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1 Introduction

The light scalar meson a((980) remains enigmatic, with its underlying structure inter-
preted variously in the literature: as a conventional ¢g state [1, 2], a compact tetraquark
configuration [3, 4], or even a quantum superposition of both [5]. An alternative hypothesis
posits that the ap(980) may emerge as a dynamically generated threshold resonance [6-10].
Decay channels of the charm baryon A} provide a unique laboratory for probing the prop-
erties of ap(980). Recently, the BESIII collaboration reported the decay Af — ArTn [11],
which revealed a striking anomaly. Through partial-wave analysis (PWA), the intermedi-
ate process AT — Aa(980)", with ag(980)T — 71, was isolated. Notably, the measured
branching fraction (BF) of AT — Aag(980)" exhibits order-of-magnitude discrepancies
with theoretical predictions [12, 13]. Neither short-distance nor long-distance contribu-
tions satisfactorily account for the observed dynamics, potentially hinting at an exotic
substructure of the ag(980)%.

Replacing the final-state A hyperon with a neutron, the singly Cabibbo-suppressed
(SCS) decay AS — nap(980)" and its three-body counterpart A7 — n7tn offer a unique
probe of the ap(980)" structure. Theoretical predictions for these decays exhibit signif-
icant variations. Under the tetraquark assumption, Ref. [12] calculates the amplitude



through both factorizable and non-factorizable diagrams. The former contribution de-
pends on the ag(980)" decay constant and A — n transition form factors, while the
latter employs pole models with positive-parity intermediate baryons, yielding B(A} —
nap(980)T) = 7.1 x 107°. However, this result carries large uncertainties due to poorly
constrained inputs including the light scalar decay constant, A7 — n form factors, and
strong baryon-scalar-meson coupling constants. A more recent calculation based on SU(3) ¢
flavor symmetry [14] adopts a topological diagram amplitude approach, as illustrated in
Fig. 1, predicting B(A} — nao(980)") = (1.4 £ 1.0) x 1072 for the two-quark scenario
and (2.3 £+ 1.1) x 1073 for the tetraquark scenario, where the substantial uncertainties re-
flect current theoretical limitations. These order-of-magnitude discrepancies, coupled with
strong model dependence, highlight the critical need for direct experimental measurements
of AF — nap(980)" to distinguish between competing quark-configuration hypotheses and
improve QCD-based theoretical frameworks.
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Figure 1. Topological diagrams for A — nao(980)" assuming a(980)" as a tetraquark state.

Although the study of AT — nag(980)" is of significant interest, precise character-
isation of the three-body decay Al — nztn is essential before probing the subprocess.
Theoretical studies of such three-body charm baryon decays have been conducted within
the SU(3)s flavor symmetry framework, where pseudoscalar meson-pair final states are
typically assumed to be dominated by S-wave configurations, with final-state interactions
often neglected [15-17]. A recent work by Geng et al. [17] fully incorporates contributions
from both the color-antisymmetric 6 and color-symmetric 15 components of the effective
Hamiltonian, as shown in Fig. 2, predicting B(A} — nntn) = (4.52 4+ 1.21) x 1073 and a
decay asymmetry of O.6f8:§. Alternatively, Li et al. [18] investigate Al — nmn by explic-
itly including intermediate states such as ag(980)% and N(1535)°, dynamically generated
through S-wave pseudoscalar-pseudoscalar and pseudoscalar-baryon interactions in a chi-
ral unitary approach. Their analysis suggests a BF ratio of B(AT — nao(980)")/B(A}f —

*tn) =~ 0.313. Future measurements of A7 — nmTn, particularly the isolation of the

nm
A} — nap(980)" component, would provide invaluable constraints on the dynamics of
charm baryon decays and the role of final-state interactions.

On the experimental side, the decay A}f — nm 7 has not been investigated previously.
Insights from an analogous decay channel, A} — natz0 [19], indicate substantial back-
ground contamination arising from processes with and without AJ decays. Conventional

cut-based analysis methods fail to extract the Al — nwtn signal above backgrounds with
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Figure 2. Topological diagrams for the AT — nnTn process, where (a—c) receive contributions

from H(6), while (d) and (e) receive contributions from H(15).

adequate statistical significance. The need for an unprecedentedly powerful signal identifi-
cation tool has led us to adopt a deep learning approach, in which a deep neural network
(DNN) is trained to classify signal and background events. Owing to flexible data repre-
sentation and modern algorithms, this method has demonstrated remarkable capabilities
in uncovering potential relationships and hidden patterns among final-state particles. It
has also achieved notable success in previous BESIII studies [20-22].

In this paper, we present the first experimental study of the decay Af — nzntn by
analysing 6.1 fb~! of data collected at center-of-mass energies between /s = 4.600 and
4.843 GeV [23-26], where A is dominantly produced via pair production ee™ — AFA_.

The paper is organised as follows. Section 2 provides a brief description of the BESIII
detector and Monte Carlo (MC) simulations. Section 3 details the measurement of the
BF for Af — nn™n, encompassing the general analysis strategy, primary event selection,
signal-background separation using a deep learning technique, BF extraction, and system-
atic uncertainty estimation. In Section 4, we report the search for the intermediate process
A} — nap(980)*. A summary and conclusions are given in Section 5. Unless explicitly
stated otherwise, charge conjugation is implied throughout this paper.

2 BESIII detector and Monte Carlo simulation

The BESIII detector [27] records symmetric e™e™ collisions provided by the BEPCII
storage ring [28] in the center-of-mass energy range from 1.84 to 4.95 GeV, with a peak lumi-
nosity of 1.1 x 1033 cm~2s~! achieved at /s = 3.773 GeV. BESIII has collected large data
samples in this energy region [29-31]. The cylindrical core of the BESIII detector covers
93% of the full solid angle and consists of a helium-based multilayer drift chamber (MDC),
a time-of-flight system (TOF), and a CsI(Tl) electromagnetic calorimeter (EMC), which



are all enclosed in a superconducting solenoidal magnet providing a 1.0 T magnetic field.
The solenoid is supported by an octagonal flux-return yoke with resistive plate counter
muon identification modules interleaved with steel. The charged-particle momentum res-
olution at 1 GeV/c is 0.5%, and the dE/dx resolution is 6% for electrons from Bhabha
scattering. The EMC measures photon energies with a resolution of 2.5% (5%) at 1 GeV
in the barrel (end cap) region. The time resolution in the plastic scintillator TOF barrel
region is 68 ps, while that in the end cap region was 110 ps. The end cap TOF system
was upgraded in 2015 using multigap resistive plate chamber technology, providing a time
resolution of 60 ps, which benefits 90% of the data used in this analysis [32-34].

MC simulated data samples produced with a GEANT4-based [35] software package,
which includes the geometric description of the BESIII detector [27] and the detector re-
sponse, are used to determine detection efficiencies, estimate backgrounds, and train the
deep learning model. The simulation models the beam energy spread and initial state
radiation (ISR) in the ete™ annihilations with the generator KkMcC [36, 37]. The in-
clusive MC sample includes the production of AFA pairs, open-charm meson, the ISR
production of vector charmonium(-like) states, and the continuum processes incorporated
in KKMC [36, 37]. All particle decays are modeled with EVTGEN [38, 39] using BF's either
taken from the Particle Data Group (PDG) [40], when available, or otherwise estimated
with LUNDCHARM [41]. Final state radiation from charged final state particles is incorpo-
rated using the PHOTOS package [42]. The ete™ — ATA signal MC sample is generated
with A} decaying via the signal process A7 — X7ty (X = n, A, %) while the other
A, decays through 11 single-tag (ST) modes, as described below. The signal processes
AF — natn and 0777 are simulated with a uniformly distributed phase space (PHSP)
model, while the decay AT — An"y is simulated based on the PWA model [11]. For two-
body A, ST modes, the angular distributions are described by the transverse polarisation
and decay asymmetry parameters of A, and its daughter baryons [43]. For three-body
and four-body A, ST modes, the intermediate states are modeled according to individual
internal PWA models.

3 Branching fraction measurement of A} — nwtn

3.1 Analysis method

Taking advantage of AFA_ pair production in eTe™ annihilation at center-of-mass
energies between /s = 4.600 and 4.843 GeV, we employ a double-tag (DT) method [44]
to constrain the kinematics of AT — n7™7n. The A_ baryon is first reconstructed in any of
the following 11 exclusive hadronic decay modes: A, — pK2, pKTn~, pKon®, pKn~nt,
pKtn 70 An—, An~ 70, An—ntn—, 207, ¥ 20, and X7 nt, referred to as the ST
candidate. In the presence of an ST A_ baryon, the signal decay of A} is then searched
for in its recoil system, with selected events referred to as DT events. The BF of the signal
decay is determined by
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efficiency of DT events in the presence of ST A .

In selection of the signal decay, the neutron is not directly reconstructed but repre-
sented as a recoil against the tagged A_, the signal 7= and 7. Without imposing prior
constraints on the recoiling information, the decays Af — Antn and AT — X077 can
also appear with substantial yields [40]. This approach enables the simultaneous extraction
of signals for the decays Al — X7 (X =n, A, X%) within this analysis.

To observe clear signals against background events, a deep-learning-based signal iden-
tification method is eventually applied to the DT data sample. Considering the potential
bias it may introduce to the resulting BFs, we opt to report the relative BF of AT — n7'n
with respect to AT — Azntn, which is expected to cancel the leading bias since these two
decays share similar topologies and final states [21]. Any residual bias is further treated as
a source of systematic uncertainty, quantified using A7 — X%+ as a control channel.

3.2 Primary event selection

The event selection criteria for the ST A7 candidate exactly follow the previous BESIII
analysis [45], where detailed ST yields and detection efficiencies for various ST modes at
each energy point can be found. The signal candidates for A} — X7tn (X = n, A, X0)
are selected using the remaining charged tracks and showers in the presence of the ST A
baryon, as detailed below.

Charged tracks detected in the MDC are required to be within a polar angle (6) range
of |cosf| < 0.93, where 6 is defined with respect to the z-axis, which is the symmetry axis
of the MDC. The distance of closest approach to the interaction point (IP) must be less
than 10cm along the z-axis, |V;|, and less than 1cm in the transverse plane, |V,|. We
require exactly one charged track with loose requirement (|V;| < 20 cm, |cosf| < 0.93) left
with opposite charge to the ST A baryon for  — vy mode, or exactly three charged
tracks with loose requirement left with opposite sum of charge to the ST A, baryon for

9 mode, respectively. In this way, the A hyperon is reconstructed dominantly

n—natrow
via A — n7?, and X0 via 30 — A[— nn0y.

Particle identification (PID) for charged tracks combines measurements of the specific
ionization energy loss in the MDC (dE/dx) and the flight time in the TOF to form like-
lihoods L(h) (h = K, ) for each hadron h hypothesis. Tracks are identified as pions by
comparing the likelihoods for the kaon and pion hypotheses, £(7) > L(K).

Photon candidates are identified using isolated showers in the EMC. The deposited

energy of each shower must be more than 25 MeV in the barrel region (| cos 6| < 0.80) and



more than 50 MeV in the end cap region (0.86 < |cosf| < 0.92). To exclude showers that
originate from charged tracks, the angle subtended by the EMC shower and the position
of the closest charged track at the EMC must be greater than 10 degrees as measured
from the IP. To suppress electronic noise and showers unrelated to the event, the difference
between the EMC time and the event start time must be within [0, 700] ns. We require at
least two photon candidates to survive for each event.

The 7 meson is reconstructed via its two dominant decay modes n — vy and  —
mTn 7%= y9]. For n — vy (7° — ~7), the invariant mass of two photons, M., is
required to be in the range [0.505, 0.575] GeV/c? ([0.115, 0.150] GeV/c?). To improve the
momentum resolution, a one-constraint (1C) kinematic fit is performed by constraining
M, to the known 7 (7°) mass [40], and the fit x? must be less than 20 (200). For
n — 7tr~ 70, the invariant mass of 7#*7~ 7%, M_+_— o, is required to be in the range
[0.505, 0.575] GeV/c?. A 1C kinematic fit is performed by constraining M+, 0 to the
known 7 mass [40], and the fit x? must be less than 20. The updated momenta from
the kinematic fit are used in further analysis. The average n candidate multiplicities are
approximately 1.3 for both 1 decay modes, according to signal MC simulations. If multiple

0

n — vy or n — nTw 7w candidates exist in an event, the one with minimum x? value is

retained for each 1 decay mode for further analysis.

To derive information on the missing X (n, A, ¥°), a kinematic observable Mg is

defined as Mpjss = \/ Efniss — |}7miss|2 /2, where Epss and priss are the total energy and
momentum of all missing particles in the event, respectively. s is calculated as Fiigs =
Eveam — Er+ — Ej), where Epean is the beam energy, and E;+ and E; are the energies
of the signal pion and 7 meson, respectively. The constrained A7 momentum is used to
calculate Piiss S Pmiss = D, AF — Dnt — Py, Where p’ AT D+, and p, are the momenta of
the signal A baryon, pion, and 1 meson, respectively. ﬁAj is further given by p A =
_‘;/A‘Z_‘ / Egeam — micﬂ where ﬁ/—\; is the momentum of the ST A, baryon and m AT 18 the
nominal mass [40].

With the help of a generic event type analysis tool, TopoAna [46], some primary
background components are identified in the inclusive MC sample and effectively reduced.
For the 7 — v decay channel, to suppress A7 — X7 [— nrT]n peaking background events,
we apply a veto on the recoil mass spectrum of 7, Mecon(n) € (1.13,1.25) GeV/c?. For
the  — 7t7~ 70 decay channel, to suppress Al — X+ [— nrt]n background events, we
apply an analogous veto on the recoil mass spectrum of 7, Myecoii(n) € (1.16,1.22) GeV /c2.
To suppress A — A[— nz¥]
mass spectrum of 7t7 7", Mieeon(rTn~nt) & (1.10,1.13) GeV/c®. The veto regions

7 ta~ 7T background events, we apply a veto on the recoil

correspond to approximately +3c of the background resolutions. After applying these
vetoes, the resulting My distributions for the n — vy and n — 7t7~ 7% channels are
shown in Fig. 3, where the high background level impedes observation of the Af — nwTn
signals with adequate statistical significance. These backgrounds comprise a great variety
of hadronic final states involving Al as an intermediate state or not, thereby requiring
further signal identification treatments as elaborated below.
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Figure 3. The M, distributions for the n — ~y and n — 77~ 7% channels after veto cuts.
The points with error bars represent data. The histograms with filled colors represent different
background components in the inclusive MC sample. The histograms with blank fillings indicate
arbitrarily scaled signal shapes.

3.3 Deep-learning-based signal identification

The main challenge in distinguishing signals from various backgrounds lies in extracting
distinctive features from the data. These can include the kinematics, identification confi-
dence, and reconstruction quality for each final-state particle, as well as the overall topology
and dynamics of the ete™ decay chain. Conventional identification methods characterise
such distinctions via hand-crafted variables derived from practical understanding of the in-
volved physics, feeding them into multivariate analysis tools such as boosted decision trees
(BDTs) [47]. In contrast, deep learning methods aim to process minimally refined data at
the level of fundamental detector responses to the penetration of final state particles. The
DNN is expected to automatically explore underlying correlations and recognise distinctive
information beyond prior knowledge.

The dataset for training the DNN is constructed by randomly shuffling signal and back-
ground events sourced from the relevant MC samples. The events are categorised into three
groups with equal statistics: the AT — X775 (X =n, A, ¥0) signal, the A background,
and the non-AT background. The total training dataset contains approximately 0.7 million
events, with 80% used for training and the remaining 20% reserved for validation.

The input information to the DNN from an event includes all charged tracks recon-
structed in the MDC and isolated showers clustered in the EMC. These particles are or-
ganised as a point cloud [48] structure, i.e., an unordered and variable-sized set of points
in a high-dimensional feature space. For each charged track, the features comprise the
azimuthal and polar angles in the center-of-mass frame, the charge, the magnitude of mo-
mentum, and parameters characterizing its helical trajectory in the MDC. Additionally,
low-level measurements from the MDC, TOF, and EMC are incorporated as implicit infor-
mation for particle identification and reconstruction quality. For each shower, the features



consist of the azimuthal and polar angles, the energy deposition, the count of fired crys-
tals, the time measurement, and parameters describing its expansion scope among nearby
crystals. A full list of input features is provided in Ref. [22], and these features are found
to be overall consistent between data and MC simulation.

The architecture of the DNN largely inherits from the Particle Transformer (ParT) [49],
with adaptations tailored for the BESIII experiment as detailed in Ref. [22]. The model
hyperparameters have been optimised to maximise DNN performance while preventing
overfitting. In addition, a machine learning technique called model ensemble is employed.
With randomness factors incorporated in training such as network initialization, batch
processing sequence, and dropout [50] mechanism, a total of 50 DNNs are trained in parallel.
The outputs of these DNNs are averaged for each event during inference, creating an
ensemble DNN that offers better robustness and generalization than any single DNN model.

The DNN output assigns three scores in [0, 1] to each event, reflecting the probabilities
of the event belonging to the AT — X7 (X =n, A, X9) signal, the A background, and
the non-AT background categories. Since the sum of the three scores always equals one,
only two of them are independent. As the final step in event selection, we require the

score for A" background to be less than 0.05 and the score for non-A} background to be
S

VS+B

for AT — nan, where S(B) denotes the expected signal (background) yield from an MC

study with data-matched luminosities.

less than 0.1. These cut values are optimised by maximizing the figure of merit

Figure 4 illustrates the My distributions after deep learning implementation. The
backgrounds are significantly reduced in both channels, to approximately 1/20 of their
original levels; this enables clear observation of signals for A} — X775 (X = n, A, XY).
The effective detection efficiencies €44 for each decay mode are listed in Table 1, where the
uncertainties are statistical only.

Table 1. Summary of effective detection efficiencies after DNN implementation.

Decay mode esig (N0)

AF = nntn, n— vy 31.49 + 0.05
AT — Ay, n— vy 13.43 £ 0.03
A — 20Fn, np— vy 12.21 £0.03

A =ty n— ot % 5.9040.02
A = Antn, n—atrn%  3.834£0.02
AF = X0ty p—atr Y 3.8340.02

3.4 Signal extraction

To obtain the DT yield Npr in data, unbinned maximum likelihood fits are per-
formed on the My spectra. These fits are conducted simultaneously on both n — ~vy
and n — 777 7Y channels, sharing the absolute BFs of AT — X7t (X = n, A, £0)
signals. In each fit, the probability distribution function (PDF) includes five components:
the AF — naty signal, the AT — Azntp signal, the Af — X07Fy signal, the A} back-
ground, and the non-Al background. The shapes for these components are taken from the



corresponding MC simulations, and those of signals are further convolved with a Gaussian
function representing the resolution difference. The parameters of the Gaussian function
are shared among the three signals but separated between the n — vy and n — 7t7 7"
channels. The ratio of A} and non-A} background yields is fixed according to MC simu-
lation.

Figure 4 shows the fit results. The fits obtain 59.7 +9.9 signal events for A} — nr T,
176.1419.3 for A7 — Antn, and 71.2+13.0 for A} — X07Fn, with all uncertainties being
statistical only. Based on the likelihood and degrees of freedom variations when canceling
one signal component in the PDF, the statistical significance of Af — n7*n is calculated to
be 9.50, yielding the first experimental observation of A} — n7n. According to Eq. (3.1)
and the discussion in Section 3.1, we calculate the relative BF of AT — nzwn with respect
to AF — Antn as 0.155 4+ 0.031gat.. For validation checks on the analysis strategy, the
absolute BFs for AT — Antn and AT — X97+n are extracted to be (1.8740.215a.) x 1072
and (8.2 + 1.54a¢.) X 1073, respectively, consistent with previous measurements [40].
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Figure 4. Post-fit M,;ss spectra of data samples. The points with error bars represent data. The
red solid lines represent the total fit results. The dashed areas represent signal components and the
dashed lines represent background components.

3.5 Systematic uncertainties

With the DT technique and the relative BF measurement strategy, many uncertainty
sources for the BF ratio B(Af — nrtn)/B(Af — Ar*n) are canceled, including the ST
analysis procedure, the reconstruction for signal pion and 7 meson, and the input BF's for

intermediate decays. The remaining sources of systematic uncertainty are summarised in
Table 2.

e MC model. The uncertainty from MC modeling for AT — nrtn is estimated using
a BDT-based reweighting method [51], where the simulated Miecoit(7), Miecoit (1),
and M+, distributions are tuned to approximate the data distributions. The same
uncertainty source for A7 — An T is estimated by varying amplitude model param-
eters according to their error matrices. By inputting the new detection efficiencies



Table 2. Systematic uncertainties for the measurement of the BF ratio B(Al — nntn)/B(Af —
Artn).

Sources Size (%)
MC model 5.7
Peaking background vetoes 1.5
Deep learning vetoes 4.9
Simultaneous fit 0.9
Total 7.7

of AT — nrnand A} — Azxty into the simultaneous fit, the averaged difference in
the resulting BF ratio of 5.7% is taken as the corresponding systematic uncertainty.

e Peaking background vetoes. The uncertainty due to veto regions for M;ecoil(n) and
Miecon(mTm~ ) is calculated by changing the lower and upper bounds of these
regions by +5MeV /c? arbitrarily. The averaged shift of the resulting BF ratio is
calculated to be 1.5% and is assigned as a source of systematic uncertainty.

o Deep learning vetoes. The uncertainties related to the DNN vetoes are evaluated
following the method in Refs. [21, 22], which considers two major sources: model
uncertainty and domain shift. The uncertainty due to the model arises from our
limited knowledge of the best model and is quantified using alternative DNNs trained
with different hyperparameters. The shift in the resulting BF ratio of 0.8% is assigned
as the corresponding uncertainty value. On the other hand, domain shift describes
the mismatch between datasets for training and inference, reflecting potential data-
MC inconsistency in this study. We assume such uncertainty to be mostly canceled in
the relative BF due to the similarity of final states in AT — natn and A} — ArTy.
This assumption is validated using the control channel A} — X7, whose relative
BF with respect to Al — AnTp is found to be stable under arbitrary deep learning
vetoes. The greatest deviation in this relative BF from its nominal value before
implementing DNN, 4.8%, is assigned as a residual uncertainty.

o Simultaneous fit. The systematic uncertainty associated with the simultaneous fit
is mainly due to the modeling of signal and background components. A bootstrap
resampling method [52, 53] is employed to quantify the uncertainty, resulting in an
assignment of 0.9%. The uncertainty due to the signal shape is evaluated by varying
the parameters of the Gaussian function. The uncertainty due to the A} and non-A7
background shapes is evaluated by replacing the MC simulated shapes with 3rd order
Chebyshev polynomials. The uncertainty due to the A and non-A} background
yields is evaluated by varying the fixed ratio arbitrarily.

Assuming that all sources are independent, the total systematic uncertainty is deter-
mined to be 7.7% by adding the above sources in quadrature.

~10 -



4 Search for AT — nao(980)7

4.1 Fit model and results

After the DNN vetoes, the intermediate process AT — nag(980)",ag(980)t — 7ty
is searched for in the signal region My € (0.9, 1.0) GeV/c?. An unbinned extended
maximum likelihood fit is performed on the 77 invariant mass distribution.

The signal PDF is described by the incoherent superposition of an ag(980)" Flatté
line shape and a non-resonant PHSP distribution. For ap(980), the two coupled-channel
Flatté model [54] is used as

1
Rao(980)+ (m) = 2 ) (4.1)

mg —m? — i(g1pyx(m) + g2prc i (m))
where m refers to the 77 invariant mass. The nominal mass mg = (0.990+£0.001) GeV /c?
and coupling constants of ag(980)* decaying to nm, g1 = (0.34140.004) GeV/c?, and KK,
g2 = 0.892 % 0.022, for the coupled channels are quoted from Ref. [55]. p,r and pgx are
the available phase spaces for the nm channel and the KK channel, obtained from the
corresponding decay momentum ¢q: p = 2g/m. When the decay momentum falls below the
threshold (m < mg +mf), the momentum becomes imaginary and contributes to the real
parts of the propagator. For the non-resonant component, the propagator is set to unity.
The relative decay amplitude of the ao(980)" chain to the non-resonant chain is defined as
r. The full decay amplitude is

.A(m) =17 X Ra0(980)+(m) + 1. (42)

The partial decay width can be written as

dr P P
dm my+ m
where % | ;;jl -2m is the PHSP factor with respect to the invariant mass of the w7
A(‘

system, with |P,| and |P.+| calculated in the center-of-mass frame of A} — nag(980)" and
ao(980)" — T, respectively,

Al/Q(mij , m%’ m2)

Bu(m)| =
[P e
. AY2(m2 m2, . m2 (4.4)
By = 2 e ),

Nz, y,2) = 22 + % + 22 — 22y — 222 — 2y2.

By neglecting interference between ag(980)" and the non-resonant component, the
amplitude can be simplified to [ A(m)[* = 1% X |R(980)+ (m)]* + 1. The signal PDF in the
fit is described by

PDFig(m) = [e(m) x ] G(1w.0), (4.5)
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where ¢(m) is the mass-dependent efficiency studied from signal MC simulation, and G(, o)
is a Gaussian function accounting for detector resolution. The mean and resolution of the
Gaussian function are fixed according to the study of the control sample Af — AmrTr.
The total signal yield is constrained by a Gaussian function according to the fit result of
the BF measurement, while the relative strength between ao(980)" and the non-resonant
component is allowed to float.

The background components consist of four parts: Artn, X97+n, other A} back-
ground, and non-A} background. The shapes of these components are derived from MC
simulations. The strengths of each background component are constrained by Gaussian
functions according to the fit result of the BF measurement.

The fit result is shown in Fig. 5, which gives » = 0.0 £ 0.1. Since no significant signal
is observed, an upper limit on B(Al — nap(980)") x B(ag(980)" — wTn) is set after
accounting for all systematic uncertainties, as described below.

T T T T
14f —+— Data
[ — Total fit
12f Total nit'n
[ —— Non-resonance
10t . .
[ s ay080)
8: —— Total background

Events/ (33 MeV/c?)

0.7 0.8 0.9 10 11 12 13

M., (Gev/cd)

Figure 5. Fit to the M.+, distribution. The black points with error bars represent data. The
red line represents the fit result. The green line represents the total nm ™7 signal. The blue line
represents the non-resonant 77 signal. The red dashed area represents the nag(980)% signal, and
the violet line is the total background including A7 n, 207+, other A} background, and non-A}
background.

4.2 Systematic uncertainties

The systematic uncertainties for B(A} — nag(980)") x B(ag(980)" — 7n) can be
grouped into two categories: multiplicative uncertainties, which affect the BF of the three-
body decay A — nmTn, and additive uncertainties, which impact the fraction of two-body
decay to three-body decay. The multiplicative uncertainties have already been studied in
Section 3.5, while the additive uncertainties arise from signal shape, total yield constraint,
background shape, and background magnitude, as discussed below.

e Signal shape. We account for three potential sources affecting the signal shapes:
efficiency curve, Gaussian resolution, and Flatté parametrisation. For the efficiency
curve, the binning is varied from 20 MeV/c? to a finer binning of 10 MeV/c? to
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assess bias from insufficient granularity. For Gaussian resolution, the mean and
resolution of the Gaussian resolution function are varied by +1¢ according to their
uncertainties. For Flatté parametrisation, we vary all fixed parameters including
mass and coupling constants by +1o. Additionally, we test an alternative three
coupled-channel parametrisation adding the 77’ channel with parameters adjusted
following Ref. [55].

e Total yield constraint. The systematic uncertainty is estimated by removing the
Gaussian constraint on the signal yields and allowing them to float freely in the fit.

e Background shape. The background PDF is modified by reducing the kernel width
to obtain a more detailed description of background distributions.

e Background magnitude. For each background component, we remove its Gaussian
constraint individually to evaluate the corresponding systematic effect.

4.3 Upper limit determination

The upper limit on B(AT — nag(980)™) x B(ag(980)" — 71 n) is set using a Bayesian
method [56, 57]. We perform a series of maximum likelihood fits with the relative amplitude
r fixed to a scanning value. The corresponding maximum likelihood values are used to
construct a discrete likelihood distribution, £(B). The additive systematic uncertainties
are incorporated by varying the fit method as described in Section 4.2, with the most
conservative upper limit retained. The multiplicative uncertainties are accounted for by
smearing the likelihood distribution according to the combined systematic uncertainties
of B(Af — nr'n)/B(Af — AnrTn) and the uncertainty from B(AF — AnxTn) [58]. By
integrating the £(B) curve up to 90% of the area for BF greater than zero, we set the upper
limit on B(A} — nap(980)T) x B(ap(980)* — 77n) to be 8.4 x 10~* at 90% confidence
level, as shown in Fig. 6.

T T T ]
1.0f 1
=== Nominal ]
o 4
8 08 — Smeared
2 ]
= ]
T ]
= 06 —
B ]
N
] ]
g 04 ]
o] 4
e -
0.2 i
i . | 1. x10
%80 0.5 1.0 15 2.0 25

B(A¢ - na,(980)")xB(a,(980)" - 1)

Figure 6. The normalised likelihood distributions before and after incorporating systematic un-
certainties. The blue dashed line represents the initial distribution and the red solid line represents
the distribution with both additive and multiplicative systematic uncertainties considered. The red
arrow indicates the final upper limit.
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5 Summary

Based on 6.1 fb~! of data collected at center-of-mass energies between /s = 4.600
and 4.843 GeV with the BESIII detector, we observe the decay Af — nw*n for the first
time with a statistical significance of 9.50. Its relative BF with respect to A7 — ArTn is
measured to be % = 0.155 £ 0.031gtat. £ 0.0124y:., where the first uncertainty is
statistical and the second is systematic. Taking the world average of B(Al — Antn) [58]
as reference, the absolute BF of Af — nrntn is calculated to be B(AT — nntn) =
(2.94£0.59tat. £0.23gyst. £0.134ef.) X 1073, where the last uncertainty is from the reference
decay. Our measurement is consistent with the theoretical prediction in Ref. [17] within 20,
which considers contributions from both the color-antisymmetric 6 and color-symmetric
15 components of the effective Hamiltonian.

For the decay A — na(980)", no significant signal is observed in the M+, spectrum,
and the upper limit on B(Af — na(980)") x B(ap(980)t — 7tn) at 90% confidence
level is set to 8.4 x 10™*, which is lower than the recent theoretical prediction using the
IRA approach [14], but consistent with the earlier theoretical calculation using the pole
model [12]. Taking the measured value of B(A} — nw'n), the upper limit on the BF
ratio B(AT — nap(980)™) x B(ap(980)" — 7t n)/B(A} — nntn) is calculated to be 0.27,
close to the theoretical prediction in the chiral unitary approach [18]. With the larger data
sample to be collected at BESIII [29, 59-61], the sensitivity for this decay will be further
improved to deepen the understanding of charmed baryon decays.

Technically, this success is largely due to the application of a Transformer-based deep
learning technique, which is particularly effective at distinguishing signal from substantial
background noise. Building on our previous research in charmed hadron decays [20-22],
and supported by comprehensive validation and uncertainty assessment tools, our results
highlight the transformative potential and broad applicability of deep learning methods in
BESIII data analysis.
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