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Charm physics and baryons 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 baryons include Λ+

c (udc), Ξ+
c (usc), Ξ0

c (dsc), and Ω0
c (ssc).

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).

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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Ξ0
c → Ξ0h(h = π0, η, η′) at Belle and Belle II JHEP 10 (2024) 045
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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.
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Ξ0
c → Ξ0h(h = π0, η, η′) at Belle and Belle II JHEP 10 (2024) 045

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.
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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

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

2
c

E
ve

n
ts

 p
e
r 

5
 M

e
V

/

0

50

100

150 -1Belle, 980 fb Data

Total fit

Signal shape

Broken signal

Background

 sideband
0

Ξ

]2c) [GeV/0π
0

Ξ(M
2.3 2.4 2.5 2.6

P
u

ll

2−

0
2

(a)

2
c

E
ve

n
ts

 p
e
r 

5
 M

e
V

/

0

50

100

-1Belle II, 426 fb Data

Total fit

Signal shape

Broken signal

Background

 sideband
0

Ξ

]2c) [GeV/0π
0

Ξ(M
2.3 2.4 2.5 2.6

P
u

ll

2−
0
2

2
c

E
ve

n
ts

 p
e
r 

5
 M

e
V

/

0

20

40

60
-1Belle, 980 fb Data

Total fit

Signal shape

Broken signal

Background

 sideband
0

Ξ

]2c) [GeV/η0Ξ(M
2.3 2.4 2.5 2.6

P
u

ll

2−
0
2

(b)

2
c

E
ve

n
ts

 p
e
r 

5
 M

e
V

/

0

10

20

30

40
-1Belle II, 426 fb Data

Total fit

Signal shape

Broken signal

Background

 sideband
0

Ξ

]2c) [GeV/η0Ξ(M
2.3 2.4 2.5 2.6

P
u

ll

2−
0
2

2
c

E
ve

n
ts

 p
e
r 

5
 M

e
V

/

0

5

10

15

20

25
-1Belle, 980 fb Data

Total fit

Signal shape

Broken signal

Background

 sideband
0

Ξ

]2c’) [GeV/η0Ξ(M
2.4 2.45 2.5 2.55

P
u

ll

2−
0
2

(c)

2
c

E
ve

n
ts

 p
e
r 

5
 M

e
V

/

0

5

10

15

20
-1Belle II, 426 fb Data

Total fit

Signal shape

Broken signal

Background

 sideband
0

Ξ

]2c’) [GeV/η0Ξ(M
2.4 2.45 2.5 2.55

P
u

ll

2−
0
2

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 = r1σ2
2 + r2σ2

1
σ2

1 + σ2
2 + (r1 − r2)2ε2r

,

σ =
√
σ2

1σ
2
2 + (r2

1σ
2
2 + r2

2σ
2
1)ε2r

σ2
1 + σ2

2 + (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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Ξ0
c → Λh(h = π0, η, η′) at Belle and Belle II arXiv:2510.20882, submitted to PRD

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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Ξ0
c → Λh(h = π0, η, η′) at Belle and Belle II arXiv:2510.20882, submitted to PRD

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
c ) = 2470.44±0.28MeV/c2 5
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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(h
0)

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 substituting N 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

Theoretical predictions: various approaches with
SU(3)F symmetry.

PDG:m(Ξ0
c ) = 2470.44±0.28MeV/c2 6
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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 → pK 0

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 → pK 0
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.
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Precise B measurement for Ξ+
c → Σ+K 0

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+K 0
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+K 0

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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CLEO Collaboration [12]
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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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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→pK 0

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 → pK 0
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 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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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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CP Violation in Charm and Baryon
Charm

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 ) .

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)%

Charmed Baryon

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

ACP (Λ+
c → pπ−π+) + ACP (Ξ+

c → Σ+K−K+) = 0
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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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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 and baryon decays.

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 this month; more statistics are coming.
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Backup

Ξ+
c → pK 0

S ,Λπ+,Σ0π+

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

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

– 10 –
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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+.

– 12 –
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8

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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Λ+
c → pK 0

Sπ
0

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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branching fraction, BðΛþ

c → pK0
Sπ
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Sources Value (%)

K0
S reconstruction 1.57

π0 reconstruction 1.54
Fit function 0.60
MC statistics 0.58
Dalitz plot binning 0.68
PID of K− and πþ 0.34
Tracking of K− and πþ 0.70

Total 2.57
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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→ and D0 → 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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