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Charm physics at Belle and Belle II
Belle and Belle II operate at e+e− center-of-mass energy √s = 10.58 GeV to produce the Υ(4S), which decays
to BB̄ with branching fraction > 96%.
Continuum production e+e− → qq̄ with q ∈ {u, d, s, c} has a large cross section.
Mainly use prompt charm from e+e− →cc̄(σ ≈ 1.3 nb) for charm analyses, rather than charm from B decays.
Produced charm mesons and baryons: D(∗), D(∗)

s , Λ+
c , Ξ+,0

c , and Ω0
c .

Datasets & detector
Belle (1999–2010):

∫
Ldt = 980 fb−1.

Belle II (2019–present):
∫

Ldt = 575 fb−1 (Run 1: 428 fb−1); improvements over Belle(vertexing and tracking
performance, ECL cluster background suppression, and so on).

charm BELLE & Belle II

The Experiments
➡ BELLE & Belle II collect(ed) data at asymmetric e+e– colliders at or 

near the Y(4S) resonance 

• KEKB (2009-2010), peak lumi = 2x1034cm–2s–1, Lint = 1/ab 

• SuperKEKB, peak lumi = 5.1x1034cm–2s–1, Lint = 0.57/ab 

‣ 0.42/ab Run1 (2019-2022), 0.15/ab Run2 (started in 2024) 

• we use charm produced in , can exploit the whole dataset 

➡ BELLE & Belle II are synergic experiments 

• streamlined combined analysis, especially important for charm, where 
large statistics is crucial to improve the precision 

• statistical power of Belle II data is larger than that of BELLE data  
‣ improved detector/reconstruction, e.g. usage of machine-learning  

methods to better discriminate against backgrounds photons), 
improved impact parameter resolution, …

e+e− → cc̄

2

BELLE @ KEKB 

Belle II @ SuperKEKB not used for the analyses shown today

world record

Belle detector

Belle II Detector [735 collaborators, 101 institutes, 
23 nations]electrons  (7 GeV)

positrons (4 GeV)

Vertex Detector
Vertex resolution: ~15𝜇𝑚

Belle II TDR, arXiv:1011.0352

EM Calorimeter
CsI(Tl), 𝛿𝐸/𝐸: 1.6%~4%

Central Drift Chamber
Spatial resolution: ~100𝜇𝑚
𝑑𝐸/𝑑𝑥 resolution: 5%
𝑝! resolution: 0.4%

Particle Identification 
Time-of-Propagation counter (barrel)
Proximity focusing Aerogel RICH(forward)
K eff: 90%, fake 𝜋 rate: 5%

KL and muon detector
Based on Resistive Plate Counter 

Belle II detector
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D∗
s0(2317)+ → D∗+

s γ at Belle and Belle II arXiv:2510.27174, submitted to PRL -

First observation.
Motivation: mass of D∗

s0(2317)+ is much lower than
the quark model predictions of the lowest cs̄ mesons
with the corresponding JP quantum number.
Precise absolute branching fraction is unknown.

Branching ratio measurements: B(D∗
s0(2317)+→D∗+

s γ)
B(D∗

s0(2317)+→D+
s π0)

decay chain: D+
s (→ ϕπ, K∗K), D∗+

s (→ D+
s γ)

Comparison between theoretical predictions and
measurement:

6

events, respectively. By varying the detection efficiencies
by 1σ in the simultaneous fit to M(D∗+

s ε) from data,
the change of the fitted R from the nominal result is
taken as the systematic uncertainty.
Assuming that all the systematic uncertainties detailed

above are independent, they are added in quadrature to
obtain the total systematic uncertainty of 3.2%, as listed
in Table I.

Table I: The summary of the systematic uncertainties of the
measurement of the branching fraction ratio B(D∗

s0(2317)
+
→

D∗+
s γ)/B(D∗

s0(2317)
+
→ D+

s π0) (in %).

Source D+
s π0 D∗+

s γ

Fit region and background pdf 0.8 1.3

Fixed pdf parameters 0.7 2.5

Cross-feed or broken signal 0.6 0.7

xp reweighting 0.5

MC sample size 0.5

Sum 3.2

In summary, based on the combined data samples
of 980 fb−1 and 428 fb−1 collected by the Belle
and Belle II detectors operating at the KEKB and
SuperKEKB asymmetric-energy e+e− colliders,
respectively, we have made the first observation of
the radiative decay D∗

s0(2317)
+ → D∗+

s ε in the
continuum e+e− → cc̄ process with a significance
exceeding 10 standard deviations. A comparison
between theoretical predictions and the measured
B(D∗

s0(2317)
+ → D∗+

s ε)/B(D∗

s0(2317)
+ → D+

s π
0) value

is presented in Fig. 3. The branching fraction ratio
B(D∗

s0(2317)
+ → D∗+

s ε)/B(D∗

s0(2317)
+ → D+

s π
0) is

measured to be [7.14± 0.70(stat.)± 0.23(syst.)]%, which
is generally larger than theoretical predictions suggesting
D∗

s0(2317)
+ as a molecular state [41–43], while smaller

than the cs̄ state assumption under the quark model [44].
However, predictions based on the light front quark
model [67] and chiral quark model [20] agree with
our measurement under the pure cs̄ state expectation.
One possible interpretation of our result is that the
D∗

s0(2317)
+ could be an admixture of pure cs̄ and

molecular state, which was suggested in Refs. [31–33].
This work, based on data collected using the

Belle II detector, which was built and commissioned
prior to March 2019, and data collected using the
Belle detector, which was operated until June
2010, was supported by Higher Education and
Science Committee of the Republic of Armenia
Grant No. 23LCG-1C011; Australian Research
Council and Research Grants No. DP200101792,
No. DP210101900, No. DP210102831, No. DE220100462,
No. LE210100098, and No. LE230100085; Austrian
Federal Ministry of Education, Science and

Godfrey [44]

Ke [67]
Bardeen [20]

Faessler [41]

Fu [42]
Lutz Sol.1 [43]

Lutz Sol.2 [43]
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Figure 3: Comparison between the measured
B(D∗

s0(2317)
+

→ D∗+
s γ)/B(D∗

s0(2317)
+

→ D+
s π0) in

this work and the theoretical predictions. The theoretical
approaches of the references are traditional quark model for
Godfrey [44], light front quark model for Ke [67], effective
Lagrangian with with chiral symmetry for Bardeen [20],
effective Lagrangian for Faessler [41], heavy quark flavor
symmetry for Fu [42], and chiral lagrangian with coupled-
channel dynamics for Lutz [43]. The prediction of Ke [67]
is a lower limit. The uncertainty of the experimental
measurement is the combination of statistical and systematic
uncertainties.

Research, Austrian Science Fund (FWF) Grants
DOI: 10.55776/P34529, DOI: 10.55776/J4731,
DOI: 10.55776/J4625, DOI: 10.55776/M3153, and
DOI: 10.55776/PAT1836324, and Horizon 2020 ERC
Starting Grant No. 947006 “InterLeptons”; Natural
Sciences and Engineering Research Council of Canada,
Digital Research Alliance of Canada, and Canada
Foundation for Innovation; National Key R&D Program
of China under Contract No. 2024YFA1610503,
and No. 2024YFA1610504 National Natural Science
Foundation of China and Research Grants No. 11575017,
No. 11761141009, No. 11705209, No. 11975076,
No. 12135005, No. 12150004, No. 12161141008,
No. 12405099, No. 12475093, and No. 12175041,
and Shandong Provincial Natural Science Foundation
Project ZR2022JQ02; the Czech Science Foundation
Grant No. 22-18469S, Regional funds of EU/MEYS:
OPJAK FORTE CZ.02.01.01/00/22 008/0004632 and
Charles University Grant Agency project No. 246122;
European Research Council, Seventh Framework
PIEF-GA-2013-622527, Horizon 2020 ERC-Advanced
Grants No. 267104 and No. 884719, Horizon 2020
ERC-Consolidator Grant No. 819127, Horizon 2020
Marie Sklodowska-Curie Grant Agreement No. 700525
“NIOBE” and No. 101026516, and Horizon 2020 Marie
Sklodowska-Curie RISE project JENNIFER2 Grant
Agreement No. 822070 (European grants); L’Institut
National de Physique Nucléaire et de Physique des
Particules (IN2P3) du CNRS and L’Agence Nationale
de la Recherche (ANR) under Grant No. ANR-23-CE31-

predictions based on the
light front quark model [67]
and chiral quark model [20]
agree with measurement un-
der the pure cs̄ state.

Dataset: Belle 980fb−1, Belle II 428fb−1

PDG: m(D∗
s0(2317)+) = 2317.8 ± 0.5 MeV/c2 4
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Figure 1: Fits to the M(D+
s π0) spectra from (a) Belle and

(b) Belle II data. The data samples are represented by
the dots with error bars. The blue curves, green dotted
curves, and green filled areas are the fitted total pdfs, total
backgrounds, and combinatorial backgrounds, respectively.
The areas between total and combinatorial backgrounds are
from the fitted cross-feed contributions. The distributions
from the normalized D+

s and π0 mass sidebands are shown
with yellow blank and red slash filled histograms, respectively.

package [64] is used for the backgrond study. Based
on the study of the MC samples, apart from the
combinatorial background, the Ds1(2460)+ → D∗+

s π0

decay with the photon fromD∗+
s missed can introduce an

excess under the D∗

s0(2317)
+ peak (denoted as the cross-

feed). The distributions from the normalized D+
s and π0

mass sidebands ( |M(K+K−π+)−m(D+
s )±0.04| < 0.01

GeV/c2 and |M(εε) − m(π0) ± 0.05| < 0.0075
GeV/c2) are shown with yellow blank and red
slash filled histograms in Fig. 1, which exhibit no
peaking structures, i.e. the background from the
D∗

s0(2317)
+ → D∗+

s ε channel is negligible.
The signal yields ofD∗

s0(2317)
+ → D+

s π
0 are extracted

from the unbinned extended maximum-likelihood fits
to the M(D+

s π
0) spectra. In each fit, the signal pdf

is represented by a Crystal Ball (CB) function [65]
convolved with a triple-Gaussian function, whose
parameters, except the mean values of the CB functions,
are fixed according to signal MC simulations. The
cross-feed pdf is constructed from smoothed histograms

of MC events. The combinatorial backgrounds are
described by the second-order Chebyshev polynomials.
The yields of these components are floated in the fits,
and the fit results are shown in Fig. 1. The fit method
is validated by the MC samples. The similar fits are
performed to M(D+

s π
0) spectra from different xp bins

to measure the xp distribution of D∗

s0(2317)
+. The

obtained e”ciency-corrected xp distribution is used to
correct the MC simulation. The fitted yields of the
hadronic decay channel Nfit

exp(D
+
s π

0) are 10820 ± 230
for Belle and 6108 ± 163 for Belle II. For events with
xp > 0.7, the detection e”ciencies εexp(D+

s π
0) are 4.6%

and 5.2% for Belle and Belle II, respectively. Here and
after, the subscript exp indicates an experiment (Belle
or Belle II).

For the D∗

s0(2317)
+ → D∗+

s ε channel, the M(D∗+
s ε)

spectra from Belle and Belle II data are presented in
Fig. 2, where the D∗

s0(2317)
+ signal peak is clearly

visible in both plots. According to the studies done
on MC simulations [64], we don’t anticipate any
peaking contribution from D∗

s0(2317)
+ → D+

s π
0 and

Ds1(2460)+ → D∗+
s π0 decays. Furthermore, we don’t

observe any peaking contribution from the normalized
D∗+

s mass sidebands (|M(D+
s ε) − m(D∗+

s ) ± 0.05| <
0.015 GeV/c2). There could be a small peaking
background contribution where a correctly reconstructed
D+

s candidate is wrongly associated with a background
photon. Hereinafter, we label this component as
“broken signal”. We extract the branching fraction
ratio B(D∗

s0(2317)
+ → D∗+

s ε)/B(D∗

s0(2317)
+ → D+

s π
0),

denoted R, through a simultaneous unbinned extended
maximum-likelihood fit to the M(D∗+

s ε) spectra from
Belle and Belle II, as shown in Fig. 2. Each D∗

s0(2317)
+

signal pdf is modeled by a CB function convolved
with a triple-Gaussian function, while the corresponding
broken signal contribution is described by an asymmetric
Gaussian. All parameters of the broken signal and signal
pdf, as well as the ratios of their yields, are fixed from
MC simulations, except for the mean values of the
CB functions. The yield ratio of the broken signal
to signal component is 7.5% (9.3%) for Belle (Belle
II). The combinatorial backgrounds are described by
1st-order polynomials. The value of R is shared as a
common free parameter in the simultaneous fit, while the
D∗

s0(2317)
+ → D∗+

s ε signal yields are set according to
Nexp(D∗+

s ε) = RNfit
exp(D

+
s π

0)εexp(D∗+
s ε)/εexp(D+

s π
0)

separately for Belle and Belle II. Here, εexp(D∗+
s ε) is the

detection e”ciency of D∗

s0(2317)
+ → D∗+

s ε decay, which
is 4.2% for Belle and 4.6% for Belle II. The fit results are
shown in Fig. 2. The fitted masses of the D∗

s0(2317)
+

in the Belle and Belle II datasets differ by 3.6 ± 1.5
MeV/c2. This difference is mainly due to the energy
shift in the reconstruction of low-energy photons in Belle
and consistent with the MC simulations with the input
value of the nominal D∗

s0(2317)
+ mass [57]. The fitted

R value is [7.14 ± 0.70(stat.)]%. The corresponding

5

Nexp(D∗+
s γ) are 712 ± 69 and 387 ± 38 for Belle and

Belle II, respectively.

The significance of D∗

s0(2317)
+ → D∗+

s γ is 10.1ε,
estimated from the negative log-likelihood ratio
−2 ln(L0/Lmax) = 111.9 [66] with the difference in
degrees of freedom (”d.o.f. = 3) and the systematic
uncertainty discussed below considered. Here, L0

and Lmax represent the maximized likelihoods
of the simultaneous fits without and with the
D∗

s0(2317)
+ → D∗+

s γ signal components, respectively.
The systematic uncertainty is considered by convolving
the original (L0/Lmax) distribution with a Gaussian
resolution function whose width equals that of the
total systematic uncertainty. We also perform separate
fits to the Belle and Belle II data using the same fit
components as those in the simultaneous fit. The fitted
signal yields Nfit

exp(D
∗+
s γ) are 742 ± 82 and 348 ± 69 for

Belle and Belle II, respectively. The corresponding R
values are [7.43± 0.83(stat.)]% and [6.43± 1.27(stat.)]%,
demonstrating good consistency between the results
of the simultaneous fit and the fits to each individual
dataset.
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Figure 2: Simultaneous fits to the M(D∗+
s γ) distributions

from (a) Belle and (b) Belle II data samples. The blue
and violet curves are the best fit results and the fitted total
background pdfs, respectively. The filled green areas are
the fitted combinatorial backgrounds. The histograms in red
slashes represent the normalized D∗+

s sidebands.

The systematic uncertainties due toD+
s and γ selection

cancel in the R measurement. The dominant systematic
uncertainties are from the fit model and xp weighting. All
systematic sources are described below and the resulting
percent variations relative to the nominal fit are listed in
Table I.
To characterize possible systematic effects in the

D∗

s0(2317)
+ → D+

s π
0 reference channel, (a) the order

of the background polynomials and the fit range
are varied, (b) the widths of the triple-Gaussian
functions are increased by 1ε, and (c) the resolution pdf
variations are also propagated into the modeling of the
Ds1(2460)+ → D∗+

s π0 cross-feed components. Finally,
the differences in the fitted D∗

s0(2317)
+ → D+

s π
0 yields

are taken as systematic uncertainties of Nfit
exp(D

+
s π

0),
which are 1.3% (1.0%), 0.7% (1.5%), and 0.8% (0.3%),
from the fit region/background pdf, resolution, and
cross-feed pdf for Belle (Belle II), respectively.
A series of pseudo-experiments is conducted to

estimate the systematic uncertainty contribution to R
from the D∗

s0(2317)
+ → D+

s π
0 channel. In each trial,

we randomly fluctuate the D∗

s0(2317)
+ → D+

s π
0 yields

for both Belle and Belle II by sampling from Gaussian
distributions. Each Gaussian distribution is constructed
with its mean value set to the corresponding nominal
D∗

s0(2317)
+ → D+

s π
0 yield and its standard deviation

equal to the systematic uncertainty of Nfit
exp(D

+
s π

0). A
simultaneous fit similar to the nominal fit to the data
described above is then performed to the M(D∗+

s γ)
distributions from data for each set of the pseudo-
yields of D∗

s0(2317)
+ → D+

s π
0. From these results,

an ensemble of Gaussian-distributed varied R values
is obtained whose width is taken as the systematic
uncertainty on R from D∗

s0(2317)
+ → D+

s π
0 decay.

We characterize systematic effects in the signal channel
D∗

s0(2317)
+ → D∗+

s γ fits by examining the changes of
fitted R values in the simultaneous fit to M(D∗+

s γ)
distributions from data after (a) varying the order of the
background polynomials and the fit range, (b) increasing
the widths of the triple-Gaussian functions by 1ε, and (c)
adjusting the ratios and widths of broken signal to signal
yields by 2ε to conservatively estimate the systematic
uncertainty. The differences of the fitted R values from
the nominal result are taken as systematic uncertainties.
To estimate the uncertainty due to xp reweighting, we

vary the polynomial order when fitting the efficiency-
corrected xp distribution and reweight the signal MC
samples accordingly. Then, the new detection efficiencies
derived from the reweighted signal MC samples are used
in the simultaneous fit to M(D∗+

s γ) distributions from
data. The change of the fitted R value from the nominal
result is taken as the systematic uncertainty.
The systematic uncertainty on detection efficiencies

due to the limited size of the signal MC sample is
estimated by

√

(1 − ε)ε/N , where ε and N are the
detection efficiency and number of simulated signal

Fits: Belle (top) and Belle II (bottom).
Ratio= (7.14 ± 0.70stat. ± 0.23syst.)%
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Ξ0
c → Ξ0h(h = π0, η, η′) at Belle and Belle II JHEP 10 (2024) 045

Diagrams:
J
H
E
P
1
0
(
2
0
2
4
)
0
4
5

(a) (b)

Figure 1. Feynman diagrams for (a) internal W -emission and (b) W -exchange in Ξ0
c → Ξ0h0

decays [4].

Reference Model B(Ξ0
c → Ξ0π0) B(Ξ0

c → Ξ0ε) B(Ξ0
c → Ξ0ε→) α(Ξ0

c → Ξ0π0)
Körner, Krämer [5] Quark 0.5 3.2 11.6 0.92
Ivanov et al. [6] Quark 0.5 3.7 4.1 0.94
Xu, Kamal [7] Pole 7.7 - - 0.92
Cheng, Tseng [8] Pole 3.8 - - −0.78
Żenczykowski [9] Pole 6.9 0.1 0.9 0.21
Zou et al. [10] Pole 18.2 26.7 - −0.77
Sharma, Verma [11] CA - - - −0.8
Cheng, Tseng [8] CA 17.1 - - 0.54
Geng et al. [12] SU(3)F 4.3± 0.9 1.7+1.0

−1.7 8.6+11.0
−6.3 -

Geng et al. [13] SU(3)F 7.6± 1.0 10.3± 2.0 9.1± 4.1 −1.00+0.07
−0.00

Zhao et al. [14] SU(3)F 4.7± 0.9 8.3± 2.3 7.2± 1.9 -
Huang et al. [15] SU(3)F 2.56± 0.93 - - −0.23± 0.60
Hsiao et al. [16] SU(3)F 6.0± 1.2 4.2+1.6

−1.3 - -
Hsiao et al. [16] SU(3)F-breaking 3.6± 1.2 7.3± 3.2 - -
Zhong et al. [17] SU(3)F 1.13+0.59

−0.49 1.56± 1.92 0.683+3.272
−3.268 0.50+0.37

−0.35

Zhong et al. [17] SU(3)F-breaking 7.74+2.52
−2.32 2.43+2.79

−2.90 1.63+5.09
−5.14 −0.29+0.20

−0.17

Xing et al. [18] SU(3)F 1.30± 0.51 - - −0.28± 0.18
Geng et al. [19] SU(3)F 7.10± 0.41 2.94± 0.97 5.66± 0.93 −0.49± 0.09
Zhong et al. [20] Diagrammatic-SU(3)F 7.45± 0.64 2.87± 0.66 5.31± 1.33 −0.51± 0.08
Zhong et al. [20] Irreducible-SU(3)F 7.72± 0.65 2.28± 0.53 5.66± 1.62 −0.51± 0.09

Table 1. Theoretical predictions for the branching fractions and decay asymmetry parameters for
Ξ0
c → Ξ0h0 decays. Branching fractions are given in units of 10−3.

effects, including the covariant confined quark model [5, 6], the pole model [7–10], current
algebra (CA) [8–11], and SU(3)F flavor symmetry [12–20] based treatments. Theoretical
predictions for the branching fractions of Ξ0

c → Ξ0h0 decays based on these approaches are
listed in table 1. Measurements of the branching fractions for Ξ0

c → Ξ0h0 decays will help
to clarify the theoretical picture.

In addition to the branching fraction measurement, parity violation can also be studied.
In weak-interaction decays, the interference between the parity-violating and parity-conserving
amplitudes leads to an asymmetry in the angular decay distribution, which can be quantified
by the parameter α. In Ξ0

c → Ξ0h0 decays, α can be extracted by fitting to the Ξ0
c decay

– 2 –

Internal 𝑊 emission 𝑊 exchange

CF(Cabibbo-favored) decays and only nonfactorizable amplitudes contribute to.
For theoretical predictions, various approaches have been developed.
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First observations.
Abundant measurements on Ξ0

c have been done by
Belle, including B(Ξ0

c → Ξ−π+) → use as reference.
Branching ratio measurements:

B(Ξ0
c →Ξ0h)

B(Ξ0
c →Ξ−π+) = NΞ0h

NΞ−π+
· ϵΞ−π+

ϵΞ0h
· B(Ξ−→Λπ−)

B(Ξ0→Λπ0)B(π0→γγ)B(h)
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Figure 3. Invariant mass distributions of Ξ−π+ from (a) Belle and (b) Belle II data. The markers
with error bars represent the data, the solid blue curves show the fit results, and the dashed blue
curves show the background component of the fit. The cyan histograms are the data from Ξ− mass
sidebands.

Mode Belle yield εBelle (%) Belle II yield εBelle II (%)
Ξ0
c → Ξ−π+ (363± 3) × 102 13.92± 0.05 (137± 2) × 102 13.38± 0.03

Ξ0
c → Ξ0π0 1315± 66 1.09± 0.01 869± 46 1.71± 0.01

Ξ0
c → Ξ0η 81± 15 0.80± 0.01 60± 11 1.12± 0.01

Ξ0
c → Ξ0η′ 23± 6 0.46± 0.01 8± 4 0.81± 0.01

Table 2. Observed Ξ0
c signal yields and reconstruction efficiencies for various modes, where uncer-

tainties are statistical only.

Gaussian uncertainties. The reconstruction efficiencies and fit results are listed in table 2.
The reconstruction efficiencies for Ξ0

c → Ξ0π0, Ξ0
c → Ξ0η, and Ξ0

c → Ξ0η→ in Belle II are
larger than those in Belle due to improved photon reconstruction stemming from the timing
improvements in the ECL readout electronics. The statistical significances for Ξ0

c → Ξ0π0,
Ξ0
c → Ξ0η, and Ξ0

c → Ξ0η→ are greater than 10σ (10σ), 6.2σ (6.7σ), and 5.9σ (2.4σ) in
Belle (Belle II), respectively, calculated using

√
−2 ln(L0/Lmax), where L0 and Lmax are the

maximized likelihoods without and with the signal component, respectively.
The ratios of branching fractions to the normalization mode Ξ0

c → Ξ−π+ are calculated via

B(Ξ0
c → Ξ0π0)

B(Ξ0
c → Ξ−π+) = NΞ0π0εΞ−π+

εΞ0π0NΞ−π+
× B(Ξ− → Λπ−)

B(Ξ0 → Λπ0)B(π0 → γγ)B(π0 → γγ) ,

B(Ξ0
c → Ξ0η)

B(Ξ0
c → Ξ−π+) = NΞ0ηεΞ−π+

εΞ0ηNΞ−π+
× B(Ξ− → Λπ−)

B(Ξ0 → Λπ0)B(π0 → γγ)B(η → γγ) ,

B(Ξ0
c → Ξ0η→)

B(Ξ0
c → Ξ−π+) = NΞ0η′εΞ−π+

εΞ0η′NΞ−π+
× B(Ξ− → Λπ−)

B(Ξ0 → Λπ0)B(π0 → γγ)B(η→ → π+π−η)B(η → γγ) .

(5.2)

Here, NΞ0π0 , NΞ0η, NΞ0η′ , and NΞ−π+ are the Ξ0
c yields resulting from the fit; εΞ0π0 , εΞ0η,

εΞ0η′ , and εΞ−π+ are the corresponding reconstruction efficiencies; and the branching fractions
are taken from ref. [44]. We combine the Belle and Belle II branching fraction ratios and
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Figure 3. Invariant mass distributions of Ξ−π+ from (a) Belle and (b) Belle II data. The markers
with error bars represent the data, the solid blue curves show the fit results, and the dashed blue
curves show the background component of the fit. The cyan histograms are the data from Ξ− mass
sidebands.

Mode Belle yield εBelle (%) Belle II yield εBelle II (%)
Ξ0
c → Ξ−π+ (363± 3) × 102 13.92± 0.05 (137± 2) × 102 13.38± 0.03

Ξ0
c → Ξ0π0 1315± 66 1.09± 0.01 869± 46 1.71± 0.01

Ξ0
c → Ξ0η 81± 15 0.80± 0.01 60± 11 1.12± 0.01

Ξ0
c → Ξ0η′ 23± 6 0.46± 0.01 8± 4 0.81± 0.01

Table 2. Observed Ξ0
c signal yields and reconstruction efficiencies for various modes, where uncer-

tainties are statistical only.

Gaussian uncertainties. The reconstruction efficiencies and fit results are listed in table 2.
The reconstruction efficiencies for Ξ0

c → Ξ0π0, Ξ0
c → Ξ0η, and Ξ0

c → Ξ0η→ in Belle II are
larger than those in Belle due to improved photon reconstruction stemming from the timing
improvements in the ECL readout electronics. The statistical significances for Ξ0

c → Ξ0π0,
Ξ0
c → Ξ0η, and Ξ0

c → Ξ0η→ are greater than 10σ (10σ), 6.2σ (6.7σ), and 5.9σ (2.4σ) in
Belle (Belle II), respectively, calculated using

√
−2 ln(L0/Lmax), where L0 and Lmax are the

maximized likelihoods without and with the signal component, respectively.
The ratios of branching fractions to the normalization mode Ξ0

c → Ξ−π+ are calculated via

B(Ξ0
c → Ξ0π0)

B(Ξ0
c → Ξ−π+) = NΞ0π0εΞ−π+

εΞ0π0NΞ−π+
× B(Ξ− → Λπ−)

B(Ξ0 → Λπ0)B(π0 → γγ)B(π0 → γγ) ,

B(Ξ0
c → Ξ0η)

B(Ξ0
c → Ξ−π+) = NΞ0ηεΞ−π+

εΞ0ηNΞ−π+
× B(Ξ− → Λπ−)

B(Ξ0 → Λπ0)B(π0 → γγ)B(η → γγ) ,

B(Ξ0
c → Ξ0η→)

B(Ξ0
c → Ξ−π+) = NΞ0η′εΞ−π+

εΞ0η′NΞ−π+
× B(Ξ− → Λπ−)

B(Ξ0 → Λπ0)B(π0 → γγ)B(η→ → π+π−η)B(η → γγ) .

(5.2)

Here, NΞ0π0 , NΞ0η, NΞ0η′ , and NΞ−π+ are the Ξ0
c yields resulting from the fit; εΞ0π0 , εΞ0η,

εΞ0η′ , and εΞ−π+ are the corresponding reconstruction efficiencies; and the branching fractions
are taken from ref. [44]. We combine the Belle and Belle II branching fraction ratios and
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Mode Belle Belle II Combined
B(Ξ0

c → Ξ0π0)/B(Ξ0
c → Ξ−π+) 0.47± 0.02± 0.03 0.51± 0.03± 0.05 0.48± 0.02± 0.03

B(Ξ0
c → Ξ0ε)/B(Ξ0

c → Ξ−π+) 0.10± 0.02± 0.01 0.14± 0.02± 0.02 0.11± 0.01± 0.01
B(Ξ0

c → Ξ0ε′)/B(Ξ0
c → Ξ−π+) 0.12± 0.03± 0.01 0.06± 0.03± 0.01 0.08± 0.02± 0.01

Table 3. Branching fraction ratios of Ξ0
c → Ξ0h0 decays, where the first and second uncertainties are

statistical and systematic, respectively.

cos θΞ0 (−1.0,−0.6) (−0.6,−0.2) (−0.2, 0.2) (0.2, 0.6) (0.6, 1.0)

Belle 260±25
1.40

296±26
1.29

266±27
1.14

265±27
0.99

224±24
0.71

Belle II 176±18
2.37

167±18
2.08

194±20
1.96

151±17
1.60

176±17
1.18

Table 4. Values of the signal yield divided by reconstruction efficiency (%) in cos θΞ0 bins for
Ξ0
c → Ξ0π0 in the Belle and Belle II datasets.

6 Asymmetry parameter of Ξ0
c → Ξ0π0

Given the small sample sizes for the other modes, the asymmetry parameter is measured
only for Ξ0

c → Ξ0π0. We divide the cos θΞ0 distribution into five equal sized non-overlapping
contiguous intervals (bins). The Ξ0

c signal yield in each bin is obtained by fitting to the
M(Ξ0π0) distribution where the signal shape in each bin is fixed to the corresponding MC
simulation and convolved with the Gaussian resolution function, whose width is fixed to the
result of a fit to the full sample, due to the limited sample size. The fits to M(Ξ0π0) spectra
in cos θΞ0 bins are shown in appendix A. Table 4 lists the signal yields and reconstruction
efficiencies in each cos θΞ0 bin. The final efficiency-corrected Ξ0

c signal yields in bins of cos θΞ0

for Ξ0
c → Ξ0π0 are shown in figure 5, together with the simultaneous fit result using eq. (1.1)

with a common value of the product α(Ξ0
c → Ξ0h0)α(Ξ0 → Λπ0) for the Belle and Belle II data

samples. Using simplified simulated experiments generated with different α values, we test the
α extraction procedure and find that it is unbiased. The product of asymmetry parameters
is found to be α(Ξ0

c → Ξ0π0)α(Ξ0 → Λπ0) = 0.32 ± 0.05(stat). Taking α(Ξ0 → Λπ0) =
−0.349 ± 0.009 [44], we find α(Ξ0

c → Ξ0π0) = −0.90 ± 0.15(stat) ± 0.23(syst), where the
first uncertainty is statistical and the second is systematic. The values of α(Ξ0

c → Ξ0π0)
extracted via individual fits to the Belle and Belle II data samples are −0.84 ± 0.21 and
−0.98± 0.22, where the uncertainties are statistical only, in good agreement with the result
from the simultaneous fit.

7 Systematic uncertainties

7.1 Branching fraction ratios

The sources of systematic uncertainties for the branching fraction ratio measurements include
those related to the efficiency, the intermediate branching fractions, and the fit procedure.
Table 5 summarizes the systematic uncertainties, where the total uncertainty is determined
from a quadratic sum of the uncertainties from each source.
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PDG: m(Ξ0
c) = 2470.44 ± 0.28 MeV/c2
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Figure 4. Invariant mass distributions of Ξ0
c candidates from (a) Ξ0

c → Ξ0π0, (b) Ξ0
c → Ξ0ε, and (c)

Ξ0
c → Ξ0ε′ decays reconstructed in (left) Belle and (right) Belle II data. The markers with error bars

represent the data. The solid blue curves, solid red curves, dashed red curves, and dashed blue curves
show the total fit, signal shape, broken-signal shape, and smooth backgrounds, respectively. The cyan
histograms show the data from the Ξ0 mass sidebands.

uncertainties using the formulas in ref. [49],

r = r1σ22 + r2σ21
σ21 + σ22 + (r1 − r2)2ε2r

,

σ =
√
σ21σ

2
2 + (r21σ22 + r22σ

2
1)ε2r

σ21 + σ22 + (r1 − r2)2ε2r
,

(5.3)

where ri, σi and εr are the branching fraction ratio, uncorrelated uncertainty, and relative
correlated systematic uncertainty from each data sample, respectively. The branching fraction
ratios are summarized in table 3, where the first and second uncertainties are statistical and
systematic, respectively. The systematic uncertainties are discussed in detail below.
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Fits: Belle (left) and Belle II (right).
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Diagrams:
3

Figure 1. Topological diagrams contributing to !0
c → ”h0 decays: internal W -emission C, inner W -emission C→, and W -

exchange diagrams E1 and E2 [3].

near 10.75 GeV in the center-of-mass (c.m.) frame.
Monte Carlo (MC) samples generated with

EvtGen [34] are used to optimize signal selection
criteria and calculate selection e!ciencies. Continuum
e+e→ → cc̄ events are generated using Pythia6 [35]
for Belle and KKMC [36] interfaced to Pythia8 [37]
for Belle II. In signal MC events, a charm quark
hadronizes into a ”0

c , with decays ”0
c → #ω, #ω↑ or #ε0

generated by a uniform decay angle distribution. The
final-state radiation is simulated via the Photos
package [38]. The Belle and Belle 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 $(1S, 2S, 3S) decays, $(4S) → BB̄,

$(5S) → B(↓)
(s) B̄

(↓)
(s) , and e+e→ → qq̄ (q = u, d, s, c) [41].

IV. EVENT SELECTION CRITERIA

We reconstruct the decays ”0
c → #ω, #ω↑ and #ε0,

with subsequent decays # → pε→, ω↑ → ε+ε→ω, ω↑ →
ε+ε→ϑ, ω → ϑϑ, ω → ε+ε→ε0, and ε0 → ϑϑ. All Belle
data and MC samples are converted to the Belle II for-
mat using 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 sensitiv-
ity to signal candidates by maximizing the Punzi figure of
merit (FOM), defined as FOM = ϖ!h0/(3/2+

↑
Nb) [44–

46]. Here, ϖ!h0 is the selection e!ciency from signal

MC samples, and Nb is the background yield obtained
from inclusive MC samples in the respective ”0

c signal
regions: (i) |M(#ω) ↓ m”0

c
| < 38/20 MeV/c2 for the

two ω decay channels ω → ϑϑ and ω → ε+ε→ε0; (ii)
|M(#ω↑)↓m”0

c
| < 16/11/11 MeV/c2 for the three ω↑ de-

cay channels ω↑ → ε+ε→ω (ω → ϑϑ), ω↑ → ε+ε→ω (ω →
ε+ε→ε0), and ω↑ → ε+ε→ϑ; and (iii) ↓83 MeV/c2 <
M(#ε0)↓m”0

c
< 55 MeV/c2 because the invariant mass

distribution exhibits asymmetric tails. Each signal region
corresponds to approximately 3 standard deviations (3ϱ)
of the invariant mass peak of the respective decay chan-
nel. Here and throughout this paper, M(AB) stands for
the invariant mass of the system of A and B particles, and
mX represents the nominal mass of particle X [4]. We
apply identical selection criteria to the Belle and Belle II
analyses unless otherwise specified.

Charged particles not used for # reconstruction are re-
quired to have impact parameters relative to the e+e→

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 di%er-
ent detector subsystems of Belle or Belle II is combined
to form binary likelihood ratios, R(i|j) = Li/(Li + Lj),
where Li and Lj represent the likelihoods of the track
being identified as hadrons ε, K, or p, as appropriate.
Tracks with R(p|K) > 0.6 and R(p|ε) > 0.6 are identi-
fied as protons. The other tracks with R(ε|K) > 0.6 are
identified as pions. The resulting PID e!ciencies 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 back-

Internal 𝑊 emission Inner 𝑊 emission

𝑊 exchange 𝑊 exchange

Inner 𝑊 emission

Theorists have provided a lot of predictions of the Bc → BM decays, where Bc denotes the
anti-triplet charm baryon and B(M) the octet baryon(meson).
All SCS(singly Cabibbo-suppressed) decays, first two observations(η and η

′
).
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Branching ratio measurements
Reference mode: B(Ξ0

c → Ξ−π+).
Stack Belle and Belle II data.
Absolute branching ratio:
B(Ξ0

c → Λη) = (5.95 ± 1.30 ± 0.32 ± 1.13) × 10−4

B(Ξ0
c → Λη

′) = (3.55 ± 1.17 ± 0.17 ± 0.68) × 10−4

B(Ξ0
c → Λπ0) < 5.2 × 10−4(90% C.L. limit)

uncertainties: stat., syst., and from B(Ξ0
c → Ξ−π+).
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Figure 3. The invariant mass spectra of (a) !ω, (b) !ω→, and (c) !ε0 candidates overlaid with the fit results obtained using
Belle and Belle II data samples. Dots with error bars represent the number of events in data; solid red curves indicate the
signal PDFs; dashed red lines denote the fitted combinatorial backgrounds; solid blue curves illustrate the fit results. The gray
bars show the pull distributions of the fit results.

Table I. Summary of fitted signal yields (Nfit), product branching fractions (B(h0)), and signal e”ciencies in Belle (ϑB1) and
Belle II (ϑB2) for #0

c normalization and signal modes. Uncertainties in B(h0) are from PDG values; other uncertainties are
statistical.

Decays Nfit B(h0) (%) ϑB1 (%) ϑB2 (%)

#0
c → #↑ε+ (Belle) 30230± 281 — 11.76± 0.05 —

#0
c → #↑ε+ (Belle II) 11579± 161 — — 11.35± 0.03

#0
c → !ω, ω → ϖϖ

262± 57
39.36± 0.18 3.21± 0.02 2.73± 0.02

#0
c → !ω, ω → ε+ε↑ε0 22.75± 0.25 2.24± 0.02 2.72± 0.02

#0
c → !ω→, ω→ → ωε+ε↑, ω → ϖϖ

101± 33

16.73± 0.22 2.57± 0.02 3.47± 0.03

#0
c → !ω→, ω→ → ωε+ε↑, ω → ε+ε↑ε0 9.67± 0.16 1.60± 0.02 1.78± 0.02

#0
c → !ω→, ω→ → ε+ε↑ϖ 29.50± 0.40 1.64± 0.02 1.82± 0.03

#0
c → !ε0 190± 120 98.83± 0.04 2.92± 0.03 5.15± 0.03

summing the individual uncertainties from these sources
in quadrature, as detailed in Table II.

The detection e!ciencies determined from the sim-

ulations are corrected using multiplicative data-to-
simulation ratios derived from control samples. The un-
certainties associated with these correction factors are

PDG:m(Ξ0
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Figure 2. The invariant mass spectra of !→ω+ 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.

scribed by two bifurcated Gaussians with distinct mean
values. All parameters of signal shapes are fixed to the
values obtained from the corresponding signal simula-
tions. According to the MC simulation, no peaking back-
ground component is expected [41]. Thus, the combina-
torial backgrounds are parametrized using a second-order
Chebyshev polynomial whose parameters are left free. Si-
multaneous fits are performed across di!erent h0 decay
modes and datasets from Belle and Belle II, weighted by
the product of integrated luminosity L, signal e”ciency
ω!h0 , and product branching fractions B(h0) for each
mode. Figure 3 overlays the combined Belle and Belle II
data, showing simultaneous fits together with the pull
distributions, which are defined as (Ndata→Nfit)/

↑
Ndata.

The fitted signal yields are summarized in Table I. Fits
to the data return signal yields of 262 ± 57, 101 ± 33,
and 190 ± 120 events for the #0

c ↓ $ε, #0
c ↓ $ε→,

and #0
c ↓ $ϑ0 decay modes, corresponding to statis-

tical significances of 5.3ϖ, 3.3ϖ, and 1.4ϖ, respectively.
After including systematic uncertainties (discussed in
Section VI), the $ε and $ε→ modes have signal signifi-
cances of 5.1ϖ and 3.2ϖ, respectively. These signal sig-
nificances are determined from

√
→2 ln(L0/Lmax) [50],

where Lmax and L0 are the likelihood values with and
without a signal component, respectively. The upper
limit at the 90 % credibility level (C.L.) on the signal
yield for #0

c ↓ $ϑ0 is obtained by solving the equation∫ NUL

0 L(N)dN = 0.9
∫↑
0 L(N)dN , where N is the as-

sumed signal yield and L(N) is the maximized profiled
likelihood of the fit. The upper limit, including system-
atic uncertainties (see Section VI), is calculated to be
NUL = 454 events for the #0

c ↓ $ϑ0 decay.

The ratios of branching fractions of #0
c ↓ $h0 relative

to that of #0
c ↓ #↓ϑ+ are calculated using

B(#0
c ↓ $h0)

B(#0
c ↓ #↓ϑ+)

=

N!h0 ·
[
%i%j(N

j
”→ω+ ·

ωji,!h0

ωj”→ω+

· Bi(h0)

B(#↓ ↓ $ϑ↓)
)

]↓1

,

(1)

where N!h0 and N”→ω+ denote the fitted signal yields for
the signal and normalization modes, respectively. The
number of fitted events N!h0 is obtained from the fit,
incorporating the contributions from di!erent h0 decay
channels and datasets. The notations ω”→ω+ and ω!h0 are
the selection e”ciencies for corresponding decay modes,
B(#↓ ↓ $ϑ↓) is the branching fraction of #↓ ↓ $ϑ↓

decay, and B(h0) denotes the product branching frac-
tions of the respective h0 decays [4]. Here, i indexes dif-
ferent h0 decay channels, and j indicates the quantities
from Belle or Belle II samples. The branching fraction of
$ ↓ pϑ↓ cancels since it appears in both the numerator
and denominator. These parameters are summarized in
Table I. The 90% C.L. upper limit on the branching ratio
B(#0

c ↓ $ϑ0)/B(#0
c ↓ #↓ϑ+) is obtained from the men-

tioned upper limit equation after substitutingN with this
branching ratio. It includes the systematic uncertainties
detailed in Section VI.

VI. SYSTEMATIC UNCERTAINTIES

Systematic uncertainties in the measurements of the
branching ratios include the uncertainties from the sig-
nal selection e”ciencies, the MC statistics, the branch-
ing fractions of the intermediate states, and the fitting
procedures. Some uncertainties arising from e”ciency-
related sources and branching fractions of intermediate
states cancel when taking the ratio to the normalization
mode. The total systematic uncertainties in the mea-
surements of the branching fractions are determined by
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Figure 3. The invariant mass spectra of (a) !ω, (b) !ω→, and (c) !ε0 candidates overlaid with the fit results obtained using
Belle and Belle II data samples. Dots with error bars represent the number of events in data; solid red curves indicate the
signal PDFs; dashed red lines denote the fitted combinatorial backgrounds; solid blue curves illustrate the fit results. The gray
bars show the pull distributions of the fit results.

Table I. Summary of fitted signal yields (Nfit), product branching fractions (B(h0)), and signal e”ciencies in Belle (ϑB1) and
Belle II (ϑB2) for #0

c normalization and signal modes. Uncertainties in B(h0) are from PDG values; other uncertainties are
statistical.

Decays Nfit B(h0) (%) ϑB1 (%) ϑB2 (%)

#0
c → #↑ε+ (Belle) 30230± 281 — 11.76± 0.05 —

#0
c → #↑ε+ (Belle II) 11579± 161 — — 11.35± 0.03

#0
c → !ω, ω → ϖϖ

262± 57
39.36± 0.18 3.21± 0.02 2.73± 0.02

#0
c → !ω, ω → ε+ε↑ε0 22.75± 0.25 2.24± 0.02 2.72± 0.02

#0
c → !ω→, ω→ → ωε+ε↑, ω → ϖϖ

101± 33

16.73± 0.22 2.57± 0.02 3.47± 0.03

#0
c → !ω→, ω→ → ωε+ε↑, ω → ε+ε↑ε0 9.67± 0.16 1.60± 0.02 1.78± 0.02

#0
c → !ω→, ω→ → ε+ε↑ϖ 29.50± 0.40 1.64± 0.02 1.82± 0.03

#0
c → !ε0 190± 120 98.83± 0.04 2.92± 0.03 5.15± 0.03

summing the individual uncertainties from these sources
in quadrature, as detailed in Table II.

The detection e!ciencies determined from the sim-

ulations are corrected using multiplicative data-to-
simulation ratios derived from control samples. The un-
certainties associated with these correction factors are

Theoretical predictions 9

B(!0
c → ”ω)(↑10→4) B(!0

c → ”ω↑)(↑10→4) B(!0
c → ”ε0)(↑10→4)

Zhao et al . [15]

Geng et al . [16]

Zou et al . [17]

Geng et al .[18]

Hsiao et al . (I) [19]

Hsiao et al . (II) [19]

Zhong et al . (I) [20]

Zhong et al . (II) [20]

Geng et al . [21]

Zhong et al . [22]

Xing et al . (I) [23]

Xing et al . (II) [23]

Belle and Belle II

combined measurements

Figure 4. Comparison of the branching fractions B(!0
c → ”ω), B(!0

c → ”ω↑), and of the measured 90% C.L. upper limit
on B(!0

c → ”ε0) with their respective theoretical predictions [15–23]. Dots with error bars represent central values and their
uncertainties; those without indicate a lack of theoretical uncertainty. Missing dots signify the absence of theoretical predictions
for that decay mode. Some predictions exhibit large errors that are not fully captured within the present scale. The black dots
with error bars denote the measured absolute branching fractions of decays !0

c → ”ω and !0
c → ”ω↑. The red vertical bands

indicate the ±1ϑ intervals which are dominated by the systematic uncertainty of B(!0
c → !→ε+). The red dashed line and the

black arrow indicate the measured 90% C.L. upper limits of the B(!0
c → ”ε0). For refs. [19, 20], (I) indicates the predicted

value based on the SU(3)F symmetry, while (II) takes into account the breaking SU(3)F symmetry. For the Ref. [23], (I) and
(II) denote the predicted values based on real form factors alone and those incorporating complex form factors, respectively.
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Figure 1. Representative decay diagrams for (a,b) internal W -emission, (c) external W -emission, and
(d,e) W -exchange contributions for the singly Cabibbo-suppressed decays Ξ+

c → pK̄0, Ξ+
c → Λπ+,

and Ξ+
c → Σ0π+.

In this paper, we study the singly Cabibbo-suppressed decays Ξ+
c → pK0

S , Ξ+
c → Λπ+,

and Ξ+
c → Σ0π+ for the first time. Using Ξ+

c → Ξ→π+π+ as the normalization channel, we
measure the ratios of branching fractions of Ξ+

c → pK0
S , Ξ+

c → Λπ+, and Ξ+
c → Σ0π+ relative

to that of Ξ+
c → Ξ→π+π+. This analysis is based on data samples of 983.0 fb→1 [23] and

427.9 fb→1 [24] accumulated with the Belle and Belle II detectors operating at the KEKB
and SuperKEKB asymmetric-energy e+e→ colliders, respectively. Charge-conjugate modes
are included throughout the paper.

2 The Belle and Belle II detectors and data samples

The Belle detector [25], which operated between 1999 and 2010 at the KEKB asymmetric-
energy e+e→ collider [26, 27], was a large cylindrical solid-angle magnetic spectrometer that
consisted of a silicon vertex detector, a 50-layer central drift chamber (CDC), an array of
aerogel threshold Cherenkov counters (ACC), time-of-flight scintillation counters (TOF), and
an electromagnetic calorimeter composed of CsI(Tl) crystals located inside a superconducting
solenoid coil that provides a 1.5 T magnetic field. An iron flux return equipped with resistive
plate chambers located outside the coil is instrumented to detect K0

L mesons and to identify
muons. The detector is described in detail elsewhere [25].

The Belle II detector [28] is located at the interaction point (IP) of the SuperKEKB
asymmetric-energy e+e→ collider [29], and has been collecting data 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
includes two inner layers of pixel sensors and four outer layers of double-sided silicon microstrip

– 2 –

Internal 𝑊 emission Internal 𝑊 emission External 𝑊 emission

𝑊 exchange 𝑊 exchange

First observation of SCS decays Ξ+
c → pK0

S, Λπ+, Σ0π+, each with significance > 10σ, using
the combined Belle and Belle II samples.
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Use the well-measured normalization mode
Ξ+

c → Ξ−π+π+ as the reference.
Branching-fraction ratios are determined as

B(Ξ+
c →sig)

B(Ξ+
c →Ξ−π+π+)

=
Nsig

NΞ−π+π+
·

ϵΞ−π+π+
ϵsig

· Bref,int
Bsig,int

.

Absolute branching fraction:
uncertainties: statistical, systematic, and external
(from B(Ξ+

c → Ξ−π+π+)).

Mode B [10−4]

B(Ξ+
c → pK0

S) (7.16 ± 0.46 ± 0.20 ± 3.21)
B(Ξ+

c → Λπ+) (4.52 ± 0.41 ± 0.26 ± 2.03)
B(Ξ+

c → Σ0π+) (1.20 ± 0.08 ± 0.07 ± 0.54)

PDG: m(Ξ+
c ) = 2467.71 ± 0.23 MeV/c2
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Figure 4. The invariant mass spectra of (a) pK0
S , (b) Λπ+, and (c) Σ0π+ in (1) Belle and (2)

Belle II data. The points with error bars are the data, the solid blue curves show the best-fit results,
and the dashed black curves represent the fitted combinatorial backgrounds. In the M(Λπ+) and
M(Σ0π+) distributions, the dashed magenta curves are the fitted feed-down backgrounds from the
Ξ+
c → Σ0(→ Λε)π+ and Λ+

c → Λπ+ decays, respectively.

– 8 –

Fits: Belle (left) and Belle II (right).
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Theoretical branching fraction predictions.

J
H
E
P
0
3
(
2
0
2
5
)
0
6
1

0 1 2 3
-3 10×) 0

S
pK→

+
cΞ(B

0 5 10 15 20
-4 10×) +

πΛ→
+
cΞ(B

1 2 3 4
-3 10×) +π

0
Σ→

+
cΞ(B

Zou et al. [12]
Geng et al. [13]
Geng et al. [14]
Huang et al. [15]
Zhong et al. (I) [16]
Zhong et al. (II) [16]
Xing et al. [17]
Geng et al. [18]
Liu [19]
Zhong et al. (I) [20]
Zhong et al. (II) [20]
Zhao et al. [21]
Hsiao et al. (I) [22]
Hsiao et al. (II) [22]

Belle and Belle II
combined measurement

(a) (b) (c)

Figure 5. Comparisons of the measured (a) B(Ξ+
c → pK0

S), (b) B(Ξ+
c → Λπ+), and (c) B(Ξ+

c → Σ0π+)
with theoretical predictions [12–22]. The dots and error bars represent the central values and
uncertainties of the theoretical predictions, respectively. The dots without error bars indicate that no
theoretical uncertainty is available. The squares and error bars denote the measured central values
and uncertainties in this work. For refs. [16, 22], (I) indicates the predicted value based on the SU(3)F
flavor symmetry, while (II) takes into account the breaking of SU(3)F flavor symmetry. For ref. [20],
(I) and (II) represent the predicted values derived from the topological diagrammatic approach and
the irreducible SU(3)F approach, respectively.
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Various approaches with SU(3)F symmetry.
Several theory predictions are in tension with these values.
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Precise B measurement for Ξ+
c → Σ+K0

S and Ξ+
c → Ξ0π+

(both CF), and first observation of Ξ+
c → Ξ0K+ (SCS).

Branching fractions are obtained from ratios normalized to
the reference mode B(Ξ+

c → Ξ−π+π+):
B(Ξ+

c → Σ+K0
S) = (0.194 ± 0.021 ± 0.009 ± 0.087)%

B(Ξ+
c → Ξ0π+) = (0.728 ± 0.014 ± 0.027 ± 0.326)%

B(Ξ+
c → Ξ0K+) = (0.049 ± 0.007 ± 0.003 ± 0.022)%

Uncertainties are statistical, systematic, and reference mode.

Mode Belle (yield) Belle II (yield)
Ξ+

c → Ξ−π+π+ (487 ± 4) × 102 (196 ± 2) × 102

Ξ+
c → Σ+K0

S 288 ± 41 (182 ± 31)
Ξ+

c → Ξ0π+ (2782 ± 74) (1469 ± 40)
Ξ+

c → Ξ0K+ (138 ± 31) (100 ± 20)

Results are broadly
consistent with several
model predictions; none
are excluded.

Theoretical predictions
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8
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2
0
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5
)
1
9
5
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c → Σ+K0
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c → Ξ0π+)(%) B(Ξ+
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Zou et al. [4]

Geng et al. [5]

Zhao et al. [6]

Hsiao et al. (I) [7]

Hsiao et al. (II) [7]

Huang et al. [8]

Xing et al. [9]

Liu et al. (I) [10]

Liu et al. (II) [10]

Zhong et al. (I) [11]

Zhong et al. (II) [11]

CLEO Collaboration [12]

Belle and Belle II
combined measurements

Figure 4. The comparisons of the measured B(Ξ+
c → Σ+K0

S), B(Ξ+
c → Ξ0π+), and B(Ξ+

c → Ξ0K+)
with theoretical predictions [4–11]. The blue dots with error bars represent theoretical predictions.
The green dot with an error bar indicates the result from the CLEO Collaboration [12], and the black
dots with error bars correspond to the results of this study. The horizontal dashed line distinguishes
the theoretical predictions from the experimental results. The red vertical bands cover a 1ε region
corresponding to the measurements presented in this work. Dots with error bars represent central
values and their uncertainties; those without indicate a lack of theoretical uncertainty. Missing
dots signify the absence of theoretical predictions or experimental results for that decay mode. For
refs. [7, 11], (I) indicates the predicted value based on the SU(3)f symmetry, while (II) takes into
account the breaking of SU(3)f symmetry. For the ref. [10], (I) and (II) represent the predicted values
derived from low-lying pole and general pole scenarios along with SU(3)f , respectively.
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PDG: m(Ξ+
c ) = 2467.71 ± 0.23 MeV/c2
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Figure 3. Invariant mass distributions of Ξ+
c candidates from (a, b) Ξ+

c → Σ+K0
S , (c, d) Ξ+

c → Ξ0π+,
and (e, f) Ξ+

c → Ξ0K+ decays reconstructed in (left) Belle and (right) Belle II data. The black dots
with error bars show the distribution from the data. The solid blue curves and red curves show the
total fit and total backgrounds, respectively. The cyan areas show the broken-signal component. The
ε2/ndf values of the fit are 0.75 (0.88), 0.83 (1.10), and 0.82 (0.83) for Ξ+

c → Σ+K0
S , Ξ+

c → Ξ0π+,
and Ξ+

c → Ξ0K+ at Belle (Belle II), respectively.
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Fits: Belle (left) and Belle II (right).
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Λ+
c → pK0

Sπ0 at Belle PRD 112 (2025) 012013

Diagarms:

The absolute branching fractions for Λþ
c → nK̄0πþ and

Λþ
c → pK0

Sπ
0 decays are reported from BESIII to be

BðΛþ
c →nK0

Sπ
þÞ¼ð1.82%0.25Þ% and BðΛþ

c →pK0
Sπ

0Þ¼
ð1.87%0.14Þ%, respectively [3]. The branching fraction of
Λþ
c → pK0

Sπ
0 relative to Λþ

c → pK−πþ reported from
CLEO is 0.33% 0.05 [13]. Here we report a precise
measurement of the relative branching fraction of Λþ

c →
pK0

Sπ
0 compared with Λþ

c → pK−πþ using Belle data. In
addition, we present the first investigation of the inter-
mediate resonances in Λþ

c → pK0
Sπ

0 decays.

II. THE DATA SAMPLE
AND THE BELLE DETECTOR

The branching fractions are measured based on a data
sample obtained at or near ϒð1SÞ, ϒð2SÞ, ϒð3SÞ, ϒð4SÞ
andϒð5SÞwith the Belle detector at the KEKB asymmetric
energy eþe− collider [14]. The full Belle data sample has an
integrated luminosity of 980 fb−1. The Belle detector was a
large-solid-angle magnetic spectrometer comprising a sil-
icon vertex detector (SVD), a central drift chamber (CDC),
an array of aerogel threshold Cherenkov counters (ACC), a
barrel-like arrangement of time-of-flight scintillation coun-
ters (TOF), and an electromagnetic calorimeter comprising
CsI(Tl) crystals (ECL) located inside a superconducting
solenoid that provided a 1.5 T magnetic field. An iron flux
return located outside the coil was employed to detect K0

L
mesons and identify muons. The Belle detector is described
in detail in Ref. [15].
The Monte Carlo (MC) samples used in the simulation

studies are generated using EVTGEN [16] and PYTHIA [17]
and propagated through a GEANT3 model of the full detector
[18]. The final-state radiation process is simulated using the
PHOTOS [19] package in EVTGEN. A signal MC sample is
generated via eþe− → cc̄ → Λþ

c þ X to study the
reconstruction efficiency and signal shape functions. A

Belle generic MC simulated data sample including
ϒð4SÞ → BB̄, ϒð5SÞ → Bð&Þ

ðsÞB̄
ð&Þ
ðsÞ , ϒð1S; 2S; 3SÞ decays

and eþe− → qq̄ðq ¼ u; d; s; cÞ with the same integrated
luminosity as the data is used to optimize the selection
criteria.

III. EVENT SELECTION

We reconstruct Λþ
c → pK0

Sπ
0 with K0

S → πþπ− and
π0 → γγ. The event selection criteria are optimized using
a generic MC sample, with a figure-of-merit defined as
Nsig=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nsig þ Nbkg

p
, where Nsig is the number of signal

events and Nbkg is the number of background events. The
latter are obtained in the pK0

Sπ
0 invariant mass region

between 2.263 and 2.306 GeV=c2.
The likelihood Liði ¼ π%; K%; p%Þ is calculated by

combining information from the ACC, CDC, and TOF
detectors. The likelihood ratio between hypotheses i and i0

is defined asRðiji0Þ ¼ Li=ðLi þ Li0Þ. Charged tracks must
satisfy RðpjKÞ > 0.9 and RðpjπÞ > 0.9 to be considered
as proton candidates. Furthermore, the electron likelihood
ratio [RðeÞ], obtained from ACC, CDC, and ECL infor-
mation, should be smaller than 0.9 for the proton candi-
dates. For all proton candidates, the distance of closest
approach (DOCA) to the beam interaction point (IP) must
be smaller than 2.0 cm along the beam direction (z) and
smaller than 0.1 cm in the transverse direction (r).
Furthermore, at least one hit in SVD is required. After
applying the selection criteria, the particle identification
(PID) efficiency for proton candidates is 83% in the typical
momentum range of Λþ

c decays.
We reconstruct K0

S candidates using pairs of oppositely
charged particles assumed to be pions. We use a neural
network algorithm involving the K0

S momentum in the
laboratory frame, the distance between two charged pion
tracks along the z axis, the flight length of K0

S projected

FIG. 1. Typical Feynman diagrams for internal W emission (a), internal W exchange (b), and external W emission (c) processes in
Λþ
c → pK−πþ decays, and internal W emission (d) and internal W exchange (e) processes in Λþ

c → pK0
Sπ

0 decays.

MEASUREMENT OF THE BRANCHING FRACTION OF … PHYS. REV. D 112, 012013 (2025)

012013-3

Internal 𝑊 emission

Λ!" → 𝑝𝐾#𝜋"

Λ!" → 𝑝𝐾$%𝜋%

Internal 𝑊 exchange External 𝑊 emission

Internal 𝑊 emission Internal 𝑊 exchange

Examining Isospin properties of the weak interaction.
Improves uncertainty of previous CLEO result.

B(Λ+
c →pK0

S π0)
B(Λ+

c →pK− π+) = 0.339 ± 0.002 ± 0.009
With PDG value of B(Λ+

c → pK−π+) = (6.24 ± 0.28)%,
B(Λ+

c → pK0
S π0) = (2.12 ± 0.01 ± 0.05 ± 0.10)%

unceratinties: stat., syst., and from B(Λ+
c → pK−π+).

Dataset: Belle 980fb−1

PDG: m(Λ+
c ) = 2286.46 ± 0.14MeV/c2

onto the r plane, the angle between the K0
S momentum and

the vector from IP to K0
S decay vertex in the laboratory

frame, longer and shorter DOCAs in the r direction of
charged pions, the angle between the K0

S momentum in the
laboratory frame and the charged pion momentum in theK0

S
rest frame, the number of CDC hits from each π! track and
the presence or absence of SVD hits [20]. In addition, we
perform a mass-constrained fit to theK0

S candidates in order
to improve the K0

S momentum resolution. The χ2 value of
the mass-constrained vertex fit to the πþ and π− tracks with
a common vertex is required to be smaller than 40.
ECL clusters that do not have matching tracks in the

CDC are identified as photons, and the π0 candidates are
reconstructed from photon pairs. For each photon, the
energy deposited in the ECL must exceed 50 (100) MeV if
the cluster is found in the barrel (end cap) region [15]. The
ratio of energy deposits in the 3 × 3 array of crystals,
centered in the crystal with the highest energy, to that of
5 × 5 crystal array must exceed 0.9. We select the π0

candidates within the MðγγÞ range from 120 to
150 MeV=c2, corresponding to approximately 3 standard
deviations (σ) in the MðγγÞ resolution. The momentum of
the π0 candidate must be greater than 400 MeV=c in the
laboratory frame. A mass-constrained fit is also performed
on the π0 candidates to improve their momentum
resolution.
As a final step, the proton, K0

S, and π0 candidates are
combined to reconstruct Λþ

c candidates. The scaled
momentum xp is defined as xp ¼ p&c=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s=4 −M2c4

p
,

where p& is the momentum of the Λþ
c candidate in the

center-of-mass frame, s is the square of the beam center-of-
mass energy and M is invariant mass of the Λþ

c candidate.
The requirement xp > 0.54 reduces the combinatorial
background, particularly from B meson decays. We per-
form a vertex fit to the three decay products requiring the
reconstructed K0

S and π0 originate from the Λþ
c decay

vertex. The χ2 value of the vertex fit is required to be
smaller than 40.
For Λþ

c → pK−πþ decays, we reconstructΛþ
c candidates

using the event selection criteria typically used in other Λþ
c

analyses with Belle [9], except that the xp cutoff value is the
same as in Λþ

c → pK0
Sπ

0 decays. For proton candidates, the
same selection criteria are used as in our signal mode. For
K− and πþ candidates, the requirements on RðeÞ, DOCAs
in z and r directions, and SVD hits are identical to those for
proton candidates. However, the PID requirements are
RðKjπÞ > 0.9 and RðKjpÞ > 0.4 for K− and RðπjKÞ >
0.4 and RðπjpÞ > 0.4 for πþ. The PID efficiencies of K
and π are 82% and 94%, respectively, in the typical
momentum range of the decays. We fit the three decay
products to a common vertex. The χ2 value of the vertex fit
is required to be smaller than 40.
After applying all the selection criteria to the data, we

observe an average of 1.04 and 1.02 candidates per event

for the Λþ
c → pK0

Sπ
0 and Λþ

c → pK−πþ modes within the
invariant mass ranges 2.263 < MðpK0

Sπ
0Þ < 2.306 and

2.274 < MðpK−πþÞ < 2.298 GeV=c2, respectively. In
addition, we find that approximately 4.0% and 1.8% of
events in these modes contain multiple signal candidates.
Since these multiple candidates do not contribute to the
peaking background in a study of the generic MC simu-
lation sample, we retain all candidates for further analysis.

IV. SIGNAL EXTRACTION
AND EFFICIENCY CORRECTION

Figure 2 shows the MðpK−πþÞ and MðpK0
Sπ

0Þ distri-
butions after applying the event selection method described
in the previous section. We perform a binned extended
maximum likelihood fit to extract the signal decay yields
from the invariant mass distributions. The Λþ

c signal peak
in the MðpK−πþÞ distribution, which corresponds to mass
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FIG. 2. Invariant mass distributions of Λþ
c candidates and fit

results for Λþ
c → pK−πþ (top) and Λþ

c → pK0
Sπ

0 (bottom). The
total fit, signal, and background are shown by solid red, dashed
blue, and long dashed green curves, respectively.
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onto the r plane, the angle between the K0
S momentum and

the vector from IP to K0
S decay vertex in the laboratory

frame, longer and shorter DOCAs in the r direction of
charged pions, the angle between the K0

S momentum in the
laboratory frame and the charged pion momentum in theK0

S
rest frame, the number of CDC hits from each π! track and
the presence or absence of SVD hits [20]. In addition, we
perform a mass-constrained fit to theK0

S candidates in order
to improve the K0

S momentum resolution. The χ2 value of
the mass-constrained vertex fit to the πþ and π− tracks with
a common vertex is required to be smaller than 40.
ECL clusters that do not have matching tracks in the

CDC are identified as photons, and the π0 candidates are
reconstructed from photon pairs. For each photon, the
energy deposited in the ECL must exceed 50 (100) MeV if
the cluster is found in the barrel (end cap) region [15]. The
ratio of energy deposits in the 3 × 3 array of crystals,
centered in the crystal with the highest energy, to that of
5 × 5 crystal array must exceed 0.9. We select the π0

candidates within the MðγγÞ range from 120 to
150 MeV=c2, corresponding to approximately 3 standard
deviations (σ) in the MðγγÞ resolution. The momentum of
the π0 candidate must be greater than 400 MeV=c in the
laboratory frame. A mass-constrained fit is also performed
on the π0 candidates to improve their momentum
resolution.
As a final step, the proton, K0

S, and π0 candidates are
combined to reconstruct Λþ

c candidates. The scaled
momentum xp is defined as xp ¼ p&c=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s=4 −M2c4

p
,

where p& is the momentum of the Λþ
c candidate in the

center-of-mass frame, s is the square of the beam center-of-
mass energy and M is invariant mass of the Λþ

c candidate.
The requirement xp > 0.54 reduces the combinatorial
background, particularly from B meson decays. We per-
form a vertex fit to the three decay products requiring the
reconstructed K0

S and π0 originate from the Λþ
c decay

vertex. The χ2 value of the vertex fit is required to be
smaller than 40.
For Λþ

c → pK−πþ decays, we reconstruct Λþ
c candidates

using the event selection criteria typically used in other Λþ
c

analyses with Belle [9], except that the xp cutoff value is the
same as in Λþ

c → pK0
Sπ

0 decays. For proton candidates, the
same selection criteria are used as in our signal mode. For
K− and πþ candidates, the requirements on RðeÞ, DOCAs
in z and r directions, and SVD hits are identical to those for
proton candidates. However, the PID requirements are
RðKjπÞ > 0.9 and RðKjpÞ > 0.4 for K− and RðπjKÞ >
0.4 and RðπjpÞ > 0.4 for πþ. The PID efficiencies of K
and π are 82% and 94%, respectively, in the typical
momentum range of the decays. We fit the three decay
products to a common vertex. The χ2 value of the vertex fit
is required to be smaller than 40.
After applying all the selection criteria to the data, we

observe an average of 1.04 and 1.02 candidates per event

for the Λþ
c → pK0

Sπ
0 and Λþ

c → pK−πþ modes within the
invariant mass ranges 2.263 < MðpK0

Sπ
0Þ < 2.306 and

2.274 < MðpK−πþÞ < 2.298 GeV=c2, respectively. In
addition, we find that approximately 4.0% and 1.8% of
events in these modes contain multiple signal candidates.
Since these multiple candidates do not contribute to the
peaking background in a study of the generic MC simu-
lation sample, we retain all candidates for further analysis.

IV. SIGNAL EXTRACTION
AND EFFICIENCY CORRECTION

Figure 2 shows the MðpK−πþÞ and MðpK0
Sπ

0Þ distri-
butions after applying the event selection method described
in the previous section. We perform a binned extended
maximum likelihood fit to extract the signal decay yields
from the invariant mass distributions. The Λþ

c signal peak
in the MðpK−πþÞ distribution, which corresponds to mass
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FIG. 2. Invariant mass distributions of Λþ
c candidates and fit

results for Λþ
c → pK−πþ (top) and Λþ

c → pK0
Sπ

0 (bottom). The
total fit, signal, and background are shown by solid red, dashed
blue, and long dashed green curves, respectively.
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2 Branching fractions and searches for rare decays

D∗
s0(2317)+ → D∗+

s γ
Ξ0

c → Ξ0h(h = π0, η, η′)
Ξ0

c → Λh(h = π0, η, η′)
Ξ+

c → pK0
S, Λπ+, Σ0π+

Ξ+
c → Σ+K0

S, Ξ0π+, Ξ0K+

Λ+
c → pK0

Sπ0

3 Charm CP violation search
D → ππ
D0 → π+π−π0

D0 → K0
SK0
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c → ph+h−(h = π, K)
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CP Violation in Charm Meson and Baryon
Charm

Since charm transitions probe the up-type sector, they allow us to search for CP-violating interactions that
do not appear in kaon or B-meson decays.

ACP(Xc → f) ≡ Γ(Xc→f)−Γ(X̄c→f̄)
Γ(Xc→f)+Γ(X̄c→f̄)

Raw asymmetry including production and detection asymmetries is extracted from a fit to invariant mass.
AN ≡ N(Xc→f)−N(X̄c→f̄)

N(Xc→f)+N(X̄c→f̄) = ACP(Xc → f) + Aprod(Xc) + Adet(f) .

Meson
The first and only observation of CPV by LHCb [PRL122(2019)211803, PRL131(2023)091802]
∆ACP(D0 → K+K−, π+π−) = (−15.4 ± 2.9) × 10−4 [5.3σ]
Followed by a 3.8σ evidence of direct CPV in D0 → π+π−.

Baryon
CPV searches in baryons complement meson studies.
Observation of CPV in b-baryon decays by LHCb [Nature643(2025)1223]
ACP(Λb → pK−π+π−) = (2.45 ± 0.46 ± 0.10)%
U-spin sum rules, analogous to those linking D0 → K+K− and D0 → π+π− [PRD99(2019)033005]:
ACP(Λ+

c → pK−K+) + ACP(Ξ+
c → Σ+π−π+) = 0 17 / 35
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CP violation in D → ππ
D0 → π+π−

This is the only decay channel in charm mesons with more than 3σ evidence for CP violation.
In the Standard Model, CP violation arises from the interference between a tree-level
amplitude and a suppressed QCD loop amplitude, involving a ∆I = 1/2 change in isospin
[PRD 85 (2012) 114036].

D+ → π+π0

This decay has I = 2 and can only occur from an I = 1/2 initial state through a ∆I = 3/2
transition.
Any observation of this decay would indicate physics beyond the Standard Model.

D0 → π0π0

Can have I = 0 or I = 2 and hence can have nonzero direct CP asymmetries in SM.
Isospin sum rule:
R = Adir

CP (D0→π+π−)

1+
τD0

B+−

(
B00
τD0

− 2
3

B+0
τD+

) + Adir
CP (D0→π0π0)

1+
τD0
B00

(
B+−
τD0

− 2
3

B+0
τD+

) + Adir
CP (D+→π+π0)

1− 3
2

τD+
B+0

(
B00
τD0

+
B+−
τD0

) ,

where τD0 and τD+ are the lifetimes of D0 and D+ mesons, and B+−, B00 and B+0 are the D
meson branching fractions to π+π−, π0π0 and π+π0 decays.
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D+ → π+π0 at Belle II PRD 112 (2025) L031101

The raw asymmetry is extracted from a fit to the D+

invariant-mass distribution:
Aπ+π0 = N(D+→π+π0)−N(D−→π−π0)

N(D+→π+π0)+N(D−→π−π0) = ACP(D+ → π+π0)+AD
P +Aπ+

ε .

Events are categorized into D∗-tagged (D∗+ → D+π0) and
untagged samples to improve measurement precision.
Asymmetries from production and detection are corrected using the
control channel D+ → KSπ+.
ACP = (−1.8 ± 0.9 ± 0.1)% — consistent with no CP violation.
The statistical precision is roughly 30% better than the previous
Belle measurement, thanks to the higher signal purity at Belle II.
The precision slightly surpasses that of the corresponding LHCb
measurement (9 fb−1 dataset).

PDG: m(D+) = 1869.5 ± 0.4MeV/c2

The raw asymmetries are determined from unbinned
maximum-likelihood fits to the mðπþπ0Þ and mðπþK0

SÞ
distributions of the selected Dþ → πþπ0 and Dþ → πþK0

S
candidates, split according to the D meson charge. For
Dþ → πþπ0 candidates, the fit considers three components:
signal decays, physics background from misreconstructed
charm decays, and combinatorial background. The signal
probability density function (PDF) is modeled by the
convolution of a Johnson’s SU distribution [62] and a
Gaussian distribution. The parameters of the Johnson’s
SU distribution are fixed to values obtained from simulation.
The parameters of the Gaussian distribution are floated to
account for possible data-simulation differences in peak
position and resolution. The physics background is mainly
composed of D0 → πþπ−π0 decays, where one of the
charged pions is not reconstructed; Dþ → πþπ0π0 decays
with a missing neutral pion; semileptonic decays such as
Dþ → π0μþν, where the muon is misidentified as a pion
and the neutrino is not reconstructed; and Dþ → K0

Sð→
π0π0Þπþ decays, where one neutral pion from the K0

S decay
is not reconstructed. The physics background populates the
mðπþπ0Þ region below 1.8 GeV=c2 and is modeled using a
Gaussian function in the null-tag sample and two Gaussian
functions in the tagged sample. The combinatorial back-
ground arises from accidental combinations of charged and
neutral pion candidates. It has a smoothly falling distribu-
tion in mðπþπ0Þ, which is modeled using the sum of
an exponential PDF and a uniform distribution. All back-
ground parameters are floated in the fit. The other fit

parameters are the yields and asymmetries of each compo-
nent. The same models are used forDþ andD− decays. The
mðπþπ0Þ distributions of the Dþ → πþπ0 candidates are
shown in Fig. 1, with fit projections overlaid. The fit
describes the data fairly well. The signal yields are
determined to be 5130$ 110 and 18510$ 240 in the
tagged and null-tag samples, respectively. The raw asym-
metries are ð−2.9$ 1.8Þ% and ð−0.4$ 1.0Þ%, respec-
tively. The uncertainties are statistical only.
The fit to the mðπþK0

SÞ distributions of the control
sample considers the Dþ → πþK0

S component, modeled as
a Johnson’s SU distribution convolved with a Gaussian
function, and a background component, modeled by an
exponential distribution. The width and the mean of the
Johnson’s SU distribution are allowed to differ betweenDþ

and D− candidates, to account for small differences in
momentum scale and resolution of positively and nega-
tively charged particles. (Differences in Dþ and D− shapes
are diluted in the signal mode because the mass scale and
resolution are dominated by the energy scale and resolution
of the neutral pion.) All parameters are floated in the fit.
The fit describes the data well, as shown in Fig. 2. The
Dþ → πþK0

S yields are determined to be 39630$ 300 and
123560$ 500 in the tagged and null-tag samples, respec-
tively. The raw asymmetries are ð0.54$ 0.53Þ% and
ð0.33$ 0.30Þ%, respectively. The uncertainties are statis-
tical only.
The AK̄0

contributions to the Dþ → πþK0
S raw asymme-

tries are computed following Ref. [63]. The computation
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FIG. 1. Distributions of mðπþπ0Þ for (left) tagged and (right) null-tag Dþ → πþπ0 candidates, with fit projections overlaid. The
bottom panels show the asymmetry as a function of mass, with fit projections overlaid.
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The raw asymmetries are determined from unbinned
maximum-likelihood fits to the mðπþπ0Þ and mðπþK0

SÞ
distributions of the selected Dþ → πþπ0 and Dþ → πþK0

S
candidates, split according to the D meson charge. For
Dþ → πþπ0 candidates, the fit considers three components:
signal decays, physics background from misreconstructed
charm decays, and combinatorial background. The signal
probability density function (PDF) is modeled by the
convolution of a Johnson’s SU distribution [62] and a
Gaussian distribution. The parameters of the Johnson’s
SU distribution are fixed to values obtained from simulation.
The parameters of the Gaussian distribution are floated to
account for possible data-simulation differences in peak
position and resolution. The physics background is mainly
composed of D0 → πþπ−π0 decays, where one of the
charged pions is not reconstructed; Dþ → πþπ0π0 decays
with a missing neutral pion; semileptonic decays such as
Dþ → π0μþν, where the muon is misidentified as a pion
and the neutrino is not reconstructed; and Dþ → K0

Sð→
π0π0Þπþ decays, where one neutral pion from the K0

S decay
is not reconstructed. The physics background populates the
mðπþπ0Þ region below 1.8 GeV=c2 and is modeled using a
Gaussian function in the null-tag sample and two Gaussian
functions in the tagged sample. The combinatorial back-
ground arises from accidental combinations of charged and
neutral pion candidates. It has a smoothly falling distribu-
tion in mðπþπ0Þ, which is modeled using the sum of
an exponential PDF and a uniform distribution. All back-
ground parameters are floated in the fit. The other fit

parameters are the yields and asymmetries of each compo-
nent. The same models are used forDþ andD− decays. The
mðπþπ0Þ distributions of the Dþ → πþπ0 candidates are
shown in Fig. 1, with fit projections overlaid. The fit
describes the data fairly well. The signal yields are
determined to be 5130$ 110 and 18510$ 240 in the
tagged and null-tag samples, respectively. The raw asym-
metries are ð−2.9$ 1.8Þ% and ð−0.4$ 1.0Þ%, respec-
tively. The uncertainties are statistical only.
The fit to the mðπþK0

SÞ distributions of the control
sample considers the Dþ → πþK0

S component, modeled as
a Johnson’s SU distribution convolved with a Gaussian
function, and a background component, modeled by an
exponential distribution. The width and the mean of the
Johnson’s SU distribution are allowed to differ betweenDþ

and D− candidates, to account for small differences in
momentum scale and resolution of positively and nega-
tively charged particles. (Differences in Dþ and D− shapes
are diluted in the signal mode because the mass scale and
resolution are dominated by the energy scale and resolution
of the neutral pion.) All parameters are floated in the fit.
The fit describes the data well, as shown in Fig. 2. The
Dþ → πþK0

S yields are determined to be 39630$ 300 and
123560$ 500 in the tagged and null-tag samples, respec-
tively. The raw asymmetries are ð0.54$ 0.53Þ% and
ð0.33$ 0.30Þ%, respectively. The uncertainties are statis-
tical only.
The AK̄0

contributions to the Dþ → πþK0
S raw asymme-

tries are computed following Ref. [63]. The computation
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FIG. 1. Distributions of mðπþπ0Þ for (left) tagged and (right) null-tag Dþ → πþπ0 candidates, with fit projections overlaid. The
bottom panels show the asymmetry as a function of mass, with fit projections overlaid.

MEASUREMENT OF THE CP ASYMMETRY IN Dþ → πþπ0 … PHYS. REV. D 112, L031101 (2025)

L031101-5

19 / 35



Charm Physics at Belle/Belle II Branching fractions and searches for rare decays Charm CPV Korean group in Belle II charm physics Summary

D0 → π0π0 at Belle II PRD 112 (2025) 012006

Use D∗+ → D0π+ to determine the D0 flavor.
And a dedicated BDT to suppress the large 4γ background.

The raw asymmetry is determined from a fit to the D+

invariant-mass distribution:
Aπ+π0 = N[D∗+→(D0→π0π0)π+]−N[D∗−→(D̄0→π0π0)π−]

N[D∗+→(D0→π0π0)π+]+N[D∗−→(D̄0→π0π0)π−] = ACP(D0 →
π0π0) + AD∗

P + Aπ+

ε

Raw asymmetry extracted from a fit to the D0 mass and ∆M, the
D∗+ − D0 mass difference.
Production asymmetry (odd in cosθCM) removed by averaging Araw
of forward (cosθCM > 0) and backward (cosθCM < 0) decays
Detection asymmetries are corrected using the D0 → K−π+ control
mode.
ACP = (0.30 ± 0.72 ± 0.20)% — which is only 15% less precise
than BELLE but with half of the statistics. [PRL112(2014)211601]
Isospin sum rule R = (3.1 ± 2.3) × 10−3, precision improved by
25%, including the new result of ACP(D+ → π+π0).

PDG:m(D0)=1864.84 ± 0.05MeV/c2 7
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Figure 2: Distributions of m(ω0ω0) (top) and !m (bottom) for D0 → ω0ω0 candidates with cos εcms(D
→+) < 0 (left) and

cos εcms(D
→+) > 0 (right), with fit projections overlaid. The middle panel of each plot shows the distribution of the di”erence

between observed and fit values divided by the uncertainty (pull), the bottom panel shows the asymmetry between D0 and D0

candidates with the fit projection overlaid.

B. D0 → K↑ω+ control samples

The raw asymmetry of the tagged control sample
is determined from a fit to the !m distribution, in
which only two components are considered: the D→+ →
D0(→ K↑ω+)ω+ decays, and a background made of both
random-pion and combinatorial candidates. The !m
PDF of D0 → K↑ω+ decays is the sum of a Johnson’s
SU and a Gaussian function, with common location and
width parameters that are determined independently for
D0 and D0 decays to account for flavor-dependent mass
biases and resolutions. The background component is
modeled as (!m ↑ mω+)εe↑ϑ(!m↑mω+ ). The relative
fractions of the components, their asymmetries and all
shape parameters are floated in the fit (for a total of

14 floating parameters). Figure 3 shows the results of
the fits to the data. The measured yields of D→+ →
D0(→ K↑ω+)ω+ decays in the forward and backward
bins are 796 000±1 200 and 633 700±1 200, respectively.
The corresponding asymmetries, (↑0.86 ± 0.13)% and
(5.83± 0.13)%, are averaged to obtain

A↓Kω = (2.49± 0.09)% , (12)

where the uncertainties are statistical only.
For untagged decays, we fit to the m(K↑ω+) distribu-

tion, again considering only two components. The un-
tagged D0 → K↑ω+ decays are modeled using the sum
of a Johnson SU and a Gaussian function, with com-
mon mean and flavor-dependent width parameters. A
straight line is used to model the m(K↑ω+) distribu-
tion of the background with a flavor-dependent coe”-

Left:cosθCM <0,
right:cosθCM >0.
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D0 → π+π−π0 at Belle II arXiv:2510.21224, to be submitted to PRD

SCS three-body decay, interference of several amplitudes.
Use D∗+ → D0π+ to determine the D0 flavor.
The raw asymmetry is determined from a fit to the D+

invariant-mass distribution:
Aπ+π−π0 = N[D∗+→(D0→π+π−π0)π+]−N[D∗−→(D̄0→π+π−π0)π−]

N[D∗+→(D0→π+π−π0)π+]+N[D∗−→(D̄0→π+π−π0)π−] =
ACP(D0 → π+π−π0) + AD∗

P + Aπ+

ε

Raw asymmetry extracted from a fit to the D0 mass and ∆M, the
D∗+ − D0 mass difference.
A simultaneous fit is performed in 8 bins of cos θCM, and Araw is
symmetrically averaged around 0 to cancel the production
asymmetry.
Detection asymmetries are corrected using the control channel
D0 → K−π+.
ACP = (0.29 ± 0.27 ± 0.13)%

Achieves 34% better precision than BABAR with only 10% more
integrated luminosity.
Currently the most precise measurement of this quantity.

cosθCM ∈ [−0.208, 0) 8
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Figure 2. D0 → ω+ω→ω0 sample: distributions of the D0 candidate invariant mass (left) and !M (right) for cos εD
0

CM ↑
[↓0.208, 0), with fit functions overlaid. The middle plots of each panel show the pull (di”erence between data and fit result
divided by the data uncertainty). The bottom plots show the D0–D0 asymmetry of the data (black points) and of the total
PDF (blue line).

D0
→ K+ω→ decays preceded by D0–D0 mixing, are ne-

glected. They amount to ↑ 0.4% of the D0
→ K→ω+

yield and dilute the measured asymmetry, since they pro-
vide the incorrect flavor tag. A systematic uncertainty is
assigned for this in Section VI.

Figure 3. D0 → ω+ω→ω0 raw asymmetries from the fit in the
eight cos εD

0

CM bins. The error bars show statistical uncertain-
ties.

The D0
→ K→ω+ decay distribution is modeled by

the sum of a Johnson and a Gaussian distribution, with
one shared location parameter. Width parameters are
di!erent for the two flavors as for the tagged sample. The
background is modeled with a first-order polynomial.
Each cos εD

0

CM bin is fitted independently. Figure 5
shows the M distribution, for one cos εD

0

CM bin, with fit
projections overlaid. The D0

→ K→ω+ yield integrated
over all cos εD

0

CM bins is (3232± 4)↓ 103.
Figure 6 shows the tag pion reconstruction asymmetry

computed using Equation 5. As the tagged decays are
a subset of the untagged decays, we take into account
the correlation between the two control samples when
computing the uncertainty on A

ωtag
ε .

D. ACP (D
0 → ω+ω→ω0) determination

Figure 7 shows the A
i
CP determinations in the four

cos εD
0

CM bin pairs, computed using Equation 6. Averag-
ing these measurements, we obtain

ACP (D
0
→ ω+ω→ω0) = (0.29± 0.27)% , (11)

where the uncertainty is statistical and includes the un-
certainty from A

ωtag
ε (0.12%).
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Figure 2. D0 → ω+ω→ω0 sample: distributions of the D0 candidate invariant mass (left) and !M (right) for cos εD
0

CM ↑
[↓0.208, 0), with fit functions overlaid. The middle plots of each panel show the pull (di”erence between data and fit result
divided by the data uncertainty). The bottom plots show the D0–D0 asymmetry of the data (black points) and of the total
PDF (blue line).

D0
→ K+ω→ decays preceded by D0–D0 mixing, are ne-

glected. They amount to ↑ 0.4% of the D0
→ K→ω+

yield and dilute the measured asymmetry, since they pro-
vide the incorrect flavor tag. A systematic uncertainty is
assigned for this in Section VI.

Figure 3. D0 → ω+ω→ω0 raw asymmetries from the fit in the
eight cos εD

0

CM bins. The error bars show statistical uncertain-
ties.

The D0
→ K→ω+ decay distribution is modeled by

the sum of a Johnson and a Gaussian distribution, with
one shared location parameter. Width parameters are
di!erent for the two flavors as for the tagged sample. The
background is modeled with a first-order polynomial.

Each cos εD
0

CM bin is fitted independently. Figure 5
shows the M distribution, for one cos εD

0

CM bin, with fit
projections overlaid. The D0

→ K→ω+ yield integrated
over all cos εD

0

CM bins is (3232± 4)↓ 103.
Figure 6 shows the tag pion reconstruction asymmetry

computed using Equation 5. As the tagged decays are
a subset of the untagged decays, we take into account
the correlation between the two control samples when
computing the uncertainty on A

ωtag
ε .

D. ACP (D
0 → ω+ω→ω0) determination

Figure 7 shows the A
i
CP determinations in the four

cos εD
0

CM bin pairs, computed using Equation 6. Averag-
ing these measurements, we obtain

ACP (D
0
→ ω+ω→ω0) = (0.29± 0.27)% , (11)

where the uncertainty is statistical and includes the un-
certainty from A

ωtag
ε (0.12%).
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D0 → K0
SK0

S at Belle II PRD 111 (2025) 012015, PRD 111 (2025) 012017

CP violation can be enhanced up to O(1%) due to large
interference from the W-exchange tree-level process.
D∗+-tagged Belle + Belle II analysis:
ACP = (−1.4 ± 1.3 ± 0.1)%
Opposite-side tagged Belle + Belle II analysis:
ACP = (1.3 ± 2.0 ± 0.2)%

Uses a novel MVA-based flavour-tagging technique exploiting
the rest-of-event information, with the output included in the
fit together with the D0 mass.

Combined analysis (D∗+-tagged + Opposite-side tagged):
ACP = (−0.6 ± 1.1 ± 0.1)%

The opposite-side tagged sample effectively adds ∼40% more
statistics to the traditional D∗+-tagged measurement.
Achieves precision (statistical + systematic) comparable to the
latest LHCb Run 3 result (6/fb).

PDG:m(D∗+)=2010.226 ± 0.05MeV/c2

at mðKþK−Þ values around 1.94 GeV=c2; partially recon-
structed D0 → multibody decays, where the term multi-
body refers to decays such as D0 → K−πþπ0, where the
charged pion is misidentified as a kaon and the neutral pion
is not reconstructed, or semileptonic D0 decays, where the
neutrino is not reconstructed, populating mostly the low-
mðKþK−Þ region;Dþ

s → KþK−πþ decays in which the πþ

is reconstructed as a soft-pion candidate, peaking at
mðKþK−Þ values around 1.82 GeV=c2; and combinatorial
background populating the entire mðKþK−Þ range nearly
uniformly. Each D0 component can either be associated

with a real soft-pion candidate, which peaks in mðD0πþÞ,
or with an unrelated soft-pion candidate, which contributes
to a smoothly distributed random-pion background in
mðD0πþÞ. The Dþ

s background has a distribution that rises
almost linearly in mðD0πþÞ. Simulation shows that the
two-dimensional PDF of each component, except for the
Dþ

s → KþK−πþ background, can be approximated by
the product of two one-dimensional PDFs.
The control decays and physics backgrounds PDFs are

determined using simulation. ThemðKþK−Þ andmðD0πþÞ
PDFs of the D$þ → D0ð→ KþK−Þπþ decays are each

FIG. 2. Distributions of (left) mðD0πþÞ and (right) SminðK0
SÞ for combined D0 → K0

SK
0
S and D̄0 → K0

SK
0
S candidates, in (top) Belle

and (bottom) Belle II data, with fit projections overlaid. The middle panel of each plot shows the distribution of the difference between
observed and fit values divided by the uncertainty from the fit (pull), the bottom panel shows the asymmetry between D0 and D̄0

candidates with the fit projection overlaid.
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PDG:m(D0)=1864.84 ± 0.05MeV/c2

the difference between the CP asymmetries in D0 →
K0

Sπ
þπ− and D0 → K0

SK
0
S decays. The contamination

fraction is estimated in simulation to be 2.5% for Belle,
and 2.3% for Belle II. Given that ACPðD0 → K0

Sπ
þπ−Þ −

ACPðD0 → K0
SK

0
SÞ < 10% [47], the bias can be conserva-

tively bounded to be smaller than 0.25% for Belle, and
0.23% for Belle II. These values are assigned as systematic
uncertainties due to neglecting D0 → K0

Sπ
þπ− contamina-

tion, and are conservative enough to also cover possible
detection asymmetries in the D0 → K0

Sπ
þπ− decay.

In eþe− → cc̄ events, charmed hadrons are produced
with a forward-backward asymmetry due to γ-Z0 interfer-
ence and higher order effects [51–53]. The forward-back-
ward asymmetry is an odd function of the cosine of
the polar angle in the center of mass system, cos θ$.
Since the acceptances of the Belle and Belle II detectors
are not the same for cos θ$ > 0 and cos θ$ < 0, a charge
asymmetry in the production of a given species of charmed

hadrons remains. In our measurement, however, we effec-
tively count pairs of charmed hadrons: the signal D0 →
K0

SK
0
S and the other (oppositely flavored) charmed hadron

of the event, which provides the tagging information. As a
result, we expect a negligible effect from the forward-
backward asymmetry. To verify this, we weight the
reconstructed candidates so that the j cos θ$j distribution
of the signal is the same for candidates with cos θ$ > 0 and
cos θ$ < 0 and redetermine the values of ACP. As expected,
we find variations in ACP consistent with zero and do not
assign any systematic uncertainty due to the forward-
backward asymmetry.
Finally, as a cross-check we fit to subsamples of the data

defined according to data-taking conditions and find no
significant variation of the measured asymmetry.
The total systematic uncertainties, 0.43% for Belle and

0.25% for Belle II, are evaluated as the sums in quadrature
of the components due to the fit modeling and the
D0 → K0

Sπ
þπ− contamination.
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FIG. 3. Distributions of (left) mðK0
SK

0
SÞ and (right) qr for D0 → K0

SK
0
S candidates in (top) Belle and (bottom) Belle II data, with fit

projections overlaid. The qr distributions are only for candidates in the mðK0
SK

0
SÞ signal regions indicated by the vertical lines.
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Ξ+
c → Σ+h+h−, Λ+

c → ph+h−(h = π, K) at Belle II arXiv:2509.25765, submitted to PRD

The production asymmetry(Aprod(Xc), odd in cos θCM) is eliminated by averaging raw asymmetry of
forward and backward decays:
A′

N = AN(cos θCM>0)+AN(cos θCM<0)
2

ACP(Ξc → Σhh) = A′

N(Ξc → Σhh) − A′

N(Λc → Σhh)
ACP(Λc → phh) = A′

N(Λc → phh) − A′

N(Λc → pπ+K−) − A′

N(D0 → π+K−π+π−)

First measurement of ACP in SCS three-body charm
baryon decays.
ACP(Ξ+

c → Σ+K−K+) = (3.7 ± 6.6 ± 0.6)%
ACP(Ξ+

c → Σ+π−π+) = (9.5 ± 6.8 ± 0.5)%
ACP(Λ+

c → pK−K+) = (3.9 ± 1.7 ± 0.7)%
ACP(Λ+

c → pπ−π+) = (0.3 ± 1.0 ± 0.2)%
Within statistical uncertainties, consistent with CP
symmetries.
U-spin symmetry test with ∼ 7% precision.
ACP(Λc → pKK) + ACP(Ξc → Σππ) = (13.4 ± 7.0 ± 0.9)%
ACP(Λc → pππ) + ACP(Ξc → ΣKK) = (4.0 ± 6.6 ± 0.7)%

PDG: m(Ξ+
c ) = 2467.71 ± 0.23MeV/c2,

PDG: m(Λ+
c ) = 2286.46 ± 0.14MeV/c2 9

Figure 4: Mass distributions for ω+
c → ε+h+h→ (top) and ϑ+

c → ph+h→ (bottom) candidates for h = K (left) and ϖ (right)
and the results of the fits, summing forward and backward contributions; and their averaged yield asymmetries as functions of
mass, with fit projection overlaid.

e!cient operation of the detector solenoid magnet and
IBBelle on site; the KEK Computer Research Center
for on-site computing support; the NII for SINET6 net-

work support; and the raw-data centers hosted by BNL,
DESY, GridKa, IN2P3, INFN, and the University of Vic-
toria.
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Korean group in Belle II charm physics
Recent studies

Yonsei university(Prof. Youngjoon Kwon)
Search for D0 → invisible: soon to be WG
review
e+e− → cc̄ → D(∗)

tagXfragD∗+, D∗+ → D0π+.

Figure 3: one example of signal events

✏(D0 ! f | incl. D0) denotes the signal-side selection e�ciency for the given inclusive D0
61

sample. The signal-side selection is based on the constraints applied to the remaining62

detector information consistent with a specific D0 decay. For instance, in the case of63

D0 ! ⌫⌫̄, no additional detector activity is required on the signal side.64

To achieve better statistical precision, as many tag-side decay modes as possible are65

reconstructed. One of the main background sources arises from misreconstructed tag-side66

candidates. To suppress such backgrounds, a fastBDT-based classifier is employed to67

discriminate correctly reconstructed candidates from combinatorial background.68

The reconstruction and analysis are performed using the basf2 framework [4], with69

Monte Carlo production based on basf2 release-08 and event reconstruction carried out70

using the basf2 light-2505-deimos version.71

3.2 Skimm selection of charm tagger72

Skim is needed for e�cient data use since the data size is very huge. so, there are73

some skim selections such as cuts on PID and mass and momentum variables that are74

covering the selections in step of reconstruction.75

• Selection for charged tracks on skim76

– dr < 1.0 cm and |dz| < 3.0 cm and thetaInCDCAcceptance77

• PID selection for Charged hadrons (⇡+, K+ and p+)78

– ⇡+ : keep up to 15 candidates with highest pionID with pionID > 0.0179

– K+ : keep up to 10 candidates with highest kaonID with kaonID > 0.180

– p+ : keep up to 10 candidates with highest protonID with protonID > 0.181

• selection for ⇡0, K0
S, ⌃

+ and ⇤0 on skim82

– K0
S : 0.468 GeV/c2 < M < 0.506 GeV/c2 and goodBelleKshort == 183

– ⌃+ : 1.08 GeV/c2 < M < 1.28 GeV/c284

– ⇡0 :85

8

ACP and branching fraction of
D+

(s) → ηh+(h = π, K): soon to be WG review

Korea university(Prof. Jung-Keun Ahn)

Λ+
c → pK0

Sπ0: published, slide 15
Korea university(Prof. Eunil Won)

ACP and B measurements in
D+

(s) → h+ω(h = π, K): ongoing
Soongsil university(Prof. Doris Yangsoo Kim)

B measurements in
D0 → K0

SK0
Sπ0, D0 → K0

SK0
Sη: ongoing
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Summary
Belle(∼1ab−1) and Belle II(∼0.5ab−1) provide a e+e− environment with high sensitivity to
SM tests and BSM searches in charm meson and baryon decays.

Meson:
First observation of D∗

s0(2317)+ → D∗+
s γ.

Search for CPV in D mesons:
D+ → π+π0, D0 → π0π0, D0 → π+π−π0, D0 → K0

SK0
S

Baryon:
First observations of Ξc decays:
Ξ+

c → pK0
S, Λπ+, Σ0π+, ΞK+

Ξ0
c → Ξ0π0, Ξ0η, Ξ0η′, Λη, Λη′

Improved measurements of branching fractions for Ξc and Λc.
First measurement of ACP in singly Cabibbo-suppressed three-body charm-baryon decays:
Ξ+

c → Σ+h+h−, Λ+
c → p h+h− (h = π, K)

Data taking restarts two days ago; more statistics are coming.
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events, respectively. By varying the detection efficiencies
by 1σ in the simultaneous fit to M(D∗+

s ε) from data,
the change of the fitted R from the nominal result is
taken as the systematic uncertainty.
Assuming that all the systematic uncertainties detailed

above are independent, they are added in quadrature to
obtain the total systematic uncertainty of 3.2%, as listed
in Table I.

Table I: The summary of the systematic uncertainties of the
measurement of the branching fraction ratio B(D∗

s0(2317)
+
→

D∗+
s γ)/B(D∗

s0(2317)
+
→ D+

s π0) (in %).

Source D+
s π0 D∗+

s γ

Fit region and background pdf 0.8 1.3

Fixed pdf parameters 0.7 2.5

Cross-feed or broken signal 0.6 0.7

xp reweighting 0.5

MC sample size 0.5

Sum 3.2

In summary, based on the combined data samples
of 980 fb−1 and 428 fb−1 collected by the Belle
and Belle II detectors operating at the KEKB and
SuperKEKB asymmetric-energy e+e− colliders,
respectively, we have made the first observation of
the radiative decay D∗

s0(2317)
+ → D∗+

s ε in the
continuum e+e− → cc̄ process with a significance
exceeding 10 standard deviations. A comparison
between theoretical predictions and the measured
B(D∗

s0(2317)
+ → D∗+

s ε)/B(D∗

s0(2317)
+ → D+

s π
0) value

is presented in Fig. 3. The branching fraction ratio
B(D∗

s0(2317)
+ → D∗+

s ε)/B(D∗

s0(2317)
+ → D+

s π
0) is

measured to be [7.14± 0.70(stat.)± 0.23(syst.)]%, which
is generally larger than theoretical predictions suggesting
D∗

s0(2317)
+ as a molecular state [41–43], while smaller

than the cs̄ state assumption under the quark model [44].
However, predictions based on the light front quark
model [67] and chiral quark model [20] agree with
our measurement under the pure cs̄ state expectation.
One possible interpretation of our result is that the
D∗

s0(2317)
+ could be an admixture of pure cs̄ and

molecular state, which was suggested in Refs. [31–33].
This work, based on data collected using the

Belle II detector, which was built and commissioned
prior to March 2019, and data collected using the
Belle detector, which was operated until June
2010, was supported by Higher Education and
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Figure 3: Comparison between the measured
B(D∗

s0(2317)
+

→ D∗+
s γ)/B(D∗

s0(2317)
+

→ D+
s π0) in

this work and the theoretical predictions. The theoretical
approaches of the references are traditional quark model for
Godfrey [44], light front quark model for Ke [67], effective
Lagrangian with with chiral symmetry for Bardeen [20],
effective Lagrangian for Faessler [41], heavy quark flavor
symmetry for Fu [42], and chiral lagrangian with coupled-
channel dynamics for Lutz [43]. The prediction of Ke [67]
is a lower limit. The uncertainty of the experimental
measurement is the combination of statistical and systematic
uncertainties.
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Belle Belle II Combined
B(Ξ+

c →pK0
S)

B(Ξ+
c →Ξ−π+π+) (2.36± 0.27± 0.08)% (2.56± 0.19± 0.11)% (2.47± 0.16± 0.07)%

B(Ξ+
c →Λπ+)

B(Ξ+
c →Ξ−π+π+) (1.72± 0.29± 0.11)% (1.47± 0.16± 0.09)% (1.56± 0.14± 0.09)%

B(Ξ+
c →Σ0π+)

B(Ξ+
c →Ξ−π+π+) (3.97± 0.42± 0.23)% (4.26± 0.33± 0.24)% (4.13± 0.26± 0.22)%

Table 2. The ratios of branching fractions of Ξ+
c → pK0

S/Λπ+/Σ0π+ relative to that of Ξ+
c →

Ξ−π+π+, where the first and second uncertainties are statistical and systematic, respectively.

Sources
B(Ξ+

c →pK0
S)

B(Ξ+
c →Ξ−π+π+)

B(Ξ+
c →Λπ+)

B(Ξ+
c →Ξ−π+π+)

B(Ξ+
c →Σ0π+)

B(Ξ+
c →Ξ−π+π+)

Belle Belle II Belle Belle II Belle Belle II
Tracking 0.7 0.7 0.7 0.7 0.7 0.7
Particle identification 0.1 0.2 0.1 0.1 0.1 0.1
K0

S reconstruction 0.8 2.6 . . . . . . . . . . . .
Λ reconstruction 0.5 0.3 0.3 0.2 0.3 0.2
Photon reconstruction . . . . . . . . . . . . 2.0 1.1
Mass resolution 0.2 0.2 0.4 0.5 0.7 0.8
Dalitz efficiency correction 1.3 1.5 1.3 1.5 1.3 1.5
Branching fraction 0.8 0.8 0.0 0.0 0.0 0.0
Fit Uncertainty 2.5 2.5 5.9 5.9 5.1 5.1
Sum in quadrature 3.2 4.1 6.1 6.2 5.7 5.5

Table 3. Relative systematic uncertainties (%) in the measurements of branching fraction ratios. The
uncertainties due to intermediate branching fractions and fit uncertainty are common to Belle and
Belle II; the other uncertainties are independent.

fit procedure. Note that some uncertainties from efficiency-related sources and the branching
fractions of intermediate states cancel when taking the ratio to the normalization mode.
Table 3 summarizes these systematic uncertainties, with the total uncertainty calculated as
the quadratic sum of the uncertainties from each source.

The systematic uncertainty of the efficiency determination includes effects due to the
detection efficiency of the daughter particles, the mass window used for the intermediate
state, and the averaging of the efficiency across the Dalitz plot of the normalization mode.
Based on the table of the detection efficiency ratios between data and MC (rε = εdata/εMC)
from the control sample, we build 1000 rε tables for both the signal and normalization modes
by randomly fluctuating rε in each bin according to its uncertainty and calculate r̄ε for each.
We take the mean values from the distributions of r̄sig.ε and r̄nor.ε as the efficiency correction
factors of the signal and normalization modes, respectively, and the root-mean-square value
from the distribution of r̄sig.ε /r̄nor.ε as the systematic uncertainty in the measurement of the
branching fraction ratio. The efficiency correction factors and uncertainties include those from
track-finding efficiency, obtained from the control samples of D∗+ → D0(→ K0

Sπ+π−)π+ at
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Source
B(Ξ+

c →Σ+K0
S)

B(Ξ+
c →Ξ−π+π+)

B(Ξ+
c →Ξ0π+)

B(Ξ+
c →Ξ−π+π+)

B(Ξ+
c →Ξ0K+)

B(Ξ+
c →Ξ−π+π+)

Belle Belle II Belle Belle II Belle Belle II

Tracking 0.7 0.7 1.4 1.4 1.4 1.4

PID 0.1 0.2 0.1 0.1 0.1 0.2

π0 reconstruction 2.2 4.2 2.4 4.3 2.3 4.3

K0
S reconstruction 0.8 2.3 — — — —

Λ reconstruction 0.5 0.7 — — — —

Mass resolution 1.4 1.6 0.4 0.6 1.1 1.4

MC sample size 1.0 1.0 1.0 1.0 1.0 1.0

Dalitz efficiency-correction 1.5 1.7 1.5 1.7 1.5 1.7

Fit uncertainty 3.7 4.8 0.9 1.0 5.3 4.3

Background shape 1.5 1.5 2.4 2.4 2.2 2.2

Intermediate states B 1.0 1.0 0.1 0.1 0.1 0.1

Total 5.4 7.6 4.3 5.7 6.7 7.1

Table 3. Relative systematic uncertainties (%) on the results of branching fraction ratios. The
uncertainties in the last two rows, due to intermediate branching fractions and background shape, are
common to Belle and Belle II; the other uncertainties are independent. Since the Λ → pπ→ decay is
reconstructed in Ξ+

c → Ξ0π+ and Ξ+
c → Ξ0K+, the B(Λ → pπ→) uncertainty and the uncertainty due

to the Λ → pπ→ reconstruction efficiency cancel in the ratios of B(Ξ+
c →Ξ0π+)

B(Ξ+
c →Ξ−π+π+) and B(Ξ+

c →Ξ0K+)
B(Ξ+

c →Ξ−π+π+) .

for other charged tracks cancel since the normalization and signal modes have similar distri-
butions. At Belle, the PID uncertainties for charged pion, kaon, and proton are studied using
D∗+ → D0(→ K−π+)π+ and Λ → pπ− [30] control samples, respectively. At Belle II, the
corresponding PID uncertainties are obtained using D∗+ → D0(→ K−π+)π+, K0

S → π+π−,
and Λ → pπ− [40] control samples, respectively. The uncertainties of π0 reconstruction are
obtained from the ε− → π−π0ντ control sample at Belle and the D0 → K−π+π0 control
sample at Belle II. The uncertainty associated with the mass windows of the π0 is calculated
from the data-simulation difference on the fraction of the fitted π0 signal yield in the π0

signal region over that in the total region. This uncertainty is added in quadrature with
the contribution from π0 reconstruction. The K0

S reconstruction uncertainties are obtained
from the D∗+ → D0(→ K0

Sπ+π−)π+ control samples at Belle and Belle II. Since we applied
a decay length selection for K0

S candidates in the Belle II data, the uncertainty is calculated
from the data-simulation difference on the fraction of the fitted K0

S signal yield in the K0
S

signal region divided by that in the total region. This uncertainty is added in quadrature
with the uncertainty related to the K0

S reconstruction. The uncertainties of Λ reconstruction
are obtained from the Λ → pπ− and Λ+

c → Λ(→ pπ−)π+ control samples at Belle and Belle
II, respectively. The uncertainties of the intermediate particle (Σ+ and Ξ0) signal region
selections are calculated from the data-simulation difference on the fraction of the Σ+ and
Ξ0 signal yield in the Σ+ and Ξ0 signal region divided by that in the total signal region,
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Figure 5. Efficiency-corrected Ξ0
c signal yields in bins of cos θΞ0 from the (a) Belle and (b) Belle II

datasets. The lines show linear regression results.

Source
B(Ξ0

c→Ξ0π0)
B(Ξ0

c→Ξ−π+)
B(Ξ0

c→Ξ0η)
B(Ξ0

c→Ξ−π+)
B(Ξ0

c→Ξ0η′)
B(Ξ0

c→Ξ−π+)
Belle Belle II Belle Belle II Belle Belle II

Tracking 0.7 0.8 0.7 0.7 1.0 1.5
ε± PID 0.4 0.2 0.4 0.2 1.4 0.2
ε0 reconstruction 4.4 8.8 2.3 4.3 2.3 4.2
Photon reconstruction - - 4.0 2.0 4.0 1.9
Simulation sample size 0.8 0.7 0.9 0.9 1.2 1.0
α uncertainty 1.1 1.2 3.0 3.4 1.0 3.5
Ξ0 signal mass window 0.5 2.0 0.5 2.0 0.5 2.0
Normalization mode sample size 1.0 1.3 1.0 1.3 1.0 1.3
Broken-signal ratio (nbroken/nsig) 2.1 1.5 3.5 3.6 3.6 5.7
Broken-signal PDF 0.2 0.1 7.3 7.5 2.0 1.1
Mass resolution - - 7.2 7.0 2.4 1.4
Intermediate states B - - 0.5 0.5 1.3 1.3
Background shape 4.9 4.9 9.2 9.2 6.8 6.8
Total 7.2 10.6 15.3 15.6 9.9 11.2

Table 5. Fractional systematic uncertainties (%) on the relative branching-fraction results. The
uncertainties in the last two rows, due to intermediate branching fractions and background shape, are
common to Belle and Belle II; the other uncertainties are independent. Since the Λ → pε− decay
is reconstructed in each decay mode, the B(Λ → pε−) uncertainty and the uncertainty due to the
Λ → pε− reconstruction efficiency cancel in the ratio to the reference mode Ξ0

c → Ξ−ε+.
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Table II. Fractional systematic uncertainties (%) on the branching ratios from di!erent sources. Systematic uncertainties
associated with the fitting procedures are treated as multiplicative for ”0

c → #ω/#ω→ and as additive for the unobserved mode
”0

c → #ε0. The total uncertainties are calculated by first summing the uncertainties from di!erent sources in quadrature for
Belle and Belle II separately, and then deriving the results from the luminosity-weighted average of these sums.

Source
B(!0

c→”ω)
B(!0

c→!↑ε+)
B(!0

c→”ω→)
B(!0

c→!↑ε+)
B(!0

c→”ε0)
B(!0

c→!↑ε+)

Belle Belle II Belle Belle II Belle Belle II

Tracking e$ciency 0.77% 1.07% 1.51% 2.13% 0.64% 0.80%

ε+ PID 1.49% 0.21% 2.24% 0.24% 1.39% 0.20%

ε0 reconstruction 0.24% 1.67% 0.18% 0.65% 1.45% 4.13%

Photon reconstruction 3.35% 0.84% 2.54% 0.98% — —

ε0 veto 2.23% 1.02% 0.71% 0.34% — —

# 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%

We find no evidence of the decay !0
c → ”ω0 and set an

upper limit at the 90% C.L. of

B(!0
c → ”ω0)

B(!0
c → !→ω+)

< 3.5%.

Branching ratios obtained from independent fits to Belle
and Belle II data are consistent with those obtained from
simultaneous fits.
Taking B(!0

c → !→ω+) = (1.43 ± 0.27)% [4] with its
uncertainty included in the total multiplicative system-
atic uncertainty, the measured absolute branching frac-
tions of the decays !0

c → ”ε and !0
c → ”ε↑ are

B(!0
c → ”ε) = (5.95± 1.30± 0.32± 1.13)↑ 10→4

and

B(!0
c → ”ε↑) = (3.55± 1.17± 0.17± 0.68)↑ 10→4.

Here, the uncertainties are statistical, systematic, and
from B(!0

c → !→ω+), respectively. We also obtain the
90% C.L. upper limit on the absolute branching fraction
of the decay !0

c → ”ω0:

B(!0
c → ”ω0) < 5.2↑ 10→4.

Figure 4 compares measured !0
c → ”ε and !0

c → ”ε↑

branching fractions and 90% C.L. upper limit of B(!0
c →

”ω0) with twelve theoretical predictions [15–23]. Three
SU(3)F -based predictions [20, 23] agree with our mea-
sured B(!0

c → ”ε) and B(!0
c → ”ε↑) within 1ϑ. All

twelve predictions are within 3ϑ of the measured branch-
ing fractions for both !0

c → ”ε and !0
c → ”ε↑, and lie

below the 90% C.L. upper limit on B(!0
c → ”ω0). The ra-

tios B(!0
c → ”ε)/B(!0

c → !→ω+), B(!0
c → ”ε↑)/B(!0

c →
!→ω+), and B(!0

c → ”ω0)/B(!0
c → !→ω+) are indepen-

dent of the !0
c absolute branching fraction scale and may

also be compared to theoretical models.
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Backup

Λ+
c → pK0

Sπ0

from the background model and the signal function is
referred to as “fit function” in Table I.
We include the statistical uncertainty of the signal MC

samples used in the efficiency corrections across the Dalitz
plots as a systematic uncertainty. We estimate the system-
atic uncertainties arising from the size of the Dalitz bins by
modifying the Dalitz binning from the initial configuration
of 5 × 10 to include the following configurations: 4 × 8,
4 × 10, 5 × 8, 5 × 12, 6 × 10, and 6 × 12. The largest
difference obtained is attributed to a corresponding sys-
tematic uncertainty.
The systematic uncertainty from K− and πþ PIDs in

Λþ
c → pK−πþ decay is calculated based on the D"þ →

D0πþðD0 → K−πþÞ control sample. Similar to the K0
S

reconstruction, the PID efficiency as a function of momen-
tum and polar angle in the laboratory frame is compared
between data and MC samples. The systematic uncertainty
attributed to tracking is 0.35% for each K− and πþ track in
Λþ
c → pK−πþ decay.
The uncertainties in the Particle Data Group (PDG)

values of Bðπ0 → γγÞ and BðK0
S → πþπ−Þ in Ref. [21] are

negligible, so these contributions are not included in the
systematic uncertainty. Other systematic uncertainties can-
cel out for the relative branching fraction measurements
due to the similar kinematic distributions of the final-state
particles from Λþ

c → pK0
Sπ

0 and Λþ
c → pK−πþ decays.

VI. SUMMARY

We study the Λþ
c → pK0

Sπ
0 decay using the full Belle

dataset of 980 fb−1 at or near theϒðnSÞ (n ¼ 1, 2, 3, 4, and
5) resonances. The branching fraction of Λþ

c → pK0
Sπ

0

relative to Λþ
c → pK−πþ is determined as

BðΛþ
c → pK0

Sπ
0Þ

BðΛþ
c → pK−πþÞ

¼ 0.339& 0.002& 0.009; ð6Þ

where the uncertainties are statistical and systematic,
respectively. Using the PDG value of BðΛþ

c → pK−πþÞ ¼
ð6.24& 0.28Þ% in Ref. [21], we obtain the following
absolute branching fraction for Λþ

c → pK0
Sπ

0:

BðΛþ
c → pK0

Sπ
0Þ ¼ ð2.12& 0.01& 0.05& 0.10Þ%; ð7Þ

where the uncertainties are statistical, systematic from this
experiment and analysis, and due to the uncertainty in
BðΛþ

c → pK−πþÞ, respectively. The measured branching
fraction is consistent with the previous measurement by
CLEO and has a fivefold improvement in precision [13].
Assuming isospin symmetry, we calculate that the ratio

of the isospin amplitudes for I ¼ 1 to I ¼ 0 in the NK̄
system is determined to be 1.23& 0.03& 0.06, and the
relative phase difference is obtained to be
1.842& 0.001& 0.069, where the first uncertainty denotes
the combined statistical and experimental systematic uncer-
tainty and the second uncertainty is from the ratio
BðΛþ

c → nK̄0πþÞ=BðΛþ
c → pK−πþÞ. These values are

consistent with previous results [3]. However, we do not
find a strong enhancement due to Σ" resonances in the
MðpK0

SÞ distribution of Λþ
c → pK0

Sπ
0 decay. These results

indicate that factors beyond isospin symmetry, such as
resonant contributions, cannot be neglected.
In addition, we observe a clear peaking structure in the

pπ0 system near the pη threshold, which may be attributed
to a threshold cusp enhanced by Nð1535Þþ. Further
amplitude analysis is required to understand the contribu-
tions of intermediate resonances such as K", Λ", Σ", Δ",
and N" resonances, as well as to estimate the nonresonant
contribution. Such a comprehensive approach will lead to
stringent tests of isospin symmetry by comparing the partial
branching ratios between Λþ

c → pK−πþ and Λþ
c → pK0

Sπ
0

decays. This approach could also contribute to a better
understanding of nonfactorizable processes in the non-
leptonic decay of charmed baryons.
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Backup

Ξ+
c → Σ+h+h−, Λ+

c → ph+h−(h = π, K) 6

Figure 1: Weighted and unweighted correct-candidate proton momentum (left) and cos ω (right) distributions for ε+
c →

ϑ+K+K→and ϖ+
c → ϑ+K+K→ (top) and ε+

c → ϑ+ϱ+ϱ→and ϖ+
c → ϑ+ϱ+ϱ→ (bottom).

Table I: Yields (in 103) and asymmetries (in %) with statistical uncertainties. † and ‡ indicate candidates selected and
kinematically weighted for the ϖ+

c → pK+K→and ϖ+
c → pϱ+ϱ→modes, respectively.

Decay mode Yield Forward AN Backward AN A↑
N

ε+
c → ϑ+K+K→ 0.78± 0.05 13.0± 9.2 10.5± 9.2 11.7± 6.5

ϖ+
c → ϑ+K+K→ 9.9± 0.1 10.9± 1.5 5.3± 1.6 8.1± 1.1

ε+
c → ϑ+ϱ+ϱ→ 0.62± 0.04 17.0± 10.0 9.7± 8.9 13.3± 6.8

ϖ+
c → ϑ+ϱ+ϱ→ 23.4± 0.2 7.4± 1.0 0.2± 1.0 3.8± 0.8

ϖ+
c → pK+K→ 13.6± 0.2 9.3± 2.2 5.5± 2.4 7.4± 1.7

†ϖ+
c → pϱ+K→ 955.0± 1.3 5.6± 0.2 1.6± 0.2 3.6± 0.1

†D0 → ϱ+K→ϱ+ϱ→ 928.0± 1.4 1.6± 0.2 ↑1.5± 0.2 0.1± 0.2

ϖ+
c → pϱ+ϱ→ 40.5± 0.4 5.8± 1.3 1.5± 1.4 3.6± 0.9

‡ϖ+
c → pϱ+K→ 410.3± 0.7 5.4± 0.3 1.5± 0.3 3.4± 0.2

‡D0 → ϱ+K→ϱ+ϱ→ 925.2± 1.4 1.6± 0.2 ↑1.3± 0.2 0.1± 0.2
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Figure 1: Feynman diagrams for ”+
c → !+h+h→: W-external (top left), W-internal

(topright), W-exchange (bottom left) and penguin (bottom right). The comparable dia-
grams for #+

c → ph+h→ are identical under the interchange of s and d quarks.

6

7

Figure 2: Weighted and unweighted correct-candidate proton momentum (left) and cos ω (right) distributions for ε+
c →

pK+K→and ε+
c → pϑ+K→ (top) and ε+

c → pϑ+K→ andD0 → ϑ+K→ϑ+ϑ→ (bottom) with selection criteria for ε+
c → pK+K→.

Table II: Uncertainties on ACP (in %).

Source ϖ+
c ε+

c

ϱ+K+K→ ϱ+ϑ+ϑ→ pK+K→ pϑ+ϑ→

Fit model 0.4 0.4 0.4 0.1
Weighting 0.1 0.2 0.3 0.1
Residual Ap 0.2 0.1 0.1 0.1
Ad(h

+h→) 0.4 0.2 0.4 0.1

Total systematic 0.6 0.5 0.7 0.2
Statistical 6.6 6.8 1.7 1.0
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