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Using data samples of 988.4 fb−1 and 427.9 fb−1 collected with the Belle and Belle II detectors,
we present a study of the singly Cabibbo-suppressed decays Ξ0

c → Λη, Λη0, and Λπ0. We observe the
decay Ξ0

c → Λη and find evidence for the decay Ξ0
c → Λη0, with corresponding branching ratios determined

to be BðΞ0
c → ΛηÞ=BðΞ0

c → Ξ−πþÞ ¼ ð4.16� 0.91� 0.23Þ% and BðΞ0
c → Λη0Þ=BðΞ0

c → Ξ−πþÞ ¼
ð2.48� 0.82� 0.12Þ%, respectively. We find no significant signal in the Ξ0

c → Λπ0 decay mode and
set an upper limit at the 90% credibility level of BðΞ0

c → Λπ0Þ=BðΞ0
c → Ξ−πþÞ < 3.5%. Multiplying

these ratios by the world-average branching fraction of the normalization channel,
BðΞ0

c → Ξ−πþÞ ¼ ð1.43� 0.27Þ%, we obtain the absolute branching fractions of BðΞ0
c → ΛηÞ ¼

ð5.95� 1.30� 0.32� 1.13Þ × 10−4, BðΞ0
c → Λη0Þ ¼ ð3.55� 1.17� 0.17� 0.68Þ × 10−4, and an upper

limit at the 90% credibility level on the absolute branching fraction of BðΞ0
c → Λπ0Þ < 5.2 × 10−4.

The quoted first and second uncertainties are statistical and systematic, respectively, while the third
uncertainties arise from the branching fraction of the normalization mode. These results are consistent with
most theoretical predictions and further the understanding of the underlying decay mechanisms.

DOI: 10.1103/q4n8-fqj1

I. INTRODUCTION

Charmed baryon spectroscopy serves as an important
platform for investigating the dynamics of light quarks in
the presence of one or two heavy quarks. Topological
diagrams are used extensively to explain the mechanisms in
nonleptonic weak decays of charmed baryons [1,2].
According to the topological diagrams, both factorizable
and nonfactorizable contributions are significant in baryon
decay amplitudes [2,3]. Precise measurements of the
branching fractions will help to clarify the theoretical
picture and provide a clearer understanding of the decay
dynamics.
Over the past decade, significant advancements have

been made in the experimental study of charmed baryon
physics [4]. The antitriplet charmed baryons, characterized
by their purely weak decays, serve as foundational systems
in this field, anchoring both high-precision measurements
and theoretical frameworks based on SU(3) flavor sym-
metry. The absolute branching fractions of three key decays
Λþ
c → pK−πþ [5,6], Ξþ

c → Ξ−πþπþ [7], and Ξ0
c → Ξ−πþ

[8] have been measured. Charge-conjugate modes are
included throughout the analysis. These results provide a
foundation for determining absolute branching fractions in
antitriplet charm baryon decays [9–14]. Comprehensive
and precise experimental measurements are essential for
testing different theoretical models and for clarifying the
decay mechanisms of antitriplet charmed baryons.
Theoretical calculations of the two-body hadronic weak
decays of Ξ0

c have been performed with topological
diagrams [15–17]. However, many branching fractions
remain unmeasured, particularly for Cabibbo-suppressed
decay modes.
In this paper, we present the first measurements of the

branching fractions of the singly Cabibbo-suppressed
decays Ξ0

c → Λh0 ðh ¼ η; η0; π0Þ, relative to the decay
Ξ0
c → Ξ−πþ. The topological diagrams for the signal

decays are illustrated in Fig. 1. Decay amplitudes have

two main components: (i) factorizable contributions from
internalW-emission processes (C), and (ii) nonfactorizable
contributions that arise from inner W-emission (C0) and
W-exchange mechanisms (E1 and E2) [1,2]. Theoretical
predictions for these branching fractions are primarily
derived from an analysis of these diagrams based on
SU(3) flavor symmetry [15–17], irreducible SU(3)
[18–21], or a pole model [22]. Across these different
frameworks, the predicted values span a broad range from
10−5 to 10−3 [15–23]. A representative example of the
resulting theoretical spread is provided forΞ0

c → Λη0, whose
predictions vary from ð0.2�0.1Þ×10−4 [15] to ð16.4�
10.6Þ×10−4 [19], depending on the specific model scenario
adopted.

II. THE BELLE AND BELLE II DETECTORS

The Belle detector [24], a large solid-angle magnetic
spectrometer, operated at the KEKB asymmetric-energy
eþe− collider [25,26] from 1999 to 2010. It comprised a
silicon vertex detector (SVD), a 50-layer central drift
chamber (CDC), an array of aerogel threshold Cherenkov
counters, a barrel-like arrangement of time-of-flight scintil-
lation counters, and an electromagnetic calorimeter (ECL)
with 8736 CsI(Tl) crystals. These components were all
located inside a superconducting solenoid providing a
magnetic field of 1.5 T. An iron flux-return yoke placed
outside the solenoid coil was instrumented with resistive
plate chambers to detect K0

L mesons and muons. Further
details are provided in Ref. [24].
The Belle II detector [27], located at the SuperKEKB

asymmetric-energy eþe− accelerator [28], collects data at
and near the ϒð4SÞ resonance since 2019. The Belle II
detector is based on the Belle detector but contains several
new subsystems as well as substantial upgrades to others.
The innermost subdetector is the vertex detector (VXD),
which consists of a two-layer silicon-pixel detector (PXD)
surrounded by a four-layer SVD [29]. Only one sixth of the
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second layer of the PXD was installed for the data analyzed
here. Together with the VXD, a new large-radius, helium-
ethane, small-cell CDC reconstructs tracks of charged
particles. Surrounding the CDC, which also provides
energy-loss measurements, is a time-of-propagation
counter [30] in the central region and an aerogel-based
ring-imaging Cherenkov counter in the forward region.
These detectors provide charged-particle identification.
The Belle CsI(Tl) crystal ECL, the Belle solenoid and
the iron flux-return yoke are reused in the Belle II detector.
The ECL readout electronics have been upgraded and the
instrumentation in the flux-return yoke to identify K0

L
mesons and muons has been replaced. The z axis is defined
as the central solenoid axis, with the positive direction
oriented toward the electron beam, for both Belle and
Belle II.

III. DATA SAMPLES

This analysis uses an integrated luminosity of 1.42 ab−1,
comprising 988.4 fb−1 [31] from the Belle detector [24] and
427.9 fb−1 [32] from the Belle II detector. The Belle detector
collected data at or near the ϒðnSÞ (n ¼ 1, 2, 3, 4, 5)
resonances,whereas theBelle II detector accumulated themat
or near theϒð4SÞ and at or near 10.75 GeVin the c.m. frame.
Monte Carlo (MC) samples generated with EvtGen [33] are

used to optimize signal selection criteria and calculate
selection efficiencies. Continuum eþe− → cc̄ events are
generated using Pythia6 [34] for Belle and KKMC [35] inter-
faced to Pythia8 [36] for Belle II. In signalMC events, a charm
quark hadronizes into a Ξ0

c, with decays Ξ0
c → Λη;Λη0 or

Λπ0 generated by a phase-spacemodel (when summing over
charge-conjugate states possible polarization effects
cancel [37]). The final-state radiation is simulated via the

Photos package [38]. The Belle andBelle II detector responses
are simulated using Geant3 [39] and Geant4 [40], respectively.
The inclusive MC samples are four times the integrated
luminosity of the Belle and Belle II data, including

ϒð1S; 2S; 3SÞ decays, ϒð4SÞ → BB̄, ϒð5SÞ → Bð�Þ
ðsÞB̄

ð�Þ
ðsÞ ,

and eþe− → qq̄ðq ¼ u; d; s; cÞ [41].

IV. EVENT SELECTION CRITERIA

We reconstruct the decays Ξ0
c → Λη;Λη0 and Λπ0, with

subsequent decays Λ → pπ−, η0 → πþπ−η, η0 → πþπ−γ,
η → γγ, η → πþπ−π0, and π0 → γγ. All Belle data and MC
samples are converted to the Belle II format using the B2Bii

software package [42]. This allows for unified analysis of
both Belle and Belle II samples within the Belle II analysis
software framework (basf2) [43]. The selection criteria are
optimized to enhance the sensitivity to signal candidates by
maximizing the Punzi figure of merit (FOM), defined as
FOM ¼ ϵΛh0=ð3=2þ

ffiffiffiffiffiffi
Nb

p Þ [44–46]. Here, ϵΛh0 is the
selection efficiency from signal MC samples, and Nb is
the background yield obtained from inclusive MC samples
in the respective Ξ0

c signal regions: (i) jMðΛηÞ −mΞ0
c
j <

38=20 MeV=c2 for the two η decay channels η → γγ and
η → πþπ−π0; (ii) jMðΛη0Þ −mΞ0

c
j < 16=11=11 MeV=c2

for the three η0 decay channels η0 → πþπ−η (η → γγ),
η0 → πþπ−η (η → πþπ−π0), and η0 → πþπ−γ; and
(iii) −83MeV=c2<MðΛπ0Þ−mΞ0

c
< 55MeV=c2 because

the invariant mass distribution exhibits asymmetric tails.
Each signal region corresponds to approximately three
standard deviations (3σ) of the invariant mass peak of the
respective decay channel. Here and throughout this paper,
MðABÞ stands for the invariant mass of the system of A and
B particles, and mX represents the nominal mass of particle

FIG. 1. Topological diagrams contributing to Ξ0
c → Λh0 decays: internal W-emission C, inner W-emission C0, and W-exchange

diagrams E1 and E2 [2].
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X [4]. We apply identical selection criteria to the Belle and
Belle II analyses unless otherwise specified.
Charged particles not used for Λ reconstruction are

required to have impact parameters relative to the eþe−
interaction point (IP) of less than 0.5 cm perpendicular to
the z axis and less than 2.0 cm parallel to it. For the particle
identification (PID), information from different detector
subsystems of Belle or Belle II is combined to form
binary likelihood ratios, RðijjÞ ¼ Li=ðLi þ LjÞ, where
Li and Lj represent the likelihoods of the track being
identified as hadrons π, K, or p, as appropriate. Tracks with
RðpjKÞ > 0.6 andRðpjπÞ > 0.6 are identified as protons.
The other tracks withRðπjKÞ > 0.6 are identified as pions.
The resulting PID efficiencies range from 85% to 96%,
with corresponding misidentification rate between 1%
and 5%.
Neutral clusters are used as photon candidates if they are

not matched to any charged track. To suppress background
from neutral hadrons, we reject photon candidates if the
ratio of energies deposited in the central 3 × 3 square of
cells to that deposited in the enclosing 5 × 5 square of cells
(with corner cells omitted in Belle II) in its ECL cluster is
less than 0.85. The exclusion of corners in Belle II mitigates
the increased background contribution due to its higher
instantaneous luminosity. In the c.m. frame, the photon-
energy (Ec:m:

γ ) threshold is 280 MeV for η → γγ in
Ξ0
c → Λη, 100 MeV for η0 → ηπþπ−; η → γγ, 320 MeV

for η0 → πþπ−γ, and 70 MeV for π0 reconstruction. We use
the FastBDT classifier [47,48] for both fake-photon rejec-
tion and beam-background-cluster rejection, and the aver-
age signal efficiencies (background-rejection efficiencies)
of them are approximately 95% (33%) and 98% (11%),
respectively. In the FastBDT trainings, the Belle detector
provides less information than the Belle II detector,
especially for low-energy photons, which results in a lower
efficiency for the decay mode Ξ0

c → Λπ0 in Belle than in
Belle II. Detailed descriptions of the classifiers for sepa-
rating signal photons from fake photons and beam back-
ground clusters are provided in Ref. [48]. However, we do
not use the two FastBDT requirements in the Belle analysis
of the decay channels with η → πþπ−π0 decay mode, as
they provide negligible improvement in signal-background
separation while notably reducing signal efficiency.
To suppress background from misreconstructed π0 can-

didates, a π0 veto is applied to the photons used in the
reconstruction of the signal Ξ0

c. The invariant mass of the
photon pair,MðγsigγroeÞ, must satisfy jMðγsigγroeÞ −mπ0 j >
9 MeV=c2 with a signal efficiency of 80% for the
Ξ0
c → Λη; η → γγ decay mode and jMðγsigγroeÞ −mπ0 j >

13 MeV=c2 with a signal efficiency of 85% for the Ξ0
c →

Λη0; η0 → γπþπ− decay mode. Here, γsig indicates photons
used for signal reconstruction, whereas γroe denotes pho-
tons from the rest of the event that are unrelated to the
signal candidates.

The η meson is reconstructed from both γγ and πþπ−π0
decays with signal regions defined as jMðγγÞ −mηj <
22 MeV=c2, yielding a signal efficiency of 88% and
jMðπþπ−π0Þ −mηj < 6 MeV=c2, corresponding to an
85% signal efficiency. The η0 meson is reconstructed via
three decay channels: (i) πþπ−η with the η further decaying
into γγ, requiring jMðπþπ−ηÞ −mη0 j < 6 MeV=c2 with a
signal efficiency of 90%, (ii) πþπ−η with the η recon-
structed in πþπ−π0 and jMðπþπ−ηÞ −mη0 j < 9 MeV=c2

with a signal efficiency of 85%, and (iii) πþπ−γ with the
signal region jMðπþπ−γÞ −mη0 j < 11 MeV=c2, yielding
an 80% signal efficiency. The signal π0 candidate is formed
through its decay into two photons with the signal region
jMðγγÞ −mπ0 j < 18 MeV=c2 with a signal efficiency of
98%. Additionally, all h0 candidates are required to have
momenta greater than 1.10 GeV=c.
The Λ candidates are reconstructed with the decay

Λ → pπ−. In the Belle analysis, the Λ candidates are
selected based on five parameters: the distance of two
daughter tracks at their interception position in the z axis;
the minimum distance between daughter tracks and the IP
in the transverse (perpendicular to the z axis) plane; the
angular difference between the Λ flight direction and the
direction between the IP and the Λ decay vertex in
the transverse plane; and the flight length of Λ candidates
in the transverse plane. In the Belle II analysis, the Λ
candidates must satisfy the criteria on three parameters: the
cosine of the angle between the Λ momentum and vertex
vector (vector connecting IP and Λ decay vertex); the
significance of the Λ’s flight distance (the distance in
units of its uncertainty); the ratio of the proton’s momentum
to the Λ’s momentum. The signal region of the recon-
structed Λ candidates is defined as jMðpπ−Þ −mΛj <
3 MeV=c2ð∼3σÞ. Additionally, the momentum of Λ can-
didates in the c.m. frame must exceed 1.3=1.1=1.5 GeV=c
for the Λη=Λη0=Λπ0 channels, respectively.
The Ξ0

c candidates are reconstructed from the Λη, Λη0,
and Λπ0 combinations. A TreeFit algorithm [49] is
employed to ensure that decay daughters share a common
vertex of origin, with constraints also applied to the
masses of intermediate states. To suppress combinato-
rial backgrounds, we require the scaled momentum

xp ¼ pc:m:
Ξ0
c
c=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s=4 −m2

Ξ0
c
c4

q
to be greater than 0.60 in both

Belle and Belle II analyses, where pc:m:
Ξ0
c

is the momentum of

Ξ0
c in the c.m. frame of the eþe− system,

ffiffiffi
s

p
is the collision

energy, andmΞ0
c
is the invariant mass of theΞ0

c particle. Since
the momenta of Ξ0

c candidates produced in continuum
processes are higher than those from B-meson decays, this
requirement also removes the events from B decays.
To determine the signal yield and the signal efficiency of

the normalization mode, Ξ0
c → Ξ−πþ, we apply the selec-

tion criteria detailed in Ref. [14] except that we require
xp > 0.60.
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V. MEASUREMENTS OF THE
BRANCHING FRACTIONS

For the normalization mode Ξ0
c → Ξ−πþ, signal proba-

bility density functions are modeled using the double-
Gaussian functions, while combinatorial backgrounds
are described by second-order Chebyshev polynomials.
All parameters of the signal and combinatorial background
shapes are free in the fit. The unbinned extended maxi-
mum-likelihood fits to the Ξ−πþ invariant mass distribu-
tions are presented in Fig. 2. For Belle, the signal yield
and efficiency are 30230� 281 and ð11.76� 0.05Þ%,
respectively. For Belle II, they are 11579� 161 and
ð11.35� 0.03Þ%.
To extract the signal yields for Ξ0

c → Λη, Λη0, and Λπ0 in
data, we conduct unbinned extended maximum-likelihood
fits to the invariant mass distributionsMðΛηÞ,MðΛη0Þ, and
MðΛπ0Þ. The signal shapes for Ξ0

c candidates reconstructed
with Λη and Λη0 modes are modeled using double-
Gaussian functions with the same mean values, while
the signal shape from the Λπ0 mode is described by two
bifurcated Gaussians with distinct mean values. All param-
eters of signal shapes are fixed to the values obtained from
the corresponding signal simulations. According to the
MC simulation, no peaking background component is
expected [41]. Thus, the combinatorial backgrounds are
parametrized using a second-order Chebyshev polynomial
whose parameters are left free. Simultaneous fits are
performed across different h0 decay modes and datasets
from Belle and Belle II, weighted by the product of
integrated luminosity L, signal efficiency ϵΛh0, and product
branching fractions Bðh0Þ for each mode. Taking Ξ0

c → Λη
as an example, the expected signal yield Nexp

i;Λη is propor-

tional to Lj · ϵji;Λη · BiðηÞ. Here, the subscript i denotes the
η decay mode (η → γγ or η → πþπ−π0), and the superscript
j identifies the dataset (Belle or Belle II) from which the

quantities are derived. Figure 3 overlays the combined
Belle and Belle II data, showing simultaneous fits together
with the pull distributions, which are defined as
(Ndata − NfitÞ=

ffiffiffiffiffiffiffiffiffiffi
Ndata

p
. The fitted signal yields are summa-

rized in Table I. Fits to the data return signal yields of
262� 57, 101� 33, and 190� 120 events for the
Ξ0
c → Λη, Ξ0

c → Λη0, and Ξ0
c → Λπ0 decay modes, corre-

sponding to statistical significances of 5.3σ, 3.3σ, and 1.4σ,
respectively. After including systematic uncertainties (dis-
cussed in Sec. VI), the Λη and Λη0 modes have signal
significances of 5.1σ and 3.2σ, respectively. These signal
significances are determined from

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−2 lnðL0=LmaxÞ

p
[50],

where Lmax and L0 are the likelihood values with and
without a signal component, respectively. The upper
limit at the 90% credibility level (CL) on the signal yield
for Ξ0

c → Λπ0 is obtained by solving the equationRNUL
0 LðNÞdN ¼ 0.9

R∞
0 LðNÞdN, where N is the assumed

signal yield and LðNÞ is the maximized profiled likelihood
of the fit. The upper limit, including systematic uncertain-
ties (see Sec. VI), is calculated to be NUL ¼ 454 events for
the Ξ0

c → Λπ0 decay.
The ratios of branching fractions of Ξ0

c → Λh0 relative to
that of Ξ0

c → Ξ−πþ are calculated using

BðΞ0
c →Λh0Þ

BðΞ0
c →Ξ−πþÞ

¼NΛh0 ·

�
ΣiΣj

�
Nj

Ξ−πþ ·
ϵji;Λh0

ϵjΞ−πþ
·

Biðh0Þ
BðΞ−→Λπ−Þ

��−1
; ð1Þ

whereNΛh0 andNΞ−πþ denote the fitted signal yields for the
signal and normalization modes, respectively. The number
of fitted events NΛh0 is obtained from the fit, incorporating
the contributions from different h0 decay channels and
datasets. The notations ϵΞ−πþ and ϵΛh0 are the selection
efficiencies for corresponding decay modes, BðΞ− → Λπ−Þ
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FIG. 2. Invariant mass spectra of Ξ−πþ candidates in (a) Belle and (b) Belle II data. Dots with error bars represent the data; solid red
curves indicate the signal fit functions; dashed red lines denote the fitted combinatorial backgrounds; solid blue curves illustrate the best
fit results. The gray bars show the pull distributions of the best fit results.
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is the branching fraction of Ξ− → Λπ− decay, and Bðh0Þ
denotes the product branching fractions of the respective h0

decays [4]. Here, i indexes different h0 decay channels, and
j indicates the quantities from Belle or Belle II samples.
The branching fraction ofΛ → pπ− cancels since it appears
in both the numerator and denominator. These parameters
are summarized in Table I. The 90% CL upper limit on the
branching ratio BðΞ0

c → Λπ0Þ=BðΞ0
c → Ξ−πþÞ is obtained

from the mentioned upper limit equation after substituting
N with this branching ratio. It includes the systematic
uncertainties detailed in Sec. VI.

VI. SYSTEMATIC UNCERTAINTIES

Systematic uncertainties in the measurements of the
branching ratios include the uncertainties from the signal
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TABLE I. Summary of fitted signal yields (Nfit), product branching fractions [Bðh0Þ], and signal efficiencies in
Belle (ϵB1) and Belle II (ϵB2) for Ξ0

c normalization and signal modes. Uncertainties in Bðh0Þ are from PDG values;
other uncertainties are statistical.

Decays Nfit Bðh0Þ (%) ϵB1 (%) ϵB2 (%)

Ξ0
c → Ξ−πþ (Belle) 30230� 281 � � � 11.76� 0.05 � � �

Ξ0
c → Ξ−πþ (Belle II) 11579� 161 � � � � � � 11.35� 0.03

Ξ0
c → Λη; η → γγ 262� 57 39.36� 0.18 3.21� 0.02 2.73� 0.02

Ξ0
c → Λη; η → πþπ−π0 22.75� 0.25 2.24� 0.02 2.72� 0.02

Ξ0
c → Λη0; η0 → ηπþπ−; η → γγ 101� 33 16.73� 0.22 2.57� 0.02 3.47� 0.03

Ξ0
c → Λη0; η0 → ηπþπ−; η → πþπ−π0 9.67� 0.16 1.60� 0.02 1.78� 0.02

Ξ0
c → Λη0; η0 → πþπ−γ 29.50� 0.40 1.64� 0.02 1.82� 0.03

Ξ0
c → Λπ0 190� 120 98.83� 0.04 2.92� 0.03 5.15� 0.03
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selection efficiencies, the MC statistics, the branching
fractions of the intermediate states, and the fitting proce-
dures. Some uncertainties arising from efficiency-related
sources and branching fractions of intermediate states
cancel when taking the ratio to the normalization mode.
The total systematic uncertainties in the measurements of
the branching fractions are determined by summing the
individual uncertainties from these sources in quadrature,
as detailed in Table II.
The detection efficiencies determined from the simula-

tions are corrected using multiplicative data-to-simulation
ratios derived from control samples. The uncertainties
associated with these correction factors are treated as
systematic uncertainties. These corrections account for
signal efficiency uncertainties related to tracking, PID,
π0 reconstruction, photon detection, π0 veto, and Λ
momentum distributions.
The track-finding efficiency at Belle is calibrated using a

single control sample, D�þ → D0ð→ K0
Sπ

þπ−Þπþ, result-
ing in a single, global correction and uncertainty. In
contrast, efficiency correction factors and associated sys-
tematic uncertainties at Belle II are evaluated for charged
tracks by taking into account their momentum distributions
from two control samples, B̄0 → D�þð→ D0πþÞπ− and
eþe− → τþτ− [51]. For a given Ξ0

c decay mode, correction
factors and conservative systematic uncertainties are calcu-
lated assuming 100% correlation among all tracks. In the
case of a specific Ξ0

c signal decay mode with multiple h0

decay modes, the correction factors and systematic uncer-
tainties are weighted based on the product of signal
efficiency and product branching fraction for each h0 decay
mode. This approach is applied for all uncertainty esti-
mates, unless otherwise stated.

The corrections and uncertainties for charged pion
identification are obtained from the control sample of
D�þ → D0ð→ K−πþÞπþ at Belle [52] and combined
results from D�þ → D0ð→ K−πþÞπþ, K0

S → πþπ−, and
Λ → pπ− at Belle II [53]. The combined control samples
at Belle II provide significantly higher statistics, leading to
correspondingly reduced systematic uncertainties.
For the Belle experiment, the π0 reconstruction effi-

ciency and its uncertainty are estimated using the control
sample τ− → π−π0ντ, yielding Data/MC corrections of r ¼
ð94.32� 1.37Þ%, ð93.63� 1.36Þ%, and ð96.41� 1.40Þ%
for the Ξ0

c → Ληðη → πþπ−π0Þ, Ξ0
c → Λη0ðη0 → πþπ−η;

η → πþπ−π0Þ, and Ξ0
c → Λπ0 channels, respectively. For

Belle II, the corresponding π0 reconstruction efficiency and
its uncertainty are measured as a function of π0 momentum
using D0 → K−πþπ0, resulting in corrections of
r ¼ ð98.10� 5.30Þ%, ð95.01� 4.72Þ%, and ð103.32�
4.27Þ% for the same three channels. These values are
subsequently weighted by the branching fractions and
detection efficiencies of the corresponding signal channels
to obtain the final corrections and uncertainties.
Photon reconstruction uncertainties are obtained from

radiative Bhabha and muon-pair control samples at Belle
and Belle II, respectively. Belle adopts a conservative, fixed
uncertainty of 2% per photon. In contrast, Belle II provides
momentum- and angle-dependent corrections and uncer-
tainties for the photons. Notably, uncertainties in photon
reconstruction are already accounted for within the π0

reconstruction uncertainties.
The uncertainty associated with the π0 veto, which relies

on two photons, is expected to be smaller for Belle II due to
its more accurate simulation in MC samples. This is
confirmed using the control channel η → γγ, from which

TABLE II. Fractional systematic uncertainties (%) on the branching ratios from different sources. Systematic
uncertainties associated with the fitting procedures are treated as multiplicative for Ξ0

c → Λη=Λη0 and as additive for
the unobserved mode Ξ0

c → Λπ0. The total uncertainties are calculated by first summing the uncertainties from
different sources in quadrature for Belle and Belle II separately, and then deriving the results from the luminosity-
weighted average of these sums.

Source

BðΞ0
c→ΛηÞ

BðΞ0
c→Ξ−πþÞ

BðΞ0
c→Λη0Þ

BðΞ0
c→Ξ−πþÞ

BðΞ0
c→Λπ0Þ

BðΞ0
c→Ξ−πþÞ

Belle Belle II Belle Belle II Belle Belle II

Tracking efficiency 0.77% 1.07% 1.51% 2.13% 0.64% 0.80%
πþ PID 1.49% 0.21% 2.24% 0.24% 1.39% 0.20%
π0 reconstruction 0.24% 1.67% 0.18% 0.65% 1.45% 4.13%
Photon reconstruction 3.35% 0.84% 2.54% 0.98% � � � � � �
π0 veto 2.23% 1.02% 0.71% 0.34% � � � � � �
Λ momentum 0.56% 0.34% 0.55% 0.68% 0.20% 0.82%
MC sample size 1.08% 0.82% 1.15% 1.08% 0.67% 0.45%
Intermediate states B 0.47% 0.47% 0.85% 0.85% 0.06% 0.06%
Fit procedure 5.54% 5.54% 4.83% 4.84% 0.17% 0.33%

Total 5.35% 4.77% 2.04%

Normalization mode B 18.89%
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we obtain π0 veto uncertainties to be 2.23% (1.02%) for
Ξ0
c → Λη decay and 0.71% (0.34%) for Ξ0

c → Λη0 decay in
Belle (Belle II), consistent with the better consistency
between the MC simulation and data at Belle II.
To quantify the impact arising from the differences in the

Λ momentum distributions between the normalization
mode and each signal mode, we reweight the Λ momentum
distribution of the normalization mode so that it matches
that of the corresponding signal mode. The relative devia-
tions of reweighted results from nominal branching ratio
are assigned as the systematic uncertainties associated with
the difference of Λ momentum distribution between the
signal channels and normalization mode.
Signal MC samples are weighted according to the

efficiency-corrected xp distribution of the normalization
mode from data to ensure good agreement between data
and MC simulations. The efficiency-corrected xp distribu-
tion is obtained by fitting theMðΞ−πþÞ distribution in each
xp bin of data, accounting for efficiency in each bin. The
uncertainty associated with xp correction is negligible in
this analysis.
The systematic uncertainty arising from the limited MC

statistics in efficiency calculation is evaluated using a
binomial estimation method.
The systematic uncertainties due to intermediate branch-

ing fractions are assigned based on the uncertainties of the
world-average values. For a specific Ξ0

c signal decay mode
reconstructed via multiple h0 decay modes and using
combined Belle and Belle II samples, the branching
fraction of each h0 decay mode is varied independently
by �1σ. The resulting deviation from the nominal value is
adopted as the corresponding systematic uncertainty.
Finally, the uncertainties are combined in quadrature
among the different h0 decay modes and assigned as the
uncertainties of this Ξ0

c decay mode.
The 18.89% uncertainty on BðΞ0

c → Ξ−πþÞ [4] is treated
as an independent systematic uncertainty in the measure-
ments of the absolute branching fractions.
The systematic uncertainty associated with the fit pro-

cedure is estimated by comparing the Ξ0
c signal yield in the

nominal fit and in modified fits that include (i) changing the
fit range by �10%, (ii) changing to the third-order
Chebyshev function for background fit, (iii) changing
the expected ratio of the signal yields for each Λh0 mode
in the simultaneous fits by considering the luminosity
uncertainties of Belle and Belle II data, and (iv) allowing
the signal width to be free in the fit for the Λη and Λη0
modes. For each of the four fit modifications, an ensemble
of pseudoexperiments is generated and fitted. The resulting
signal yields of each ensemble are Gaussian-distributed;
the offset of each Gaussian mean from the nominal-fit
yield is taken as the systematic uncertainty associated with
that modification. The fit uncertainties for Ξ0

c → Λη=Λη0
are calculated by adding the uncertainties from four

modifications in quadrature. For the unobserved decay
Ξ0
c → Λπ0, we calculate the upper limit for all the possible

combinations and take the highest value as the 90% CL
upper limit. Then, the likelihood with that most
conservative upper limit is convolved with a Gaussian
function whose width is equal to the corresponding total
multiplicative uncertainty summarized in Table II. We
estimate the fit uncertainties for the signal and normaliza-
tion modes separately, and the uncertainties for the nor-
malization mode are determined to be 0.17% and 0.33% for
Belle and Belle II samples, respectively. Finally, the fit
uncertainties of the signal and normalization modes are
added in quadrature to obtain the total fit uncertainty.

VII. RESULT AND DISCUSSION

We present the first measurements of the branching
fractions of the singly Cabibbo-suppressed decays
Ξ0
c → Λη, Ξ0

c → Λη0, and Ξ0
c → Λπ0, using the combined

data samples from Belle and Belle II. We report the first
observation of the decay Ξ0

c → Λη, and the first evidence of
the decay Ξ0

c → Λη0. The measured branching ratios of
these two decays are

BðΞ0
c → ΛηÞ

BðΞ0
c → Ξ−πþÞ ¼ ð4.16� 0.91� 0.23Þ%

and

BðΞ0
c → Λη0Þ

BðΞ0
c → Ξ−πþÞ ¼ ð2.48� 0.82� 0.12Þ%:

We find no evidence of the decay Ξ0
c → Λπ0 and set an

upper limit at the 90% CL of

BðΞ0
c → Λπ0Þ

BðΞ0
c → Ξ−πþÞ < 3.5%:

Branching ratios obtained from independent fits to Belle
and Belle II data are consistent with those obtained from
simultaneous fits.
Taking BðΞ0

c → Ξ−πþÞ ¼ ð1.43� 0.27Þ% [4] with its
uncertainty included in the total multiplicative systematic
uncertainty, the measured absolute branching fractions of
the decays Ξ0

c → Λη and Ξ0
c → Λη0 are

BðΞ0
c → ΛηÞ ¼ ð5.95� 1.30� 0.32� 1.13Þ × 10−4

and

BðΞ0
c → Λη0Þ ¼ ð3.55� 1.17� 0.17� 0.68Þ × 10−4:

Here, the uncertainties are statistical, systematic, and from
BðΞ0

c → Ξ−πþÞ, respectively. We also obtain the 90% CL
upper limit on the absolute branching fraction of the
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decay Ξ0
c → Λπ0,

BðΞ0
c → Λπ0Þ < 5.2 × 10−4:

Figure 4 compares measured Ξ0
c → Λη and Ξ0

c → Λη0
branching fractions and 90% CL upper limit of BðΞ0

c →
Λπ0Þ with 12 theoretical predictions [15–23]. Three
SUð3ÞF-based predictions [20,21] agree with our measured
BðΞ0

c → ΛηÞ and BðΞ0
c → Λη0Þ within 1σ. All 12 predic-

tions are within 3σ of the measured branching fractions for
both Ξ0

c → Λη and Ξ0
c → Λη0, and lie below the 90% CL

upper limit on BðΞ0
c → Λπ0Þ. The ratios BðΞ0

c → ΛηÞ=
BðΞ0

c → Ξ−πþÞ, BðΞ0
c → Λη0Þ=BðΞ0

c → Ξ−πþÞ, and
BðΞ0

c → Λπ0Þ=BðΞ0
c → Ξ−πþÞ are independent of the Ξ0

c
absolute branching fraction scale and may also be com-
pared to theoretical models.
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