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Observation of the singly Cabibbo-suppressed decay A} — pa’
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Utilizing 4.5 fb~! of e* e~ annihilation data collected with the BESIII detector at the BEPCII collider at
center-of-mass energies between 4.600 and 4.699 GeV, the first observation of the singly Cabibbo-
suppressed decay A} — pzY is presented, with a statistical significance of 5.4¢. The ratio of the branching
fractions of Af — pa® and A} — py is measured as B(AF — pa°)/B(Af — py) = (0.120 +
0.0264, & 0.007). This result resolves the longstanding discrepancy between earlier experimental

searches, providing both a decisive conclusion and valuable input for QCD-inspired theoretical models.
A sophisticated deep learning approach using a Transformer-based architecture is employed to distinguish
the signal from the prevalent hadronic backgrounds, complemented by thorough validation and systematic

uncertainty quantification.
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Weak decays of charmed hadrons provide profound
insights into the intricate interplay between the strong
and weak interactions [1]. The decay amplitudes typically
consist of factorizable and nonfactorizable components [2].
In the case of charmed mesons, nonfactorizable contribu-
tions are often considered negligible [3]. However, this
approximation does not hold for charm baryons [4]. For
instance, there is a significant impact from nonfactorizable
W-exchange diagrams, which evade both helicity and color
suppression in the charmed baryon sector [5]. In the two-
body singly Cabibbo-suppressed (SCS) decay A} — pa°, a
mixture of factorizable W-emission process with nonfactor-
izable W-emission and W-exchange processes is encoun-
tered. This complex scenario challenges our comprehension
of charm decay dynamics [6] situated between the pertur-
bative and nonperturbative regions of quantum chromody-
namics. Additionally, these two-body SCS decays are ideal
candidates for studying CP violation in the charm sector [7]
which remains unobserved to date.

The last decade witnessed rapid progresses in studies
of charm baryon weak decays, both theoretically and
experimentally [8,9]. Various phenomenological models
and approaches have been explored for A — pz°, includ-
ing constituent quark model [10], heavy quark effective
theory [11], dynamical model calculations [12,13], topologi-
cal diagrams [14,15], and SU(3) flavor symmetry [16-21].
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Nevertheless, the precision of theoretical predictions is
overall limited owing to the above complexities. Advancing
these models relies heavily on precise experimental inputs.
Recently, the BESIII Collaboration reported the first evidence
for the decay A} — pz° with a statistical significance of 3.7¢
and measured its branching fraction (BF) to be (1.561“8.'57% +
0.20) x 1074 [22]. Notably, this result is inconsistent with the
previously established upper limit of 0.8 x 10~ by the Belle
experiment [23]. A definitive observation with improved
precision is crucial to calibrate the theoretical models,
eliminating ambiguities arising from conflicting experimen-
tal results.

The primary challenge in measuring A} — pz° lies in
distinguishing the signal from the substantial hadronic
background produced in eTe™ annihilation. Utilizing the
unique near-threshold production of A7 A7 pairs at BESIII,
Ref. [22] employed a “double-tag” strategy [9,24] that
searched for the signal mode in A} decays while simulta-
neously reconstructing the A7 in other selected decay
modes. Although this strategy effectively reduces the
hadronic background, it suffers from considerable effi-
ciency loss due to the required exclusive reconstruction of
the selected subset of /_\; decays. In contrast, Ref. [23]
opted to directly reconstruct AY — pz° without imposing
constraints on the rest of the e™ e~ annihilation event. As a
result, potential signals become obscured by a high back-
ground level.

To address the trade-off between signal efficiency and
background level, we resort to a deep neural network (DNN)
which has exhibited remarkable capabilities for uncovering
new relations and hidden patterns, showing promise in many
data processing fields [25], including particle physics [26].
Compared to selection-based methods, the topological
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characteristic of et e~ annihilation events can be efficiently
recognized and interpreted by a DNN. By training a DNN
with all possible AZ decay modes, we can differentiate
between events containing a A7 and those without, achiev-
ing the same goal as the double-tag technique but with
higher efficiency. This approach parallels recent advance-
ments of jet tagging in LHC experiments [27,28], but at a
new energy scale. Our study introduces a unique and
practical implementation of deep learning in data analysis
in flavor physics experiments [29,30].

In this Letter, we present the first observation of the SCS
decay A} — pa® using 4.5 fb! of ete™ collision data
collected with the BESIII detector at seven center-of-mass
(c.m.) energies between 4.600 and 4.699 GeV [31,32]. We
employ a single-tag strategy by reconstructing one Af
baryon in its decay to AY — pz°. A DNN is then invoked
for binary classification of signal and background in the rest
of the event. Apart from A} — pz°, the decay of A7 — py
is also studied as a reference channel. The ratio of their BFs
is reported in order to offset some systematic uncertainties,
especially those related to the DNN model. Throughout this
Letter, charge conjugate modes are implied.

Details about the BESIII detector design and perfor-
mance are provided in Ref. [33]. An inclusive Monte Carlo
(MC) simulated data sample, as described in Ref. [34], is
employed to estimate backgrounds. A signal MC sample of
ete” — AFA7 is generated to determine detection effi-
ciencies, where one A, decays to the signal (reference) state
and the 7° (17) decays subsequently into two photons, while
the other A, in the event decays to all possible final states.
Both the inclusive and signal MC samples are used in
training the DNN.

The selections of A} — pz° and Al — py decays
follow the previous BESIII studies [35,36], with two
modifications in the selection of z°(7). Photon candidates
are required to have an opening angle of larger than 10°,
measured at the interaction point, with respect to any
charged tracks, except for those identified as antiprotons
where the angle must be larger than 20°. The veto on the
decay angle of one photon in the z°(r) rest frame is not
imposed, as the DNN is expected to improve the signal-to-
background ratio. A kinematic observable, the beam-
constrained mass Mpc, is utilized for signal extraction.

Here, M- = \/Eﬁeam/c“ — |Pas[?/ %, where Epeyy is the

beam energy and p A 18 the momentum of the A/ candidate
in the eTe™ rest frame. As illustrated in Fig. 1, the signal
of Al — pn is discernible against the backgrounds, while
the high background level impedes the observation of the
signals of A} — pz°. These backgrounds primarily com-
prise hadronic final states produced from ete™ —
qq(q = u,d,s), while the contributions from other non-
signal ete~ — A} A7 events are almost negligible.

In processing the e e~ collision data with the DNN, we
conceptualize the reconstructed particles in an event as a
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FIG. 1. Distributions of Mpge for (a) Af — pa’ and

(b) A} — pn before implementing deep learning. The black
dots with error bars represent data, and the colored areas indicate
the MC-simulated contributions of the signal and two back-
ground components.

“point cloud” [37], i.e., an unordered and variable-sized set
of points in a high-dimensional feature space. This repre-
sentation is fed into a Transformer-based [38] model
architecture, Particle Transformer (ParT) [39], renowned for
its state-of-the-art performance in jet tagging [27,28]. A
data-driven analysis pipeline is established in this study to
tailor it for the BESIII experiment, as elaborated below.
The dataset for training DNN is prepared as a random
shuffle of signal and background events, with equal
statistics after signal selection. The signal events are from
the signal MC samples, while the background events are
drawn from the inclusive MC sample excluding the signal
process. Events from different c.m. energies are included
in proportion to their selected yields in the real data.
The dataset comprises approximately 2.3 x 10° events
for AT — pa° and 1.1 x 10% for A} — pn. From these,
80% of the events are allocated for actual training, and the
remaining 20% are reserved for independent validation.
It is noted that a combined dataset of A} — pz° and
A} — pnis fed into one unified DNN, aiming to generalize
the performance across both decay modes as a prerequisite
for using Al — pn for reference. An additional treatment is
employed on the dataset to address potential correlations
between the DNN output and the mass spectra. This
correlation could inadvertently create signal-like structures
in the mass spectrum of remaining background events not
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FIG. 2. Normalized probability density function (PDF) in My
for A7 — pz° background shapes during the iteration process.

rejected by the DNN output, an effect known as “mass
sculpting” [40—43]. Inspired by the iterative weighting
method [44] in the implementation of initial-state radiation
corrections in cross section measurements, we establish a
similar approach to decouple the DNN output from the
Mg observable. A weight, @(Mgc), acting on the loss
function of the DNN is assigned to each background event.
Events with higher weights contribute more to the loss
function, thus being more effectively classified during

training. The weight @/ (M%) for event j in the ith iteration
is calculated as

BKG
o[BS e)
w;(Myc) = wi_y (M) lm
orig

. (1)

MBCZM}/.;C‘|

where @)(M}) = 1, pPXG(Mpyc) represents the normal-
ized probability density function for the remaining back-
ground shape in the (i — Dth iteration, and p}E°(Mpc)
denotes that for the original background shape. With each
iteration, the DNN is retrained, and both pBXG(Mpc) and

w!(M},.) are updated. Our findings indicate that conver-

gence is achieved when pBXG(Mpc) approximates
Pon (Mgc), as shown in Fig. 2, resulting in a trivial

background shape that facilitates determination of the
signal yield.

The input information from an event to the DNN
includes all charged tracks reconstructed in the main drift
chamber (MDC) and isolated showers clustered in the
electromagnetic calorimeter, which creates two sets of
“particle clouds.” For every charged track, the data used
include the azimuthal and polar angles in the laboratory
frame, charge, the magnitude of momentum, and param-
eters characterizing the helical trajectory in the MDC.
Additionally, normalized differences between the measured
and predicted specific energy loss dE/dx for the electron,
proton, pion, and kaon hypotheses, along with similar
differences for the time-of-flight are used to summarize

particle identification information. For each shower, the
properties include the azimuthal and polar angles, the
energy deposition, the number of crystals above the thresh-
old, the shower time, the energy ratio between 3 x 3 and
5 x 5 crystal groupings surrounding the shower center, the
lateral and secondary moments, and the A20 and A42
Zernike moments [45]. Data and MC simulations are
overall consistent for these adopted features.

The model architecture of the DNN is a streamlined
version of ParT relative to its original form [39], given the
simpler topology of e*e™ annihilation events at BESIII
compared to the jet substructures at the LHC. The model
hyperparameters have been optimized to maximize the
performance of DNN while preventing overfitting. In
addition, a machine learning technique called “model
ensemble” is employed to act on the model. With some
randomness factors incorporated in the training such as
network initialization, batch processing sequence, and
dropout [46] mechanism, a total of 20 DNNs are trained
in parallel. By averaging their outputs for each event at
inference, we create an ensemble DNN that exhibits greater
robustness and generalization ability than the individual
trained DNNs.

The output of the DNN is a score between [0, 1] assigned
to each event, reflecting its probability of belonging to the
signal category. We therefore require the score to exceed
0.95 as the final step of event selection. This threshold has

been optimized by maximizing the figure of merit \/% X
S

55 for Al — pn, where S (B) denotes the expected signal
(background) yield from a MC study with data-matched
luminosities. Figure 3 illustrates the Mpc spectra for
Af — pa® and A} — pn after the deep learning imple-
mentation. The backgrounds are significantly reduced in
both channels, to approximately down to 1/20 of their
original levels, with a relative signal loss of about 40%; this
enables the observation of the signal for Af — pz°.

The relative BF ratio B(Af — pa°)/B(Af — pn) is
derived from unbinned maximum likelihood fits to their
My spectra. These fits are simultaneously conducted on
both decay channels and across various c.m. energies. In
each fit, the signal shape is modeled with an MC-simulated
profile convolved with a Gaussian function to account for
resolution discrepancies. The parameters of the Gaussian
function are shared between the A7 — pz° and AT — py
fits due to the limited statistics of the former mode. The
background is described by an ARGUS function [47], given
that no peaking structure is indicated by the MC study. A
small contribution from nonsignal e* e~ — A A7 decays is
included using a fixed yield and the MC-simulated shape.
The ratio of BFs is shared among each fit with the relation

B(AL = pr®) _ Bln = rr) Naie/€he) o 2w

— - - < ) 2
BAS = pn)  B(x® = 77) (Nio/€ig) po )
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FIG. 3. Postfit My spectra for (a) A} — pz° and (b) A7 — pp
combining all c.m. energies after implementing deep learning. The
x?/nbin values are calculated using the adaptive y-square tests.

where i denotes the c.m. energy, N éig is the signal yield
obtained from the fit, eéig is the signal efficiency estimated
with MC simulation, and B_o and B are the BFs of

=y n-ry
2’ — yy and 5 — yy decays taken from the PDG [48],
respectively. The values of these variables in each fit are
summarized in Table L.

The aforementioned simultaneous fits give B(Al —
pa®)/B(Af — pn) = 0.120 £ 0.026, corresponding  to
integrated signal yields of 79.9 +18.5 for A — pn°
and 247.2 + 18.1 for A} — pn, respectively. The statistical
significance of A} — pz° is determined to be 5.56, based
on the change in likelihood and degrees of freedom in the
fits with and without the signal. Figure 3 shows the fit
projections combining all c.m. energies.

Systematic uncertainties in the relative BF measurement
arise from various sources, including z°(r) reconstruction,
MC modeling, 7% and n decay BFs, the DNN selection, and
signal yield fits. Some other uncertainties such as lumi-
nosity, cross sections, and proton and photon reconstruction
cancel in the final ratio. Control samples of J/y —
T~ 7%(n) [49] ascertain a z°(y) reconstruction uncer-
tainty of 0.5% for z° and 1.0% for 7. The MC modeling
uncertainty is assessed by varying the A} decay polariza-
tion parameter within its physical limits in the joint decay
asymmetry, with the largest signal efficiency deviation
found to be 0.5% for A} — pz® and 0.4% for AS — pn.
The uncertainties due to BFs of intermediate states in

TABLE 1. The signal efficiencies and signal yields for each
c.m. energy. The uncertainties are statistical only.

Al - pa’ A = pn
Vs (GeV) eéig(%) Niig eéig(%) Néig
4.5995 29.5+0.1 69+22 285+£0.1 21.7£50
4.6119 27.6+£0.2 1.5£08 265+£02 4.6+23
4.6280 27.6 £0.1 80£24 27.1+0.1 255+£53
4.6409 28.1+£0.1 95+28 275+0.1 303+6.1
4.6612 29.1+£0.1 10.0+£3.0 27.7+0.1 31.1+6.3
4.6819 2954+0.1 346487 275+0.1 105.0+124
4.6988 28.6 £ 0.1 95+3.0 268+0.1 289464
Total 799 £ 18.5 2472 £ 18.1

Eq. (2) are taken from Ref. [48] as 0.1% for z° — yy and
0.5% for n — yy. A bootstrap resampling method [50,51]
estimates fit-related uncertainty as 3.2%. Here, the signal
shape uncertainty is evaluated by varying the parameters of
the Gaussian function. The hadron background shape
uncertainty is assessed using alternative shapes, including
the MC-simulated shape and another data-driven shape
from c.m. energies below the A} A7 production threshold at
4.47 and 4.53 GeV [52]. The ete™ — A} A background
contribution is negligible.

Special considerations are given to systematic uncer-
tainties related to the requirement on the DNN output [53].
As suggested by some frontier surveys [48,54], we
consider two primary uncertainty sources, namely the
“model uncertainty” and the “domain shift.” Model
uncertainty is attributed to our lack of knowledge about
the best model, which is estimated by altering ParT with
another architecture called ParticleNet [37] in our DNN. The
ParticleNet shares the same particle cloud representation as
ParT, but processes it with a dynamic graph convolutional
neural network [55]. The relative shift in the resulting BFs,
1.9%, is taken as the corresponding systematic uncer-
tainty. On the other hand, domain shift describes the
mismatch between datasets for training and inference,
reflecting the 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
Af — pa® and A} — pn. This assumption is validated
using control samples of Al — pK%z° and A} — pKin,
whose relative BF is found to be stable under any selection
on their DNN outputs. The greatest deviation in the
relative BF from its nominal value before implementing
DNN, 4.6%, is assigned as a residual uncertainty. In total,
the systematic uncertainty for B(Af — pa®)/B(Af —
pn) is determined to be 6.0% by adding the above sources
in quadrature. With fit-related uncertainties considered, the
final statistical significance for A} — pz® is conserva-
tively estimated to be 5.4¢.
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FIG. 4. Comparison of our A — pz° result (red) with pre-
vious theoretical predictions (black) and experimental measure-
ments (blue) in time order.

In summary, based on the data samples corresponding to
an integrated luminosity of 4.5 fb~! taken at c.m. energies
between 4.600 and 4.699 GeV with the BESIII detector, we
observe the SCS decay A} — pz° for the first time with a
statistical significance of 5.4, benefiting from an innovative
deep learning approach. The ratio of BFs between A —
pn’ and A — pn is measured to be 0.120 + 0.026,, +
0.0074y. Using the averaged BF for Af — pn from
BESIII [36] and Belle [23] as reference, the BF for A} —
pﬂo is further calculated as (1.79 £ 0.39y, + 0. 115 £
0.08,.¢) x 107, This result agrees with the previous
BESIII measurements [22,35] and exceeds the upper limit
set by Belle [23]. Figure 4 compares our result with various
theoretical predictions [10-21]. This measurement super-
sedes those reported in Refs. [22,35].

The success of this study is primarily attributed to an
innovative deep learning approach, adept at recognizing the
A} decay topologies inclusively. Various reference chan-
nels and control samples at BESIII facilitate the calibration,
validation, and corresponding systematic uncertainty quan-
tification of this approach, ensuring robust and reliable
physics outcomes. Our methodology is directly applicable
to other experimental studies in the charm and beauty
sectors, offering the potential to significantly enhance

signal sensitivities and thereby advance the precision of
future measurements.
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