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Abstract: Using 983.0 fb−1 and 427.9 fb−1 data samples collected with the Belle and Belle II
detectors at the KEKB and SuperKEKB asymmetric energy e+e− colliders, respectively,
we present studies of the Cabibbo-favored Ξ+

c decays Ξ+
c → Σ+K0

S and Ξ+
c → Ξ0π+, and

the singly Cabibbo-suppressed decay Ξ+
c → Ξ0K+. The ratios of branching fractions of

Ξ+
c → Σ+K0

S and Ξ+
c → Ξ0K+ relative to that of Ξ+

c → Ξ−π+π+ are measured for the first
time, while the ratio B(Ξ+

c → Ξ0π+)/B(Ξ+
c → Ξ−π+π+) is also determined and improved by

an order of magnitude in precision. The measured branching fraction ratios are

B(Ξ+
c → Σ+K0

S)
B(Ξ+

c → Ξ−π+π+)
= 0.067 ± 0.007 ± 0.003,

B(Ξ+
c → Ξ0π+)

B(Ξ+
c → Ξ−π+π+)

= 0.251 ± 0.005 ± 0.010,

B(Ξ+
c → Ξ0K+)

B(Ξ+
c → Ξ−π+π+)

= 0.017 ± 0.003 ± 0.001.

Additionally, the ratio B(Ξ+
c → Ξ0K+)/B(Ξ+

c → Ξ0π+) is measured to be 0.068±0.010±0.004.
Here, the first and second uncertainties are statistical and systematic, respectively. Multiplying
the ratios by the branching fraction of the normalization mode, B(Ξ+

c → Ξ−π+π+) = (2.9 ±
1.3)%, we obtain the following absolute branching fractions

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)%,

where the third uncertainties are from B(Ξ+
c → Ξ−π+π+).
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1 Introduction

Charmed baryon decays exhibit rich experimental phenomena, and provide a valuable probe
of the non-perturbative dynamics of quantum chromodynamics. The decay amplitudes
generally receive contributions from both factorizable and non-factorizable effects. The latter
arising from internal W -emission and W -exchange quark-level processes play a pivotal role,
introducing significant challenges for the theoretical predictions in hadronic weak decays of
charmed baryons [1]. Extensive efforts have been devoted to studying charmed baryon decays,
aiming to develop a theoretical model for calculating non-factorizable contributions.

Measurements of the branching fractions of charmed baryons are indispensable for
theoretical analyses. Although Belle reported the absolute branching fraction of Ξ+

c →
Ξ−π+π+ as (2.9 ± 1.3)% in 2019 [2], only a few other Ξ+

c decays have been measured [2, 3].
Theoretical calculations for the two-body hadronic weak decays of the Ξ+

c have been performed
using a dynamical model [4] and SU(3) flavor [SU(3)f ] symmetry methods [5–11]. Nevertheless,
the predictions of these two approaches for Cabibbo-favored (CF) and singly Cabibbo-
suppressed (SCS) decay modes are not fully consistent with each other. One such mode is
the CF decay Ξ+

c → Σ+K0
S , with a predicted branching fraction around 10−2 [4–11], which

was not yet measured. Another CF decay, Ξ+
c → Ξ0π+, has been measured, yet its branching

fraction had a large uncertainty [12]. Meanwhile, the branching fraction of the SCS decay
Ξ+

c → Ξ0K+ is predicted to be in the range of 10−3 to 10−2 by several theoretical models [4–
11], but has never been observed. Exploiting synergies with the analysis of Ξ+

c → Ξ0π+, we
search for the SCS Ξ+

c decay for the first time in Belle and Belle II data samples.
We present the first measurements of the branching fractions for Ξ+

c → Σ+K0
S and

Ξ+
c → Ξ0K+ decays and an improved measurement of the branching fraction of Ξ+

c → Ξ0π+.
The Ξ+

c → Ξ−π+π+ decay is taken as the normalization mode for these measurements. This
analysis uses data samples with integrated luminosities of 983.0 fb−1 [13] and 427.9 fb−1 [14]
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collected with the Belle and Belle II detectors operating at the KEKB and SuperKEKB
asymmetric-energy e+e− colliders, respectively. Charge-conjugate modes are implied through-
out the paper.

2 Belle and Belle II experiments

The Belle detector [13, 15] operated from 1999 to 2010 at the e+e− interaction point (IP) of
the KEKB asymmetric-energy e+e− collider [16, 17]. Belle was a large solid-angle, cylindrical
magnetic spectrometer that consisted of a silicon vertex detector, a central drift chamber,
an array of aerogel threshold Cherenkov counters, a barrel-like arrangement of time-of-flight
scintillation counters, an electromagnetic calorimeter (ECL) comprised of CsI(Tl) crystals
located inside a superconducting solenoid coil that provided a 1.5 T axial magnetic field,
and an iron flux return placed outside the coil, instrumented with resistive-plate chambers
to detect K0

L mesons and to identify muons. A detailed description of the detector can
be found in refs. [13, 15].

The Belle II detector [18] is located at the IP of the SuperKEKB asymmetric-energy
e+e− collider [19], the upgraded successor of KEKB. Belle II is an upgraded version of the
Belle detector and consists of several new subsystems and substantial upgrades to others.
The new vertex detector includes two inner layers of pixel sensors and four outer layers
of double-sided silicon micro-strip sensors. For the data sample used in this analysis, the
second-pixel layer was incomplete, covering only one-sixth of the azimuthal angle. A new
central drift chamber surrounding the vertex detector is used to measure the momenta and
electric charges of charged particles. A time-of-propagation detector in the barrel and an
aerogel ring-imaging Cherenkov detector in the forward endcap provide information for the
identification of charged particles, supplemented by ionization energy loss measurements in
the central drift chamber. The ECL readout electronics have been upgraded to cope with
the higher beam-induced background environment at Belle II. The superconducting solenoid
coil and the iron flux return for Belle are reused in Belle II, with the inner two layers of the
barrel and the endcap resistive plate chambers of the K0

L−muon detector replaced by plastic
scintillator modules. The +z axis of the laboratory frame is defined as the central solenoid
axis in the direction of the e− beam, common to Belle and Belle II.

3 Data samples

The data recorded at center-of-mass (c.m.) energies at or near the Υ(1S), Υ(2S), Υ(3S),
Υ(4S), and Υ(5S) resonances by the Belle detector, and at or near the Υ(4S) and 10.75 GeV by
the Belle II detector are used in this analysis. The data samples have integrated luminosities
of 983.0 fb−1 [13] and 427.9 fb−1 [14] for Belle and Belle II, respectively.

Monte Carlo (MC) samples of simulated events are generated using evtgen [20] and used
to optimize the Ξ+

c candidate selection criteria and determine the reconstruction efficiency. We
generate continuum e+e− → cc̄ with pythia6 [21] for Belle and kkmc [22] and pythia8 [23]
for Belle II, where one of the charm quarks is required to hadronize into a Ξ+

c baryon.
Simulated Ξ+

c decays into Σ+K0
S , Ξ0π+, Ξ0K+, and Ξ−π+π+ are then generated with a

phase space model. To optimize the selection criteria and study possible backgrounds, the
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inclusive MC samples of Υ(4S) → BB̄ decays at Belle and Belle II, as well as Υ(1S, 2S, 3S)
decays and Υ(5S) → B

(∗)
(s) B̄

(∗)
(s) decays at Belle, are generated using the same packages. The

continuum background from e+e− → qq̄ processes, where q indicates a u, d, c, or s quark,
is generated with pythia for hadronization and evtgen for subsequent decays of hadrons.
Final state radiation effects are accounted for using the PHOTOS package [24]. Simulation
of the detector response uses the geant3 [25] and geant4 [26] software packages for Belle
and Belle II, respectively.

4 Selection criteria

We reconstruct the decays Ξ+
c → Σ+K0

S , Ξ0π+, Ξ0K+, and Ξ−π+π+, with subsequent
decays Ξ0 → Λπ0, Ξ− → Λπ−, Λ → pπ−, Σ+ → pπ0, and K0

S → π+π−. The Belle II
software [27] is used for analyzing the data of both experiments, taking advantage of software
improvements in Belle II. The Belle data is converted to the Belle II data format using
the B2BII software package [28]. To improve the sensitivity for signal candidates, the
selection criteria described below are optimized by maximizing the figure-of-merit, defined
as Nsig/

√
Nsig + Nbkg. Here, Nsig is the expected signal yield based on either theoretical

predictions or previous measurements [4, 29], and Nbkg is the background yield determined
from the inclusive MC samples in the Ξ+

c signal regions and scaled by the ratio of yields between
data and inclusive MC in the normalized Ξ+

c sideband regions. The Ξ+
c signal regions are

defined as |M(Σ+K0
S)−mΞ+

c
| < 30 MeV/c2 and |M(Ξ0π+/Ξ0K+)−mΞ+

c
| < 20 MeV/c2. The

ranges of the Ξ+
c signal regions are approximately three times the experimental invariant mass

resolution (σ). The Ξ+
c sideband regions are defined as 50 MeV/c2 < |M(Σ+K0

S) − mΞ+
c
| <

80 MeV/c2 and 35 MeV/c2 < |M(Ξ0π+/Ξ0K+) − mΞ+
c
| < 55 MeV/c2. Here and throughout

this paper, mi denotes the known mass of the particle i [29] and M(jk) indicates the invariant
mass of the reconstructed particles j and k.

The impact parameters of charged tracks, except for those originating from K0
S or hyperon

(Ξ−, Σ+, or Λ) decays, which are the distances of the closest approach of the reconstructed
trajectory perpendicular to and along the z-axis to the centroid of the calibrated IP region, are
required to be less than 1.0 cm and 3.0 cm, respectively. These impact parameter requirements
help to suppress misreconstructed tracks and beam backgrounds. The identification of charged
tracks is achieved with the likelihood ratio R(h|h′) = L(h)/[L(h) + L(h′)], where L(h(′))
represents the likelihood of the charged track being a hadron (h(′) = π, K, or p). The
likelihood is determined using a Particle Identification (PID) algorithm, which integrates
information from the Belle or Belle II subdetectors [30]. For pions, we require R(π|K) > 0.6;
for kaons, we require R(K|π) > 0.6. These PID requirements have reconstruction efficiencies
in the range of 88%–92%. To suppress backgrounds from low-momentum pions and kaons,
we require the momentum in the laboratory frame of pions and kaons to be greater than
0.5 GeV/c for Ξ+

c → Ξ0π+ and Ξ+
c → Ξ0K+, respectively.

In the reconstruction of Ξ− → Λπ− and Ξ0 → Λπ0, the selected Λ candidates are
combined with a π− or π0. The selections of Ξ− and Ξ0 candidates follow those in ref. [31].
A vertex fit is performed to the entire Ξ−(0) decay chain, with the pπ− and diphoton masses
constrained to match the known Λ and π0 masses [29]. The distance of the Ξ− decay vertex
to the IP is required to be greater than 0.1 cm, whereas the displacement of the Ξ0 vertex
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must be greater than 1.4 cm. The selected Ξ−(0) candidate satisfies the requirement cos α >

0, where α is the angle between the momentum and the vertex vector of Ξ−(0). The vertex
vector points from the IP to the fitted Ξ−(0) vertex. The Λ candidates are reconstructed
via the Λ → pπ− decay. The distance between the decay vertex of each Λ candidate and
the IP is required to be greater than 0.35 cm [3]. The signal region of Λ candidates is
defined as |M(pπ−) − mΛ| < 3.5 MeV/c2 (about 3σ). Each π− candidate from the Ξ− decay
is required to have a transverse momentum greater than 0.1 GeV/c to remove backgrounds
from low-momentum pions. An ECL cluster is used to form a photon candidate if it is not
associated with the extrapolation of a charged track. Candidate π0’s from Ξ0 decays are
reconstructed from pairs of photons selected from energy deposits in the ECL. To suppress
low-momentum and fake photons, each photon candidate is required to have an energy greater
than 30 MeV in the ECL barrel region (−0.63 < cos θ < 0.85); 50 (80) MeV for Belle (Belle II)
in the forward endcap (0.85 < cos θ < 0.98); and 50 (60) MeV in the backward endcap
(−0.91 < cos θ < −0.63), where θ is the polar angle in the laboratory frame. The signal region
of the π0 candidates is defined as |M(γγ)−mπ0 | < 11.6 MeV/c2 (about 2σ). In addition, the
momenta of the π0 candidates in the laboratory frame are required to exceed 0.25 GeV/c.
Finally, Ξ− and Ξ0 candidates are formed from Λπ− and Λπ0 combinations, respectively.
The signal regions of Ξ− and Ξ0 candidates are defined as |M(Λπ−) − mΞ− | < 6.6 MeV/c2

(about 3σ) and |M(Λπ0) − mΞ0 | < 6.0 MeV/c2 (about 2σ), respectively.

The K0
S candidates decaying to π+π− are selected with an artificial neural network for

Belle [32, 33]. For Belle II, the flight distance of each K0
S is required to be larger than

0.5 cm to remove random combinations of pions. The flight distance is calculated as the
projection of the vector that joins the IP to the decay vertex onto the direction of its
momentum. The signal region is defined as |M(π+π−) − mK0

S
| < 7.0 MeV/c2 (about 2σ).

The Σ+ candidates are reconstructed in the Σ+ → pπ0 decay mode, with the likelihood ratio
requirements R(p|π) > 0.6 and R(p|K) > 0.6 for the proton candidates. The distance of
the closest approach of the proton to the IP in the transverse plane is greater than 0.1 cm.
The photon energy requirements on the π0 from the Σ+ are the same as those for the π0

from the Ξ0. A loose signal region is used to select π0 candidates with a range of (0.110,
0.155) GeV/c2. To reduce the combinatorial backgrounds, the π0 momentum in the e+e−

c.m. frame must be greater than 0.45 GeV/c. A vertex fit is applied to the entire Σ+ decay
chain, with a π0 invariant mass constraint. The requirement cos α > 0 is also applied to
select Σ+ candidates. The efficiency loss for this selection is less than 1%. For selected Σ+

candidates, |M(pπ0) − mΣ+ | < 7.0 MeV/c2 (about 1.5σ) is required.

For the Ξ+
c candidates, a vertex fit is applied for each mode using the TreeFit algorithm

with mass constraints for the intermediate states and the constraint that the Ξ+
c originates

from the interaction region [34]. To suppress backgrounds, especially those from B-meson
decays, we require the scaled momentum xp = p∗Ξ+

c
/pmax to be larger than 0.55. Here, the p∗Ξ+

c

is the momentum of the Ξ+
c candidate in the e+e− c.m. frame, and pmax = 1

c

√
E2

beam − M2
Ξ+

c
c4,

where the Ebeam is the beam energy in the e+e− c.m. frame and MΞ+
c

is the mass of the
Ξ+

c candidate.
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Figure 1. Invariant mass distributions of Ξ−π+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.

5 Measurements of the branching fractions

The Ξ−π+π+ invariant mass distributions for Ξ+
c candidates in Belle and Belle II data after

applying all event selection criteria are shown in the figure 1, together with the results of
an unbinned extended maximum-likelihood (EML) fit. A sum of two Gaussians is used as
the signal probability density function (PDF) for the Ξ+

c shape, while the background is
represented by a first-order polynomial. All signal and background parameters are allowed
to float in the fit. The distributions of pull = (Ndata − Nfit)/

√
Ndata are also displayed in

figure 1, where Ndata is the number of entries in each bin from data, and Nfit is the fit result
in each bin. The fitted signal yields are summarized in table 1.

The reconstruction efficiency of the three-body decay Ξ+
c → Ξ−π+π+ can vary across the

phase space. Figure 2 shows the Dalitz distributions [35] of M2(Ξ−π+
L ) versus M2(Ξ−π+

H)
in the Ξ+

c signal region after subtracting the normalized events from Ξ+
c sideband regions,

where the Ξ−π+ combination with a higher (lower) invariant mass is labeled as M2(Ξ−π+
H)

(M2(Ξ−π+
L )). Here, the Ξ+

c signal and sideband regions for Ξ+
c → Ξ−π+π+ mode are defined

as |M(Ξ−π+π+) − mΞ+
c
| < 24 MeV/c2 (about 3σ) and 40 MeV/c2< |M(Ξ−π+π+) − mΞ+

c
| <

64 MeV/c2, respectively. We divide the Dalitz plot into 20 × 30 bins and then apply a
bin-by-bin correction for the efficiency. The reconstruction efficiency averaged over the Dalitz
plot is determined via the formula

ε =
∑

i Ni∑
i(Ni/εi)

, (5.1)

where i is summed over all bins; the reconstruction efficiency of each Dalitz plot bin (εi) is
obtained from MC simulation. Here, Ni is the number of signal candidates for the ith bin in
data calculated as Ni = N tot

i − Nbkg
SR fbkg

i , where N tot
i is the yield in the ith bin of the Dalitz

distribution in the Ξ+
c signal region, Nbkg

SR is the fitted background yield in the Ξ+
c signal

region in data, and fbkg
i is the fraction of background in the ith bin, with

∑
i fbkg

i = 1. These
fractions are obtained from the Dalitz plot of events in the normalized Ξ+

c sideband regions
in data [3]. The signal efficiencies ε are determined to be (11.37± 0.02)% and (10.98± 0.02)%
for Belle and Belle II, respectively, and are listed in table 1.
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Figure 2. Dalitz distributions of the reconstructed Ξ−π+π+ candidates from (a) Belle and (b) Belle
II data in the Ξ+

c signal region with the normalized Ξ+
c sideband events subtracted.

Distributions of M(Σ+K0
S), M(Ξ0π+), and M(Ξ0K+) of Ξ+

c candidates reconstructed in
data are shown in figure 3. These invariant mass distributions are used to extract Ξ+

c signal
yields from an unbinned EML fit. We study the background of M(Σ+K0

S) using simulation [36]
and Σ+ sidebands, and those of M(Ξ0π+) and M(Ξ0K+) using simulation [36] and Ξ0

sidebands. In addition to a flat combinatorial component, there is a peaking background
component, referred to as broken-signal, dominated by random photons not associated with
the signal decay, which is described by a non-parametric kernel estimation PDF [37] (Fbrk)
obtained from MC simulation. The total fit function (F) includes, therefore, terms for the
signal (Fsig), Fbrk, and smooth background (Fbkg) contributions:

F = nsigFsig + nbrkFbrk + nbkgFbkg, (5.2)

where nsig, nbrk, and nbkg are the number of Ξ+
c signal events, broken-signal events, and

smooth background events, respectively. The values of nsig and nbkg are free in the fit. The
value of nbrk is not taken into account when calculating the reconstruction efficiency and
signal extraction. For Ξ+

c → Σ+K0
S and Ξ+

c → Ξ0K+ modes, the ratios of nbrk to nsig
are fixed to the fractions from MC simulations and are 15.4% (15.9%) and 18.0% (18.5%),
respectively, at Belle (Belle II). Due to the clear Ξ+

c signal for the Ξ+
c → Ξ0π+ mode, the ratio

is free. The fitting result for the ratio is consistent with the MC simulation. The signal PDFs
in Ξ+

c → Σ+K0
S and Ξ+

c → Ξ0K+ decays are modeled using the sum of two Gaussians with a
common mean, convolved with a Gaussian function to take into account the difference in mass
resolution between data and MC simulation. Here, the sum of two Gaussians is fixed to the
MC simulation; we use the Ξ+

c → Ξ0π+ as the control mode and convolve the Ξ+
c signal shapes

with a Gaussian function to account for the convolved Gaussian width in the Ξ+
c → Σ+K0

S

and Ξ+
c → Ξ0K+ signal PDFs. For the Ξ+

c → Ξ0π+, the signal shape of Ξ+
c candidates is

modeled using the sum of two Gaussians with a common mean, where the fractions and
parameters are free. The Fbkg contribution is parameterized by a second-order polynomial
for each mode, with all the parameters free in the fit. A validation of the fit through MC
simulation confirms that the results are unbiased and the uncertainties follow a Gaussian
distribution. The reconstruction efficiencies and fit results for each mode are listed in table 1.
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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
χ2/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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Mode fitted yield (Belle) εBelle (%) fitted yield (Belle II) εBelle II (%)
Ξ+

c → Ξ−π+π+ (487 ± 4) × 102 11.37 ± 0.02 (196 ± 2) × 102 10.98 ± 0.02
Ξ+

c → Σ+K0
S 288 ± 41 1.93 ± 0.02 182 ± 31 2.48 ± 0.02

Ξ+
c → Ξ0π+ 2782 ± 74 2.68 ± 0.02 1469 ± 40 3.22 ± 0.03

Ξ+
c → Ξ0K+ 138 ± 31 2.25 ± 0.03 100 ± 20 2.71 ± 0.02

Table 1. Observed Ξ+
c signal yields and reconstruction efficiencies for the studied modes. Uncertainties

are statistical only.

The reconstruction efficiencies for signal modes in Belle II are larger than those in
Belle due to improved photon reconstruction stemming from timing improvements in the
ECL readout electronics. The statistical significances for Ξ+

c → Σ+K0
S , Ξ+

c → Ξ0π+, and
Ξ+

c → Ξ0K+ are 7.4σ (6.2σ), >10.0σ (>10.0σ), and 4.7σ (5.5σ) in Belle (Belle II), respectively.
The significances are estimated using −2 ln(L0/Lmax), where L0 and Lmax are the values of
the likelihood without and with the signal component [38], respectively. The difference in
the number of degrees of freedom in the fit are 1 for Ξ+

c → Σ+K0
S and Ξ+

c → Ξ0K+ modes,
and 5 for Ξ+

c → Ξ0π+, and are taken into account to estimate the statistical significance.
Alternative fits to the Ξ0K+ mass spectra are performed: (1) changing the fit range by 10%,
(2) changing the order of polynomial for the smooth background, (3) floating the ratio of
nbrk to nsig. The significance for the Ξ+

c → Ξ0K+ mode is larger than 4.5σ and 5.1σ for
Belle and Belle II, respectively, in all cases.

The ratios of branching fractions to the normalization mode Ξ+
c → Ξ−π+π+ are cal-

culated via

B(Ξ+
c → Σ+K0

S)
B(Ξ+

c → Ξ−π+π+)
=

NΣ+K0
S
× εΞ−π+π+

εΣ+K0
S
× NΞ−π+π+

× B(Ξ− → Λπ−)B(Λ → pπ−)
B(Σ+ → pπ0)B(K0

S → π+π−)B(π0 → γγ)
,

B(Ξ+
c → Ξ0π+)

B(Ξ+
c → Ξ−π+π+)

= NΞ0π+ × εΞ−π+π+

εΞ0π+ × NΞ−π+π+
× B(Ξ− → Λπ−)

B(Ξ0 → Λπ0)B(π0 → γγ) ,

B(Ξ+
c → Ξ0K+)

B(Ξ+
c → Ξ−π+π+)

= NΞ0K+ × εΞ−π+π+

εΞ0K+ × NΞ−π+π+
× B(Ξ− → Λπ−)

B(Ξ0 → Λπ0)B(π0 → γγ) .

(5.3)

Here, NΣ+K0
S
, NΞ0π+ , NΞ0K+ , and NΞ−π+π+ are the Ξ+

c yields resulting from the fits;
εΣ+K0

S
, εΞ0π+ , εΞ0K+ , and εΞ−π+π+ are the corresponding reconstruction efficiencies; and the

branching fractions are taken from the PDG world averages [29]. The calculated branch-
ing fraction ratios are summarized in table 2. Meanwhile, the branching fraction ratio
B(Ξ+

c → Ξ0K+)/B(Ξ+
c → Ξ0π+) is calculated by

B(Ξ+
c → Ξ0K+)

B(Ξ+
c → Ξ0π+)

= NΞ0K+ × εΞ0π+

εΞ0K+ × NΞ0π+
. (5.4)

We combine the Belle and Belle II branching fraction ratios and uncertainties using the
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Mode Belle Belle II Combined
B(Ξ+

c → Σ+K0
S)/B(Ξ+

c → Ξ−π+π+) 0.063 ± 0.009 ± 0.004 0.075 ± 0.013 ± 0.006 0.067 ± 0.007 ± 0.003
B(Ξ+

c → Ξ0π+)/B(Ξ+
c → Ξ−π+π+) 0.246 ± 0.007 ± 0.011 0.259 ± 0.007 ± 0.015 0.251 ± 0.005 ± 0.010

B(Ξ+
c → Ξ0K+)/B(Ξ+

c → Ξ−π+π+) 0.015 ± 0.003 ± 0.001 0.021 ± 0.004 ± 0.002 0.017 ± 0.003 ± 0.001
B(Ξ+

c → Ξ0K+)/B(Ξ+
c → Ξ0π+) 0.061 ± 0.014 ± 0.004 0.081 ± 0.016 ± 0.005 0.068 ± 0.010 ± 0.004

Table 2. Branching fraction ratios of Ξ+
c → Σ+K0

S , Ξ0π+, and Ξ0K+ decays relative to Ξ+
c →

Ξ−π+π+ and the ratio of B(Ξ+
c → Ξ0K+) and B(Ξ+

c → Ξ0π+). The first uncertainty is statistical
and the second systematic.

formulas in ref. [39],

r = r1σ2
2 + r2σ2

1
σ2

1 + σ2
2 + (r1 − r2)2ϵ2

r

,

σ =
√

σ2
1σ2

2 + (r2
1σ2

2 + r2
2σ2

1)ϵ2
r

σ2
1 + σ2

2 + (r1 − r2)2ϵ2
r

,

(5.5)

where ri, σi, and ϵr are the branching fraction ratio, uncorrelated uncertainty, and relative
correlated systematic uncertainty of the branching fraction ratio from each data sample,
respectively. All the uncorrelated and correlated uncertainties are listed in table 3. The
systematic uncertainties are discussed in section 6. The combined branching fraction ratios are
summarized in table 2, where the first uncertainty is statistical and the second systematic.

6 Systematic uncertainties

There are several sources of systematic uncertainties in the measurements of the branching
fraction ratios, including those associated with efficiency, the branching fraction of the
intermediate state, and the fit procedure. Note that the uncertainties from efficiency-related
sources and the branching fraction of the intermediate state partially cancel when taking
the ratio to the normalization mode. Table 3 summarizes the systematic uncertainties, with
the total uncertainty calculated as the quadratic sum of the uncertainties from each source.
For the branching fraction ratio B(Ξ+

c → Ξ0K+)/B(Ξ+
c → Ξ0π+), the uncertainties related

to Ξ0 reconstruction and π+/K+ tracking cancel, so that the remaining uncertainties come
from detection efficiency-related sources (PID and MC sample size) and the fit procedure
(fit uncertainty and background shape).

The detection efficiencies determined from the simulations are corrected by the multiplica-
tive data-to-simulation ratios determined from data control samples, and the uncertainties
on the correction factors are taken as systematic uncertainties [3]. The correction factors and
uncertainties include those from track-finding efficiency, obtained from the control samples
of D∗+ → D0(→ K0

Sπ+π−)π+ at Belle and B̄0 → D∗+(→ D0π+)π− and e+e− → τ+τ− at
Belle II. By weighting the momentum distributions of the charged tracks, we include the
corresponding efficiency correction factors and the systematic uncertainties of 0.35% and
0.33% per track for Belle and Belle II, respectively. Furthermore, the tracking uncertainties
of π+ and K+ mesons, originating from the Ξ+

c , do not cancel in the ratios B(Ξ+
c →Ξ0π+)

B(Ξ+
c →Ξ−π+π+)

and B(Ξ+
c →Ξ0K+)

B(Ξ+
c →Ξ−π+π+) due to the tighter momentum requirements. The systematic uncertainties
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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 τ− → 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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respectively. The systematic uncertainty due to the limited MC simulation sample sizes is
calculated using a binomial uncertainty estimate. For the reference mode Ξ+

c → Ξ−π+π+,
the detection efficiency is corrected across the Dalitz plot. The selected Ξ+

c sideband regions
may influence the efficiency. We enlarge the Ξ+

c sideband regions by a factor of two, and the
deviation in efficiency compared to the nominal value is taken as systematic uncertainty.

The uncertainties due to the fit procedure are determined by taking the differences
between the Ξ+

c → Σ+K0
S and Ξ+

c → Ξ0K+ signal yields in the nominal fits and the signal
yields in fits with the following modifications: (1) changing the fit range by 10%, (2) changing
the order of polynomial for the smooth background, (3) floating the ratio of nbrk to nsig,
and (4) changing the convolved Gaussian width by ±1σ. Only the fit range and background
shape are considered as the sources of uncertainty for the Ξ+

c → Ξ0π+ mode. The order
of the polynomial for the background shape is the same for the two data samples, and
the corresponding uncertainty is extracted from a simultaneous fit for the Ξ+

c signal yield
in the Belle and Belle II data. We treat the background shape uncertainty as a separate
systematic uncertainty. The uncertainties associated with changing the broken-signal PDF
smoothed by RooKeysPdf to RooHistPdf [37, 41] are smaller than 0.1% and are neglected.
The total systematic uncertainty is obtained by adding the contributions from each source in
quadrature. Since charmed baryons are produced inclusively at Belle and Belle II, the possible
polarization effect is small [42]. We also checked the Ξ+

c angular distributions between data
and MC simulations and found that they are consistent. In addition, we weight the signal
MC samples based on the efficiency-corrected xp distributions of the normalization mode
from data to improve agreement between data and MC simulations. The efficiency-corrected
xp distribution is determined by fitting the M(Ξ−π+π+) distribution in each xp bin of
data while incorporating the efficiency in each bin [3]. Thus, the systematic uncertainty
associated with the model of signal MC generation can be neglected. For the normalization
mode Ξ+

c → Ξ−π+π+, the uncertainties are determined by changing the fit range and the
order of the background polynomial. These uncertainties are added in quadrature for the
corresponding branching fraction ratio measurements.

The systematic uncertainties due to the intermediate branching fractions are taken to be
the uncertainties on the world-average values [29] and treated as correlated uncertainties, which
are common to Belle and Belle II. For the measurement of B(Ξ+

c →Σ+K0
S)

B(Ξ+
c →Ξ−π+π+) , the uncertainties

from B(Σ+ → pπ0), B(K0
S → π+π−), B(π0 → γγ), B(Ξ− → Λπ−), and B(Λ → pπ−)

are 0.58%, 0.07%, 0.03%, 0.04%, and 0.78% [29], which are added in quadrature as the
total uncertainty from branching fractions of intermediate states. For the measurements
of B(Ξ+

c →Ξ0π+)
B(Ξ+

c →Ξ−π+π+) and B(Ξ+
c →Ξ0K+)

B(Ξ+
c →Ξ−π+π+) , the uncertainties from B(Ξ− → Λπ−), B(Ξ0 → Λπ0),

and B(π0 → γγ) are 0.04%, 0.01%, and 0.03% [29], respectively. The 44.8% uncertainty on
B(Ξ+

c → Ξ−π+π+) [2] is treated as an independent systematic uncertainty in the measurement
of the absolute branching fractions.

Adding the contributions from each source in quadrature in table 3, the total systematic
uncertainties are 5.4% (7.6%), 4.3% (5.7%), 6.7% (7.1%), and 6.5% (6.2%) for 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+) , and B(Ξ+
c →Ξ0K+)

B(Ξ+
c →Ξ0π+) at Belle (Belle II), respectively.
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7 Summary and discussion

We present measurements of the branching fractions of Ξ+
c decays into Σ+K0

S , Ξ0π+, and
Ξ0K+ final states, using 983.0 fb−1 and 427.9 fb−1 data samples collected by the Belle and
Belle II experiments, respectively. By using the decay Ξ+

c → Ξ−π+π+ as a reference mode,
relative branching fractions are measured to be

B(Ξ+
c → Σ+K0

S)
B(Ξ+

c → Ξ−π+π+)
= 0.067 ± 0.007 ± 0.003, (7.1)

B(Ξ+
c → Ξ0π+)

B(Ξ+
c → Ξ−π+π+)

= 0.251 ± 0.005 ± 0.010, (7.2)

and
B(Ξ+

c → Ξ0K+)
B(Ξ+

c → Ξ−π+π+)
= 0.017 ± 0.003 ± 0.001, (7.3)

where the first uncertainties are statistical and the second are systematic. The ratio of
B(Ξ+

c → Ξ0K+)/B(Ξ+
c → Ξ0π+) is measured to be 0.068 ± 0.010 ± 0.004. Taking B(Ξ+

c →
Ξ−π+π+) = (2.9 ± 1.3)% [29], the absolute branching fractions are measured to be

B(Ξ+
c → Σ+K0

S) = (0.194 ± 0.021 ± 0.009 ± 0.087)%, (7.4)
B(Ξ+

c → Ξ0π+) = (0.728 ± 0.014 ± 0.027 ± 0.326)%, (7.5)

and
B(Ξ+

c → Ξ0K+) = (0.049 ± 0.007 ± 0.003 ± 0.022)%, (7.6)

where the third uncertainties are from B(Ξ+
c → Ξ−π+π+).

Figure 4 shows the comparison of measurements of the branching fractions with theoretical
calculations as mentioned in section 1. Two predictions utilizing SU(3)f symmetry with
the irreducible approach method [5, 8] agree well with our measurements across all decay
channels. Most theoretical predictions, considering their uncertainties, are consistent with the
measured central result within 2.4σ for the SCS decay Ξ+

c → Ξ0K+. However, the predictions
based on the dynamical model [4] and the SU(3)f method [9, 11] differ significantly from
the measured central value. The measured absolute branching fraction of Ξ+

c → Σ+K0
S is

lower than the central values predicted by most theoretical papers. Our measurement of
B(Ξ+

c → Ξ0π+) is consistent with the result from the CLEO Collaboration and has better
precision [12]. The ratios (7.1), (7.2), and (7.3) are independent of the Ξ+

c absolute branching
fraction scale and may serve as valuable benchmarks for comparison with theoretical models.
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