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Observation of baryon number violation (BNV) in laboratory experiments would constitute unam-
biguous evidence for physics beyond the Standard Model. We propose dedicated searches for apparent
BNV in charm-baryon decays, Al — M*+ missing energy (M = x, K), where the missing energy stems
from a resonance. These channels have not been explored experimentally so far, despite the relatively clean
environment potentially provided by near-A} A threshold production at et e~ colliders. Performing state-
of-the-art Monte Carlo simulations for the proposed Super Tau-Charm Facility (STCF), we evaluate the
signal efficiencies and derive projected model-independent sensitivities under the assumption of negligible
background. We further interpret these sensitivities within two theoretical frameworks: a sterile-neutrino-
extended low-energy effective field theory (V\LEFT) and R-parity-violating (RPV) supersymmetry. With an
integrated luminosity of 1 ab™!, STCF can probe new-physics scales of several TeV in the vLEFT
description and constrain the RPV model parameter A,,/ mfl down to about 0.1 TeV~2. Our results
demonstrate that STCF provides a highly competitive opportunity for probing BNV interactions in rare

charm-baryon decays.
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I. INTRODUCTION

Baryon number is conserved in the Standard Model
(SM) at all orders in perturbation theory and can be violated
only through nonperturbative effects such as sphalerons [1]
and instantons [2-5]. The nonperturbative effects are,
however, strongly suppressed at low energies such as the
collider scales [6-9]. Therefore, observation of baryon-
number-violating (BNV) processes in laboratory experi-
ments would be unambiguous evidence of physics beyond
the SM (BSM) [10].

On the other hand, we live in a Universe with matter-
antimatter asymmetry [11]. To realize baryogenesis
[9,12,13], Sakharov conditions [14] are required, including
baryon number violation. However, experimentally, we
have not observed any BNV processes, while increasingly
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more stringent bounds have been established—for instance,
the lower bound on the proton lifetime has been raised to
O(10%*) years [15]. Thus, probing BNV processes exper-
imentally is closely connected to understanding the origin
of matter.

In this work, we study effective field theories (EFTs)
extended with sterile neutrinos v,, where BNV operators
involving a massive sterile neutrino, which is an SM-
singlet, can be written down. In the neutrino-extended SM
effective field theory (V'SMEFT) [16-19], all new degrees
of freedom beyond the SM, except the sterile neutrinos, are
postulated to be well above the electroweak scale, and such
new-physics (NP) effects are encoded in so-called Wilson
coefficients for each corresponding effective operator.'
When we work at lower energy scales, we move to the
framework of neutrino-extended low-energy EFT (vLEFT)
[21-24], which is valid down to roughly the hadron scales.
Working further down the energy scale requires matching
the vLEFT to baryon chiral perturbation theory (BChPT)
[25-27].

We will focus on BNV operators with a sterile neutrino
that may lead to apparent BNV processes at colliders;
concretely, if a very long-lived sterile neutrino is produced,

'See also Ref. [20] for a recent comprehensive study of BNV
operators in the (v)SMEFT.
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it can escape the main detector, appearing as missing energy,
and thus the visible final state violates the baryon number.

Such apparent BNV processes have been studied and
searched for in meson decays, in the theoretical frameworks
of, for example, B-mesogenesis [33-38] and R-parity-
violating supersymmetry (RPV-SUSY) [38-40].% The two
model scenarios predict BT decays into a proton plus a dark
baryon and a light bino neutralino )?(1’, respectively; the dark
baryon and the light bino neutralino are so long-lived that
they escape the main detector. Such models are well
motivated for explaining issues in the SM such as mat-
ter-antimatter asymmetry, the hierarchy problem, or the
nonvanishing light-neutrino masses. Further model scenar-
ios relying on non-renormalizable operators that predict
similar meson-decay or baryon-decay signatures were
studied in, e.g., Refs. [45-58].

We investigate the search prospect of apparent BNV in
A/ decays at the Super Tau-Charm Facility (STCF) [59,60],
a facility proposed for operation in Hefei, China. The STCF
is a symmetric electron-positron collider proposed to be
operated with center-of-mass (c.m.) energies ranging
between 2 GeV and 7 GeV, with a peak luminosity of
0.5 x 10* cm™2s~!. An exceptionally clean e*e~ environ-
ment with high intensities, STCF is expected to produce
copiously the SM z-leptons and charm hadrons. In particu-
lar, the Born cross section of the A} A pair production near
the threshold at /s = 4.682 GeV has been measured at
BESII to be 188.1 £1.6£6.3 pb [61], which would
correspond to ~1.88 x 10® events for an integrated lumi-
nosity of 1 ab~! at STCF. This allows for testing rare decays
of the A} baryon, considering also the excellent tracking
and particle-identification capabilities at the proposed
facility.

Motivated by the considerations given above, we pro-
pose dedicated searches for A7 — M™+ missing energy at
STCF with M = (x, K), and the missing energy may stem
from a very long-lived fermion, such as a sterile neutrino or
a light bino neutralino that has escaped the main detector.
Concretely, at the c.m. energy /s = 4.682 GeV, we tag
the A7 baryon and require the A baryon to undergo the
signal decay (almost at rest), leading to the clean signature
of a visible meson plus missing energy, where the missing
energy manifests itself as a peak at the mass of the
escaping fermion. With the state-of-the-art tool OSCAR
[62-64], a detector simulation framework for STCF based
on GEANT4 [65,66], we perform Monte Carlo (MC)
simulations to estimate the signal-event reconstruction
efficiencies. We then derive upper bounds on the branching

*Long-lived sterile neutrinos can also lead to displaced-vertex
(DV) signatures at colliders and beam-dump experiments; see,
e.g., Refs. [28-32] for some recent phenomenological studies
on DV searches for long-lived sterile neutrinos in the EFT
frameworks.

3See Refs. [41-44] for some reviews on the RPV-SUSY.

ratio BR(Af — M™ + missing) as functions of the invari-
ant mass of the missing energy. We further interpret these
sensitivity results in terms of the model parameters in the
VvLEFT with a sterile neutrino and in the RPV-SUSY with a
light bino neutralino.

In particular, the light bino neutralino in the RPV-SUSY,
as light as in the GeV scale, is allowed by all constraints
[67-73], as long as it is the lightest supersymmetric particle
(LSP) and it decays, and it can be reinterpreted within the
neutrino-extended EFT frameworks [29]. This is because
the light bino, similar to the sterile neutrino, is an SM
singlet, and the squark masses are stringently constrained to
be above about 2 TeV [74,75]. Such a light bino can be
produced in Af — K* + 7Y decays and appear as missing
energy, if a single tiny RPV coupling 43, is assumed to be
nonzero while all other RPV couplings vanish.

We note that these proposed searches can be performed at
BESII [76] with similar analyses. However, for B-factory
experiments such as Belle I1 [77,78] and BABAR [79,80], no
such near-threshold production mode of A A7 exists, and
the environment is relatively busier; thus, the missing-mass
techniques or double tagging cannot be reliably applied.

This paper is structured as follows: In Sec. II, we
introduce the theoretical frameworks we work with—i.e.,
the sterile neutrinos in the vLEFT and the light bino
neutralino in the RPV-SUSY. We also offer a brief dis-
cussion on the decay length of the long-lived sterile neutrino
and light bino neutralino there. We proceed, in Sec. III, to
discuss the STCF experiment and detail our search analyses,
including the simulation procedures in OSCAR and the
computation procedure of the sensitivity reach. Then, in
Sec. IV, we present our numerical results, and we conclude
the work in Sec. V.

II. MODEL FRAMEWORKS

In this section, we introduce the theoretical frameworks
we employ in this study. We will start with the vLEFT
framework, where we list the effective dim-6 BNV oper-
ators we focus on. We then present the matching relations
from the vLEFT to the BChPT, and embed them into a
phenomenological effective Lagrangian. We will then
provide the expressions for the decay widths of
Al = 77 /KT +v,. In addition, we will detail the RPV-
SUSY scenario with a light bino neutralino as the LSP
produced in A decays via an RPV coupling 45 ,,, leading
to the signal process Af — K+ + 7). We show how to
match this UV completion to the EFT. Both the sterile
neutrino and the light bino neutralino are very long-lived,
appearing as missing energy at STCF.

We will confine ourselves to the mass range roughly
between m,, and my+ — my+, where m,, \+ s+ labels the
mass of the proton, the A} baryon, and the charged meson
(7t or K™). For lower masses, too-fast proton decay rates
can be easily induced, and the upper mass reach is
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determined by the kinematic thresholds. Note that if the
missing particle has a mass quite close to m,+ — ny,+, the
accompanying meson M+ would not have sufficient energy
for detection, largely impairing the event-reconstruction
efficiencies.

A. The vLEFT framework

Since we study A} decays in this work, we work with the
VLEFT framework instead of the YSMEFT. While multiple
operators can lead to the signal processes, we choose to
focus on the following ones involving the charm quark plus
the down or strange quarks with right-chiral quark fields
only, for an illustrative purpose:

OS = eaﬁy (CfeadRﬂ)(ﬂdR}/)’ (1)
OfdlgR = P (chodrs)(TLsRy), (2)
O = € (ChuSrp) (Urdg,). (3)

Here, a, 3, y are color indices, and e*” is the antisymmetric
Levi-Civita tensor. Following the standard vLEFT operator
notation, the field v; denotes the left-handed chiral com-
ponent of the sterile-neutrino field vy, rather than an active
SM neutrino. We thus write down the dim-6 effective
Lagrangian as

c
dd 211 ,~S.RR
L&D Ocdd +H.c., (4)
cds.csd 0212 S.RR , €221 SRR
[’eff. DAV Ocds T A2 Ocsd +H'C" (5)

where c¢5;;, €212, and ¢y are dimensionless Wilson
coefficients and A characterizes the corresponding NP
scales. Such EFT operators can induce our signal decays,
Al - M* + v, as shown in Fig. 1.

We note that in the present work, we focus on the right-
handed operators QSRR as representative benchmark sce-
narios. Similar apparent-BNV decays can also be induced
by left-handed operators of the gqdv, type, generated by
the YSMEFT operators QQv,d. A phenomenological study
of such operators has recently been presented in Ref. [81].

FIG. 1. The parton-level Feynman diagram for the A} —
7t /K' + v, decays induced by effective operators. The black
blob labels the effective vertex.

We therefore restrict ourselves here to the complementary
uddy-type operators.

We also comment that if the sterile neutrino mixes with
active neutrinos, additional nucleon-decay constraints can
arise. In this case, the sterile-neutrino field appearing in the
BNV operators can be connected to an active-neutrino
component, and electroweak corrections may further
induce standard BNV operators involving SM leptons.
Such effects are expected to be particularly relevant for
operators containing left-handed quark doublets, since
they couple directly to the electroweak gauge bosons.
For the right-handed uddv,-type operators considered in
this work, analogous effects require additional chirality
flips or higher-loop corrections, and are therefore more
model dependent and further suppressed. A quantitative
treatment of these mixing-induced nucleon-decay con-
straints is beyond the scope of the present work; here,
we assume that the sterile neutrino is sufficiently long-
lived and has negligible active-sterile mixing, so that it
appears as missing energy at STCF.

In order to compute the decay widths of Al — z*/
K™ + vy, we should first match the LEFT to BChPT; for
this purpose, we follow Ref. [82], where BNV decays of the
nucleons are studied in the vLEFT. However, BChPT is
rigorously applicable only to the light-flavor baryon octet,
and its direct use for the charmed baryon A lies outside its
formal domain of validity. To account for this mismatch, we
promote the light-baryon-level (proton) matrix elements to
the A} case and treat the corresponding hadronic form
factor as an effective normalization parameter, to which we
apply an order-unity variation. Concretely, we vary the A}
matrix-element form factor by multiplicative factors of 2
and 1/2. We interpret this variation as reflecting the
uncertainty associated with extrapolating the low-energy
EFT matching into the heavy-flavor sector, thereby captur-
ing the expected size of SU(3)-breaking and heavy-quark-
symmetry-breaking effects in the absence of a controlled
chiral expansion for charmed baryons. This variation should
therefore be understood as reflecting the intrinsic uncer-
tainty of extrapolating BChPT beyond its regime of validity,
rather than a controlled theoretical error.

We proceed to write down the |A(B — L)| = 2 effective
Lagrangian for the interactions between a sterile neutrino, a
meson, a baryon, and the A baryon:

Ar 5 _
‘Ceff = gMBByﬂySAj’—aﬂM + mBs,LVsPRB
A
+ 1Yy 1 Vs PRAEM, (6)

where the first two terms together lead to the Al —
M + v, decays that proceed via an intermediate baryon
B that mixes with the sterile neutrino v, and the last term
gives rise to direct production of v, in the same decay
processes. The two mechanisms are commonly dubbed as
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FIG. 2. The hadron-level Feynman diagrams for the Al — 7z /K" + v decays in the vVLEFT framework. The left and right diagrams
are for the “pole” and “nonpole” production mechanisms, respectively.

“pole” and “nonpole” contributions in the literature,
respectively, and we illustrate them in Fig. 2.

We express the matrix element for the decay process
AF - MT 4+, as

. _ A K+mp A
IM =1u, Pg <—)’M},L + ZmBs,L kziggzviglsm’s) uys,
B — Mg
(7)

where p,, denotes the momentum of the outgoing meson.
We then compute the spin-averaged matrix element squared
and obtain

|

(x5 +x1x0) (1 = xgy — x5 (2 + x3) + x3) — 20543, (x; + x2)

- 1 o
MP /=3 i P+ = 53)

1 AF Afx
C c *
+§ E gMBgMB/mBs.LmBrS_LQ(xByXB’)

B.B'
AF AF
- ZRC(YMs,LmEs,LQMB*)h(XB)’ (8)
B
where  x; =m, /mpye, Xy =myp/mpe, Xy = mpo/

my+, and

g(x17x2) =

xp(1 =x3, = x2) = x2(1 +x3, — x2
h(xg) =22~ ﬁ_;( u=%) (1)
B s

The decay width is given by

ALy x5) IMP?
2

[(Af > MT +vy) = mp+ o p

. (11)

A

where A(x,y,z) = x> +y* + 22 — 2xy — 2x7 — 2yz.

References [25,82—84] derived the matching relations for
light-flavor baryons, and we, as discussed above, promote
them to those for A, assuming that they take the identical
forms. We list these relations in Table I, where the form
factor f,+ =0.835x 107> GeV? has been deduced in
Ref. [39] from the results obtained with the approaches
of QCD sum rules in Refs. [85-88]. In the numerical
analysis, we treat this result as a reference value for
normalization and vary it by a factor of 2. In addition,
the following values of the hadronic parameters D, F, and f,
are used [80,89,15]:

(xf = x3)(x3 = x3)

: ©)

[

D = 0.730, F=0447, f,=0.13041 GeV. (12)

In Fig. 3, we show the decay branching ratios of A7 —
7t /K" + v, as functions of m, , where we have fixed
co11/A? =1/(1000 GeV)? and  cy1n/A% = cpp /N> =
1/(1000 GeV)? for the pion and kaon cases, respectively.
The shaded region in Fig. 3 corresponds to m, <
m, — m,+, where BNV nucleon-decay channels such as
p — n" +v, become kinematically allowed. Existing
nucleon-decay searches are expected to provide

TABLE I. The derived effective couplings inducing the BNV
decays of A7 into a charged pion or kaon plus a sterile neutrino.

p A A
rocess IuB Mps.1. YMs.L
A -1ty Al _D+F  myo =L AL oy B
¢ s g;r)é? =25 0, T A #) VasL = 3 (_ﬁ)
Af - Ky, A _ D-F o = G (B A on(_ B
¢ S Ogzn = a5y, MELL TN (5) v =32 ( )
AL _ D43F — o (_ B
k=0 = Ver. o A? ( \/6)

+

(-5l
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FIG. 3. The decay branching ratios of A7 - M* + v, where
M* =z* or K*, as functions of m, . Here, for the pion (kaon)
case, ¢y11/A? (Ca1n/ A = ¢y /A?) is fixed at 1/(1000 GeV)?.
The bands arise from varying the form factor ,+ by 2 and 1/2.
The shaded region corresponds to m,, < m, — m,+, where BNV
nucleon-decay channels such as p — z* + v, become kinemat-
ically allowed. Existing nucleon-decay searches provide
extremely stringent limits and are therefore expected to impose
much stronger constraints than the collider observables consid-
ered in this work.

substantially stronger constraints in this mass range than the
collider observables considered in this work. Given the
uncertainty associated with extrapolating the hadronic form
factor 5+ beyond the domain of BChPT, we vary it by
factors of 2 and 1/2, leading to the bands shown in this plot.
A more rigorous determination of these matrix elements
would require dedicated nonperturbative calculations, such
as lattice QCD or improved QCD sum-rule analyses for
charmed baryons, which is beyond the scope of this work.

B. The RPV-SUSY

We work with the low-scale RPV-SUSY model with the
hypothesis of single-coupling dominance, where we
assume that only the coupling 2;,, among all is non-
vanishing. We first present the parton-level RPV-SUSY
Lagrangian Lgny.pino relevant to our study, which focuses
on a pure bino neutralino associated with the BNV
interactions induced by the single coupling A, [90-93]:

LeNv-vino = Lpino + LrpVs (13)
Lino = — Z 9le(GraPL)dra +He. + -+, (14)
q=d,s.c

*We note that for the Aj — zt + 7Y process, the RPV
coupling 45;, would be required—which is, however, vanishing
in the RPV-SUSY. Therefore, for the case of the RPV-SUSY, we
restrict ourselves to the AJ — K + 7 decay, which is mediated
by the coupling 15 ,.

__qn ~x% 1 C o C
Lrpv = A312€abc (CRadRthc + dRaCrSR.

+ s;;aam,dgc) +He., (15)

where Ly;,, contains the pure bino interaction terms with a
quark and a squark (we only include the d, s, and ¢ quark
flavors, since we restrict ourselves to the 45, coupling). g7,
is given as follows:

Q?R = _\/ngeq tan Oy, (16)

with tan 0y, ~ 0.54840 for the weak mixing angle 6y, gy =
e/ sin Oy =~ 0.62977 being the SU(2) gauge coupling, and
e, labeling the charge of the associated quark such that
e.=2/3 and ey, =—1/3. P, = (1 —y°)/2 is the usual
left-chiral projector. Further, a, b, and ¢ in Eq. (15) are
quark color indices, with €, being the antisymmetric Levi-
Civita tensor. The upper index C labels charge conjugation.

In Eq. (15), an overall factor 1/2 usually included in the
literature is omitted, since the coupling 15,, = —15,, is
absorbed here into the definition of 45,,. We note that in
Eq. (14), only terms with right-chiral quarks or squarks are
given, since we assume the absence of squark mixing and
that the BNV terms, as shown in Eq. (15), involve only such
fields. Besides assuming vanishing squark mixing, we
confine ourselves to the case of degenerate squark masses
mg for simplicity of discussion. The corresponding parton-
level Feynman diagrams for the A — K™ + 79 process are
displayed in Fig. 4.

Since the squark masses are expected to be much higher
than the meson-mass scales, it is legitimate to integrate out
the squarks in the theory, allowing us to write down the
following dim-6 effective Lagrangian [39] for the BNV
process Af — K+ + 7"

[LBNV _ pscd7) 4 pedsp) Edcs)?(l), (17)
where
LnBad] = One6z0 + H. (18)

Here, ©O719295 is defined as

ON1 05 = g(?]Roéquzqy (19)
with
q YU
R J1rM212
g? —7, (20)
7
OLL s = €ane(@3,.PLCTS )1 o Pr, (21)

where C = iy%? denotes the charge-conjugation matrix.
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X

X

FIG. 4. The parton-level Feynman diagrams for the A7 — K + )?? decay process induced by the RPV coupling 15,,.

We thus arrive at the following effective Lagrangian:

g‘~Y L — o\ (—n ng X <~ \ (.5
[BNV _ L;u(dRCR)(SR)(?) +MT2212(SRCR)(CZR)((1))
3 d
FiRM12 (e o
+ DB () (@) @)

C

where the first two terms entail operators that match with
the Hermitian-conjugated (H.c.) counterparts of the oper-
ators given in Eq. (2) and Eq. (3), respectively. The operator
in the third term can be reexpressed via a Fierz trans-
formation as

~0 Fierz 1 _

(5re) @)™ 3 (522 () = 3

~ (rc) (5i2Y),

(23)

where an extra tensor term, which originates from the Fierz
transformation and is expected to give negligible contri-
butions, has been ignored [29]. The last expression in
Eq. (23) matches the H.c. counterpart of Eq. (2). Therefore,
we arrive at the following expression:

giR/VZ/IZ —— gilR’IIZ/D T
LNV — 27(%"%)(@?) R (SreR) (dri).

(24)

where we have assumed squark-mass degeneracy and
exploited the relation g5, = —2g3, derived from Eq. (16).

Matching the UV Lagrangian to the effective Lagrangian
[Eq. (5)], we obtain the following relations:

"o " d
12 _ 241091k cn1 _ Andir (25)
A? m% ' A? mé '

where ¢51,/A? and cy,,/A? are, respectively, the Wilson
coefficients of the O FF and O%** EFT operators, rescaled

by the NP scale A squared.

C. Decays of the sterile neutrino
and the light bino neutralino

Before closing the section, we briefly comment on the
decay length of v, and ;”(‘1). For the considered mass range of
interest, their decays are highly suppressed. For the sterile
neutrino, the decay amplitudes are proportional to the small
values of the coefficients ¢/A? and are further reduced by
off-shell propagators (a W boson and a down-type quark).
Similarly, the light bino neutralino has its decays sup-
pressed by three off-shell propagators (a squark, a W boson,
and a down-type quark), CKM matrix elements, and tiny
RPV couplings, as well as the absence of squark mixing.
Therefore, we conclude that both the sterile neutrino and
light bino neutralino in the mass range of our interest have
such long lifetimes that they appear as missing energy in
the STCF main detector. See also the numerical analyses
in Ref. [81].
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III. STCF AND SEARCH ANALYSES

We consider the energy-symmetric e e~ collider, STCF,
operated at the c.m. energy /s = 4.682 GeV, leading to
large samples of AA; pair-production events: N AfA =
1.881 x 10® per year with an integrated luminosity of
1 ab™! [59,61]. With the MC simulation tool OSCAR
developed for STCF, we generate signal events, perform
tagging and event reconstruction, and impose selection
cuts. OSCAR is built on the SNiPER architecture, utilizing
DD4HEP for detailed detector description and poDIO for data
modeling, thus providing a modular and efficient platform
for large-scale MC sample production [94-96].

In the signal processes, we start with simulating
ete™ — AFAZ. The A7 baryon should be tagged, based
on its different decay modes. Normally, 12 tag channels are
selected for analysis [97], whereas we focus on the
dominant tag channel, A7 — pK*z~, of which the branch-
ing ratio is 6.35% [15], for estimating the reconstruction
efficiencies of the signal events. Including in the analysis
the other tag channels would enhance the signal-event rates
by a factor of O(1), since the used tag channel A —
pK '~ constitutes roughly 40% of all tag channels’ BR
sum. The A/ baryon should undergo the signal decays into
a charged pion or kaon, plus a light NP particle, being either
v, or 7).

In OSCAR, physics processes such as initial-state radia-
tion and beam energy spread are simulated using the KKMC
generator [98,99]. Decay modeling is handled by EvtGen
[100,101], and final-state radiation is implemented using
PHOTOS [102]. We use the PHOTOS PHSP module to handle
the A/ signal decay’s kinematics, including the angular
distributions of the final-state particles.5 The tool OSCAR
takes into account the efficiencies of reconstructing both
the tagged A7 baryon and the signal meson, which depend
on the mass of the light NP particle.

For signal events, we first reconstruct charged-particle
tracks. We start with extracting the likelihood value of each
particle for particle identification: if the kaon likelihood
value is both positive and larger than those of the pion and
the proton, the particle is identified as a kaon. The same
criterion applies to the identification of the proton and pion.

After particle identification, we extract the distances of
closest approach of each track to the interaction point,
defined as |V | along the beam (z) direction and |V | in the
plane transverse to the beam. We require |V,| < 10.0 cm
and |V,,| < 1.0 cm. The polar angle 6 of each track with
respect to the beam axis is required to satisfy | cos 8] < 0.93.

5Strictly speaking, the decay-product distribution of A} should
have a minor dependence on the polar angle. Here, for simplicity,
we adopt a pure phase-space model for the A} decays. The
associated modeling uncertainty is expected to be subdominant
compared to the uncertainties arising from the heavy-flavor-
baryon extrapolation discussed above.

These requirements are applied equally to the selection of
protons, kaons, and pions. The tracks satisfying all the
criteria given above are considered as qualified.

Before proceeding to decay reconstruction, we apply a
selection based on the number of qualified particles in the
event: if the signal side selects a K™ (z™), it is required that
N(K)>2, N(p)>1, N(z) >1 [N(K)>1, N(p) >1,
N(x) > 2].

When selecting qualified A} and A candidates, we use
the double-tag method. On the tag side, we first apply a
charge condition: the proton and pion on the tag side are
required to have the same charge, while the kaon and
proton are required to have opposite charges. After per-
forming a kinematic fit on the candidate A on the tag side,
the fitting y? is required to be positive.

: — /2 o2
The beam-constrained mass mpc = (/Ej ., — |PA; ,

where Eyean and pj- are, respectively, the beam energy

and momentum of the selected A candidate in the c.m.
system, is calculated for each candidate. The candidates
lying within the range of 2.25 GeV to 2.4 GeV on the mpc
distribution are kept for further analysis. Also, the energy
difference AE = Ex- — Epean is calculated, where Ej- is

the total energy of the A7 candidate in the c.m. system. AE
is restricted to the range between —29 MeV and 26 MeV. In
addition, the candidate with the smallest AE is selected as
the tag-side candidate.

On the signal side with a K™ (z™), it is required that the
charged kaon (pion) selected have the same charge as the
kaon on the tag side. Finally, the missing mass squared
mrznissing is required to be positive.

We show in Fig. 5 distributions of mp and AE for the A7
candidates, for a missing mass of 1.110 GeV, where the A}
baryon is assumed to undergo a signal decay into K™+
missing. The downward-pointing arrows correspond to the
selection windows on AE and mpgc. In total, 20 000 events
are simulated. We note that both distributions have a
negligible dependence on the missing mass, unless the
missing mass is close to the kinematic thresholds.

These numerical simulations provide the reconstruction
efficiencies of the signal events. We then compute the
signal-event numbers with

Ng=2-Np:i - BRAS — M +u,/7))
‘BR(A; = pK*7r7) - e, (26)

where M = (", K™), the factor 2 accounts for the fact
that there are two A, baryons in each signal event, and € is
the mass-dependent reconstruction efficiency obtained with
OSCAR simulations.

Under the assumption of negligible background, Ny = 3
corresponds to the exclusion limit at a 95% confidence
level (CL).
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FIG.5. The distributions of mgc (left) and AE (right) for myyn, = 1.110 GeV, at the c.m. energy /s = 4.682 GeV. The downward
arrows correspond to the event-selection windows we adopt. A total of 20 000 events are simulated. On both plots, the mean values and
the standard deviations are given. On the signal side, the A baryon is assumed to decay to K"+ missing; however, in the pion case, the

distribution shape would be almost identical.

A brief discussion of potential background sources is in
order. The dominant backgrounds are expected to arise from
neutron-induced activities and continuum e*e™ — light-
quark processes, which can deposit energy in the electro-
magnetic calorimeter and mimic missing-energy signatures.
In a realistic analysis, such backgrounds can be substantially
suppressed using optimized event selections, potentially
assisted by advanced machine-learning techniques, while
maintaining high signal efficiency [103,104]. A detailed
evaluation of these effects is left for future experimental
studies.

IV. NUMERICAL RESULTS

In the left plot of Fig. 6, we present the reconstruction
efficiencies of the signal events as functions of the
missing-energy invariant mass, for the pion (blue) and
kaon (brown) channels. We observe that the efficiencies
are all close to 40% for small values of m;.n,, and drop

0.5

Reconstruction efficiencies
1 1 !
ST |

i CF ]Siniulzitioh

0.4

0.3

0oL

14 16 1.8 2 22

mmissing [GCV]

quickly once the missing-energy mass approaches the
kinematic thresholds. In the right panel, we display the
corresponding model-independent sensitivity results at a
95% CL in the BR(A — M + missing) VS mMpyissing
plane, derived from Eq. (26) by requiring Ng = 3. We
observe that STCF can probe a BR(A] — M™ + missing)
as low as O(1077).

We show in Fig. 7 model-dependent sensitivity results
both within the vLEFT framework (the upper panels) and
the RPV-SUSY model (the lower panel). The upper plots
correspond to A} — zt + v, and A} - KT + v, respec-
tively. Varying the hadronic form factor 3+ by factors of 2
and 1/2 to estimate the associated theoretical uncertainty
from the extrapolation, we find that STCF is expected to
probe NP scales A up to roughly between 3 TeV and 6 TeV,
assuming benchmark values ¢;1; = 1 and ¢y = ¢ = 1,
where A should be interpreted as the effective scale
suppressing the dimension-6 operators. For other choices

[\g Upper bounds on the BRs

« 0.5 ‘ ‘

o OF

= T A R S S St S SR S
R0 e e S

§ gl i i

+

+ 4.5+

L 35 : e T
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FIG. 6. Left panel: the reconstruction efficiencies € Vs my;gin, for the pion (blue) and kaon (brown) channels. Right panel: model-
independent upper bounds on BR(A — z" /K™ + missing) as functions of the missing mass Mipissing» 10T vanishing background levels

and an integrated luminosity of 1 ab™'.
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FIG. 7.

Model-dependent sensitivity limits at a 95% CL, for vanishing backgrounds. The leading LHC bounds on A from the

MET + jets search [105] are extracted from Ref. [81], and we have reinterpreted them in terms of the RPV parameters.

of the Wilson coefficients, the corresponding reach can be
trivially rescaled as A « +/c. For instance, taking ¢ ~ 4z, as
motivated by strongly coupled scenarios, would correspond
to an increase of the inferred scale A by a factor
of ~VA4r ~3.5.

The existing leading bounds stem primarily from LHC
searches for the signatures of transverse missing energy,
(MET) + jets [105] and MET + top [106]. Recently, the
authors of Ref. [81] have recast these searches and
reinterpreted the constraints in terms of the operators we
study here. For the mass range of our interest, the search for
MET + jets with an integrated luminosity of 140 fb~!

[105] turns out to always dominate, for which the con-
straints on A roughly range between 3.5 TeV and 4 TeV. We
note that in the kaon scenario, both c¢,;, and ¢y, are
assumed to be nonzero and equal in this work; Ref. [81]
derives stronger bounds on ¢, than ¢y, and therefore in
the upper-right panel, we display the MET + jets bounds®
on A for ¢y, = 1.

When both ¢51, and ¢ay; are present, interference effects can
arise. However, as shown in Ref. [81], two-dimensional fits in the
(ca12/ N2, c21/A?) plane yield bounds comparable to the single-
coupling case (dominated by MET + jets searches), and are
therefore not included here.
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Following Sec. II B, we proceed to reinterpret these
exclusion bounds on A in terms of the RPV-SUSY
parameters, and display the projected sensitivity reach in
the (mz, 231,/ mZ) plane. Our numerical findings indicate
that for Mo between 1 GeV and Mmps — Mg+, STCF 1is

projected to be sensitive to the RPV model parameter
A1,/m% down to O(0.1) TeV~2,

Finally, we note that for the theoretical scenarios studied
above, besides the existing bounds from the proton lifetime
and the LHC searches for MET + jets and MET + top, we
may take into account constraints from dinucleon decays
[39]; the corresponding bounds are, however, found to be
inferior compared to the LHC bounds. Therefore, we
choose not to overlap the sensitivity plots with these
bounds.

V. CONCLUSIONS

In this work, we propose to search for Al — z7/K* +
missing with apparent BNV, which is predicted in a wide
range of BSM scenarios, at the proposed STCF in China.
We focus on the operation mode of a c.m. energy /s =
4.682 GeV leading to large rates of A} A7 -pair near-thresh-
old-production events. We perform MC simulations with the
STCF-dedicated tool OSCAR to determine the reconstruction
efficiencies of the signal events. Here, we have identified 12
tag channels, and confined ourselves to the dominant one,
pKTn~, for numerical analysis, considering its relatively
large decay BR and excellent reconstruction efficiencies.

Our sensitivity estimates are obtained under the
assumption of negligible background. Given the clean
environment of near-A A7 threshold production, residual
background contributions are expected to be controllable
and not to qualitatively affect our conclusions, although a
dedicated experimental study is required for a quantitative
assessment.

Given the signal-event reconstruction efficiencies with
the pK™z~ tag channel obtained from simulation, we have
derived the projected upper limits on BR(A — z7 /Kt +
missing) as functions of Mupissing> fOr an integrated lumi-
nosity of 1 ab™'. These results indicate that our proposed
searches can test BR(Al — #" /K" + missing) down to
O(1077). We have further converted these observable-level
bounds to lower bounds on the NP scale A as functions of
m,, , and upper bounds on the RPV parameter combination
s/ mfl as functions of my. For this computation, we have
promoted the hadronic form factors from the nucleon sector
to the A, baryon, which lies outside the formal domain of
applicability of BChPT, and treat the form factor 8, as an
effective parameter with an associated order-unity uncer-
tainty. The numerical results show that our proposed
analyses can probe NP scales up to about 3-6 TeV for
c=1 and small values of m,, depending mainly on
theoretical uncertainties. In terms of the model parameters

in the RPV-SUSY with a light bino neutralino, we find that
STCF can probe A3,,/mz down to ~10~! TeV~2.

In general, our results show that the proposed search
channels at STCF with an integrated luminosity of 1 ab™!
can probe modest regions of the parameter space beyond
the current bounds. In addition, if further tag channels can
be included in the analysis, we expect a reach to the NP
scales up to about 8 TeV can be achieved.

Finally, we emphasize that BESIII and the proposed
STCEF are currently the only facilities worldwide capable of
producing heavy baryons, such as A} A7, directly at or near
the threshold. This production mode provides a relatively
clean environment in which the baryons are created nearly
at rest and in correlated pairs, enabling high-efficiency
tagging and precise kinematic closure, including for final
states with missing energy. These features make threshold
charm-baryon factories uniquely suited for probing appa-
rently baryon-number-violating, semi-invisible decay
modes. Although other ete™ colliders such as the FCC-
ee [107] and Belle II [77,78] can in principle also test the
scenarios studied here (see Ref. [81]), it would be difficult
for them to match this combination of cleanliness, kinematic
control, and sensitivity, underscoring the distinctive discov-
ery potential of BESII and STCF for apparent BNV
phenomena associated with long-lived particles.

Note added. Recently, Ref. [81] appeared on the arXiv. The
authors of Ref. [81] have derived the current constraints on
both uddv,- and gqdv-type operators from the LHC, while
focusing on the gqdv, operators for phenomenological
analyses at electron-positron colliders without detailed
detector simulations. In the present work, we instead focus
on the complementary uddv,-type operators and perform
dedicated detector-level simulations for the semi-invisible
decay channels A; — M™ + v, at STCF using OSCAR. The
two classes of operators probe complementary realizations
of BNV involving sterile neutrinos.
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