channels with the positively charged kaon, p — »(v)K*a,
the K* typically carries momentum below its Cherenkov
threshold (563 MeV) and thus cannot be directly detec-
ted in water Cherenkov detectors. Instead, K* is identi-
fied via its decay products. Due to its low momentum and
short lifetime, the K* usually decays at rest. The Super-K
experiment utilizes the dominant two-body decay modes
K — ptv, (64%) and K — n*n° (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 p — vK*
can be directly reinterpreted as constraints on
p — ¥(v)K*a. Consequently, we adopt the current Super-
K limit [71] to set T-'(p — ¥()K*a) > 5.9x 10> 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-

cay modes summarized in the previous subsection, we
now constrain the aLEFT WCs. For the WC C; of an
aLEFT operator O;, we define an associated effective
scale Aess Via Agss = IC,-"'/4|, and study the constraint on
Aess as a function of the ALP mass m,. 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.

Our final results are presented in Fig. 5. Only half of
the operators with "VL,SL" and "SR,VL" chiral structures
are presented since 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 also present the
limit from inclusive searches (dashed curves) in some
channels for comparison. Note that operators with ddd,
dds, uss, dss, and sss 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 a—e—u—u—d field content. The left
panel shows the constraints from the two-body mode
p — e*a based on both the recasting and inclusive results,
while the right panel presents only the recasting results
from the three-body modes p — e*n’(n)a. 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 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 due to the lack of experimental dis-
tribution data. The last row presents results for operators
with the u—d—s quark content in the left panel and the
u—d—d quark content in the right panel. For u—d—d-
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.

To compare with the results in [18], Table 5 presents
the lower bound on A.e when m, — 0. 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 3; ® 6;. 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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recasting bounds presented in Fig. 4.

3.®3; and 8 ®1z. The most stringent constraints for
uud-type operators arise from the search for nucleon de-
cays N — £*X in Super-K experiment [50], and are con-
sistent with those obtained in [12]. For the effective

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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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 L < R 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 m, — 0.

WCs/Process Derived bound on the effective scale Aegf = [Ci]’% (GeV) Exp. lower bound on I'~!(10%yr)
VL,SL SR,VL - SR,VL SR,VL
WCs [Cﬂaeuud]‘)l 12 [Cﬁueudu]enl [Cﬂaeudu 2121 [C{)aeuud]"] 12
p—eta 2.2x%107 2.2x107 1.4%107 1.4x107 790 (Exclusive) [50]
p—eta 2.0x107 2.0x107 1.3%x107 1.3%x107 364
e 12x107 12%107 78510 11x107 184]208| 281|532
p—etna 9.3x10° 6.0x 106 53x10° 53x10° 735624670668
n—etna 6.4x10° 6.4x10° 5.4%10° 4.3%10° 0.6 (Inclusive) [57]
WVL,SL SR,VL - SR,VL SR,VL
WCs (Covommaluti2 [Coueuduliizn [Coneudulpuia1 [Coneumalutiz
p—uta 2.0% 107 2.0x107 1.3x 107 1.3 %107 410 (Exclusive) [50]
p—outa 1.9% 107 1.9% 107 1.3%x 107 1.3%x107 285
p—pn’a 11x 107 11x 107 6.9 10° 1.0 107 75|74| 114|198
p— p*na 8.7 10 5.8x10° 5.0x10° 5.0x 100 688743650| 654
n—utna 9.2% 10° 9.2 %106 7.8% 10° 6.2% 100 12 (Inclusive) [57]
VL,SL SR,VL - SR,VL SR,VL
WCs [Canuud]“ 13 [Caaeudu]eB] [Canudu 2131 [Cﬁaeuud]”l 13
p—etKo% 3.7x10° 4.0x10° 3.0x10° 3.0x10° 0.6 (Inclusive) [57]
WVL,SL SR,VL - SR,VL SR,VL
WCs (Covommaln [Coueudnliizn [Coueudupuian [Conernalus
1K 5.8%106 63x 106 47% 106 4710 31|35[36|36
VL,SL SRVL 41— SR,VL SR,VL
WCs [Caavddu]ﬂz' [Caavudd]xlﬂ [COavudd ;l 22 [Caavddu]xzzl
p—virta 9.3 10° 9.3x10° 8.1x10° 6.4 10° 12[12|15] 14
VL,SL SRVL - SR,VL SR,VL
WCs [Caavddu])‘32| [Caavudd]xlﬂ [COavudd];BZ [Caavddu ;23]
p—viK*a 1.3x107 8.5 x 10° 1.1x107 9.3x10° .
5900 (p — v.K*) [71]
VL,SL SR,VL - SRVL - SR,VL
WCs [Caavddu])‘%l [Caavudd]xu} [COavddu]x23l [Caavudd ;1 23
p—v.Kta 8.5%10° 1.3%107 1.2x107 9.3%10°

The derived bounds on A.g associated with [CI- 1,001

and [C3N" 17,5, 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

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 SU(3). ® SUy 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 u, d, s quarks. In particular, we found that
the 12 aLEFT operators belonging to the new chiral ir-
reps 6w ® 3z, contribute at the same chiral order as op-
erators in the usual irreps 8.z ® 1ge, and 3. ®3gq). Es-
pecially, processes that change isospin by 3/2 units, such
as n— "¢ a, 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



Wei-Qi Fan, Yi Liao, Xiao-Dong Ma et al.

Chin. Phys. C 50, (2026)

Table 6.
massless ALP based on the 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

93%x107% (O3 et1s 22x10°! [O43 1221, [O50 0 1710

=t > eta 49x107™% [OZS;ZZM];B, n— vynla 42x10% [OZS;‘;LW]Xzzl
3.0x10°% (O3 2131+ [Ogtmmale1 13 35%10% [O3ama 122
2.5% 10746 (O35 V13 6.9% 1032 (O3S 1221

It > pta 1.3% 1074 [OSESZ];M];IBI = vada 1.9%10% [ ZEL‘L]bd];lzz’ [035;22,1 22
8.2x 10747 (O35 (O lut 13 2.9%10% (O30T sz
6.9x107% O 321+ Opruial i 53%10% [Ogamdu 321+ Ogernaaliin
5.6x 10748 [O3-5E 131, [0S0 113 2.7%10% (O3-S 131

A% > vya 3.5x107% (Ol 231 4.4x10% [Ofemialvin2
1.3%10748 [O3maan 231 n— vk 9.0x10% [O3mdan a3
33%107% [Oama 132 13x10% (O3 i1
5.6x1077 (Ol 231- Oguaaliize 22x10% [O3aliiz2
35%107%8 (O3 5.8x 10 [O3mea)iiz3

20 S via 1.7x10758 [0(595;/‘2;14 w31
6.7x107%8 [OZSL‘QEM 23
43x107% [Oama 132

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.

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 A.¢ as-

sociated with the relevant Wilson coefficients. We found
that the lower bounds on A.¢ 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 A.¢ 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:

_ LR LL -1 LR,u LR.uN -9 LR LL -1 LR,u LR.uN -9
Lpp = { [P+ Py + 3N (Pht = Pii)id,] pu+ [ PR, + Pl — s NS (Pl = Pt id,

uud udu

1 ) = 1
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+ [P+ Pl - ol PL - PRid) L ~L o R

usu

LR + CQPL

ssu

V2
— A (Pt = P02

uus usu

-1 LRu _ LRuy:9 1=0
ssu + C3A)( (szu Pus.v )laﬂ] =L
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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:
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Note that the absence of K*N and K°N terms is because an anti-strange quark is needed.

APPENDIX B: COMPLETE EXPRESSIONS FOR
DECAY WIDTHS IN THE ALEFT

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
(e, u, 7) indicating the lepton flavors and the other three
numbers for the quark flavors (1, 2, 3 stand for u, d, s, re-

[
spectively). For modes involving a neutrino, the sub-
script x can be either e, or x, or 7. 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 «3(= ¢3/c;) in these results. To present the results
more compactly, we have removed the prefix "da" from
the subscripts of all relevant WCs.

For the two-body decay processes, the complete res-
ults are
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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 L and R in the WCs of the corresponding neutrino cases.

For the three-body nucleon decay processes, the final results are summarized as follows:
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Similarly, we explicitly show only processes with neutrinos in the final state. The decay widths for the antineutrino
counterparts can be obtained simply through L < R. When restricted to the WCs associated with the 8 ® 1zq, irreps,
our above results agree with those given in [12].
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