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Baryon structures 
(Belle)
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FIG. 2. (a) The Ξ+
c K

− invariant mass distribution. The fit shown by the solid line is the sum of a threshold function (dashed
line) and six Voigtian (Breit-Wigner convolved with Gaussian resolution) functions, with fixed masses, intrinsic widths and
resolutions (dotted lines). (b) A threshold function fit to the Ξ+

c K
+ (wrong-sign) invariant mass distribution. (c) A threshold

function fit to the invariant mass distribution for sidebands to the Ξ+
c candidates in combination with K− candidates.
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1 Recent baryon results from Belle
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- ⌅(1620)0 & ⌅(1690)0 in ⌅+
c ! ⌅�⇡+⇡=
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- Excited ⌦�
observations PRL 121, 052003 (2018)

- Excited ⌦c (obs. 4 states) PRD 97, 051102 (2018)

1

1 Recent baryon results from Belle

• Weak decays

- ⌅0
c ! ⇤K0

S, ⌃
0K0

S, ⌃
+K�

arXiv:2111.08981

- ⌅0
c ! ⇤K

⇤0
, ⌃0K

⇤0
, ⌃+K⇤�

JHEP 2106, 160 (2021)

- ⇤+
c ! p! (BF) PRD 104, 072008 (2021)

X ⌦0
c ! ⇡+⌦(2012)� ! ⇡+(K̄⌃)� PRD 104, 052005 (2021)

- B(⌅0
c ! ⌅�`+⌫) and asym. of ⌅0

c ! ⌅�⇡+
PRL 127, 121803 (2021)

- ⇤+
c ! p⌘, p⇡0

PRD 103, 072004 (2021)

- ⌅0
c ! ⌅0K+K�

PRD 103, 112002 (2021)

X ⇤+
c ! ⌘⇤⇡+, ⌘⌃0⇡+, ⇤(1670)⇡+, ⌘⌃(1385)+ PRD 103, 052005 (2021)

• Hadronic properties & radiative decays

X mass, width of ⌃c(2455)+, ⌃c(2520)+ PRD 104, 052003 (2021)

X ⌅c(2815)0 ! ⌅0
c�, ⌅c(2790)0 ! ⌅0

c�, PRD 102, 071103 (2020)

X Spin-parity of ⌅c(2970)+ PRD 103, L111101 (2021)

- B baryonic decays, B ! ⇤c⌅c PRD 100, 112010 (2019)

- ⌅(1620)0 & ⌅(1690)0 in ⌅+
c ! ⌅�⇡+⇡=

PRL 122, 072501 (2019)

...

- Excited ⌦�
observations PRL 121, 052003 (2018)

- Excited ⌦c (obs. 4 states) PRD 97, 051102 (2018)

1

from my talk @ LightCone 2021



5

1 Recent baryon results from Belle

• Weak decays

- ⌅0
c ! ⇤K0

S, ⌃
0K0

S, ⌃
+K�

arXiv:2111.08981

- ⌅0
c ! ⇤K

⇤0
, ⌃0K

⇤0
, ⌃+K⇤�

JHEP 2106, 160 (2021)

- ⇤+
c ! p! (BF) PRD 104, 072008 (2021)

X ⌦0
c ! ⇡+⌦(2012)� ! ⇡+(K̄⌃)� PRD 104, 052005 (2021)

- B(⌅0
c ! ⌅�`+⌫) and asym. of ⌅0

c ! ⌅�⇡+
PRL 127, 121803 (2021)

- ⇤+
c ! p⌘, p⇡0

PRD 103, 072004 (2021)

- ⌅0
c ! ⌅0K+K�

PRD 103, 112002 (2021)

X ⇤+
c ! ⌘⇤⇡+, ⌘⌃0⇡+, ⇤(1670)⇡+, ⌘⌃(1385)+ PRD 103, 052005 (2021)

• Hadronic properties & radiative decays

X mass, width of ⌃c(2455)+, ⌃c(2520)+ PRD 104, 052003 (2021)

X ⌅c(2815)0 ! ⌅0
c�, ⌅c(2790)0 ! ⌅0

c�, PRD 102, 071103 (2020)

X Spin-parity of ⌅c(2970)+ PRD 103, L111101 (2021)

- B baryonic decays, B ! ⇤c⌅c PRD 100, 112010 (2019)

- ⌅(1620)0 & ⌅(1690)0 in ⌅+
c ! ⌅�⇡+⇡=

PRL 122, 072501 (2019)

...

- Excited ⌦�
observations PRL 121, 052003 (2018)

- Excited ⌦c (obs. 4 states) PRD 97, 051102 (2018)

1

1 Recent baryon results from Belle

• Weak decays

- ⌅0
c ! ⇤K0

S, ⌃
0K0

S, ⌃
+K�

arXiv:2111.08981

- ⌅0
c ! ⇤K

⇤0
, ⌃0K

⇤0
, ⌃+K⇤�

JHEP 2106, 160 (2021)

- ⇤+
c ! p! (BF) PRD 104, 072008 (2021)

X ⌦0
c ! ⇡+⌦(2012)� ! ⇡+(K̄⌃)� PRD 104, 052005 (2021)

- B(⌅0
c ! ⌅�`+⌫) and asym. of ⌅0

c ! ⌅�⇡+
PRL 127, 121803 (2021)

- ⇤+
c ! p⌘, p⇡0

PRD 103, 072004 (2021)

- ⌅0
c ! ⌅0K+K�

PRD 103, 112002 (2021)

X ⇤+
c ! ⌘⇤⇡+, ⌘⌃0⇡+, ⇤(1670)⇡+, ⌘⌃(1385)+ PRD 103, 052005 (2021)

• Hadronic properties & radiative decays

X mass, width of ⌃c(2455)+, ⌃c(2520)+ PRD 104, 052003 (2021)

X ⌅c(2815)0 ! ⌅0
c�, ⌅c(2790)0 ! ⌅0

c�, PRD 102, 071103 (2020)

X Spin-parity of ⌅c(2970)+ PRD 103, L111101 (2021)

- B baryonic decays, B ! ⇤c⌅c PRD 100, 112010 (2019)

- ⌅(1620)0 & ⌅(1690)0 in ⌅+
c ! ⌅�⇡+⇡=

PRL 122, 072501 (2019)

...

- Excited ⌦�
observations PRL 121, 052003 (2018)

- Excited ⌦c (obs. 4 states) PRD 97, 051102 (2018)

1

• Baryon papers in 2022

- ⌅0
c decays (W emission vs. W exchange) PRD 105, L011102 (2022)

- ⌅0
c ! ⇤+

c ⇡
�

(s ! uW ⇤
vs. W exchange) arXiv:2206.08527

- ⇤c ! ⌃�, ⌅c ! ⌅� (radiative) arXiv:2206.12517

- ⌦0
c ! ⌦�`+⌫` (semileptonic) PRD 105, L091102 (2022)

- ⇤+
c ! p⌘0 (SCS) JHEP 03 (2022) 090

- new excited states decaying to ⌃c(2455)⇡±
arXiv:2206.08822

1
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Outline
Results on baryonic states 
• W-exchange contribution

• radiative decay

• semileptonic decay

Baryonic dark matter searches 
•  search  

Studies of exotic hadrons 
•  search

• Tetraquark ( ) search

B0 → ΛψDS

X(3872) → π+π−π0

Tccs̄s̄

6
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Belle & Belle II

construction, testing, and commissioning stages of
the Belle detector.

2. Interaction region

2.1. Beam crossing angle

The layout of the interaction region is shown in
Fig. 2 [4]. The beam crossing angle of 711 mr
allows us to fill all RF buckets with the beam and
still avoid parasitic collisions, thus permitting
higher luminosity. Another important merit of
the large crossing-angle scheme is that it eliminates
the need for the separation-bend magnets, sig-
nificantly reducing beam-related backgrounds in
the detector. The risk associated with this choice of
a non-zero crossing angle is the possibility of
luminosity loss caused by the excitation of
synchro-beta resonances [5].

The low-energy beam line (eþ) is aligned with
the axis of the detector solenoid since the lower-
momentum beam particles would suffer more
bending in the solenoid field if they were off-axis.

This results in a 22 mr angle between the high-
energy beam line (e") and the solenoid axis.

2.2. Beam-line magnets near the interaction point

The final-focus quadrupole magnets (QCS) are
located inside the field volume of the detector
solenoid and are common to both beams. In order
to facilitate the high gradient and tunability, these
magnets are superconducting at the expense of a
larger size. In order to minimize backgrounds from
QCS-generated synchrotron radiation, their axes
are aligned with the incoming eþ and e" beams.
This requires the radius of the backward-angle
region cryostat to be larger than that of the one in
the forward-angle region. The inner aperture is
determined by the requirements of injection and
the need to avoid direct synchrotron radiation
incident on the beam pipe inside the cryostats. The
z-positions are determined by the detector accep-
tance (171pyp1501).

To minimize solenoid-field-induced coupling
between the x and y beam motions, superconduct-
ing compensation solenoid magnets are located

Fig. 1. Side view of the Belle detector.

A. Abashian et al. / Nuclear Instruments and Methods in Physics Research A 479 (2002) 117–232124
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18#countries#
84#institutes#
~400#members

Z L dt
=
10
39

fb
�1

Lpeak = 21.1 nb�1s�1

Y. Kwon (Yonsei Univ./Belle) Physics Highlights from Belle Aug. 25, 2015 4

counter

Si Vtx. det. 
4(3) lyr. DSSD

		20	countries	
		90	institutions	
~450	members
100
22

~450



Belle (and BaBar, too) achievements include: 

• CPV, CKM, and rare decays of B mesons (and Bs, 
too) 

• Mixing, CP, and spectroscopy of charmed 
hadrons, e.g.  

• Quarkonium spectroscopy and discovery of 
(many) exotic states, e.g. X(3872), Zc(4430)+ 

• Studies of τ and 2γ

D*s0(2317)+

2008

9
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SuperKEKB                         Belle II

injector		
to	Linac

<latexit sha1_base64="LDrPrMeyiiKn7txHDpbeYxM3NRw="></latexit>

Lpeak
II ⇡ 30⇥ Lpeak

I
<latexit sha1_base64="YbBuS6GqQt4D9dtJkKRL0GJXgHQ="></latexit>Z goal

LII dt = 50 ab�1 ⇡ 50

Z
LI dt

8

Super-KEKB: the nano-beam scheme

s
y
* = 48/62 nm

b
y
* = 0.27/0.3 mm

s
x
* = 10.1/10.7 mm

s
y
* = 940 nm

b
y
* = 5.9 mm

s
x
* = 147/170 mm

KEKB Super-KEKB
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The	Belle	II	Collaboration

26	countries/regions,			~120	ins3tu3ons,			~1000	collaborators

The Belle II Collaboration
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Belle II
Belle II has been in 
operation through the 
Pandemic era, with 
modified working mode in 
accordance with the anti-
pandemic policy. 
(See back-up slide!)

peak luminosity 
world record 
4.7 × 1034 cm−2s−1
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Ξ0
c → ΛK0

S , Σ0K0
S , Σ+K−

Charmed baryons — unique lab to study subtle 
interplay of strong and weak int.  

-exchange is non-negligible, unlike the case with 
mesons 

 theoretical works for two-body hadronic weak 
decays:  
• see the Table (next page)

W

∃
Ξ0

c → B + P

14

BELLE

PRD 105, L011102 (2022)
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W-exchange topological diagrams play an essential role
and cannot be neglected, in contrast with their negligible
effects in heavy meson decays [7]. Figure 1 shows
the Feynman diagrams from internal W-emission for
Ξ0
c → ΛK̄0=Σ0K̄0 decays and W-exchange for Ξ0

c →
ΛK̄0=Σ0K̄0=ΣþK− decays as examples. In Ref. [4], the
authors found that the factorizable and nonfactorizable
terms in both the S- and P-wave amplitudes of the decay
Ξ0
c → Σ0K̄0 interfere destructively, resulting in a small

branching fraction. On the other hand, the interference
in the decay Ξ0

c → ΛK̄0 is found to be constructive. The
decay Ξ0

c → ΣþK− proceeds only through purely non-
factorizable diagrams, and it allows us to check the
importance of such decay diagrams. The branching frac-
tions of Ξ0

c → ΛK̄0, Ξ0
c → Σ0K̄0, and Ξ0

c → ΣþK− decays
predicted by different theoretical models are listed in
Table I.
The ratio of the branching fraction of Ξ0

c → ΛK0
S relative

to that of Ξ0
c → Ξ−πþ has been measured to be 0.21"

0.02" 0.02 by Belle using a 140 fb−1 data sample [8]. In
this paper, we measure the branching fraction ratio BðΞ0

c →
ΛK0

SÞ=BðΞ0
c → Ξ−πþÞ to improve the precision, and

present the first measurements of the branching fraction
ratios BðΞ0

c → Σ0K0
SÞ=BðΞ0

c → Ξ−πþÞ and BðΞ0
c →

ΣþK−Þ=BðΞ0
c → Ξ−πþÞ using the entire data sample of

980 fb−1 collected with the Belle detector. Charge-con-
jugate modes are also implied unless otherwise stated
throughout this paper.

II. THE DATA SAMPLE AND THE BELLE
DETECTOR

This analysis is based on data recorded at or near the
ϒð1SÞ, ϒð2SÞ, ϒð3SÞ, ϒð4SÞ, and ϒð5SÞ resonances by
the Belle detector [9,10] at the KEKB asymmetric-energy
eþe− collider [11,12]. The total data sample corresponds to
an integrated luminosity of 980 fb−1 [10]. The detector is
described in detail elsewhere [9,10].
Monte Carlo (MC) simulated signal events are gen-

erated using EVTGEN [13] to optimize the signal selection
criteria and calculate the reconstruction efficiencies.

Events for the eþe− → cc̄ production are generated using
PYTHIA [14] with a specific Belle configuration, where
one of the two charm quarks hadronizes into a Ξ0

c baryon.
The Ξ0

c → ΛK0
S=Σ0K0

S=ΣþK− decays are generated
using a phase space model. The simulated events are
processed with a detector simulation based on GEANT3
[15]. Inclusive MC samples of ϒð1S; 2S; 3SÞ decays,
ϒð4SÞ → BþB−=B0B̄0, ϒð5SÞ → Bð%Þ

ðsÞB̄
ð%Þ
ðsÞ , and eþe− →

qq̄ (q ¼ u, d, s, c) at center-of-mass (c.m.) energies of
9.460, 10.024, 10.355, 10.520, 10.580, and 10.867 GeV
corresponding to the total integrated luminosity of data
are used to check possible peaking backgrounds and to
verify the event selection criteria.

III. COMMON EVENT SELECTION CRITERIA

The selection of the photon candidates as well as the
particle identifications (PID) of kaon, pion, and proton are
performed using the same methods as in Ref. [3].
Furthermore, the impact parameters of kaons with respect
to the interaction point (IP) are required to be less than
0.2 cm and 1.0 cm perpendicular to, and along the beam
direction, respectively.
The K0

S candidates are first reconstructed from pairs of
oppositely charged tracks, which are treated as pions,
with a production vertex significantly separated from the
IP, and then selected using an artificial neural network
[16,17]. The Λ candidates are reconstructed via Λ → pπ−

decays. The invariant masses of the K0
S and Λ candidates

are required to be within 9.5 MeV=c2 and 3.5 MeV=c2 of
the corresponding nominal masses [18] (> 95% signal
events are retained), respectively.
For the Σ0 → Λγ reconstruction, the selected Λ candi-

date is combined with a photon to form a Σ0 candidate.
The energy of the photon is required to exceed 130 MeV
in the laboratory frame to suppress combinatorial back-
grounds. This criterion is optimized by maximizing the
figure-of-merit Nsig=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nsig þ Nbkg

p
, where Nsig is the

number of expected signal events of Ξ0
c → Σ0K0

S decay,
and Nbkg is the number of background events in the
normalized Ξ0

c sidebands in data. Nsig is obtained from the
following formula

c

d

s
(a) (b)

+W

s
d

u

d

s

c

d

s

±W

s
ud/

d/u

u

s

FIG. 1. Feynman diagrams from (a) internal W-emission for
Ξ0
c → ΛK̄0=Σ0K̄0 decays and (b) W-exchange for Ξ0

c →
ΛK̄0=Σ0K̄0=ΣþK− decays.

TABLE I. The predicted branching fractions in units of 10−3 for
the CF decays Ξ0

c → ΛK̄0=Σ0K̄0=ΣþK− based on dynamical
model calculations and SUð3ÞF flavor symmetry approaches.

Modes Zou et al. [4] Geng et al. [5] Zhao et al. [6]

Ξ0
c → ΛK̄0 13.3 10.5" 0.6 8.3" 5.0

Ξ0
c → Σ0K̄0 0.4 0.8" 0.8 7.9" 4.8

Ξ0
c → ΣþK− 7.8 5.9" 1.1 22.0" 5.7

Y. LI et al. PHYS. REV. D 105, L011102 (2022)

L011102-4

dynamical model calculations

theoretical predictions in Refs. [4,5], but an order of
magnitude smaller than the predicted values in Ref. [6].
All these measured branching fractions are in the same order
of magnitude as the theoretical predictions [4–6]. The
measured ratios of the branching fractions among the three
decay modes are consistent with the theoretical predictions
based on SUð3ÞF flavor symmetry approaches within the
theoretical uncertainties [5,6], but contradict those predicted
by dynamical model calculations [4].
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existing measurements:  (Belle 2005) 
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c → ΛK0

S , Σ0K0
S , Σ+K−

reduced χ2 values of the fits are χ2=ndf ¼ 1.20, 1.23, and
0.73 for Mðpπ−Þ, MðΛγÞ, and Mðpπ0Þ distributions,
respectively, where ndf ¼ 63, 106, and 112 are the
corresponding numbers of degrees of freedom. The ratios
of mass resolutions of Λ, Σ0, and Σþ candidates between
the MC simulations and data are found to be
σMC=σdata ¼ 93%, 90%, and 92%, respectively. The signal
regions of Λ, Σ0, and Σþ candidates are defined as
jMðpπ−Þ −mðΛÞj < 3.5 MeV=c2, −7 MeV=c2 < MðΛγÞ
−mðΣ0Þ < 5 MeV=c2, and jMðpπ0Þ −mðΣþÞj < 14
MeV=c2 with corresponding efficiencies of approximately
95%, 83%, and 98%, respectively. Here, mðiÞ denotes the
nominal mass of particle i [18]. The above required signal
regions are optimized using the same method that was
used for the energy of the photon from the Σ0 decay.
We define the Λ, Σ0, and Σþ sideband regions
as 1.103 GeV=c2 < Mðpπ−Þ < 1.110 GeV=c2 or 1.122
GeV=c2 < Mðpπ−Þ < 1.129 GeV=c2, 1.159 GeV=c2 <
MðΛγÞ < 1.171 GeV=c2 or 1.220 GeV=c2 < MðΛγÞ <
1.232 GeV=c2, and 1.135 GeV=c2 < Mðpπ0Þ < 1.163
GeV=c2 or 1.210 GeV=c2 < Mðpπ0Þ < 1.238 GeV=c2,
respectively, which are twice as wide as the corresponding
signal regions. The vertical solid lines indicate the
required Λ, Σ0, and Σþ signal regions, and the vertical
dashed lines represent the defined Λ, Σ0, and Σþ sideband
regions.

The scatter plots of Mðpπ−Þ versus Mðpπ−K0
SÞ, MðΛγÞ

versus MðΛγK0
SÞ, and Mðpπ0Þ versus Mðpπ0K−Þ from

data are shown in Figs. 4(a)–4(c). From the plots, signifi-
cant Ξ0

c → ΛK0
S, Ξ0

c → Σ0K0
S, and Ξ0

c → ΣþK− decays are
observed.
Figure 5 shows the invariant mass spectra of ΛK0

S, Σ0K0
S,

and ΣþK− from data. The cyan shaded histograms indicate
events from the normalized Λ, Σ0, and Σþ sidebands,
respectively. There are no evident peaking backgrounds
found in the normalized sidebands or in the inclusive MC
samples. To extract the Ξ0

c signal yields from the two-body
decays Ξ0

c → ΛK0
S, Ξ0

c → Σ0K0
S, and Ξ0

c → ΣþK−, we
perform an unbinned extended maximum-likelihood fit
to each distribution. The signal shapes of Ξ0

c candidates
are described by double-Gaussian functions with different
mean values, where the parameters are floated for Ξ0

c →
ΛK0

S and Ξ0
c → ΣþK− decays and are fixed to those

obtained from the fit to the corresponding simulated signal
distribution for Ξ0

c → Σ0K0
S decay. The backgrounds are

parametrized by second-order polynomial functions with
free parameters. The fit results are displayed in Fig. 5 along
with the pull distributions, and the corresponding reduced
χ2 values of the fits are χ2=ndf ¼ 1.12, 1.44, and 1.21,
respectively, where ndf ¼ 46, 51, and 46 are the corre-
sponding numbers of degrees of freedom. The fitted mean
values of Ξ0

c candidates in Ξ0
c → ΛK0

S and Ξ0
c → ΣþK−
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FIG. 3. The invariant mass distributions of (a) pπ−, (b) Λγ, and (c) pπ0 candidates from the decays Ξ0
c → ΛK0

S, Ξ0
c → Σ0K0

S, and
Ξ0
c → ΣþK− in the Ξ0

c signal region in data. The points with error bars represent the data, the blue solid curves show the best-fit results,
and the blue dashed curves are the fitted backgrounds. The vertical solid lines represent the required signal regions, and the vertical
dashed lines show the defined sidebands.
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reduced χ2 values of the fits are χ2=ndf ¼ 1.20, 1.23, and
0.73 for Mðpπ−Þ, MðΛγÞ, and Mðpπ0Þ distributions,
respectively, where ndf ¼ 63, 106, and 112 are the
corresponding numbers of degrees of freedom. The ratios
of mass resolutions of Λ, Σ0, and Σþ candidates between
the MC simulations and data are found to be
σMC=σdata ¼ 93%, 90%, and 92%, respectively. The signal
regions of Λ, Σ0, and Σþ candidates are defined as
jMðpπ−Þ −mðΛÞj < 3.5 MeV=c2, −7 MeV=c2 < MðΛγÞ
−mðΣ0Þ < 5 MeV=c2, and jMðpπ0Þ −mðΣþÞj < 14
MeV=c2 with corresponding efficiencies of approximately
95%, 83%, and 98%, respectively. Here, mðiÞ denotes the
nominal mass of particle i [18]. The above required signal
regions are optimized using the same method that was
used for the energy of the photon from the Σ0 decay.
We define the Λ, Σ0, and Σþ sideband regions
as 1.103 GeV=c2 < Mðpπ−Þ < 1.110 GeV=c2 or 1.122
GeV=c2 < Mðpπ−Þ < 1.129 GeV=c2, 1.159 GeV=c2 <
MðΛγÞ < 1.171 GeV=c2 or 1.220 GeV=c2 < MðΛγÞ <
1.232 GeV=c2, and 1.135 GeV=c2 < Mðpπ0Þ < 1.163
GeV=c2 or 1.210 GeV=c2 < Mðpπ0Þ < 1.238 GeV=c2,
respectively, which are twice as wide as the corresponding
signal regions. The vertical solid lines indicate the
required Λ, Σ0, and Σþ signal regions, and the vertical
dashed lines represent the defined Λ, Σ0, and Σþ sideband
regions.

The scatter plots of Mðpπ−Þ versus Mðpπ−K0
SÞ, MðΛγÞ

versus MðΛγK0
SÞ, and Mðpπ0Þ versus Mðpπ0K−Þ from

data are shown in Figs. 4(a)–4(c). From the plots, signifi-
cant Ξ0

c → ΛK0
S, Ξ0

c → Σ0K0
S, and Ξ0

c → ΣþK− decays are
observed.
Figure 5 shows the invariant mass spectra of ΛK0

S, Σ0K0
S,

and ΣþK− from data. The cyan shaded histograms indicate
events from the normalized Λ, Σ0, and Σþ sidebands,
respectively. There are no evident peaking backgrounds
found in the normalized sidebands or in the inclusive MC
samples. To extract the Ξ0

c signal yields from the two-body
decays Ξ0

c → ΛK0
S, Ξ0

c → Σ0K0
S, and Ξ0

c → ΣþK−, we
perform an unbinned extended maximum-likelihood fit
to each distribution. The signal shapes of Ξ0

c candidates
are described by double-Gaussian functions with different
mean values, where the parameters are floated for Ξ0

c →
ΛK0

S and Ξ0
c → ΣþK− decays and are fixed to those

obtained from the fit to the corresponding simulated signal
distribution for Ξ0

c → Σ0K0
S decay. The backgrounds are

parametrized by second-order polynomial functions with
free parameters. The fit results are displayed in Fig. 5 along
with the pull distributions, and the corresponding reduced
χ2 values of the fits are χ2=ndf ¼ 1.12, 1.44, and 1.21,
respectively, where ndf ¼ 46, 51, and 46 are the corre-
sponding numbers of degrees of freedom. The fitted mean
values of Ξ0

c candidates in Ξ0
c → ΛK0

S and Ξ0
c → ΣþK−
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dashed lines show the defined sidebands.
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reduced χ2 values of the fits are χ2=ndf ¼ 1.20, 1.23, and
0.73 for Mðpπ−Þ, MðΛγÞ, and Mðpπ0Þ distributions,
respectively, where ndf ¼ 63, 106, and 112 are the
corresponding numbers of degrees of freedom. The ratios
of mass resolutions of Λ, Σ0, and Σþ candidates between
the MC simulations and data are found to be
σMC=σdata ¼ 93%, 90%, and 92%, respectively. The signal
regions of Λ, Σ0, and Σþ candidates are defined as
jMðpπ−Þ −mðΛÞj < 3.5 MeV=c2, −7 MeV=c2 < MðΛγÞ
−mðΣ0Þ < 5 MeV=c2, and jMðpπ0Þ −mðΣþÞj < 14
MeV=c2 with corresponding efficiencies of approximately
95%, 83%, and 98%, respectively. Here, mðiÞ denotes the
nominal mass of particle i [18]. The above required signal
regions are optimized using the same method that was
used for the energy of the photon from the Σ0 decay.
We define the Λ, Σ0, and Σþ sideband regions
as 1.103 GeV=c2 < Mðpπ−Þ < 1.110 GeV=c2 or 1.122
GeV=c2 < Mðpπ−Þ < 1.129 GeV=c2, 1.159 GeV=c2 <
MðΛγÞ < 1.171 GeV=c2 or 1.220 GeV=c2 < MðΛγÞ <
1.232 GeV=c2, and 1.135 GeV=c2 < Mðpπ0Þ < 1.163
GeV=c2 or 1.210 GeV=c2 < Mðpπ0Þ < 1.238 GeV=c2,
respectively, which are twice as wide as the corresponding
signal regions. The vertical solid lines indicate the
required Λ, Σ0, and Σþ signal regions, and the vertical
dashed lines represent the defined Λ, Σ0, and Σþ sideband
regions.

The scatter plots of Mðpπ−Þ versus Mðpπ−K0
SÞ, MðΛγÞ

versus MðΛγK0
SÞ, and Mðpπ0Þ versus Mðpπ0K−Þ from

data are shown in Figs. 4(a)–4(c). From the plots, signifi-
cant Ξ0

c → ΛK0
S, Ξ0

c → Σ0K0
S, and Ξ0

c → ΣþK− decays are
observed.
Figure 5 shows the invariant mass spectra of ΛK0

S, Σ0K0
S,

and ΣþK− from data. The cyan shaded histograms indicate
events from the normalized Λ, Σ0, and Σþ sidebands,
respectively. There are no evident peaking backgrounds
found in the normalized sidebands or in the inclusive MC
samples. To extract the Ξ0

c signal yields from the two-body
decays Ξ0

c → ΛK0
S, Ξ0

c → Σ0K0
S, and Ξ0

c → ΣþK−, we
perform an unbinned extended maximum-likelihood fit
to each distribution. The signal shapes of Ξ0

c candidates
are described by double-Gaussian functions with different
mean values, where the parameters are floated for Ξ0

c →
ΛK0

S and Ξ0
c → ΣþK− decays and are fixed to those

obtained from the fit to the corresponding simulated signal
distribution for Ξ0

c → Σ0K0
S decay. The backgrounds are

parametrized by second-order polynomial functions with
free parameters. The fit results are displayed in Fig. 5 along
with the pull distributions, and the corresponding reduced
χ2 values of the fits are χ2=ndf ¼ 1.12, 1.44, and 1.21,
respectively, where ndf ¼ 46, 51, and 46 are the corre-
sponding numbers of degrees of freedom. The fitted mean
values of Ξ0

c candidates in Ξ0
c → ΛK0

S and Ξ0
c → ΣþK−
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S, and
Ξ0
c → ΣþK− in the Ξ0

c signal region in data. The points with error bars represent the data, the blue solid curves show the best-fit results,
and the blue dashed curves are the fitted backgrounds. The vertical solid lines represent the required signal regions, and the vertical
dashed lines show the defined sidebands.

0

100

200

300

400

500

600

700

2) GeV/c0
SK-πM(p

2.35 2.40 2.45 2.50 2.55 2.60

2
) 

G
eV

/c
- π

M
(p

1.10

1.11

1.12

1.13

0

5

10

15

20

25

30

35

2) GeV/c0
S

KγΛM(
2.35 2.40 2.45 2.50 2.55 2.60

2
) 

G
eV

/c
γΛ

M
(

1.16

1.18

1.20

1.22

1.24

0

10

20

30

40

50

2) GeV/c-K0πM(p
2.35 2.40 2.45 2.50 2.55 2.60

2
) 

G
eV

/c
0 π

M
(p

1.14

1.16

1.18

1.20

1.22

1.24

(a) (b) (c)

FIG. 4. The scatter plots of (a)Mðpπ−Þ versusMðpπ−K0
SÞ, (b)MðΛγÞ versusMðΛγK0

SÞ, and (c)Mðpπ0Þ versusMðpπ0K−Þ from the
selected Ξ0

c → ΛK0
S, Ξ0

c → Σ0K0
S, and Ξ0

c → ΣþK− candidates in data.
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decays are consistent with the Ξ0
c nominal mass [18], and

the fitted signal yields of Ξ0
c → ΛK0

S, Ξ0
c → Σ0K0

S, and
Ξ0
c → ΣþK− decays in data are listed in Table II. The

statistical significances of Ξ0
c → ΛK0

S and Ξ0
c → ΣþK−

decays are greater than 10σ. The statistical significance
of Ξ0

c → Σ0K0
S decay is 8.5σ calculated usingffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

−2 lnðL0=LmaxÞ
p

, where L0 and Lmax are the maximized
likelihoods without and with a signal component,
respectively.
The branching fraction ratios of the decays Ξ0

c →
ΛK0

S=Σ0K0
S=ΣþK− relative to that of Ξ0

c → Ξ−πþ are
calculated from the following formulas
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ΣþK− , and Nobs
Ξ−πþ are the fitted signal

yields in decays Ξ0
c → ΛK0

S, Ξ0
c → Σ0K0

S, Ξ0
c → ΣþK−,

and Ξ0
c → Ξ−πþ, respectively; ϵΛK0
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, ϵΣ0K0

S
, ϵΣþK− ,

and ϵΞ−πþ are the corresponding reconstruction efficien-
cies, which are obtained from the signal MC simulations
and are listed in Table II. The efficiency correction factors
of 95.5% and 95.4% from the required Σ0 signal region
and PID of πþ are included for ϵΣ0K0

S
and ϵΞ−πþ , respec-

tively, which are discussed in Sec. V. Branching frac
tions BðΣþ → pπ0Þ ¼ ð51.57% 0.30Þ%, Bðπ0 → γγÞ ¼
ð98.823% 0.034Þ%, and BðΛ → pπ−Þ ¼ ð63.9% 0.5Þ%
are taken from Particle Data Group [18].

V. SYSTEMATIC UNCERTAINTIES

There are several sources of systematic uncertainties for
the measurements of branching fractions, including detec-
tion-efficiency-related uncertainties, the branching frac-
tions of intermediate states, as well as the overall fit
uncertainties. Note that the uncertainties from detection-
efficiency-related sources and the branching fractions of
intermediate states partially cancel in the ratio to the
reference mode.
The detection-efficiency-related uncertainties include

those from tracking efficiency, PID efficiency, K0
S

reconstruction efficiency, Λ reconstruction efficiency, pho-
ton reconstruction efficiency, π0 reconstruction efficiency,
and the uncertainty related to the required Σ0 signal region.
Based on a study of D&þ → πþD0ð→ K0

Sπ
þπ−Þ decay, the

tracking efficiency uncertainty is evaluated to be 0.35% per
track. Using theD&þ → D0πþ,D0 → K−πþ, and Λ → pπ−
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FIG. 5. The invariant mass distributions of (a) ΛK0
S, (b) Σ0K0

S, and (c) ΣþK− from data. The points with error bars represent the data,
the blue solid curves show the best-fit results, and the blue dashed curves show the fitted backgrounds. The cyan histograms represent
events from the normalized Λ, Σ0, and Σþ sidebands.

TABLE II. Summary of the fitted signal yields Nobs and
reconstruction efficiencies ϵ. All the uncertainties here are
statistical only.

Modes Nobs ϵ (%)

Ξ0
c → ΛK0

S 5574% 180 20.05% 0.08
Ξ0
c → Σ0K0

S 279% 41 6.03% 0.04
Ξ0
c → ΣþK− 889% 50 5.15% 0.04

Ξ0
c → Ξ−πþ 40539% 315 23.24% 0.10
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tions BðΣþ → pπ0Þ ¼ ð51.57% 0.30Þ%, Bðπ0 → γγÞ ¼
ð98.823% 0.034Þ%, and BðΛ → pπ−Þ ¼ ð63.9% 0.5Þ%
are taken from Particle Data Group [18].

V. SYSTEMATIC UNCERTAINTIES
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intermediate states partially cancel in the ratio to the
reference mode.
The detection-efficiency-related uncertainties include

those from tracking efficiency, PID efficiency, K0
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reconstruction efficiency, Λ reconstruction efficiency, pho-
ton reconstruction efficiency, π0 reconstruction efficiency,
and the uncertainty related to the required Σ0 signal region.
Based on a study of D&þ → πþD0ð→ K0

Sπ
þπ−Þ decay, the

tracking efficiency uncertainty is evaluated to be 0.35% per
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FIG. 5. The invariant mass distributions of (a) ΛK0
S, (b) Σ0K0

S, and (c) ΣþK− from data. The points with error bars represent the data,
the blue solid curves show the best-fit results, and the blue dashed curves show the fitted backgrounds. The cyan histograms represent
events from the normalized Λ, Σ0, and Σþ sidebands.
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, where L0 and Lmax are the maximized
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respectively.
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S=ΣþK− relative to that of Ξ0
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calculated from the following formulas
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cies, which are obtained from the signal MC simulations
and are listed in Table II. The efficiency correction factors
of 95.5% and 95.4% from the required Σ0 signal region
and PID of πþ are included for ϵΣ0K0
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and ϵΞ−πþ , respec-

tively, which are discussed in Sec. V. Branching frac
tions BðΣþ → pπ0Þ ¼ ð51.57% 0.30Þ%, Bðπ0 → γγÞ ¼
ð98.823% 0.034Þ%, and BðΛ → pπ−Þ ¼ ð63.9% 0.5Þ%
are taken from Particle Data Group [18].

V. SYSTEMATIC UNCERTAINTIES

There are several sources of systematic uncertainties for
the measurements of branching fractions, including detec-
tion-efficiency-related uncertainties, the branching frac-
tions of intermediate states, as well as the overall fit
uncertainties. Note that the uncertainties from detection-
efficiency-related sources and the branching fractions of
intermediate states partially cancel in the ratio to the
reference mode.
The detection-efficiency-related uncertainties include

those from tracking efficiency, PID efficiency, K0
S

reconstruction efficiency, Λ reconstruction efficiency, pho-
ton reconstruction efficiency, π0 reconstruction efficiency,
and the uncertainty related to the required Σ0 signal region.
Based on a study of D&þ → πþD0ð→ K0

Sπ
þπ−Þ decay, the

tracking efficiency uncertainty is evaluated to be 0.35% per
track. Using theD&þ → D0πþ,D0 → K−πþ, and Λ → pπ−
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FIG. 5. The invariant mass distributions of (a) ΛK0
S, (b) Σ0K0

S, and (c) ΣþK− from data. The points with error bars represent the data,
the blue solid curves show the best-fit results, and the blue dashed curves show the fitted backgrounds. The cyan histograms represent
events from the normalized Λ, Σ0, and Σþ sidebands.
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cies, which are obtained from the signal MC simulations
and are listed in Table II. The efficiency correction factors
of 95.5% and 95.4% from the required Σ0 signal region
and PID of πþ are included for ϵΣ0K0

S
and ϵΞ−πþ , respec-

tively, which are discussed in Sec. V. Branching frac
tions BðΣþ → pπ0Þ ¼ ð51.57% 0.30Þ%, Bðπ0 → γγÞ ¼
ð98.823% 0.034Þ%, and BðΛ → pπ−Þ ¼ ð63.9% 0.5Þ%
are taken from Particle Data Group [18].

V. SYSTEMATIC UNCERTAINTIES

There are several sources of systematic uncertainties for
the measurements of branching fractions, including detec-
tion-efficiency-related uncertainties, the branching frac-
tions of intermediate states, as well as the overall fit
uncertainties. Note that the uncertainties from detection-
efficiency-related sources and the branching fractions of
intermediate states partially cancel in the ratio to the
reference mode.
The detection-efficiency-related uncertainties include

those from tracking efficiency, PID efficiency, K0
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reconstruction efficiency, Λ reconstruction efficiency, pho-
ton reconstruction efficiency, π0 reconstruction efficiency,
and the uncertainty related to the required Σ0 signal region.
Based on a study of D&þ → πþD0ð→ K0

Sπ
þπ−Þ decay, the

tracking efficiency uncertainty is evaluated to be 0.35% per
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FIG. 5. The invariant mass distributions of (a) ΛK0
S, (b) Σ0K0

S, and (c) ΣþK− from data. The points with error bars represent the data,
the blue solid curves show the best-fit results, and the blue dashed curves show the fitted backgrounds. The cyan histograms represent
events from the normalized Λ, Σ0, and Σþ sidebands.

TABLE II. Summary of the fitted signal yields Nobs and
reconstruction efficiencies ϵ. All the uncertainties here are
statistical only.

Modes Nobs ϵ (%)

Ξ0
c → ΛK0

S 5574% 180 20.05% 0.08
Ξ0
c → Σ0K0

S 279% 41 6.03% 0.04
Ξ0
c → ΣþK− 889% 50 5.15% 0.04

Ξ0
c → Ξ−πþ 40539% 315 23.24% 0.10
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decays are consistent with the Ξ0
c nominal mass [18], and

the fitted signal yields of Ξ0
c → ΛK0

S, Ξ0
c → Σ0K0

S, and
Ξ0
c → ΣþK− decays in data are listed in Table II. The

statistical significances of Ξ0
c → ΛK0

S and Ξ0
c → ΣþK−

decays are greater than 10σ. The statistical significance
of Ξ0

c → Σ0K0
S decay is 8.5σ calculated usingffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

−2 lnðL0=LmaxÞ
p

, where L0 and Lmax are the maximized
likelihoods without and with a signal component,
respectively.
The branching fraction ratios of the decays Ξ0

c →
ΛK0

S=Σ0K0
S=ΣþK− relative to that of Ξ0

c → Ξ−πþ are
calculated from the following formulas

BðΞ0
c → ΛK0

SÞ
BðΞ0

c → Ξ−πþÞ
¼

Nobs
ΛK0

S
ϵΞ−πþBðΞ− → Λπ−Þ

Nobs
Ξ−πþϵΛK0

S
BðK0

S → πþπ−Þ

¼ 0.229% 0.008ðstatÞ % 0.012ðsystÞ;

BðΞ0
c → Σ0K0

SÞ
BðΞ0

c → Ξ−πþÞ
¼

Nobs
Σ0K0

S
ϵΞ−πþ

Nobs
Ξ−πþϵΣ0K0

S

×
BðΞ− → Λπ−Þ

BðΣ0 → ΛγÞBðK0
S → πþπ−Þ

¼ 0.038% 0.006ðstatÞ % 0.004ðsystÞ;

and

BðΞ0
c → ΣþK−Þ

BðΞ0
c → Ξ−πþÞ

¼
Nobs

ΣþK−ϵΞ−πþ

Nobs
Ξ−πþϵΣþK−

×
BðΞ− → Λπ−ÞBðΛ → pπ−Þ
BðΣþ → pπ0ÞBðπ0 → γγÞ

¼ 0.123% 0.007ðstatÞ % 0.010ðsystÞ:

Here, Nobs
ΛK0

S
, Nobs

Σ0K0
S
, Nobs

ΣþK− , and Nobs
Ξ−πþ are the fitted signal

yields in decays Ξ0
c → ΛK0

S, Ξ0
c → Σ0K0

S, Ξ0
c → ΣþK−,

and Ξ0
c → Ξ−πþ, respectively; ϵΛK0

S
, ϵΣ0K0

S
, ϵΣþK− ,

and ϵΞ−πþ are the corresponding reconstruction efficien-
cies, which are obtained from the signal MC simulations
and are listed in Table II. The efficiency correction factors
of 95.5% and 95.4% from the required Σ0 signal region
and PID of πþ are included for ϵΣ0K0

S
and ϵΞ−πþ , respec-

tively, which are discussed in Sec. V. Branching frac
tions BðΣþ → pπ0Þ ¼ ð51.57% 0.30Þ%, Bðπ0 → γγÞ ¼
ð98.823% 0.034Þ%, and BðΛ → pπ−Þ ¼ ð63.9% 0.5Þ%
are taken from Particle Data Group [18].

V. SYSTEMATIC UNCERTAINTIES

There are several sources of systematic uncertainties for
the measurements of branching fractions, including detec-
tion-efficiency-related uncertainties, the branching frac-
tions of intermediate states, as well as the overall fit
uncertainties. Note that the uncertainties from detection-
efficiency-related sources and the branching fractions of
intermediate states partially cancel in the ratio to the
reference mode.
The detection-efficiency-related uncertainties include

those from tracking efficiency, PID efficiency, K0
S

reconstruction efficiency, Λ reconstruction efficiency, pho-
ton reconstruction efficiency, π0 reconstruction efficiency,
and the uncertainty related to the required Σ0 signal region.
Based on a study of D&þ → πþD0ð→ K0

Sπ
þπ−Þ decay, the

tracking efficiency uncertainty is evaluated to be 0.35% per
track. Using theD&þ → D0πþ,D0 → K−πþ, and Λ → pπ−
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FIG. 5. The invariant mass distributions of (a) ΛK0
S, (b) Σ0K0

S, and (c) ΣþK− from data. The points with error bars represent the data,
the blue solid curves show the best-fit results, and the blue dashed curves show the fitted backgrounds. The cyan histograms represent
events from the normalized Λ, Σ0, and Σþ sidebands.

TABLE II. Summary of the fitted signal yields Nobs and
reconstruction efficiencies ϵ. All the uncertainties here are
statistical only.

Modes Nobs ϵ (%)

Ξ0
c → ΛK0

S 5574% 180 20.05% 0.08
Ξ0
c → Σ0K0

S 279% 41 6.03% 0.04
Ξ0
c → ΣþK− 889% 50 5.15% 0.04

Ξ0
c → Ξ−πþ 40539% 315 23.24% 0.10
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Ξ0
c → ΛK0

S , Σ0K0
S , Σ+K−

20

control samples, the PID uncertainties are estimated to be
1.6% per kaon and 3.5% per proton. The uncertainties
associated with K0

S, Λ, and π0 reconstruction efficiencies are
found to be 2.23% [23], 3.0% [24], and 2.25% [25],
respectively. The efficiency uncertainty in the photon
reconstruction is 2.0% per photon, according to a study
of radiative Bhabha events. For the reference channel
Ξ0
c → Ξ−ð→ Λπ−Þπþ, the PID efficiency uncertainties of

πþ from the Ξ0
c decay and π− from the Ξ− decay are

considered separately, because πþ has a larger momentum.
The PID efficiency ratio between the data and MC simu-
lation of πþ is found to be ϵdata=ϵMC ¼ ð95.4% 0.7Þ%, and
then we take 95.4% and 0.7% as an efficiency correction
factor and PID uncertainty for πþ; the PID efficiency ratio
between the data and MC simulation of π− is found to be
ϵdata=ϵMC ¼ ð99.5% 0.8Þ%, and 1.3% is taken as the PID
uncertainty of π−. We assume that Ξ0

c → ΛK0
S=Σ0K0

S=ΣþK−

decays are isotropic in the rest frame of Ξ0
c, and a phase

space model is used to generate signal events. For the Ξ0
c →

Σ0K0
S decay, theMðΣ0Þ resolution discrepancy between data

and MC simulation brings an efficiency correction factor
95.5% and systematic uncertainty 0.5% because of the
required Σ0 signal region. For the Ξ0

c → ΛK0
S and Ξ0

c →
ΣþK− decays, the uncertainties of the required Λ and Σþ

signal regions are less than 1%. For the measurements of
BðΞ0

c → ΛK0
SÞ and BðΞ0

c → Σ0K0
SÞ, the uncertainties from

tracking and Λ reconstruction efficiencies mostly cancel by
the reference channel. Assuming these uncertainties are
independent and adding them in quadrature, the final
detection-efficiency-related uncertainties are obtained, as
listed in Table III.
For the measurements of BðΞ0

c → ΛK0
SÞ and

BðΞ0
c → Σ0K0

SÞ, the uncertainties from BðΞ− → Λπ−Þ and
BðK0

S → πþπ−Þ are 0.035% and 0.072% [18], which are
small and neglected. For the measurement of
BðΞ0

c → ΣþK−Þ, the uncertainties from BðΣþ → pπ0Þ
and BðΛ → pπ−Þ are 0.6% and 0.8% [18], which are added
in quadrature as the total uncertainty from branching
fractions of intermediate states.
The systematic uncertainties associated with the back-

ground shape, fit range, and mass resolution are considered
as follows. The order of the background polynomial is

changed from second to first or third, and the average
deviation compared to the nominal fit result is taken as the
systematic uncertainty related to the background shape,
which are 3.26%, 9.11%, and 5.20% for Ξ0

c → ΛK0
S,

Ξ0
c → Σ0K0

S, and Ξ0
c → ΣþK− decays, respectively. The

fit range is changed by %20 MeV=c2, and the average
deviation compared to the nominal fit result is taken as the
systematic uncertainty related to the fit range, which are
1.67%, 2.14%, and 2.31% for Ξ0

c → ΛK0
S, Ξ0

c → Σ0K0
S, and

Ξ0
c → ΣþK− decays, respectively. For Ξ0

c → Σ0K0
S decay,

the signal shape of Ξ0
c is replaced by a Gaussian function

with a free resolution convolved with the fixed signal shape
from signal MC simulation: the difference in the number of
signal events, 4.32%, is taken as the systematic uncertainty
related to the mass resolution. The fit uncertainty of the
reference mode is estimated using the same method as was
used for the signal modes, and the uncertainties associated
with the background shape and fit range are determined to
be 1.54% and 0.57%, respectively. For each mode, all the
above uncertainties are summed in quadrature to obtain the
total systematic uncertainty due to the fit. Finally, the fit
uncertainties of signal and reference modes are added in
quadrature to give the total fit uncertainty for each
signal mode.
Assuming all the sources are independent and adding

them in quadrature, the total systematic uncertainties are
obtained. All the systematical uncertainties are summarized
in Table III.

VI. SUMMARY

In summary, using the entire data sample of 980 fb−1

integrated luminosity collected with the Belle detector, we
study Ξ0

c → ΛK0
S, Ξ0

c → Σ0K0
S, and Ξ0

c → ΣþK− decay
modes. The ratios of the branching fractions of
Ξ0
c → ΛK0

S, Ξ0
c → Σ0K0

S, and Ξ0
c → ΣþK− relative to that

of Ξ0
c → Ξ−πþ are measured to be 0.229% 0.008ðstatÞ%

0.012ðsystÞ, 0.038% 0.006ðstatÞ % 0.004ðsystÞ, and
0.123% 0.007ðstatÞ % 0.010ðsystÞ, respectively. The mea-
sured branching fraction ratio BðΞ0

c → ΛK0
SÞ=BðΞ0

c →
Ξ−πþÞ is consistent with the previously measured value
of 0.21% 0.02ðstatÞ % 0.02ðsystÞ [8] with much improved
precision and supersedes the previous result. Taking
BðΞ0

c → Ξ−πþÞ ¼ ð1.43% 0.32Þ% [18], the absolute
branching fractions are determined to be

BðΞ0
c → ΛK0

SÞ ¼ ð3.27% 0.11% 0.17% 0.73Þ × 10−3;

BðΞ0
c → Σ0K0

SÞ ¼ ð0.54% 0.09% 0.06% 0.12Þ × 10−3;

BðΞ0
c → ΣþK−Þ ¼ ð1.76% 0.10% 0.14% 0.39Þ × 10−3;

where the uncertainties are statistical, systematic, and from
BðΞ0

c → Ξ−πþÞ, respectively. The branching fractions of
Ξ0
c → Σ0K0

S and Ξ0
c → ΣþK− decays, which are measured

for the first time, are of the same order of magnitude as the

TABLE III. Relative systematic uncertainties (%) for the mea-
surements of branching fractions of Ξ0

c → ΛK0
S=Σ0K0

S=ΣþK−.
The uncertainty of 22.4% on BðΞ0

c → Ξ−πþÞ [18] is treated as an
independent systematic uncertainty.

Sources Ξ0
c → ΛK0

S Ξ0
c → Σ0K0

S Ξ0
c → ΣþK−

Detection efficiency 3.1 3.7 5.9
Branching fraction < 0.1 < 0.1 1.0
Fit uncertainty 4.0 10.5 5.9
Sum in quadrature 5.1 11.1 8.4
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W-exchange topological diagrams play an essential role
and cannot be neglected, in contrast with their negligible
effects in heavy meson decays [7]. Figure 1 shows
the Feynman diagrams from internal W-emission for
Ξ0
c → ΛK̄0=Σ0K̄0 decays and W-exchange for Ξ0

c →
ΛK̄0=Σ0K̄0=ΣþK− decays as examples. In Ref. [4], the
authors found that the factorizable and nonfactorizable
terms in both the S- and P-wave amplitudes of the decay
Ξ0
c → Σ0K̄0 interfere destructively, resulting in a small

branching fraction. On the other hand, the interference
in the decay Ξ0

c → ΛK̄0 is found to be constructive. The
decay Ξ0

c → ΣþK− proceeds only through purely non-
factorizable diagrams, and it allows us to check the
importance of such decay diagrams. The branching frac-
tions of Ξ0

c → ΛK̄0, Ξ0
c → Σ0K̄0, and Ξ0

c → ΣþK− decays
predicted by different theoretical models are listed in
Table I.
The ratio of the branching fraction of Ξ0

c → ΛK0
S relative

to that of Ξ0
c → Ξ−πþ has been measured to be 0.21"

0.02" 0.02 by Belle using a 140 fb−1 data sample [8]. In
this paper, we measure the branching fraction ratio BðΞ0

c →
ΛK0

SÞ=BðΞ0
c → Ξ−πþÞ to improve the precision, and

present the first measurements of the branching fraction
ratios BðΞ0

c → Σ0K0
SÞ=BðΞ0

c → Ξ−πþÞ and BðΞ0
c →

ΣþK−Þ=BðΞ0
c → Ξ−πþÞ using the entire data sample of

980 fb−1 collected with the Belle detector. Charge-con-
jugate modes are also implied unless otherwise stated
throughout this paper.

II. THE DATA SAMPLE AND THE BELLE
DETECTOR

This analysis is based on data recorded at or near the
ϒð1SÞ, ϒð2SÞ, ϒð3SÞ, ϒð4SÞ, and ϒð5SÞ resonances by
the Belle detector [9,10] at the KEKB asymmetric-energy
eþe− collider [11,12]. The total data sample corresponds to
an integrated luminosity of 980 fb−1 [10]. The detector is
described in detail elsewhere [9,10].
Monte Carlo (MC) simulated signal events are gen-

erated using EVTGEN [13] to optimize the signal selection
criteria and calculate the reconstruction efficiencies.

Events for the eþe− → cc̄ production are generated using
PYTHIA [14] with a specific Belle configuration, where
one of the two charm quarks hadronizes into a Ξ0

c baryon.
The Ξ0

c → ΛK0
S=Σ0K0

S=ΣþK− decays are generated
using a phase space model. The simulated events are
processed with a detector simulation based on GEANT3
[15]. Inclusive MC samples of ϒð1S; 2S; 3SÞ decays,
ϒð4SÞ → BþB−=B0B̄0, ϒð5SÞ → Bð%Þ

ðsÞB̄
ð%Þ
ðsÞ , and eþe− →

qq̄ (q ¼ u, d, s, c) at center-of-mass (c.m.) energies of
9.460, 10.024, 10.355, 10.520, 10.580, and 10.867 GeV
corresponding to the total integrated luminosity of data
are used to check possible peaking backgrounds and to
verify the event selection criteria.

III. COMMON EVENT SELECTION CRITERIA

The selection of the photon candidates as well as the
particle identifications (PID) of kaon, pion, and proton are
performed using the same methods as in Ref. [3].
Furthermore, the impact parameters of kaons with respect
to the interaction point (IP) are required to be less than
0.2 cm and 1.0 cm perpendicular to, and along the beam
direction, respectively.
The K0

S candidates are first reconstructed from pairs of
oppositely charged tracks, which are treated as pions,
with a production vertex significantly separated from the
IP, and then selected using an artificial neural network
[16,17]. The Λ candidates are reconstructed via Λ → pπ−

decays. The invariant masses of the K0
S and Λ candidates

are required to be within 9.5 MeV=c2 and 3.5 MeV=c2 of
the corresponding nominal masses [18] (> 95% signal
events are retained), respectively.
For the Σ0 → Λγ reconstruction, the selected Λ candi-

date is combined with a photon to form a Σ0 candidate.
The energy of the photon is required to exceed 130 MeV
in the laboratory frame to suppress combinatorial back-
grounds. This criterion is optimized by maximizing the
figure-of-merit Nsig=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Nsig þ Nbkg

p
, where Nsig is the

number of expected signal events of Ξ0
c → Σ0K0

S decay,
and Nbkg is the number of background events in the
normalized Ξ0

c sidebands in data. Nsig is obtained from the
following formula

c
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s
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d
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ud/
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FIG. 1. Feynman diagrams from (a) internal W-emission for
Ξ0
c → ΛK̄0=Σ0K̄0 decays and (b) W-exchange for Ξ0

c →
ΛK̄0=Σ0K̄0=ΣþK− decays.

TABLE I. The predicted branching fractions in units of 10−3 for
the CF decays Ξ0

c → ΛK̄0=Σ0K̄0=ΣþK− based on dynamical
model calculations and SUð3ÞF flavor symmetry approaches.

Modes Zou et al. [4] Geng et al. [5] Zhao et al. [6]

Ξ0
c → ΛK̄0 13.3 10.5" 0.6 8.3" 5.0

Ξ0
c → Σ0K̄0 0.4 0.8" 0.8 7.9" 4.8

Ξ0
c → ΣþK− 7.8 5.9" 1.1 22.0" 5.7
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in 10−3

decays are consistent with the Ξ0
c nominal mass [18], and

the fitted signal yields of Ξ0
c → ΛK0

S, Ξ0
c → Σ0K0

S, and
Ξ0
c → ΣþK− decays in data are listed in Table II. The

statistical significances of Ξ0
c → ΛK0

S and Ξ0
c → ΣþK−

decays are greater than 10σ. The statistical significance
of Ξ0

c → Σ0K0
S decay is 8.5σ calculated usingffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

−2 lnðL0=LmaxÞ
p

, where L0 and Lmax are the maximized
likelihoods without and with a signal component,
respectively.
The branching fraction ratios of the decays Ξ0

c →
ΛK0

S=Σ0K0
S=ΣþK− relative to that of Ξ0

c → Ξ−πþ are
calculated from the following formulas

BðΞ0
c → ΛK0

SÞ
BðΞ0

c → Ξ−πþÞ
¼

Nobs
ΛK0

S
ϵΞ−πþBðΞ− → Λπ−Þ

Nobs
Ξ−πþϵΛK0

S
BðK0

S → πþπ−Þ

¼ 0.229% 0.008ðstatÞ % 0.012ðsystÞ;

BðΞ0
c → Σ0K0

SÞ
BðΞ0

c → Ξ−πþÞ
¼

Nobs
Σ0K0

S
ϵΞ−πþ

Nobs
Ξ−πþϵΣ0K0

S

×
BðΞ− → Λπ−Þ

BðΣ0 → ΛγÞBðK0
S → πþπ−Þ

¼ 0.038% 0.006ðstatÞ % 0.004ðsystÞ;

and

BðΞ0
c → ΣþK−Þ

BðΞ0
c → Ξ−πþÞ

¼
Nobs

ΣþK−ϵΞ−πþ

Nobs
Ξ−πþϵΣþK−

×
BðΞ− → Λπ−ÞBðΛ → pπ−Þ
BðΣþ → pπ0ÞBðπ0 → γγÞ

¼ 0.123% 0.007ðstatÞ % 0.010ðsystÞ:

Here, Nobs
ΛK0

S
, Nobs

Σ0K0
S
, Nobs

ΣþK− , and Nobs
Ξ−πþ are the fitted signal

yields in decays Ξ0
c → ΛK0

S, Ξ0
c → Σ0K0

S, Ξ0
c → ΣþK−,

and Ξ0
c → Ξ−πþ, respectively; ϵΛK0

S
, ϵΣ0K0

S
, ϵΣþK− ,

and ϵΞ−πþ are the corresponding reconstruction efficien-
cies, which are obtained from the signal MC simulations
and are listed in Table II. The efficiency correction factors
of 95.5% and 95.4% from the required Σ0 signal region
and PID of πþ are included for ϵΣ0K0

S
and ϵΞ−πþ , respec-

tively, which are discussed in Sec. V. Branching frac
tions BðΣþ → pπ0Þ ¼ ð51.57% 0.30Þ%, Bðπ0 → γγÞ ¼
ð98.823% 0.034Þ%, and BðΛ → pπ−Þ ¼ ð63.9% 0.5Þ%
are taken from Particle Data Group [18].

V. SYSTEMATIC UNCERTAINTIES

There are several sources of systematic uncertainties for
the measurements of branching fractions, including detec-
tion-efficiency-related uncertainties, the branching frac-
tions of intermediate states, as well as the overall fit
uncertainties. Note that the uncertainties from detection-
efficiency-related sources and the branching fractions of
intermediate states partially cancel in the ratio to the
reference mode.
The detection-efficiency-related uncertainties include

those from tracking efficiency, PID efficiency, K0
S

reconstruction efficiency, Λ reconstruction efficiency, pho-
ton reconstruction efficiency, π0 reconstruction efficiency,
and the uncertainty related to the required Σ0 signal region.
Based on a study of D&þ → πþD0ð→ K0

Sπ
þπ−Þ decay, the

tracking efficiency uncertainty is evaluated to be 0.35% per
track. Using theD&þ → D0πþ,D0 → K−πþ, and Λ → pπ−
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FIG. 5. The invariant mass distributions of (a) ΛK0
S, (b) Σ0K0

S, and (c) ΣþK− from data. The points with error bars represent the data,
the blue solid curves show the best-fit results, and the blue dashed curves show the fitted backgrounds. The cyan histograms represent
events from the normalized Λ, Σ0, and Σþ sidebands.

TABLE II. Summary of the fitted signal yields Nobs and
reconstruction efficiencies ϵ. All the uncertainties here are
statistical only.

Modes Nobs ϵ (%)

Ξ0
c → ΛK0

S 5574% 180 20.05% 0.08
Ξ0
c → Σ0K0

S 279% 41 6.03% 0.04
Ξ0
c → ΣþK− 889% 50 5.15% 0.04

Ξ0
c → Ξ−πþ 40539% 315 23.24% 0.10
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Measurement of the branching fraction of Ξ0
c
→ Λ+

c
π

− at Belle
(The Belle Collaboration)

Based on a data sample of 983 fb−1 collected with the Belle detector at the KEKB asymmetric-
energy e+e− collider, we present the study of the heavy-flavor-conserving decay Ξ0

c
→ Λ+

c
π− with

Λ+
c
reconstructed via its pK−π+ decay mode. The branching fraction ratio B(Ξ0

c
→ Λ+

c
π−)/B(Ξ0

c
→

Ξ−π+) is measured to be (0.38± 0.04± 0.04)%. Combing with the world average value of B(Ξ0
c
→

Ξ−π+), the branching fraction B(Ξ0
c
→ Λ+

c
π−) is deduced to be (0.54± 0.05± 0.05± 0.12)%. Here,

the uncertainties above are statistical, systematic, and from B(Ξ0
c
→ Ξ−π+), respectively.

I. INTRODUCTION

The decay of charmed hadrons provides an ideal
platform to study quantum chromodynamics (QCD).
Usually, the charmed baryons decay via the decay of the
c quark. However, baryons which contain both an s and
a c quark also have a special class of decay, heavy-flavor-
conserving nonleptonic decay, which proceeds via the
decay of the s quark. In such decays, the weak interaction
among the light quarks can be well described by the
short-distance effective Hamiltonian, since the emitted
π is soft due to the kinematic limit. Thus, the decay
rate of the heavy-flavor-conserving nonleptonic decay
process can be calculated by theory, and experimental
measurements can be used to test the synthesis of heavy
quark and chiral symmetries [1, 2].

The well-known Ξ0
c baryon consists of the c, s, and d

quarks and can decay via the disintegration of the s quark
with the c quark acting as a spectator, i.e. Ξ0

c → Λ+
c π

−.
The decay width of Ξ0

c → Λ+
c π

− is based on the sizes of
the s quark decay amplitude of s → u(ūd) and the weak
scattering amplitude cs → dc, whose Feynman diagrams
are shown in Fig 1. Table I summaries several previous

(a) (b)

FIG. 1: The Feynman diagrams of the (a) s → u(ūd) and (b)
cs → dc modes of Ξ0

c
→ Λ+

c
π− decay.

theoretical predictions of the branching fraction of Ξ0
c →

Λ+
c π

− using the measured s → u(ūd) amplitude and the
weak scattering amplitude determined by the lifetimes of
the SU(3) anti-triplets Λ+

c , Ξ
0
c , and Ξ+

c [3–6]. The large
variation of these theoretical predictions is mainly due to
different assumptions about the interference between the
two strangeness-changing amplitudes.

The first experimental measurement on the branching
fraction of Ξ0

c → Λ+
c π

− was performed by LHCb [7],
finding a value (0.55±0.02±0.18)%. The normalization of
this result includes certain model-dependent assumptions
based on heavy-quark symmetry and isospin.

This result is closer to the prediction from Gronau

TABLE I: Theoretical predictions on the branching fraction
of Ξ0

c
→ Λ+

c
π− before experimental measurement (10−3).

All the results have been normalized using the current world
average lifetimes of the SU(3) anti-triplets [8, 9].

(CLY)2(’92)

[1]

Voloshin

[3]

Gronau

[4]

Faller

[5]

(CLY)2(’06)

[6]

0.39 > (0.25 ± 0.15) 1.34± 0.53 < 3.9 0.17

and Rosner [4] as listed in Table I, which is calculated
by assuming constructive interference between the
two strangeness-changing amplitudes, meanwhile, the
predicted branching fraction of Ξ0

c → Λ+
c π

− is less than
0.01% for the destructive interference. Furthermore, the
central value of LHCb result is generally larger than the
theoretical predictions in Table I. After the measurement
from LHCb, B(Ξ0

c → Λ+
c π

−) has been calculated to be
(0.58±0.21)% from a study based on a constituent quark
model [10].

In this paper, we take Ξ0
c → Ξ−π+ decay as the

reference mode and measure the branching fraction ratio

of B(Ξ0
c
→Λ+

c
π−)

B(Ξ0
c
→Ξ−π+) via the e+e− → Ξ0

c + anything inclusive

decay process using Belle data samples. The resulting
B(Ξ0

c → Λ+
c π

−) measurement, obtained using the world
average value B(Ξ0

c → Ξ−π+) = (1.43± 0.32)% [8, 11], is
free of model dependent assumptions. Throughout this
paper inclusion of charge-conjugate modes is implicitly
assumed.

II. THE DATA SAMPLE AND THE BELLE
DETECTOR

This analysis is based on data collected at or near the
Υ(1S), Υ(2S), Υ(3S), Υ(4S), and Υ(5S) resonances by
the Belle detector [12, 13] at the KEKB asymmetric-
energy e+e− collider [14, 15]. The data sample
corresponds to an integrated luminosity of 983 fb−1 [13].
The Belle detector is a large solid-angle magnetic
spectrometer that consists of a silicon vertex detector,
a 50-layer central drift chamber (CDC), an array of
aerogel threshold Cherenkov counters (ACC), a barrel-
like arrangement of time-of-flight scintillation counters
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The decay of charmed hadrons provides an ideal
platform to study quantum chromodynamics (QCD).
Usually, the charmed baryons decay via the decay of the
c quark. However, baryons which contain both an s and
a c quark also have a special class of decay, heavy-flavor-
conserving nonleptonic decay, which proceeds via the
decay of the s quark. In such decays, the weak interaction
among the light quarks can be well described by the
short-distance effective Hamiltonian, since the emitted
π is soft due to the kinematic limit. Thus, the decay
rate of the heavy-flavor-conserving nonleptonic decay
process can be calculated by theory, and experimental
measurements can be used to test the synthesis of heavy
quark and chiral symmetries [1, 2].

The well-known Ξ0
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with the c quark acting as a spectator, i.e. Ξ0
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the s quark decay amplitude of s → u(ūd) and the weak
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FIG. 1: The Feynman diagrams of the (a) s → u(ūd) and (b)
cs → dc modes of Ξ0
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c
π− decay.

theoretical predictions of the branching fraction of Ξ0
c →
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c π

− using the measured s → u(ūd) amplitude and the
weak scattering amplitude determined by the lifetimes of
the SU(3) anti-triplets Λ+

c , Ξ
0
c , and Ξ+

c [3–6]. The large
variation of these theoretical predictions is mainly due to
different assumptions about the interference between the
two strangeness-changing amplitudes.

The first experimental measurement on the branching
fraction of Ξ0

c → Λ+
c π

− was performed by LHCb [7],
finding a value (0.55±0.02±0.18)%. The normalization of
this result includes certain model-dependent assumptions
based on heavy-quark symmetry and isospin.

This result is closer to the prediction from Gronau

TABLE I: Theoretical predictions on the branching fraction
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π− before experimental measurement (10−3).

All the results have been normalized using the current world
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and Rosner [4] as listed in Table I, which is calculated
by assuming constructive interference between the
two strangeness-changing amplitudes, meanwhile, the
predicted branching fraction of Ξ0

c → Λ+
c π

− is less than
0.01% for the destructive interference. Furthermore, the
central value of LHCb result is generally larger than the
theoretical predictions in Table I. After the measurement
from LHCb, B(Ξ0

c → Λ+
c π

−) has been calculated to be
(0.58±0.21)% from a study based on a constituent quark
model [10].

In this paper, we take Ξ0
c → Ξ−π+ decay as the

reference mode and measure the branching fraction ratio

of B(Ξ0
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→Λ+

c
π−)

B(Ξ0
c
→Ξ−π+) via the e+e− → Ξ0

c + anything inclusive

decay process using Belle data samples. The resulting
B(Ξ0

c → Λ+
c π

−) measurement, obtained using the world
average value B(Ξ0

c → Ξ−π+) = (1.43± 0.32)% [8, 11], is
free of model dependent assumptions. Throughout this
paper inclusion of charge-conjugate modes is implicitly
assumed.

II. THE DATA SAMPLE AND THE BELLE
DETECTOR

This analysis is based on data collected at or near the
Υ(1S), Υ(2S), Υ(3S), Υ(4S), and Υ(5S) resonances by
the Belle detector [12, 13] at the KEKB asymmetric-
energy e+e− collider [14, 15]. The data sample
corresponds to an integrated luminosity of 983 fb−1 [13].
The Belle detector is a large solid-angle magnetic
spectrometer that consists of a silicon vertex detector,
a 50-layer central drift chamber (CDC), an array of
aerogel threshold Cherenkov counters (ACC), a barrel-
like arrangement of time-of-flight scintillation counters
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Based on a data sample of 983 fb−1 collected with the Belle detector at the KEKB asymmetric-
energy e+e− collider, we present the study of the heavy-flavor-conserving decay Ξ0

c
→ Λ+

c
π− with

Λ+
c
reconstructed via its pK−π+ decay mode. The branching fraction ratio B(Ξ0

c
→ Λ+

c
π−)/B(Ξ0

c
→

Ξ−π+) is measured to be (0.38± 0.04± 0.04)%. Combing with the world average value of B(Ξ0
c
→

Ξ−π+), the branching fraction B(Ξ0
c
→ Λ+

c
π−) is deduced to be (0.54± 0.05± 0.05± 0.12)%. Here,

the uncertainties above are statistical, systematic, and from B(Ξ0
c
→ Ξ−π+), respectively.

I. INTRODUCTION

The decay of charmed hadrons provides an ideal
platform to study quantum chromodynamics (QCD).
Usually, the charmed baryons decay via the decay of the
c quark. However, baryons which contain both an s and
a c quark also have a special class of decay, heavy-flavor-
conserving nonleptonic decay, which proceeds via the
decay of the s quark. In such decays, the weak interaction
among the light quarks can be well described by the
short-distance effective Hamiltonian, since the emitted
π is soft due to the kinematic limit. Thus, the decay
rate of the heavy-flavor-conserving nonleptonic decay
process can be calculated by theory, and experimental
measurements can be used to test the synthesis of heavy
quark and chiral symmetries [1, 2].

The well-known Ξ0
c baryon consists of the c, s, and d

quarks and can decay via the disintegration of the s quark
with the c quark acting as a spectator, i.e. Ξ0

c → Λ+
c π

−.
The decay width of Ξ0

c → Λ+
c π

− is based on the sizes of
the s quark decay amplitude of s → u(ūd) and the weak
scattering amplitude cs → dc, whose Feynman diagrams
are shown in Fig 1. Table I summaries several previous

(a) (b)

FIG. 1: The Feynman diagrams of the (a) s → u(ūd) and (b)
cs → dc modes of Ξ0

c
→ Λ+

c
π− decay.

theoretical predictions of the branching fraction of Ξ0
c →

Λ+
c π

− using the measured s → u(ūd) amplitude and the
weak scattering amplitude determined by the lifetimes of
the SU(3) anti-triplets Λ+

c , Ξ
0
c , and Ξ+

c [3–6]. The large
variation of these theoretical predictions is mainly due to
different assumptions about the interference between the
two strangeness-changing amplitudes.

The first experimental measurement on the branching
fraction of Ξ0

c → Λ+
c π

− was performed by LHCb [7],
finding a value (0.55±0.02±0.18)%. The normalization of
this result includes certain model-dependent assumptions
based on heavy-quark symmetry and isospin.

This result is closer to the prediction from Gronau

TABLE I: Theoretical predictions on the branching fraction
of Ξ0

c
→ Λ+

c
π− before experimental measurement (10−3).

All the results have been normalized using the current world
average lifetimes of the SU(3) anti-triplets [8, 9].
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[1]

Voloshin

[3]

Gronau

[4]

Faller

[5]

(CLY)2(’06)

[6]

0.39 > (0.25 ± 0.15) 1.34± 0.53 < 3.9 0.17

and Rosner [4] as listed in Table I, which is calculated
by assuming constructive interference between the
two strangeness-changing amplitudes, meanwhile, the
predicted branching fraction of Ξ0

c → Λ+
c π

− is less than
0.01% for the destructive interference. Furthermore, the
central value of LHCb result is generally larger than the
theoretical predictions in Table I. After the measurement
from LHCb, B(Ξ0

c → Λ+
c π

−) has been calculated to be
(0.58±0.21)% from a study based on a constituent quark
model [10].

In this paper, we take Ξ0
c → Ξ−π+ decay as the

reference mode and measure the branching fraction ratio

of B(Ξ0
c
→Λ+

c
π−)

B(Ξ0
c
→Ξ−π+) via the e+e− → Ξ0

c + anything inclusive

decay process using Belle data samples. The resulting
B(Ξ0

c → Λ+
c π

−) measurement, obtained using the world
average value B(Ξ0

c → Ξ−π+) = (1.43± 0.32)% [8, 11], is
free of model dependent assumptions. Throughout this
paper inclusion of charge-conjugate modes is implicitly
assumed.

II. THE DATA SAMPLE AND THE BELLE
DETECTOR

This analysis is based on data collected at or near the
Υ(1S), Υ(2S), Υ(3S), Υ(4S), and Υ(5S) resonances by
the Belle detector [12, 13] at the KEKB asymmetric-
energy e+e− collider [14, 15]. The data sample
corresponds to an integrated luminosity of 983 fb−1 [13].
The Belle detector is a large solid-angle magnetic
spectrometer that consists of a silicon vertex detector,
a 50-layer central drift chamber (CDC), an array of
aerogel threshold Cherenkov counters (ACC), a barrel-
like arrangement of time-of-flight scintillation counters
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Table 8
The calculated branching ratios (last row) are compared with the available experimental data and other model re-
sults (in %). Note that only the results for a constructive interference phase in Ref. [11] are cited here, considering 
that B(!0

c → "cπ−) has a large value.

Processes !+
c → "cπ0 !0

c → "cπ− !0
b → "bπ

0 !−
b → "bπ

−

Exp. Data · · · 0.55 ± 0.20 [1] · · · 0.19 ± 0.07 ∼ 0.57 ± 0.21 [2]
MIT bag model [4] 0.0093 0.0087 0.059 0.2
Diquark model [4] · · · · · · 0.25 0.69
Duality [5] · · · · · · · · · 0.63 ± 0.42
Current algebra [11] 0.386 ± 0.135 0.194 ± 0.07 · · · · · ·
Current algebra [6] · · · · · · 1 ∼ 4 2 ∼ 8
Current algebra [10] < 0.6 < 0.3 0.09 − 0.37 0.19 − 0.76
Our results 1.11 0.58 0.017 0.14

Table 9
Uncertainties of the branching ratios (in %) caused by the quark model parameters with 20% errors.

Input !+
c → "cπ0 !0

c → "cπ− !0
b → "bπ

0 !−
b → "bπ

−

Exp. Data · · · 0.55 ± 0.20 [1] · · · 0.19 ± 0.07 ∼ 0.57 ± 0.21 [2]
mq 1.11 ± 0.10 0.58 ± 0.051 0.017 ± 0.0082 0.14 ± 0.033
ms 1.11 ± 0.17 0.58 ± 0.088 0.017 ± 0.0011 0.14 ± 0.0064
mc 1.11 ± 0.053 0.58 ± 0.027 0.017 ± 0 0.14 ± 0
mb 1.11 ± 0 0.58 ± 0 0.017 ± 0 0.14 ± 0
K 1.11 ± 0.34 0.58 ± 0.18 0.017 ± 0.012 0.14 ± 0.054
R 1.11 ± 0 0.58 ± 0.002 0.017 ± 0.0011 0.14 ± 0.036
Combined 1.11 ± 0.40 0.58 ± 0.21 0.017 ± 0.015 0.14 ± 0.073

magnitude. It implies that the DPE process via s → uūd should be much smaller than the conversion term via cs → cd plus the CS pro-
cess via s → uūd, where the latter two processes can hold $(!+

c → "cπ0)/$(!0
c → "cπ−) $ 1/2 due to the normalization of the flavor 

wavefunctions for π0 and π− .
A comparison of the !+

c → "cπ0, !0
c → "cπ− , !0

b → "bπ
0, and !−

b → "bπ
− branching ratios to other theoretical results, i.e. MIT 

bag model [4], diquark model [4], duality [5], current algebra [6,10,11] and experimental data [1,2] are collected in Table 8. Since the 
results from the diquark model and duality are very limited, we focus on the comparison between ours and the results from MIT bag 
model [4] and current algebra [6,10,11].

For the current algebra calculations [6,10], due to the pure S-wave transitions with %I = 1/2 one has M(!−
b → "bπ

−)/M(!0
b →

"bπ
0) =

√
2 which leads to the relation B(!−

b → "bπ
−)/B(!0

b → "bπ
0) ≈ 2. This ratio arises from the flavor wave functions between 

the π0 and π− channel. In contrary, the ratio in our model is different. As mentioned earlier, in the !b decays the b quark always 
acts as a spectator. Meanwhile, the DPE contribution is the same order of magnitude as the pole terms and CS contributions. It will 
introduce interferences which can change the partial width ratio of 1/2 between the π0 and π− channel (see Table 7). Taking into account 
the total width, we obtain B(!−

b → "bπ
−) = (0.14 ± 0.073)% which is consistent with the experimental measurement (0.19 ± 0.07) ∼

(0.57 ± 0.21)% [2]. The predicted branching ratio of !0
b → "bπ

0 is 0.017% which is an order of magnitude smaller than B(!−
b → "bπ

−)
due to the lack of contribution of DPE. This is of the same order as the results from Refs. [4,10].

In the MIT bag model [4], the branching ratios of !c are predicted to be about one order of magnitude smaller than that of !b , 
which is because of the short life time of !c and the destructive contributions from the non-spectator W -exchange. Our model predicts 
differently as shown in Table 8, where the large branching ratios of !c → "cπ are due to the significant pole term contributions in the 
parity-conserving transitions.

We also investigate the uncertainties by introducing 20% errors to the quark model parameters and the results are listed in Table 9. 
It clearly shows that the branching ratios are sensitive to the light quark mass and the spring constant K , which actually determine 
the hadron wave functions. It suggests that the hadronic weak decay is a sensitive probe for the hadron structures [16]. Another source 
of errors, which is not included in Table 9, is the masses of first orbital excitation states in the pole terms. At the moment, precise 
experimental data are still unavailable, while theoretical estimates vary dramatically based on different methods. Moreover, we have not 
considered the state mixings due to lack of dynamical prescriptions. However, it should be stressed that the main features and outcomes 
from the quark model approach can still serve as a useful guidance for future experimental measurements.

Furthermore, we also estimate the uncertainties arising from the masses of the pole terms by the error transfer formulas. The uncer-
tainty of a function f (x) can be expressed in the first-order series approximation as

f (x) ±
√

%x2 f ′(x)2. (21)

Then, the error caused by the mass uncertainty %m of an intermediate state with mass m can be estimated by

2m
s − m2

(
1 ± %m

m
s + m2

s − m2

)
, (22)

where s is the four-vector momentum squared which is known. It should be noted that since the widths of the intermediate states are 
usually narrow, the width effects are neglected here for simplicity.

Equation (22) shows that the errors could be large if the intermediate states are close to the on-shell kinematic region. The masses 
of the ground states with J P = 1/2+ are well determined by experiment. So we will not discuss the pole terms in the PC processes, 
but focus on those in the PV processes. As mentioned earlier, most of those 1/2− singly heavy baryons have not been confirmed in 

9

5

efficient operation of the solenoid.
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FIG. 2: Fit to the invariant mass distribution of Ξ−π+ in
data. The solid blue curve shows the best fitted result, the
dashed blue curve shows the signal component, and the dot-
dashed purple line shows the fitted backgrounds.

are free. The Λ+
c mass window is indicated by the

red dashed lines in Fig. 3. The fitted mass of Λ+
c is

(2286.55 ± 0.03) MeV/c2, which is consistent with the
world average value [8].
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After applying the mass window of Λ+
c , the MΛ+

c π−

spectrum is shown in Fig. 4, together with the fit result
and the corresponding pull distribution. The quantity
MpK−π+π−−MpK−π++mΛ+

c

is used, to remove the effect
of the Λ+

c → pK−π+ mass resolution. According to an
investigation of the inclusive MC samples [20], previous
Belle analysis [21], and the Λ+

c sideband events, there
is no peaking background in the MΛ+

c π−
distribution in

the range under study. Thus, the Ξ0
c signal shape is

described by a double-Gaussian function, and a first-
order polynomial represents the backgrounds. The values
of parameters in the double-Gaussian function are fixed
to those obtained from the signal MC sample. The solid

blue curve is the best fit result, and the dot-dashed
purple line shows the fitted backgrounds. The fitted
Ξ0
c → Λ+

c π
− signal yield is 1467.7±134.5. The statistical

significance of the signal is 10.6σ. Here, the statistical
significance is calculated using

√

−2 ln(L0/Lmax), where
L0 and Lmax are the maximized likelihoods without
and with the signal component, respectively. The
detection efficiency is found to be 14.6% based on a
fit to the MΛ+

c π−
spectrum in the signal MC sample,

where efficiency correction factors due to PID have been
included, and are discussed below. The signal yields and
detection efficiencies of Ξ0

c → Λ+
c π

− and Ξ0
c → Ξ−π+ are

summarized in Table II.
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TABLE II: Summary of the detection efficiencies (ε) and
event yields (N) of Ξ0

c
→ Λ+

c
π− and Ξ0

c
→ Ξ−π+. The

uncertainties in the table are statistical only.

ε N
Ξ0

c
→ Ξ−π+ 16.4% 43875 ± 369

Ξ0
c
→ Λ+

c
π− 14.6% 1467± 134

The branching fraction ratio is calculated according to
the formula,

B(Ξ0
c
→ Λ+

c π−)

B(Ξ0
c
→ Ξ−π+)

=
NΛcπ

× εrefΞπ
× B(Ξ− → Λπ−)× B(Λ → pπ−)

NΞπ × ε
sig
Λcπ

× B(Λ+
c → pK−π+)

= (0.38 ± 0.04(stat.)± 0.04(syst.))%,

where NΛcπ and NΞπ are the signal yields of Ξ0
c →

Λ+
c π

− and Ξ0
c → Ξ−π+ in data, respectively; εsigΛcπ

and εrefΞπ are the corresponding detection efficiencies;
B(Λ+

c → pK−π+), B(Ξ− → Λπ−), and B(Λ → pπ−) are
the branching fractions taken from the Ref. [8]. Using
the world average branching fraction B(Ξ0

c → Ξ−π+) =
(1.43 ± 0.32)% [8, 11], we measure B(Ξ0

c → Λ+
c π

−) =
(0.54± 0.05± 0.05± 0.12)%, where the last uncertainty
is from B(Ξ0

c → Ξ−π+).
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c , the MΛ+
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spectrum is shown in Fig. 4, together with the fit result
and the corresponding pull distribution. The quantity
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is used, to remove the effect
of the Λ+

c → pK−π+ mass resolution. According to an
investigation of the inclusive MC samples [20], previous
Belle analysis [21], and the Λ+

c sideband events, there
is no peaking background in the MΛ+

c π−
distribution in

the range under study. Thus, the Ξ0
c signal shape is

described by a double-Gaussian function, and a first-
order polynomial represents the backgrounds. The values
of parameters in the double-Gaussian function are fixed
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blue curve is the best fit result, and the dot-dashed
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L0 and Lmax are the maximized likelihoods without
and with the signal component, respectively. The
detection efficiency is found to be 14.6% based on a
fit to the MΛ+
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spectrum in the signal MC sample,

where efficiency correction factors due to PID have been
included, and are discussed below. The signal yields and
detection efficiencies of Ξ0

c → Λ+
c π

− and Ξ0
c → Ξ−π+ are

summarized in Table II.
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TABLE II: Summary of the detection efficiencies (ε) and
event yields (N) of Ξ0
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π− and Ξ0
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→ Ξ−π+. The
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ε N
Ξ0

c
→ Ξ−π+ 16.4% 43875 ± 369
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The branching fraction ratio is calculated according to
the formula,
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=
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× εrefΞπ
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where NΛcπ and NΞπ are the signal yields of Ξ0
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c → Ξ−π+ in data, respectively; εsigΛcπ

and εrefΞπ are the corresponding detection efficiencies;
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the branching fractions taken from the Ref. [8]. Using
the world average branching fraction B(Ξ0
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(1.43 ± 0.32)% [8, 11], we measure B(Ξ0
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(0.54± 0.05± 0.05± 0.12)%, where the last uncertainty
is from B(Ξ0
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After applying the mass window of Λ+
c , the MΛ+
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spectrum is shown in Fig. 4, together with the fit result
and the corresponding pull distribution. The quantity
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is used, to remove the effect
of the Λ+

c → pK−π+ mass resolution. According to an
investigation of the inclusive MC samples [20], previous
Belle analysis [21], and the Λ+

c sideband events, there
is no peaking background in the MΛ+

c π−
distribution in

the range under study. Thus, the Ξ0
c signal shape is

described by a double-Gaussian function, and a first-
order polynomial represents the backgrounds. The values
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where efficiency correction factors due to PID have been
included, and are discussed below. The signal yields and
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TABLE II: Summary of the detection efficiencies (ε) and
event yields (N) of Ξ0
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After applying the mass window of Λ+
c , the MΛ+

c π−

spectrum is shown in Fig. 4, together with the fit result
and the corresponding pull distribution. The quantity
MpK−π+π−−MpK−π++mΛ+

c

is used, to remove the effect
of the Λ+

c → pK−π+ mass resolution. According to an
investigation of the inclusive MC samples [20], previous
Belle analysis [21], and the Λ+

c sideband events, there
is no peaking background in the MΛ+

c π−
distribution in

the range under study. Thus, the Ξ0
c signal shape is

described by a double-Gaussian function, and a first-
order polynomial represents the backgrounds. The values
of parameters in the double-Gaussian function are fixed
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significance of the signal is 10.6σ. Here, the statistical
significance is calculated using
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L0 and Lmax are the maximized likelihoods without
and with the signal component, respectively. The
detection efficiency is found to be 14.6% based on a
fit to the MΛ+
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spectrum in the signal MC sample,

where efficiency correction factors due to PID have been
included, and are discussed below. The signal yields and
detection efficiencies of Ξ0
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c π

− and Ξ0
c → Ξ−π+ are

summarized in Table II.
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TABLE II: Summary of the detection efficiencies (ε) and
event yields (N) of Ξ0

c
→ Λ+

c
π− and Ξ0

c
→ Ξ−π+. The

uncertainties in the table are statistical only.

ε N
Ξ0

c
→ Ξ−π+ 16.4% 43875 ± 369

Ξ0
c
→ Λ+

c
π− 14.6% 1467± 134

The branching fraction ratio is calculated according to
the formula,

B(Ξ0
c
→ Λ+

c π−)

B(Ξ0
c
→ Ξ−π+)

=
NΛcπ

× εrefΞπ
× B(Ξ− → Λπ−)× B(Λ → pπ−)

NΞπ × ε
sig
Λcπ

× B(Λ+
c → pK−π+)

= (0.38 ± 0.04(stat.)± 0.04(syst.))%,

where NΛcπ and NΞπ are the signal yields of Ξ0
c →

Λ+
c π

− and Ξ0
c → Ξ−π+ in data, respectively; εsigΛcπ

and εrefΞπ are the corresponding detection efficiencies;
B(Λ+

c → pK−π+), B(Ξ− → Λπ−), and B(Λ → pπ−) are
the branching fractions taken from the Ref. [8]. Using
the world average branching fraction B(Ξ0

c → Ξ−π+) =
(1.43 ± 0.32)% [8, 11], we measure B(Ξ0

c → Λ+
c π

−) =
(0.54± 0.05± 0.05± 0.12)%, where the last uncertainty
is from B(Ξ0

c → Ξ−π+).

= 0.38 ± 0.04 ± 0.04
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are free. The Λ+
c mass window is indicated by the

red dashed lines in Fig. 3. The fitted mass of Λ+
c is

(2286.55 ± 0.03) MeV/c2, which is consistent with the
world average value [8].
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After applying the mass window of Λ+
c , the MΛ+

c π−

spectrum is shown in Fig. 4, together with the fit result
and the corresponding pull distribution. The quantity
MpK−π+π−−MpK−π++mΛ+

c

is used, to remove the effect
of the Λ+

c → pK−π+ mass resolution. According to an
investigation of the inclusive MC samples [20], previous
Belle analysis [21], and the Λ+

c sideband events, there
is no peaking background in the MΛ+

c π−
distribution in

the range under study. Thus, the Ξ0
c signal shape is

described by a double-Gaussian function, and a first-
order polynomial represents the backgrounds. The values
of parameters in the double-Gaussian function are fixed
to those obtained from the signal MC sample. The solid

blue curve is the best fit result, and the dot-dashed
purple line shows the fitted backgrounds. The fitted
Ξ0
c → Λ+

c π
− signal yield is 1467.7±134.5. The statistical

significance of the signal is 10.6σ. Here, the statistical
significance is calculated using

√

−2 ln(L0/Lmax), where
L0 and Lmax are the maximized likelihoods without
and with the signal component, respectively. The
detection efficiency is found to be 14.6% based on a
fit to the MΛ+

c π−
spectrum in the signal MC sample,

where efficiency correction factors due to PID have been
included, and are discussed below. The signal yields and
detection efficiencies of Ξ0

c → Λ+
c π

− and Ξ0
c → Ξ−π+ are

summarized in Table II.
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TABLE II: Summary of the detection efficiencies (ε) and
event yields (N) of Ξ0
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→ Λ+

c
π− and Ξ0
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→ Ξ−π+. The

uncertainties in the table are statistical only.

ε N
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The branching fraction ratio is calculated according to
the formula,
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=
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× B(Ξ− → Λπ−)× B(Λ → pπ−)

NΞπ × ε
sig
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× B(Λ+
c → pK−π+)

= (0.38 ± 0.04(stat.)± 0.04(syst.))%,

where NΛcπ and NΞπ are the signal yields of Ξ0
c →

Λ+
c π

− and Ξ0
c → Ξ−π+ in data, respectively; εsigΛcπ

and εrefΞπ are the corresponding detection efficiencies;
B(Λ+

c → pK−π+), B(Ξ− → Λπ−), and B(Λ → pπ−) are
the branching fractions taken from the Ref. [8]. Using
the world average branching fraction B(Ξ0

c → Ξ−π+) =
(1.43 ± 0.32)% [8, 11], we measure B(Ξ0

c → Λ+
c π

−) =
(0.54± 0.05± 0.05± 0.12)%, where the last uncertainty
is from B(Ξ0
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c is
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After applying the mass window of Λ+
c , the MΛ+

c π−

spectrum is shown in Fig. 4, together with the fit result
and the corresponding pull distribution. The quantity
MpK−π+π−−MpK−π++mΛ+

c

is used, to remove the effect
of the Λ+

c → pK−π+ mass resolution. According to an
investigation of the inclusive MC samples [20], previous
Belle analysis [21], and the Λ+

c sideband events, there
is no peaking background in the MΛ+

c π−
distribution in

the range under study. Thus, the Ξ0
c signal shape is

described by a double-Gaussian function, and a first-
order polynomial represents the backgrounds. The values
of parameters in the double-Gaussian function are fixed
to those obtained from the signal MC sample. The solid

blue curve is the best fit result, and the dot-dashed
purple line shows the fitted backgrounds. The fitted
Ξ0
c → Λ+

c π
− signal yield is 1467.7±134.5. The statistical

significance of the signal is 10.6σ. Here, the statistical
significance is calculated using

√

−2 ln(L0/Lmax), where
L0 and Lmax are the maximized likelihoods without
and with the signal component, respectively. The
detection efficiency is found to be 14.6% based on a
fit to the MΛ+

c π−
spectrum in the signal MC sample,

where efficiency correction factors due to PID have been
included, and are discussed below. The signal yields and
detection efficiencies of Ξ0

c → Λ+
c π

− and Ξ0
c → Ξ−π+ are

summarized in Table II.
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TABLE II: Summary of the detection efficiencies (ε) and
event yields (N) of Ξ0
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→ Λ+

c
π− and Ξ0

c
→ Ξ−π+. The

uncertainties in the table are statistical only.

ε N
Ξ0
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→ Ξ−π+ 16.4% 43875 ± 369

Ξ0
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→ Λ+

c
π− 14.6% 1467± 134

The branching fraction ratio is calculated according to
the formula,

B(Ξ0
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→ Λ+

c π−)

B(Ξ0
c
→ Ξ−π+)

=
NΛcπ

× εrefΞπ
× B(Ξ− → Λπ−)× B(Λ → pπ−)

NΞπ × ε
sig
Λcπ

× B(Λ+
c → pK−π+)

= (0.38 ± 0.04(stat.)± 0.04(syst.))%,

where NΛcπ and NΞπ are the signal yields of Ξ0
c →

Λ+
c π

− and Ξ0
c → Ξ−π+ in data, respectively; εsigΛcπ

and εrefΞπ are the corresponding detection efficiencies;
B(Λ+

c → pK−π+), B(Ξ− → Λπ−), and B(Λ → pπ−) are
the branching fractions taken from the Ref. [8]. Using
the world average branching fraction B(Ξ0

c → Ξ−π+) =
(1.43 ± 0.32)% [8, 11], we measure B(Ξ0

c → Λ+
c π

−) =
(0.54± 0.05± 0.05± 0.12)%, where the last uncertainty
is from B(Ξ0

c → Ξ−π+).
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c mass window is indicated by the

red dashed lines in Fig. 3. The fitted mass of Λ+
c is

(2286.55 ± 0.03) MeV/c2, which is consistent with the
world average value [8].
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After applying the mass window of Λ+
c , the MΛ+

c π−

spectrum is shown in Fig. 4, together with the fit result
and the corresponding pull distribution. The quantity
MpK−π+π−−MpK−π++mΛ+

c

is used, to remove the effect
of the Λ+

c → pK−π+ mass resolution. According to an
investigation of the inclusive MC samples [20], previous
Belle analysis [21], and the Λ+

c sideband events, there
is no peaking background in the MΛ+

c π−
distribution in

the range under study. Thus, the Ξ0
c signal shape is

described by a double-Gaussian function, and a first-
order polynomial represents the backgrounds. The values
of parameters in the double-Gaussian function are fixed
to those obtained from the signal MC sample. The solid

blue curve is the best fit result, and the dot-dashed
purple line shows the fitted backgrounds. The fitted
Ξ0
c → Λ+

c π
− signal yield is 1467.7±134.5. The statistical

significance of the signal is 10.6σ. Here, the statistical
significance is calculated using

√

−2 ln(L0/Lmax), where
L0 and Lmax are the maximized likelihoods without
and with the signal component, respectively. The
detection efficiency is found to be 14.6% based on a
fit to the MΛ+

c π−
spectrum in the signal MC sample,

where efficiency correction factors due to PID have been
included, and are discussed below. The signal yields and
detection efficiencies of Ξ0

c → Λ+
c π

− and Ξ0
c → Ξ−π+ are

summarized in Table II.
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TABLE II: Summary of the detection efficiencies (ε) and
event yields (N) of Ξ0
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→ Λ+

c
π− and Ξ0

c
→ Ξ−π+. The

uncertainties in the table are statistical only.

ε N
Ξ0

c
→ Ξ−π+ 16.4% 43875 ± 369

Ξ0
c
→ Λ+

c
π− 14.6% 1467± 134

The branching fraction ratio is calculated according to
the formula,

B(Ξ0
c
→ Λ+

c π−)

B(Ξ0
c
→ Ξ−π+)

=
NΛcπ

× εrefΞπ
× B(Ξ− → Λπ−)× B(Λ → pπ−)

NΞπ × ε
sig
Λcπ

× B(Λ+
c → pK−π+)

= (0.38 ± 0.04(stat.)± 0.04(syst.))%,

where NΛcπ and NΞπ are the signal yields of Ξ0
c →

Λ+
c π

− and Ξ0
c → Ξ−π+ in data, respectively; εsigΛcπ

and εrefΞπ are the corresponding detection efficiencies;
B(Λ+

c → pK−π+), B(Ξ− → Λπ−), and B(Λ → pπ−) are
the branching fractions taken from the Ref. [8]. Using
the world average branching fraction B(Ξ0

c → Ξ−π+) =
(1.43 ± 0.32)% [8, 11], we measure B(Ξ0

c → Λ+
c π

−) =
(0.54± 0.05± 0.05± 0.12)%, where the last uncertainty
is from B(Ξ0

c → Ξ−π+).
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are free. The Λ+
c mass window is indicated by the

red dashed lines in Fig. 3. The fitted mass of Λ+
c is

(2286.55 ± 0.03) MeV/c2, which is consistent with the
world average value [8].
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After applying the mass window of Λ+
c , the MΛ+

c π−

spectrum is shown in Fig. 4, together with the fit result
and the corresponding pull distribution. The quantity
MpK−π+π−−MpK−π++mΛ+

c

is used, to remove the effect
of the Λ+

c → pK−π+ mass resolution. According to an
investigation of the inclusive MC samples [20], previous
Belle analysis [21], and the Λ+

c sideband events, there
is no peaking background in the MΛ+

c π−
distribution in

the range under study. Thus, the Ξ0
c signal shape is

described by a double-Gaussian function, and a first-
order polynomial represents the backgrounds. The values
of parameters in the double-Gaussian function are fixed
to those obtained from the signal MC sample. The solid

blue curve is the best fit result, and the dot-dashed
purple line shows the fitted backgrounds. The fitted
Ξ0
c → Λ+

c π
− signal yield is 1467.7±134.5. The statistical

significance of the signal is 10.6σ. Here, the statistical
significance is calculated using

√

−2 ln(L0/Lmax), where
L0 and Lmax are the maximized likelihoods without
and with the signal component, respectively. The
detection efficiency is found to be 14.6% based on a
fit to the MΛ+

c π−
spectrum in the signal MC sample,

where efficiency correction factors due to PID have been
included, and are discussed below. The signal yields and
detection efficiencies of Ξ0

c → Λ+
c π

− and Ξ0
c → Ξ−π+ are

summarized in Table II.
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TABLE II: Summary of the detection efficiencies (ε) and
event yields (N) of Ξ0

c
→ Λ+

c
π− and Ξ0

c
→ Ξ−π+. The

uncertainties in the table are statistical only.

ε N
Ξ0

c
→ Ξ−π+ 16.4% 43875 ± 369

Ξ0
c
→ Λ+

c
π− 14.6% 1467± 134

The branching fraction ratio is calculated according to
the formula,

B(Ξ0
c
→ Λ+

c π−)

B(Ξ0
c
→ Ξ−π+)

=
NΛcπ

× εrefΞπ
× B(Ξ− → Λπ−)× B(Λ → pπ−)

NΞπ × ε
sig
Λcπ

× B(Λ+
c → pK−π+)

= (0.38 ± 0.04(stat.)± 0.04(syst.))%,

where NΛcπ and NΞπ are the signal yields of Ξ0
c →

Λ+
c π

− and Ξ0
c → Ξ−π+ in data, respectively; εsigΛcπ

and εrefΞπ are the corresponding detection efficiencies;
B(Λ+

c → pK−π+), B(Ξ− → Λπ−), and B(Λ → pπ−) are
the branching fractions taken from the Ref. [8]. Using
the world average branching fraction B(Ξ0

c → Ξ−π+) =
(1.43 ± 0.32)% [8, 11], we measure B(Ξ0

c → Λ+
c π

−) =
(0.54± 0.05± 0.05± 0.12)%, where the last uncertainty
is from B(Ξ0

c → Ξ−π+).

= 0.38 ± 0.04 ± 0.04

Using , we measure ℬ(Ξ0
c → Ξ−π+) = (1.43 ± 0.32) %

ℬ(Ξ0
c → Λ+

c π−) = (0.54 ± 0.05 ± 0.05 ± 0.12) %

• consistent w/ LHCb, with slightly larger uncertainty
• BF larger than theory predictions
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 Ξc(2790/2815) → Ξcγ
Recently measured  &  masses and widths  
• In the picture of , these are typically interpreted as  orbital 

excitations (“ ”).

• The nature of these states are identified by mass spectra and decay modes.

Excited charmed baryons mostly decay via strong interactions. 
• the only observed EM decays :  ,  

Wang, Yao, Zhong, Zhao (PRD 96, 116016 (2017)) predicts  
• assuming  excitations, large widths of ,   

( ) 

• assuming  excitations (between the two light quarks), much smaller widths 
( ) for the  baryons

Ξc(2790)+/0 Ξc(2815)+/0

(c + ud, us) L = 1
λ

Ξ′ c → Ξcγ Ωc(2770) → Ωcγ

λ Ξc(2790)0 → Ξ0
cγ Ξc(2815)0 → Ξ0

cγ
Γ ≳ 200 keV

ρ
< 10 keV Ξ+

c
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of the two-photon system. This last requirement retains
87% of the signal according to Monte Carlo studies,
while eliminating 42% of the background.
Figure 2 shows the Ξcγ invariant-mass distributions for

the charged and neutral Ξc baryons. We fit a sum of a
polynomial and two signal functions to the distributions
using a binned maximum-likelihood fit with fine mass bins.
In each case, the signal is a Breit-Wigner function con-
volved with a “Crystal Ball” function [20] to represent the
detector resolution. The parameters of the latter function
are found with a GEANT-basedMC simulation [21] to model
the response of the detector. The photon energies in the
simulation are corrected to take into account the data-MC
difference of resolution based on studies of mass resolution
in the decays π0 → γγ, η → γγ, and D!0 → D0γ [22,23].
The masses and widths of the four particles under consid-
eration have been precisely measured in our previous

analysis [3] and are thus fixed to the values reported.
The width of the resolution functions are ∼6.5 MeV=c2

with an estimated systematic uncertainty of 3%, so in each
distribution the two signal functions overlap. In each case a
third-order polynomial is used to describe the combinato-
rial background. There is a clear signal for the decay
Ξcð2815Þ0 → Ξ0

cγ with 401$ 45 events and evidence for
the decay Ξcð2790Þ0 → Ξ0

cγ with 222$ 55 events. The
statistical significance of each signal is calculated by
excluding the respective peak from the fit and finding
the change in the log-likelihood (Δ½lnL&). The signifi-
cance is expressed in terms of standard deviations, nσ ,
using the formula nσ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Δ½lnL&

p
. For the decays

Ξcð2815Þ0 → Ξ0
cγ and Ξcð2790Þ0 → Ξ0

cγ we find nσ ¼
9.7 and 4.0, respectively. No signals are present in the
Ξþ
c γ mass distribution, and the fit yields are 0$ 25 and

−32$ 31 decays of Ξcð2815Þþ and Ξcð2790Þþ baryons,
respectively. In order to find upper-limit signal yields from
these decays, we use a second-order polynomial as the
background function, as its reduced χ2 is satisfactory, and
this produces a more conservative limit. We calculate the
upper limits by integrating the likelihood functions
obtained from the fits, and then finding the yield values
for which the integrals contain 90% of the total integral of
positive yields. (That is, we set a Bayesian upper limit using
a uniform prior on the yield). We find 90% confidence level
limits of 56 and 64 events for the decays of the Ξþ

c ð2815Þ
and Ξþ

c ð2790Þ, respectively.
The masses and widths of the excited Ξc states are very

well known and their uncertainties have negligible effect on
these yields. For the two significant signals, the largest
systematic uncertainty is due to uncertainties in the back-
ground shape, evaluated by noting the change in the yield
found when increasing the order of the Chebychev poly-
nomial used for the background function (5%); decreasing
the order of the polynomial produces an unsatisfactory fit
result and so is not used. Taking into account this
systematic uncertainty, we find the significances of the
signals for Ξcð2815Þ0 → Ξ0

cγ and Ξ0
cð2790Þ → Ξ0γ to be

nσ ¼ 8.6 and 3.8, respectively.
To measure branching ratios

R2815 ¼
B½Ξcð2815Þþ=0 → Ξþ=0

c γ&
B½Ξcð2815Þþ=0 → Ξcð2645Þ0=þπþ=− → Ξþ=0

c πþπ−&
and R2790 ¼

B½Ξcð2790Þþ=0 → Ξþ=0
c γ&

B½Ξcð2790Þþ=0 → Ξ00=þ
c πþ=− → Ξ0=þ

c γπþ=−&
;

we reconstruct the normalization modes following the
technique presented in the previous Belle paper [3], but
using the momentum requirement on the daughter Ξc
baryons of p! > 2.25 GeV=c. The invariant-mass distri-
butions for the normalization modes are shown in Fig. 3,
and the yields for the signals listed in Table II. For the

measurement of R2815, the largest systematic uncertainty is
due to the signal-yield extraction of the electromagnetic
decays as detailed above. In addition, there are small
contributions due to the efficiency estimation of the photon
(3%) [22], uncertainties due to the modeling of the relative
contributions of the different submodes (3%), the resolution
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FIG. 2. The Ξcγ mass distributions for (upper) Ξ0
c and (lower)

Ξþ
c . The fits are described in the text. In addition to the total fitted

yields, the fittedΞcð2815Þ signal components (dotted lines, green)
and Ξcð2790Þ components (dashed lines, red) are shown stacked
above the combinatorial background (dot-dashed lines, blue).
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of the two-photon system. This last requirement retains
87% of the signal according to Monte Carlo studies,
while eliminating 42% of the background.
Figure 2 shows the Ξcγ invariant-mass distributions for

the charged and neutral Ξc baryons. We fit a sum of a
polynomial and two signal functions to the distributions
using a binned maximum-likelihood fit with fine mass bins.
In each case, the signal is a Breit-Wigner function con-
volved with a “Crystal Ball” function [20] to represent the
detector resolution. The parameters of the latter function
are found with a GEANT-basedMC simulation [21] to model
the response of the detector. The photon energies in the
simulation are corrected to take into account the data-MC
difference of resolution based on studies of mass resolution
in the decays π0 → γγ, η → γγ, and D!0 → D0γ [22,23].
The masses and widths of the four particles under consid-
eration have been precisely measured in our previous

analysis [3] and are thus fixed to the values reported.
The width of the resolution functions are ∼6.5 MeV=c2

with an estimated systematic uncertainty of 3%, so in each
distribution the two signal functions overlap. In each case a
third-order polynomial is used to describe the combinato-
rial background. There is a clear signal for the decay
Ξcð2815Þ0 → Ξ0

cγ with 401$ 45 events and evidence for
the decay Ξcð2790Þ0 → Ξ0

cγ with 222$ 55 events. The
statistical significance of each signal is calculated by
excluding the respective peak from the fit and finding
the change in the log-likelihood (Δ½lnL&). The signifi-
cance is expressed in terms of standard deviations, nσ ,
using the formula nσ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Δ½lnL&

p
. For the decays

Ξcð2815Þ0 → Ξ0
cγ and Ξcð2790Þ0 → Ξ0

cγ we find nσ ¼
9.7 and 4.0, respectively. No signals are present in the
Ξþ
c γ mass distribution, and the fit yields are 0$ 25 and

−32$ 31 decays of Ξcð2815Þþ and Ξcð2790Þþ baryons,
respectively. In order to find upper-limit signal yields from
these decays, we use a second-order polynomial as the
background function, as its reduced χ2 is satisfactory, and
this produces a more conservative limit. We calculate the
upper limits by integrating the likelihood functions
obtained from the fits, and then finding the yield values
for which the integrals contain 90% of the total integral of
positive yields. (That is, we set a Bayesian upper limit using
a uniform prior on the yield). We find 90% confidence level
limits of 56 and 64 events for the decays of the Ξþ

c ð2815Þ
and Ξþ

c ð2790Þ, respectively.
The masses and widths of the excited Ξc states are very

well known and their uncertainties have negligible effect on
these yields. For the two significant signals, the largest
systematic uncertainty is due to uncertainties in the back-
ground shape, evaluated by noting the change in the yield
found when increasing the order of the Chebychev poly-
nomial used for the background function (5%); decreasing
the order of the polynomial produces an unsatisfactory fit
result and so is not used. Taking into account this
systematic uncertainty, we find the significances of the
signals for Ξcð2815Þ0 → Ξ0

cγ and Ξ0
cð2790Þ → Ξ0γ to be

nσ ¼ 8.6 and 3.8, respectively.
To measure branching ratios

R2815 ¼
B½Ξcð2815Þþ=0 → Ξþ=0

c γ&
B½Ξcð2815Þþ=0 → Ξcð2645Þ0=þπþ=− → Ξþ=0

c πþπ−&
and R2790 ¼

B½Ξcð2790Þþ=0 → Ξþ=0
c γ&

B½Ξcð2790Þþ=0 → Ξ00=þ
c πþ=− → Ξ0=þ

c γπþ=−&
;

we reconstruct the normalization modes following the
technique presented in the previous Belle paper [3], but
using the momentum requirement on the daughter Ξc
baryons of p! > 2.25 GeV=c. The invariant-mass distri-
butions for the normalization modes are shown in Fig. 3,
and the yields for the signals listed in Table II. For the

measurement of R2815, the largest systematic uncertainty is
due to the signal-yield extraction of the electromagnetic
decays as detailed above. In addition, there are small
contributions due to the efficiency estimation of the photon
(3%) [22], uncertainties due to the modeling of the relative
contributions of the different submodes (3%), the resolution
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FIG. 2. The Ξcγ mass distributions for (upper) Ξ0
c and (lower)

Ξþ
c . The fits are described in the text. In addition to the total fitted

yields, the fittedΞcð2815Þ signal components (dotted lines, green)
and Ξcð2790Þ components (dashed lines, red) are shown stacked
above the combinatorial background (dot-dashed lines, blue).
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of the two-photon system. This last requirement retains
87% of the signal according to Monte Carlo studies,
while eliminating 42% of the background.
Figure 2 shows the Ξcγ invariant-mass distributions for

the charged and neutral Ξc baryons. We fit a sum of a
polynomial and two signal functions to the distributions
using a binned maximum-likelihood fit with fine mass bins.
In each case, the signal is a Breit-Wigner function con-
volved with a “Crystal Ball” function [20] to represent the
detector resolution. The parameters of the latter function
are found with a GEANT-basedMC simulation [21] to model
the response of the detector. The photon energies in the
simulation are corrected to take into account the data-MC
difference of resolution based on studies of mass resolution
in the decays π0 → γγ, η → γγ, and D!0 → D0γ [22,23].
The masses and widths of the four particles under consid-
eration have been precisely measured in our previous

analysis [3] and are thus fixed to the values reported.
The width of the resolution functions are ∼6.5 MeV=c2

with an estimated systematic uncertainty of 3%, so in each
distribution the two signal functions overlap. In each case a
third-order polynomial is used to describe the combinato-
rial background. There is a clear signal for the decay
Ξcð2815Þ0 → Ξ0

cγ with 401$ 45 events and evidence for
the decay Ξcð2790Þ0 → Ξ0

cγ with 222$ 55 events. The
statistical significance of each signal is calculated by
excluding the respective peak from the fit and finding
the change in the log-likelihood (Δ½lnL&). The signifi-
cance is expressed in terms of standard deviations, nσ ,
using the formula nσ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Δ½lnL&

p
. For the decays

Ξcð2815Þ0 → Ξ0
cγ and Ξcð2790Þ0 → Ξ0

cγ we find nσ ¼
9.7 and 4.0, respectively. No signals are present in the
Ξþ
c γ mass distribution, and the fit yields are 0$ 25 and

−32$ 31 decays of Ξcð2815Þþ and Ξcð2790Þþ baryons,
respectively. In order to find upper-limit signal yields from
these decays, we use a second-order polynomial as the
background function, as its reduced χ2 is satisfactory, and
this produces a more conservative limit. We calculate the
upper limits by integrating the likelihood functions
obtained from the fits, and then finding the yield values
for which the integrals contain 90% of the total integral of
positive yields. (That is, we set a Bayesian upper limit using
a uniform prior on the yield). We find 90% confidence level
limits of 56 and 64 events for the decays of the Ξþ

c ð2815Þ
and Ξþ

c ð2790Þ, respectively.
The masses and widths of the excited Ξc states are very

well known and their uncertainties have negligible effect on
these yields. For the two significant signals, the largest
systematic uncertainty is due to uncertainties in the back-
ground shape, evaluated by noting the change in the yield
found when increasing the order of the Chebychev poly-
nomial used for the background function (5%); decreasing
the order of the polynomial produces an unsatisfactory fit
result and so is not used. Taking into account this
systematic uncertainty, we find the significances of the
signals for Ξcð2815Þ0 → Ξ0

cγ and Ξ0
cð2790Þ → Ξ0γ to be

nσ ¼ 8.6 and 3.8, respectively.
To measure branching ratios

R2815 ¼
B½Ξcð2815Þþ=0 → Ξþ=0

c γ&
B½Ξcð2815Þþ=0 → Ξcð2645Þ0=þπþ=− → Ξþ=0

c πþπ−&
and R2790 ¼

B½Ξcð2790Þþ=0 → Ξþ=0
c γ&

B½Ξcð2790Þþ=0 → Ξ00=þ
c πþ=− → Ξ0=þ

c γπþ=−&
;

we reconstruct the normalization modes following the
technique presented in the previous Belle paper [3], but
using the momentum requirement on the daughter Ξc
baryons of p! > 2.25 GeV=c. The invariant-mass distri-
butions for the normalization modes are shown in Fig. 3,
and the yields for the signals listed in Table II. For the

measurement of R2815, the largest systematic uncertainty is
due to the signal-yield extraction of the electromagnetic
decays as detailed above. In addition, there are small
contributions due to the efficiency estimation of the photon
(3%) [22], uncertainties due to the modeling of the relative
contributions of the different submodes (3%), the resolution
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FIG. 2. The Ξcγ mass distributions for (upper) Ξ0
c and (lower)

Ξþ
c . The fits are described in the text. In addition to the total fitted

yields, the fittedΞcð2815Þ signal components (dotted lines, green)
and Ξcð2790Þ components (dashed lines, red) are shown stacked
above the combinatorial background (dot-dashed lines, blue).
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<latexit sha1_base64="Bb0dQLVje80hSfrKOgU2fecmOZk="></latexit>

R0
2815 =

B[⌅c(2815)0 ! ⌅0
c�]

B[⌅c(2815)0 ! ⌅c(2645)+⇡� ! ⌅0
c⇡

+⇡�]
= 0.41± 0.05± 0.03

<latexit sha1_base64="Vw2zWboziZgD0MPFJzQGRuCjlwc="></latexit>

R0
2790 =

B[⌅c(2790)0 ! ⌅0
c�]

B[⌅c(2790)0 ! ⌅0+
c ⇡� ! ⌅+

c �⇡�]
= 0.13± 0.03± 0.02

<latexit sha1_base64="+IiNc2PMjBAFQy6aCWA6fL5RS8E="></latexit>

R+
2815 =

B[⌅c(2815)+ ! ⌅+
c �]

B[⌅c(2815)+ ! ⌅c(2645)0⇡+ ! ⌅+
c ⇡+⇡�]

< 0.09 @ 90% C.L.

<latexit sha1_base64="5Me9S78MYCDOzJAWPfyV+hfDFEQ="></latexit>

R+
2790 =

B[⌅c(2790)+ ! ⌅+
c �]

B[⌅c(2790)+ ! ⌅00
c ⇡

+ ! ⌅0
c�⇡

+]
< 0.06 @ 90% C.L.

• First observation of radiative decays of orbitally excited 
• Confirm the theoretical prediction [WYZZ, PRD (2017)]

Ξc

 Ξc(2790/2815) → Ξcγ
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weak radiative decays, via  exchange 

not been observed in charmed baryons 

 (+) signals for charm mesons:  

  by LHCb (2019) ⇐  

W

∃ D0 → ϕγ, K*0γ
∃ Λb → Λγ b → sγ
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First search for the weak radiative decays Λ+
c
→ Σ+γ and Ξ0

c
→ Ξ0γ

(The Belle Collaboration)

We present the first search for the weak radiative decays Λ+
c → Σ+γ and Ξ0

c → Ξ0γ using a data
sample of 980 fb−1 collected by the Belle detector operating at the KEKB asymmetric-energy e+e−

collider. There are no evident Λ+
c → Σ+γ or Ξ0

c → Ξ0γ signals. Taking the decays Λ+
c → pK−π+

and Ξ0
c → Ξ−π+ as normalization channels, the upper limits at 90% credibility level on the ratios

of branching fractions B(Λ+
c → Σ+γ)/B(Λ+

c → pK−π+) < 4.0 × 10−3 and B(Ξ0
c → Ξ0γ)/B(Ξ0

c →
Ξ−π+) < 1.2 × 10−2 are determined. We obtain the upper limits at 90% credibility level on the
absolute branching fractions B(Λ+

c → Σ+γ) < 2.6× 10−4 and B(Ξ0
c → Ξ0γ) < 1.7× 10−4.

I. INTRODUCTION

Charm physics has always been a popular topic due
to the fact that the charm system provides a distinctive
laboratory to investigate the interplay of strong and
weak interactions. Weak radiative decays of charmed
hadrons proceed via W -exchange, and are dominated by
long-distance nonperturbative processes; short-distance
contributions from electromagnetic penguin diagrams are
highly suppressed [1, 2]. The long-distance contributions
to the Cabibbo-favored (CF) weak radiative decays
of charmed hadrons are predicted to have branching
fractions at the level of 10−4 [1–8]. Measurements of the
branching fractions of weak radiative decays of charmed
hadrons can be used to test long-distance dynamics
calculations based on different theoretical models.

In the charmed meson sector, several weak radiative
decays have been reported [9–11]. The Cabibbo-
suppressed (CS) weak radiative decay D0 → φγ was
first observed by the Belle experiment [9]. The BABAR

experiment found the CF weak radiative decay D0 →
K̄∗(892)0γ [10]. In 2017, the Belle experiment presented
the first observation of the CS weak radiative decay
D0 → ρ0γ with a measured branching fraction B(D0 →
ρ0γ) = (1.77 ± 0.30 ± 0.07) × 10−5 and the improved
measurements of branching fractions B(D0 → φγ) =
(2.76 ± 0.19 ± 0.10)× 10−5 and B(D0 → K̄∗(892)0γ) =
(4.66±0.21±0.21)×10−4 [11], where the first and second
uncertainties are statistical and systematic, respectively.
However, the weak radiative decays of charmed baryons
have not yet been measured.

The LHCb experiment observed the first weak
radiative decay of a bottom baryon Λ0

b → Λγ in 2019, and
measured the branching fraction B(Λ0

b → Λγ) = (7.1 ±
1.5 ± 0.6 ± 0.7) × 10−6, where the quoted uncertainties
are statistical, systematic, and from the external inputs,
respectively [12]. The decay Λ0

b → Λγ proceeds via
the b → sγ flavor-changing neutral-current transition,
which is dominated by short-distance processes. Since
the penguin process c → uγ is highly suppressed, it plays
very little role in the weak radiative decays of charmed
baryons. More dominant contributions to the weak
radiative decays of charmed baryons could arise from W -
exchange bremsstrahlung processes such as cd → usγ.

The cd → usγ process induces two CF weak radiative
decays of anti-triplet charmed baryons: Λ+

c → Σ+γ
and Ξ0

c → Ξ0γ [13]. Figure 1 shows the W -exchange
diagrams accompanied by a photon emission from the
external s quark for Λ+

c → Σ+γ and Ξ0
c → Ξ0γ decays

as examples. The same W -exchange diagrams, but with
a photon radiated from other external quarks, can also
contribute to the weak radiative decays Λ+

c → Σ+γ and
Ξ0
c → Ξ0γ [4]. The branching fractions of the decays

Λ+
c → Σ+γ and Ξ0

c → Ξ0γ were predicted by the different
theoretical methods, including a modified nonrelativistic
quark model [4], the constituent quark model [5], and the
effective Lagrangian approach [6]. Theoretical branching
fraction estimates cover ranges of (4.5 − 29.1) × 10−5

and (3.0 − 19.5) × 10−5 for Λ+
c → Σ+γ and Ξ0

c → Ξ0γ
decays [4–6], respectively, as listed in Table I. There
are two estimates in Ref. [5], and the case (II) naively
considered the flavor dependence of charmed baryon
wave-function squared at the origin |ψ(0)|2. Measuring
the branching fractions of weak radiative decays Λ+

c →
Σ+γ and Ξ0

c → Ξ0γ can yield experimental inputs for the
theoretical understanding of long-distance interactions in
the weak radiative decays of charmed hadrons.

u
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+
cΛ +Σ

γ

c
+W

u
u

s

s
d

0
cΞ 0Ξ

γ

c
+W

s
u

s

(a) (b)

FIG. 1: Examples of W -exchange diagrams accompanied by
photon emission from the external s quark for (a) Λ+

c → Σ+γ
and (b) Ξ0

c → Ξ0γ decays.

In this paper, we perform the first search for the
weak radiative decays Λ+

c → Σ+γ and Ξ0
c → Ξ0γ using

the entire data sample of 980 fb−1 collected by the
Belle detector. The decays Λ+

c → pK−π+ and Ξ0
c →

Ξ−π+ are taken as normalization channels. Charge-
conjugate modes are also implied unless otherwise stated
throughout this paper.

Λ+
c → Σ+γ, Ξ0

c → Ξ0γ

https://doi.org/10.1103/
PhysRevLett.118.051801
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First search for the weak radiative decays Λ+
c
→ Σ+γ and Ξ0

c
→ Ξ0γ

(The Belle Collaboration)

We present the first search for the weak radiative decays Λ+
c → Σ+γ and Ξ0

c → Ξ0γ using a data
sample of 980 fb−1 collected by the Belle detector operating at the KEKB asymmetric-energy e+e−

collider. There are no evident Λ+
c → Σ+γ or Ξ0

c → Ξ0γ signals. Taking the decays Λ+
c → pK−π+

and Ξ0
c → Ξ−π+ as normalization channels, the upper limits at 90% credibility level on the ratios

of branching fractions B(Λ+
c → Σ+γ)/B(Λ+

c → pK−π+) < 4.0 × 10−3 and B(Ξ0
c → Ξ0γ)/B(Ξ0

c →
Ξ−π+) < 1.2 × 10−2 are determined. We obtain the upper limits at 90% credibility level on the
absolute branching fractions B(Λ+

c → Σ+γ) < 2.6× 10−4 and B(Ξ0
c → Ξ0γ) < 1.7× 10−4.

I. INTRODUCTION

Charm physics has always been a popular topic due
to the fact that the charm system provides a distinctive
laboratory to investigate the interplay of strong and
weak interactions. Weak radiative decays of charmed
hadrons proceed via W -exchange, and are dominated by
long-distance nonperturbative processes; short-distance
contributions from electromagnetic penguin diagrams are
highly suppressed [1, 2]. The long-distance contributions
to the Cabibbo-favored (CF) weak radiative decays
of charmed hadrons are predicted to have branching
fractions at the level of 10−4 [1–8]. Measurements of the
branching fractions of weak radiative decays of charmed
hadrons can be used to test long-distance dynamics
calculations based on different theoretical models.

In the charmed meson sector, several weak radiative
decays have been reported [9–11]. The Cabibbo-
suppressed (CS) weak radiative decay D0 → φγ was
first observed by the Belle experiment [9]. The BABAR

experiment found the CF weak radiative decay D0 →
K̄∗(892)0γ [10]. In 2017, the Belle experiment presented
the first observation of the CS weak radiative decay
D0 → ρ0γ with a measured branching fraction B(D0 →
ρ0γ) = (1.77 ± 0.30 ± 0.07) × 10−5 and the improved
measurements of branching fractions B(D0 → φγ) =
(2.76 ± 0.19 ± 0.10)× 10−5 and B(D0 → K̄∗(892)0γ) =
(4.66±0.21±0.21)×10−4 [11], where the first and second
uncertainties are statistical and systematic, respectively.
However, the weak radiative decays of charmed baryons
have not yet been measured.

The LHCb experiment observed the first weak
radiative decay of a bottom baryon Λ0

b → Λγ in 2019, and
measured the branching fraction B(Λ0

b → Λγ) = (7.1 ±
1.5 ± 0.6 ± 0.7) × 10−6, where the quoted uncertainties
are statistical, systematic, and from the external inputs,
respectively [12]. The decay Λ0

b → Λγ proceeds via
the b → sγ flavor-changing neutral-current transition,
which is dominated by short-distance processes. Since
the penguin process c → uγ is highly suppressed, it plays
very little role in the weak radiative decays of charmed
baryons. More dominant contributions to the weak
radiative decays of charmed baryons could arise from W -
exchange bremsstrahlung processes such as cd → usγ.

The cd → usγ process induces two CF weak radiative
decays of anti-triplet charmed baryons: Λ+

c → Σ+γ
and Ξ0

c → Ξ0γ [13]. Figure 1 shows the W -exchange
diagrams accompanied by a photon emission from the
external s quark for Λ+

c → Σ+γ and Ξ0
c → Ξ0γ decays

as examples. The same W -exchange diagrams, but with
a photon radiated from other external quarks, can also
contribute to the weak radiative decays Λ+

c → Σ+γ and
Ξ0
c → Ξ0γ [4]. The branching fractions of the decays

Λ+
c → Σ+γ and Ξ0

c → Ξ0γ were predicted by the different
theoretical methods, including a modified nonrelativistic
quark model [4], the constituent quark model [5], and the
effective Lagrangian approach [6]. Theoretical branching
fraction estimates cover ranges of (4.5 − 29.1) × 10−5

and (3.0 − 19.5) × 10−5 for Λ+
c → Σ+γ and Ξ0

c → Ξ0γ
decays [4–6], respectively, as listed in Table I. There
are two estimates in Ref. [5], and the case (II) naively
considered the flavor dependence of charmed baryon
wave-function squared at the origin |ψ(0)|2. Measuring
the branching fractions of weak radiative decays Λ+

c →
Σ+γ and Ξ0

c → Ξ0γ can yield experimental inputs for the
theoretical understanding of long-distance interactions in
the weak radiative decays of charmed hadrons.
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FIG. 1: Examples of W -exchange diagrams accompanied by
photon emission from the external s quark for (a) Λ+

c → Σ+γ
and (b) Ξ0

c → Ξ0γ decays.

In this paper, we perform the first search for the
weak radiative decays Λ+

c → Σ+γ and Ξ0
c → Ξ0γ using

the entire data sample of 980 fb−1 collected by the
Belle detector. The decays Λ+

c → pK−π+ and Ξ0
c →

Ξ−π+ are taken as normalization channels. Charge-
conjugate modes are also implied unless otherwise stated
throughout this paper.

Λ+
c → Σ+γ, Ξ0

c → Ξ0γ

29

2

TABLE I: Theoretical estimates of branching fractions in
units of 10−5 for the CF weak radiative decays Λ+

c → Σ+γ and
Ξ0

c → Ξ0γ. There are two predictions in Ref. [5] depending on
the evaluation of the charmed baryon wave-function squared
at the origin |ψ(0)|2. The branching fractions have been
rescaled based on the current lifetimes of Λ+

c and Ξ0
c by the

author of Ref. [13].

Modes Kamal [4] Uppal [5] Cheng [6]
(I) (II)

Λ+
c → Σ+γ 6.0 4.5 29.1 4.9

Ξ0
c → Ξ0γ ... 3.0 19.5 4.8

II. THE DATA SAMPLE AND THE BELLE
DETECTOR

This analysis is based on data collected at or near
the Υ(nS) (n = 1, 2, 3, 4, 5) resonances by the Belle
detector [14, 15] at the KEKB asymmetric-energy e+e−

collider [16, 17]. The total data sample corresponds to
an integrated luminosity of 980 fb−1 [15]. The Belle
detector is a large-solid-angle magnetic spectrometer
consisting of a silicon vertex detector, a 50-layer central
drift chamber (CDC), an array of aerogel threshold
Cherenkov counters (ACC), a barrel-like arrangement
of time-of-flight scintillation counters (TOF), and an
electromagnetic calorimeter comprising CsI(Tl) crystals
(ECL) located inside a superconducting solenoid coil that
provides a 1.5 T magnetic field. An iron flux return
comprising 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 [14,
15].

Monte Carlo (MC) simulated signal events are
generated using EvtGen [18] to optimize the signal
selection criteria and calculate the reconstruction
efficiencies. Events for the e+e− → cc̄ production
are generated using PYTHIA [19] with a specific Belle
configuration, where one of the two charm quarks
hadronizes into a Λ+

c or Ξ0
c baryon. The decays

Λ+
c → Σ+γ and Ξ0

c → Ξ0γ are generated using a
phase space model. The simulated events are processed
with a detector simulation based on GEANT3 [20].
Inclusive MC samples of Υ(1S, 2S, 3S) decays, Υ(4S) →

B+B−/B0B̄0, Υ(5S) → B(∗)
(s) B̄

(∗)
(s) , and e+e− → qq̄

(q = u, d, s, c) at center-of-mass (C.M.) energies of
9.460, 10.024, 10.355, 10.520, 10.580, and 10.867 GeV
corresponding to two times the integrated luminosity of
data are used to check for possible peaking backgrounds
and optimize the signal selection criteria.

III. COMMON EVENT SELECTION CRITERIA

We reconstruct the decays Λ+
c → Σ+γ, Ξ0

c → Ξ0γ,
Λ+
c → pK−π+, and Ξ0

c → Ξ−π+. The Σ+, Ξ0, and Ξ−

hyperons are reconstructed via Σ+ → pπ0, Ξ0 → Λπ0,
and Ξ− → Λπ− decays with the π0 and Λ in π0 → γγ
and Λ → pπ− decays, respectively. The event selection
criteria described below are optimized by maximizing the
figure-of-merit ε/(3/2+

√

Nbkg) [21], where ε is the signal
reconstruction efficiency of Λ+

c → Σ+γ or Ξ0
c → Ξ0γ

decay, and Nbkg is the number of estimated background
events from the normalized inclusive MC samples in
the Λ+

c or Ξ0
c signal region defined as 2.18 GeV/c2 <

M(Σ+γ) < 2.34 GeV/c2 or 2.36 GeV/c2 < M(Ξ0γ)
< 2.52 GeV/c2 (> 95% signal events are retained),
respectively. Hereinafter, M represents the measured
invariant mass.

For the particle identification (PID) of a well-
reconstructed charged track, information from different
detector subsystems, including specific ionization in the
CDC, time measurement in the TOF, and the response
of the ACC, is combined to form a likelihood ratio,
R(h|h′) = L(h)/[L(h) + L(h′)], where L(h(′)) is the
likelihood of the charged track being a hadron h(′), and
h(′) is p, K, or π as appropriate [22]. To identify the
proton used in Σ+ reconstruction, we require R(p|K) >
0.6 and R(p|π) > 0.6, which has an efficiency of
97%; we also require a momentum above 0.9 GeV/c
in the laboratory frame. For the proton used in Λ
reconstruction, we require R(p|K) > 0.2 and R(p|π) >
0.2 with an efficiency of 98%.

An ECL cluster is taken as a photon candidate if
it does not match the extrapolation of any charged
track. The π0 candidates used in Σ+ (Ξ0) reconstruction
are formed from two photons having energy exceeding
50 MeV (30 MeV) in the barrel (−0.63 < cos θ < 0.85)
or 70 MeV (50 MeV) in the endcaps (−0.91 < cos θ <
−0.63 or 0.85 < cos θ < 0.98) of the ECL, where θ
is the polar angle relative to the opposite direction of
e+ beam. The reconstructed invariant mass of the π0

candidate is required to be within 10.8 MeV/c2 of the
π0 nominal mass [23], corresponding to approximately
twice the mass resolution (σ). To reduce the large
combinatorial backgrounds, the momentum of the π0

used in Σ+ (Ξ0) reconstruction is required to exceed
300 MeV/c (200 MeV/c) in the laboratory frame. The Λ
candidates are reconstructed in the decay Λ → pπ− and
selected if |M(pπ−)−m(Λ)| < 3.5 MeV/c2 (∼2.5σ). Here
and throughout this paper, m(i) represents the nominal
mass of the particle i [23].

The Σ+ → pπ0 and Ξ0 → Λπ0 reconstructions
are complicated by the fact that the parent hyperon
decays with a π0, which has negligible vertex position
information, as one of its daughters. For the Σ+ →
pπ0 reconstruction, combinations of π0 candidates and
protons are made using those protons with a sufficiently
large (> 1 mm) distance of closest approach to the
interaction point (IP). Then, taking the IP as the point of
origin of the Σ+, the sum of the proton and π0 momenta
is taken as the momentum vector of the Σ+ candidate.
The intersection of this trajectory with the reconstructed

• theory predictions of BF in units of 
• two cases for [5] depeding on 

10−5

|ψ(0) |2
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FIG. 2: The invariant mass distributions of (a) pK−π+ and (b) Ξ−π+ from the reconstructed Λ+
c → pK−π+ and Ξ0

c → Ξ−π+

candidates in data. The points with error bars represent the data, the blue solid curves show the best-fit results, the red solid
curves denote the fitted signals, and the black dashed curves represent the fitted combinatorial backgrounds.

M(pK−π+) < 2.312 GeV/c2. We divide the Dalitz
distribution into 120 × 120 bins, with a bin size of
0.027 GeV2/c4 for M2(pK−) and 0.016 GeV2/c4 for
M2(K−π+). The reconstruction efficiency averaged over
the Dalitz distribution is calculated by the formula
ε = Σisi/Σj(sj/εj) [26], where i and j run over all
bins; si/j and εj are the number of signal events in
data and the reconstruction efficiency from signal MC
simulation for each bin, respectively. The reconstruction
efficiency for each bin is obtained by dividing the number
of signal events after applying the selection criteria
by the number of generated events. The corrected
reconstruction efficiency for Λ+

c → pK−π+ is determined
to be (12.79 ± 0.02)%. For the two-body decay Ξ0

c →
Ξ−π+, we estimate the reconstruction efficiency directly
from the simulated events by the ratio nsel/ngen, where
nsel and ngen are the numbers of true signal events
surviving the selection criteria and generated events,
respectively. The signal reconstruction efficiency for
Ξ0
c → Ξ−π+ is determined to be (16.96± 0.05)%.

After applying the event selection criteria mentioned
in Sec. III, the invariant mass distributions of pπ0

and Λπ0 from the reconstructed Λ+
c → Σ+γ and

Ξ0
c → Ξ0γ candidates in data are shown in Figs. 4(a)

and 4(b), respectively. There are significant Σ+ and
Ξ0 signals observed in the Λ+

c and Ξ0
c signal regions,

respectively. The signal regions of Σ+ and Ξ0 candidates
are defined as |M(pπ0)−m(Σ+)| < 14 MeV/c2 (∼2.5σ)
and |M(Λπ0) − m(Ξ0)| < 9 MeV/c2 (∼2.5σ). We
define the Σ+ and Ξ0 sideband regions as 1.140 GeV/c2

< M(pπ0) < 1.168 GeV/c2 or 1.210 GeV/c2 <
M(pπ0) < 1.238 GeV/c2, and 1.284 GeV/c2 < M(Λπ0)
< 1.302 GeV/c2 or 1.327 GeV/c2 < M(Λπ0) <
1.345 GeV/c2, respectively, which are twice as wide as
the corresponding signal regions. The blue solid lines
indicate the required Σ+ and Ξ0 signal regions, and
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FIG. 3: Dalitz distribution of the reconstructed Λ+
c →

pK−π+ candidates in data.

the blue dashed lines represent the defined Σ+ and Ξ0

sideband regions.

Figures 5(a) and 5(b) display the invariant mass
spectra of Σ+γ and Ξ0γ from data, and the cyan
shaded histograms represent events from the normalized
Σ+ and Ξ0 sidebands, respectively. There are broad
peaking backgrounds found in both M(Σ+γ) and
M(Ξ0γ) distributions in data and inclusive MC samples.
According to a study of inclusive MC samples using
the TopoAna package [30], we found that these peaking
backgrounds in the M(Σ+γ) and M(Ξ0γ) distributions
arise from the contributions of Λ+

c → Σ+π0(→ γγ) and
Σ+η(→ γγ) , and Ξ0

c → Ξ0π0(→ γγ) and Ξ0η(→ γγ)
decays respectively, where one of the two photons has
been missed.

BELLE

arXiv:2206.12517
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FIG. 2: The invariant mass distributions of (a) pK−π+ and (b) Ξ−π+ from the reconstructed Λ+
c → pK−π+ and Ξ0

c → Ξ−π+

candidates in data. The points with error bars represent the data, the blue solid curves show the best-fit results, the red solid
curves denote the fitted signals, and the black dashed curves represent the fitted combinatorial backgrounds.

M(pK−π+) < 2.312 GeV/c2. We divide the Dalitz
distribution into 120 × 120 bins, with a bin size of
0.027 GeV2/c4 for M2(pK−) and 0.016 GeV2/c4 for
M2(K−π+). The reconstruction efficiency averaged over
the Dalitz distribution is calculated by the formula
ε = Σisi/Σj(sj/εj) [26], where i and j run over all
bins; si/j and εj are the number of signal events in
data and the reconstruction efficiency from signal MC
simulation for each bin, respectively. The reconstruction
efficiency for each bin is obtained by dividing the number
of signal events after applying the selection criteria
by the number of generated events. The corrected
reconstruction efficiency for Λ+

c → pK−π+ is determined
to be (12.79 ± 0.02)%. For the two-body decay Ξ0

c →
Ξ−π+, we estimate the reconstruction efficiency directly
from the simulated events by the ratio nsel/ngen, where
nsel and ngen are the numbers of true signal events
surviving the selection criteria and generated events,
respectively. The signal reconstruction efficiency for
Ξ0
c → Ξ−π+ is determined to be (16.96± 0.05)%.

After applying the event selection criteria mentioned
in Sec. III, the invariant mass distributions of pπ0

and Λπ0 from the reconstructed Λ+
c → Σ+γ and

Ξ0
c → Ξ0γ candidates in data are shown in Figs. 4(a)

and 4(b), respectively. There are significant Σ+ and
Ξ0 signals observed in the Λ+

c and Ξ0
c signal regions,

respectively. The signal regions of Σ+ and Ξ0 candidates
are defined as |M(pπ0)−m(Σ+)| < 14 MeV/c2 (∼2.5σ)
and |M(Λπ0) − m(Ξ0)| < 9 MeV/c2 (∼2.5σ). We
define the Σ+ and Ξ0 sideband regions as 1.140 GeV/c2

< M(pπ0) < 1.168 GeV/c2 or 1.210 GeV/c2 <
M(pπ0) < 1.238 GeV/c2, and 1.284 GeV/c2 < M(Λπ0)
< 1.302 GeV/c2 or 1.327 GeV/c2 < M(Λπ0) <
1.345 GeV/c2, respectively, which are twice as wide as
the corresponding signal regions. The blue solid lines
indicate the required Σ+ and Ξ0 signal regions, and
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FIG. 3: Dalitz distribution of the reconstructed Λ+
c →

pK−π+ candidates in data.

the blue dashed lines represent the defined Σ+ and Ξ0

sideband regions.

Figures 5(a) and 5(b) display the invariant mass
spectra of Σ+γ and Ξ0γ from data, and the cyan
shaded histograms represent events from the normalized
Σ+ and Ξ0 sidebands, respectively. There are broad
peaking backgrounds found in both M(Σ+γ) and
M(Ξ0γ) distributions in data and inclusive MC samples.
According to a study of inclusive MC samples using
the TopoAna package [30], we found that these peaking
backgrounds in the M(Σ+γ) and M(Ξ0γ) distributions
arise from the contributions of Λ+

c → Σ+π0(→ γγ) and
Σ+η(→ γγ) , and Ξ0

c → Ξ0π0(→ γγ) and Ξ0η(→ γγ)
decays respectively, where one of the two photons has
been missed.

 signal efficiency is 
weighted over the Dalitz distribution

Λ+
c → pK−π+
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For , the efficiency isΞ0
c → Ξ−π+
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FIG. 4: The invariant mass distributions of (a) pπ0 and (b) Λπ0 from the reconstructed Λ+
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c → Ξ0γ candidates
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c → Σ+π0(→ γγ)/Ξ0
c → Ξ0π0(→ γγ) and

Λ+
c → Σ+η(→ γγ)/Ξ0

c → Ξ0η(→ γγ), respectively.

For the Λ+
c → Σ+γ mode, the expected peaking

background events from the contributions of Λ+
c →

Σ+π0(→ γγ) and Λ+
c → Σ+η(→ γγ) in the M(Σ+γ)

distribution are estimated according to the formulae

NΣ+γ
Σ+π0 = εΣ

+γ
Σ+π0 ×

Nobs
pK−π+B(Λ+

c → Σ+π0)

εpK−π+

×
B(Σ+ → pπ0)B(π0 → γγ)B(π0 → γγ)

B(Λ+
c → pK−π+)

and

NΣ+γ
Σ+η = εΣ

+γ
Σ+η ×

Nobs
pK−π+B(Λ+

c → Σ+η)

εpK−π+

×
B(Σ+ → pπ0)B(η → γγ)B(π0 → γγ)

B(Λ+
c → pK−π+)

,

where εΣ
+γ

Σ+π0 = 0.36% and εΣ
+γ

Σ+η = 0.46% are the

reconstruction efficiencies of Λ+
c → Σ+π0(→ γγ) and

Λ+
c → Σ+η(→ γγ) decays under the Λ+

c → Σ+γ
selection criteria obtained by signal MC simulations;
εpK−π+ = (12.79 ± 0.02)% denotes the reconstruction
efficiency of Λ+

c → pK−π+ decay; Nobs
pK−π+ = (1281910±
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• Baryon papers in 2022

- ⌅0
c decays (W emission vs. W exchange) PRD 105, L011102 (2022)

- ⌅0
c ! ⇤+

c ⇡
�

(s ! uW ⇤
vs. W exchange) arXiv:2206.08527

- ⇤c ! ⌃�, ⌅c ! ⌅� (radiative) arXiv:2206.12517

- ⌦0
c ! ⌦�`+⌫` (semileptonic) PRD 105, L091102 (2022)

- ⇤+
c ! p⌘0 (SCS) JHEP 03 (2022) 090

- new excited states decaying to ⌃c(2455)⇡±
arXiv:2206.08822

Modes Nobs NUL ✏(%)

⇤+
c ! ⌃+� 340±110 608 2.98±0.01

⇤+
c ! pK�⇡+

1281910±2040 ... 12.79±0.02

Modes Nobs NUL ✏(%)

⌅0
c ! ⌅0� �18±48 91 3.03±0.01

⌅0
c ! ⌅�⇡+

45063±445 ... 16.96±0.05

1

S = 2.2σ (3.2σ)

BELLE
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Σ+η = 0.46% are the
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c → Σ+π0(→ γγ) and
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c → Σ+η(→ γγ) decays under the Λ+
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selection criteria obtained by signal MC simulations;
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efficiency of Λ+
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pK−π+ = (1281910±

5

2c) GeV/0πM(p
1.14 1.16 1.18 1.2 1.22 1.24

2 c
Ev

en
ts

/ 1
 M

eV
/

0
100
200
300
400
500
600
700
800
900

2c) GeV/0πΛM(
1.28 1.3 1.32 1.34

2 c
Ev

en
ts

/ 0
.5

 M
eV

/

0

50

100

150
(a) (b)

FIG. 4: The invariant mass distributions of (a) pπ0 and (b) Λπ0 from the reconstructed Λ+
c → Σ+γ and Ξ0

c → Ξ0γ candidates
in the Λ+

c and Ξ0
c signal regions in data, respectively. The points with error bars represent the data, the blue solid lines indicate

the required signal regions, and the blue dashed lines denote the defined sidebands.

2 c
Ev

en
ts

/ 5
 M

eV
/

0

200

400

600

800

1000
Data
Total Fit
Signal
Broken-signal

Combinatorial
0π+Σ→+cΛ

η+Σ→+cΛ

 Sideband+Σ

2c) GeV/γ+ΣM(
2.1 2.2 2.3 2.4

 P
ul

l 

2−
0
2

2 c
Ev

en
ts

/ 5
 M

eV
/

0

50

100

150

200
Data
Total Fit
Signal
Broken-signal

Combinatorial
0π0Ξ→0cΞ

η0Ξ→0cΞ

 Sideband0Ξ

2c) GeV/γ0ΞM(
2.3 2.4 2.5 2.6

 P
ul

l 

2−
0
2

(a) (b)

FIG. 5: The invariant mass distributions of (a) Σ+γ and (b) Ξ0γ from the reconstructed Λ+
c → Σ+γ and Ξ0

c → Ξ0γ candidates
in data. The points with error bars represent the data, and the cyan shaded histograms denote events from the normalized
Σ+ and Ξ0 sidebands. The blue solid curves show the best-fit results. The red solid and green dashed curves indicate the
fitted signal and broken-signal components. The black dashed curves are the fitted combinatorial backgrounds. The pink and
blue dashed curves show the fitted peaking backgrounds from the contributions of Λ+

c → Σ+π0(→ γγ)/Ξ0
c → Ξ0π0(→ γγ) and

Λ+
c → Σ+η(→ γγ)/Ξ0

c → Ξ0η(→ γγ), respectively.

For the Λ+
c → Σ+γ mode, the expected peaking

background events from the contributions of Λ+
c →

Σ+π0(→ γγ) and Λ+
c → Σ+η(→ γγ) in the M(Σ+γ)

distribution are estimated according to the formulae

NΣ+γ
Σ+π0 = εΣ

+γ
Σ+π0 ×

Nobs
pK−π+B(Λ+

c → Σ+π0)

εpK−π+

×
B(Σ+ → pπ0)B(π0 → γγ)B(π0 → γγ)

B(Λ+
c → pK−π+)

and

NΣ+γ
Σ+η = εΣ

+γ
Σ+η ×

Nobs
pK−π+B(Λ+

c → Σ+η)

εpK−π+

×
B(Σ+ → pπ0)B(η → γγ)B(π0 → γγ)

B(Λ+
c → pK−π+)

,

where εΣ
+γ

Σ+π0 = 0.36% and εΣ
+γ

Σ+η = 0.46% are the

reconstruction efficiencies of Λ+
c → Σ+π0(→ γγ) and

Λ+
c → Σ+η(→ γγ) decays under the Λ+

c → Σ+γ
selection criteria obtained by signal MC simulations;
εpK−π+ = (12.79 ± 0.02)% denotes the reconstruction
efficiency of Λ+

c → pK−π+ decay; Nobs
pK−π+ = (1281910±

5

2c) GeV/0πM(p
1.14 1.16 1.18 1.2 1.22 1.24

2 c
Ev

en
ts

/ 1
 M

eV
/

0
100
200
300
400
500
600
700
800
900

2c) GeV/0πΛM(
1.28 1.3 1.32 1.34

2 c
Ev

en
ts

/ 0
.5

 M
eV

/

0

50

100

150
(a) (b)

FIG. 4: The invariant mass distributions of (a) pπ0 and (b) Λπ0 from the reconstructed Λ+
c → Σ+γ and Ξ0

c → Ξ0γ candidates
in the Λ+

c and Ξ0
c signal regions in data, respectively. The points with error bars represent the data, the blue solid lines indicate

the required signal regions, and the blue dashed lines denote the defined sidebands.

2 c
Ev

en
ts

/ 5
 M

eV
/

0

200

400

600

800

1000
Data
Total Fit
Signal
Broken-signal

Combinatorial
0π+Σ→+cΛ

η+Σ→+cΛ

 Sideband+Σ

2c) GeV/γ+ΣM(
2.1 2.2 2.3 2.4

 P
ul

l 

2−
0
2

2 c
Ev

en
ts

/ 5
 M

eV
/

0

50

100

150

200
Data
Total Fit
Signal
Broken-signal

Combinatorial
0π0Ξ→0cΞ

η0Ξ→0cΞ

 Sideband0Ξ

2c) GeV/γ0ΞM(
2.3 2.4 2.5 2.6

 P
ul

l 

2−
0
2

(a) (b)

FIG. 5: The invariant mass distributions of (a) Σ+γ and (b) Ξ0γ from the reconstructed Λ+
c → Σ+γ and Ξ0

c → Ξ0γ candidates
in data. The points with error bars represent the data, and the cyan shaded histograms denote events from the normalized
Σ+ and Ξ0 sidebands. The blue solid curves show the best-fit results. The red solid and green dashed curves indicate the
fitted signal and broken-signal components. The black dashed curves are the fitted combinatorial backgrounds. The pink and
blue dashed curves show the fitted peaking backgrounds from the contributions of Λ+

c → Σ+π0(→ γγ)/Ξ0
c → Ξ0π0(→ γγ) and

Λ+
c → Σ+η(→ γγ)/Ξ0

c → Ξ0η(→ γγ), respectively.

For the Λ+
c → Σ+γ mode, the expected peaking

background events from the contributions of Λ+
c →

Σ+π0(→ γγ) and Λ+
c → Σ+η(→ γγ) in the M(Σ+γ)

distribution are estimated according to the formulae

NΣ+γ
Σ+π0 = εΣ

+γ
Σ+π0 ×

Nobs
pK−π+B(Λ+

c → Σ+π0)

εpK−π+

×
B(Σ+ → pπ0)B(π0 → γγ)B(π0 → γγ)

B(Λ+
c → pK−π+)

and

NΣ+γ
Σ+η = εΣ

+γ
Σ+η ×

Nobs
pK−π+B(Λ+

c → Σ+η)

εpK−π+

×
B(Σ+ → pπ0)B(η → γγ)B(π0 → γγ)

B(Λ+
c → pK−π+)

,

where εΣ
+γ

Σ+π0 = 0.36% and εΣ
+γ

Σ+η = 0.46% are the

reconstruction efficiencies of Λ+
c → Σ+π0(→ γγ) and

Λ+
c → Σ+η(→ γγ) decays under the Λ+

c → Σ+γ
selection criteria obtained by signal MC simulations;
εpK−π+ = (12.79 ± 0.02)% denotes the reconstruction
efficiency of Λ+

c → pK−π+ decay; Nobs
pK−π+ = (1281910±

5

2c) GeV/0πM(p
1.14 1.16 1.18 1.2 1.22 1.24

2 c
Ev

en
ts

/ 1
 M

eV
/

0
100
200
300
400
500
600
700
800
900

2c) GeV/0πΛM(
1.28 1.3 1.32 1.34

2 c
Ev

en
ts

/ 0
.5

 M
eV

/

0

50

100

150
(a) (b)

FIG. 4: The invariant mass distributions of (a) pπ0 and (b) Λπ0 from the reconstructed Λ+
c → Σ+γ and Ξ0

c → Ξ0γ candidates
in the Λ+

c and Ξ0
c signal regions in data, respectively. The points with error bars represent the data, the blue solid lines indicate

the required signal regions, and the blue dashed lines denote the defined sidebands.

2 c
Ev

en
ts

/ 5
 M

eV
/

0

200

400

600

800

1000
Data
Total Fit
Signal
Broken-signal

Combinatorial
0π+Σ→+cΛ

η+Σ→+cΛ

 Sideband+Σ

2c) GeV/γ+ΣM(
2.1 2.2 2.3 2.4

 P
ul

l 

2−
0
2

2 c
Ev

en
ts

/ 5
 M

eV
/

0

50

100

150

200
Data
Total Fit
Signal
Broken-signal

Combinatorial
0π0Ξ→0cΞ

η0Ξ→0cΞ

 Sideband0Ξ

2c) GeV/γ0ΞM(
2.3 2.4 2.5 2.6

 P
ul

l 

2−
0
2

(a) (b)

FIG. 5: The invariant mass distributions of (a) Σ+γ and (b) Ξ0γ from the reconstructed Λ+
c → Σ+γ and Ξ0

c → Ξ0γ candidates
in data. The points with error bars represent the data, and the cyan shaded histograms denote events from the normalized
Σ+ and Ξ0 sidebands. The blue solid curves show the best-fit results. The red solid and green dashed curves indicate the
fitted signal and broken-signal components. The black dashed curves are the fitted combinatorial backgrounds. The pink and
blue dashed curves show the fitted peaking backgrounds from the contributions of Λ+

c → Σ+π0(→ γγ)/Ξ0
c → Ξ0π0(→ γγ) and

Λ+
c → Σ+η(→ γγ)/Ξ0

c → Ξ0η(→ γγ), respectively.

For the Λ+
c → Σ+γ mode, the expected peaking

background events from the contributions of Λ+
c →

Σ+π0(→ γγ) and Λ+
c → Σ+η(→ γγ) in the M(Σ+γ)

distribution are estimated according to the formulae

NΣ+γ
Σ+π0 = εΣ

+γ
Σ+π0 ×

Nobs
pK−π+B(Λ+

c → Σ+π0)

εpK−π+

×
B(Σ+ → pπ0)B(π0 → γγ)B(π0 → γγ)

B(Λ+
c → pK−π+)

and

NΣ+γ
Σ+η = εΣ

+γ
Σ+η ×

Nobs
pK−π+B(Λ+

c → Σ+η)

εpK−π+

×
B(Σ+ → pπ0)B(η → γγ)B(π0 → γγ)

B(Λ+
c → pK−π+)

,

where εΣ
+γ

Σ+π0 = 0.36% and εΣ
+γ

Σ+η = 0.46% are the

reconstruction efficiencies of Λ+
c → Σ+π0(→ γγ) and

Λ+
c → Σ+η(→ γγ) decays under the Λ+

c → Σ+γ
selection criteria obtained by signal MC simulations;
εpK−π+ = (12.79 ± 0.02)% denotes the reconstruction
efficiency of Λ+

c → pK−π+ decay; Nobs
pK−π+ = (1281910±

<latexit sha1_base64="fSIzM3TNPXoQPjRl+o6xdx0GPU8="></latexit>

B(⇤+
c ! ⌃+�)

B(⇤+
c ! pK�⇡+)

<
NUL

⌃+�✏pK�⇡+

Nobs
pK�⇡+✏⌃+�

⇥ 1

B(⌃+ ! p⇡0)B(⇡0 ! ��)

= 4.0⇥ 10�3

<latexit sha1_base64="t/73RmbinlhoV0WprAcW+fHOm0Y="></latexit>

B(⇤+
c ! ⌃+�) < 2.6⇥ 10�4

BELLE

arXiv:2206.12517

The UL is slightly smaller 
than case (ii) prediction of Ref.[5]
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• Baryon papers in 2022

- ⌅0
c decays (W emission vs. W exchange) PRD 105, L011102 (2022)

- ⌅0
c ! ⇤+

c ⇡
�

(s ! uW ⇤
vs. W exchange) arXiv:2206.08527

- ⇤c ! ⌃�, ⌅c ! ⌅� (radiative) arXiv:2206.12517

- ⌦0
c ! ⌦�`+⌫` (semileptonic) PRD 105, L091102 (2022)

- ⇤+
c ! p⌘0 (SCS) JHEP 03 (2022) 090

- new excited states decaying to ⌃c(2455)⇡±
arXiv:2206.08822

Modes Nobs NUL ✏(%)

⇤+
c ! ⌃+� 340±110 608 2.98±0.01

⇤+
c ! pK�⇡+

1281910±2040 ... 12.79±0.02

Modes Nobs NUL ✏(%)

⌅0
c ! ⌅0� �18±48 91 3.03±0.01

⌅0
c ! ⌅�⇡+

45063±445 ... 16.96±0.05

1
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For the Λ+
c → Σ+γ mode, the expected peaking
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mode and require the remainder of the event to consist of only a single ⇤. No evidence for these
decays is found and we set 90% confidence level upper limits on the branching fractions in the range
2.1–3.8⇥10�5. This measurement provides the world’s most restrictive limits, with implications for
baryogenesis and dark matter production.

According to the B-Mesogenesis mechanism [1, 2],
the CP-violating oscillations and subsequent decays of
B mesons in the early Universe can simultaneously ex-
plain the dark matter (DM) relic abundance and baryon
asymmetry. A robust prediction of this mechanism is
a branching fraction larger than BM = 10�4 for B0

mesons decaying into a final state containing a ⇤ baryon,
missing energy in the form of a GeV-scale dark sec-
tor antibaryon  DS, and any number of light mesons;
B(B0

! ⇤ DS+mesons) > 10�4. The limit BM strongly
depends on the semileptonic asymmetries in neutral B
meson decays [2, 3]. At present, the best bound on such
a process is an exclusive branching fraction of B(B0

!

⇤ DS) . 2 ⇥ 10�4 derived from an inclusive ALEPH
search for events with large missing energy arising from
b-flavored hadron decays at the Z peak [2, 4]. In order
for this decay to exist, a new TeV-scale bosonic colored
mediator Y is required. This heavy mediator can be in-
tegrated out to yield an e↵ective four-fermion operator
Ous =  DSbus. An example diagram of the correspond-
ing decay is shown in Fig. 1. Successful baryogenesis re-
quires a  DS mass . 3.5GeV/c2 as indirectly constrained
by LHC searches on TeV-scale color-triplet scalars [2, 5].
We report the first search for B0

! ⇤ DS exclusive de-
cays using the full Belle data sample of 711 fb�1 collected
near the ⌥ (4S) resonance. Charge-conjugate decays are
implied throughout this letter.

d

b
B0

d

u

s

⇤

⇠DS

�DS

Y

 DS

FIG. 1. An example diagram of the B meson decay process
as mediated by the heavy colored scalar Y that results in DM
and a visible baryon. The dark sector antibaryon  DS decays
into stable DM particles: a dark sector scalar antibaryon �DS

and a dark Majorana fermion ⇠DS.

This measurement is based on a data sample that
contains (772 ± 11) ⇥ 106 BB pairs, collected with the
Belle detector [6] at the KEKB asymmetric-energy e+e�

(3.5 on 8.0GeV) collider [7] operated at the ⌥ (4S) res-
onance. In addition, we employ an 89 fb�1 data sample
recorded at a center-of-mass (CM) energy 60MeV below
the ⌥ (4S) resonance (o↵-resonance data) to character-
ize the background. The Belle detector is a large-solid-

angle magnetic spectrometer that consists of a silicon
vertex detector (SVD), a 50-layer central drift chamber
(CDC), an array of aerogel threshold Cherenkov counters
(ACC), a barrel-like arrangement of time-of-flight scintil-
lation counters (TOF), and an electromagnetic calorime-
ter comprised of CsI(Tl) crystals (ECL) located inside a
superconducting solenoid coil that provides a 1.5T mag-
netic field. An iron flux-return located outside of the
coil is instrumented to detect K0

L mesons and to identify
muons. Two inner detector configurations were used. A
2.0 cm radius beampipe and a 3-layer SVD were used for
the first sample of 152 ⇥ 106 BB pairs, while a 1.5 cm
radius beampipe, a 4-layer SVD, and a small-inner-cell
CDC were used to record the remaining 620 ⇥ 106 BB
pairs [8].
We study properties of signal events, identify sources of

background, and optimize selection criteria using Monte
Carlo (MC) simulated events. These samples are gen-
erated using the software packages EvtGen [9] and
Pythia [10], and final-state radiation is included via
Photos [11]. The detector response is simulated us-
ing Geant3 [12]. We produce B0

! ⇤ DS MC events
according to a phase-space model for eight individual
values of the  DS mass in the range 1.0GeV/c2 

m DS  3.9GeV/c2 to calculate signal reconstruction ef-
ficiencies. To estimate background, we use MC samples
that describe all e+e� ! qq processes. Events contain-
ing e+e� ! BB with subsequent b ! c decays, and
e+e� ! qq (q = u, d, s, c) continuum events, are both
simulated with six times the integrated luminosity of
Belle. Rare charmless B meson decays are simulated with
50 times the integrated luminosity.
Event reconstruction for this analysis is performed en-

tirely in the Belle II Software Framework [13] by con-
verting Belle data structures to that of Belle II [14]. We
identify signal candidates by fully reconstructing the ac-
companying neutral B meson (Btag) and requiring a sin-
gle ⇤ baryon on the signal side. We analyze the data
in an unbiased manner by finalizing all selection criteria
before viewing events in the signal region.
The Btag candidates are reconstructed in hadronic de-

cay channels using the Full Event Interpretation algo-
rithm [15]. The algorithm employs a hierarchical recon-
struction ansatz in six stages. In the first stage, tracks
and neutral clusters are identified and required to pass
some basic quality criteria. In the second stage, boosted
decision trees (BDTs) are trained to identify charged
tracks and neutral energy depositions as detector-stable
particles (⇡+,K+, µ+, e+, �). In the third and fourth
stages, these candidate particles are combined into com-
posite parents (⇡0, J/ ,K0

S , D
0, D+, D+

s ), and for each

• B-mesogenesis — explains Baryogenesis and DM with B decays 
✓ Elor, Escudero, Nelson  [PRD 99, 035031 (2019)]
✓ predicts  

• Existing limits 
✓  by ALEPH (EPJC 2001)
✓ , indirectly constrained by CMS, ATLAS (from searches for 

TeV-scale color triplet scalars)

ℬ(B0 → ΛψDS + meson) > 10−4

ℬ(B0 → ΛψDS) ≲ 2 × 10−4

m(ψDS) ≲ 3.5 GeV



Youngjoon Kwon (Yonsei U.)                                              July 8, 2022                                            HGT Workshop @ Inha U.

5

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5
EECL (GeV)

0

2

4

6

8

10

12

14

16

E
ve

nt
s

Signal

Continuum

b ! c

b ! u, d, s

Data

FIG. 2. The observed (solid points) and expected background
(stacked shaded histograms) EECL distributions for m DS =
2.5GeV/c2, with the first bin representing the signal region.
The shape of the continuum contribution is taken from the
o↵-resonance data, while the other two background sources
are from MC simulation; each distribution is normalized to
the expected number of events in the first bin. The signal
shape (dashed line) is taken from MC simulation, assuming a
branching fraction of B(B0

! ⇤ DS) = 8⇥ 10�5.

dence level (CL) upper limits on B(B0
! ⇤ DS), as a

function of the  DS mass. The likelihood is a Poisson
“on/o↵” model with log-normal constraints to incorpo-
rate systematic uncertainties. The signal yield is defined
as s = 2⇥NB0B0 ⇥✏⇥B(B0

! ⇤ DS)⇥B⇤, where NB0B0

is the number of B0B0 pairs in the full Belle dataset, ✏ is
the signal e�ciency, and B⇤ denotes the branching frac-
tion B(⇤ ! p⇡�). The likelihood is defined as

L = P(nsr; s+ b) ⇥ P(nbkg; ⌧ · b0)

⇥ G [b; b0, 1 + syst(b0)]

⇥ G [✏; nomi(✏), 1 + syst(✏)]

⇥ G [NB0B0 ; nomi(NB0B0), 1 + syst(NB0B0)]

⇥ G [B⇤; nomi(B⇤), 1 + syst(B⇤)] . (1)

Here, P is a Poisson distribution, and

G(x;m0,) =
1

x
p
2⇡ ln()

exp


�
ln2(x/m0)

2 ln2()

�
(2)

is a log-normal distribution, wherem0 is the median iden-
tified with the best estimate for the random variable x,
and  > 1 encodes the spread in the distribution with
 � 1 corresponding roughly to the multiplicative rel-
ative uncertainty on x. In Eq. (1), nsr is the number
of candidates in the signal region, nbkg is the expected
number of background MC candidates surviving our se-
lection criteria, ⌧ = 6 is the ratio between the luminosity

of the background MC sample and the full Belle dataset,
syst denotes the relative systematic uncertainty and nomi
the nominal value. The expected number of background
events corresponding to the full Belle dataset, b0, is a
free parameter of the likelihood. It has the same relative
systematic uncertainty as nbkg.
For each m DS value we allow di↵erent optimization

requirements, and di↵erent systematic uncertainties are
included based on the kinematics and reconstruction ef-
ficiency of each sample. The systematic uncertainty aris-
ing from the number of BB pairs is 1.4%. The world
average value of B

⇥
⌥ (4S) ! B0B0

⇤
is (48.6 ± 0.6)% [3],

leading to a systematic uncertainty of 1.8% on the num-
ber of B0B0 pairs. The world average value of B⇤ is
(63.9± 0.5)% [3], resulting in the systematic uncertainty
of 0.8%.
The calibration factor for the hadronic tagging e�-

ciency is studied in Ref. [15] and found to be 0.860±0.074.
The uncertainty in this value is taken as a systematic
uncertainty. The uncertainty due to proton PID is eval-
uated using an independent sample of ⇤ ! p⇡� de-
cays. The systematic uncertainty due to charged track
reconstruction is calculated using partially reconstructed
D⇤+

! D0⇡+ decays, with D0
! K0

S⇡
+⇡� and K0

S !

⇡+⇡�. For the pion, an additional systematic uncer-
tainty based on a study of low-momentum tracks from
B0

! D⇤�⇡+ decays is applied. The slow pion emitted
in the decays of the D⇤ allows one to probe the low-
momentum region. The di↵erence in the charged track
veto e�ciency between data and MC simulation is es-
timated by comparing the e↵ect of requiring no extra
tracks available in the event on samples of B0

! D(⇤)l⌫
events. The systematic uncertainty due to ⇤ reconstruc-
tion is determined from a comparison of yield ratios of
B+

! ⇤⇤K+ with and without the ⇤ selection require-
ments in data and MC samples. The weighted average
of the data-MC di↵erence over the momentum range is
assigned as the systematic uncertainty. Furthermore, we
include the binomial error of the e�ciency as a system-
atic uncertainty.
The statistical uncertainty of the correction on the

number of continuum events in MC simulation is 21.0–
26.9%, based on o↵-resonance data; this is assigned as
a systematic uncertainty. Since none of the BB back-
ground MC decays surviving our selection criteria are
from exclusively observed and measured processes in ex-
periment, we assign a conservative 50% systematic uncer-
tainty on their branching fractions; this is the dominant
systematic uncertainty on nbkg. The statistical uncer-
tainty of the correction for possible background from rare
B decays applied to the number ofBB background events
in MC simulation is included as a systematic uncertainty.
The range of systematic uncertainties in the estimate

of the signal e�ciencies, �✏, and the number of expected
BB background events, �nBB

bkg, across the di↵erent values
of m DS are listed in Table I. The observed and expected
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✓ predicts  

• Belle strategy 
✓ Hadronic B-tagging, and look for  nothing in the signal-B
✓ use  for background suppression

 depending on 

ℬ(B0 → ΛψDS + meson) > 10−4

Λ +
EECL

EECL < 0.57 ∼ 0.74 mψDS

 distribution for
•
•

EECL
mψDS

= 2.5 GeV
ℬ(B0 → ΛψDS) = 8 × 10−5
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B0 o /\DS at Belle
� B-Mesogenesis : explain Baryogenesis and DM 

with B decay [Elor,Escudero,Nelson PRD99,035031 (2019)]
� Robust prediction B(B0 o / \DS +meson) > 10í4

� Experimental limit
9 B(B0 o /\DS) < 2u10í4 by ALEPH [EPJC19,213 

(2001)]
9 m(\DS)<3.5 GeV from CMS [JHEP 1910, 244] 

and ATLAS [JHEP 2102, 143]. 
� Search B0 o / \DS at Belle with 711 fbí� data.

9 Reconstruct one B with hadronic mode.
9 Reconstruct / in the signal side and look at 

EECL (remaining energy in the event)

[arXiV:2110.14086]
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90% CL upper limits on B(B0
! ⇤ DS) as a function of

m DS are shown in Fig. 3. A summary of these limits and
the di↵erent distinct variables used in their calculation
for each m DS is presented in Table II.

TABLE I. Range of systematic uncertainties in the estimate
of the signal e�ciencies, �✏, and the number of expected BB

background events, �nBB
bkg, across the di↵erent values of m DS .

Source �✏ (%) �nBB
bkg (%)

Btag correction 8.6 8.6

Proton PID 0.5–2.8 4.3–5.7

Tracking e�ciency 0.7–1.9 1.1–1.9

Charged track veto 5.3–6.5 5.3–6.5

⇤ selection 2.5–3.6 4.4–4.7

Signal MC statistics 1.2–2.0 –

Rare B decays correction – 10.6–13.4

Branching fractions – 50.0
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FIG. 3. The observed (solid line) and median expected
(dashed line) 90% CL upper limits on B(B0

! ⇤ DS) as
a function of m DS . The ±1� and ±2� expected exclusion
regions are indicated in green and yellow, respectively. A lin-
ear interpolation is performed between the values obtained for
the probed m DS values. The gray shaded region shows the
resulting 90% CL constraints from the reinterpretation of a
search at ALEPH for decays of b-flavored hadrons with large
missing energy [2, 4].

The fraction of decays not expected to contain hadrons
other than ⇤ in the final state as a function ofm DS is cal-
culated in Ref. [2] using phase-space considerations. This
fraction multiplied with BM provides the lower bounds
on B(B0

! ⇤ DS) for B-Mesogenesis. Those bounds
together with the observed 90% CL upper limits on
B(B0

! ⇤ DS) as a function of m DS are presented in

Fig. 4. The region m DS & 3.0GeV/c2 is excluded for
the O

2
us and O

3
us operator cases.

FIG. 4. The observed 90% CL upper limits on B(B0
! ⇤ DS)

as a function of m DS (solid line), and the lower bounds on
B(B0

! ⇤ DS) for B-Mesogenesis using phase-space consid-
erations (shaded bands). The b-quark pole mass is chosen
as the benchmark mass in the phase-space integral (dashed
lines) while two other choices, the B0 meson mass and the
b-quark MS mass, delineate the upper and lower edges of the
shaded bands, respectively. The calculation is performed for
the “type-1” operator O

1
us = ( DSb)(us), and the “type-2”

and “type-3” cases O2
us = ( DSs)(ub) and O

3
us = ( DSu)(sb),

for which the phase-space integration is the same.

In summary, we have reported the results of a search
for the decays of B0 mesons into a final state containing
a ⇤ baryon and missing energy with a fully reconstructed
Btag using a data sample of 772⇥106 BB pairs collected
at the ⌥ (4S) resonance with the Belle detector. No sig-
nificant signal is observed and we set upper limits on the
branching fractions at 90% CL, which are the most strin-
gent constraints to date. Our analysis yields significant
improvements, and partially excludes the B-Mesogenesis
mechanism. We expect that the Belle II experiment [20]
will be able to fully test this mechanism.
The authors would like to thank G. Alonso-Álvarez,

G. Elor, M. Escudero, and A. Nelson for useful dis-
cussions on the B-Mesogenesis mechanism. We thank
the KEKB group for the excellent operation of the
accelerator; the KEK cryogenics group for the e�cient
operation of the solenoid; and the KEK computer
group, and the Pacific Northwest National Laboratory
(PNNL) Environmental Molecular Sciences Labora-
tory (EMSL) computing group for strong computing
support; and the National Institute of Informatics,
and Science Information NETwork 5 (SINET5) for
valuable network support. We acknowledge support
from the Ministry of Education, Culture, Sports, Sci-
ence, and Technology (MEXT) of Japan, the Japan
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nificant signal is observed and we set upper limits on the
branching fractions at 90% CL, which are the most strin-
gent constraints to date. Our analysis yields significant
improvements, and partially excludes the B-Mesogenesis
mechanism. We expect that the Belle II experiment [20]
will be able to fully test this mechanism.
The authors would like to thank G. Alonso-Álvarez,

G. Elor, M. Escudero, and A. Nelson for useful dis-
cussions on the B-Mesogenesis mechanism. We thank
the KEKB group for the excellent operation of the
accelerator; the KEK cryogenics group for the e�cient
operation of the solenoid; and the KEK computer
group, and the Pacific Northwest National Laboratory
(PNNL) Environmental Molecular Sciences Labora-
tory (EMSL) computing group for strong computing
support; and the National Institute of Informatics,
and Science Information NETwork 5 (SINET5) for
valuable network support. We acknowledge support
from the Ministry of Education, Culture, Sports, Sci-
ence, and Technology (MEXT) of Japan, the Japan

• No signal;  

• Excludes  for “type-2” and “type-3” hypotheses
ℬ(B0 → ΛψDS) < (2.1 ∼ 3.8) × 10−5

mψDS
≳ 3.0 GeV †

 Alonso-Alvarez, Elor, Escudero, PRD 104, 035028 (2021)
†
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Search for X(3872) → π+π−π0

•  the trailblazer for the new 
wave of exotic hadrons [Belle (2003)] 
✓
✓ a molecule or a tetraquark?

•  abs. branching fractions 
✓ could be crucial to better understand 

the nature of the particle
✓ a global analysis[1]

- nothing much known of BF’s to final 
states w/o heavy flavors 

✓  prediction[2] of 
BF( )

✓ so, why not search for it?

X(3872)

m(X(3872)) ≃ M(D0D*0)

X(3872)

∃
X(3872) → π+π−π0 ≲ 10−3

The measurements used in this analysis are listed in
Table I. To extract the absolute branching fractions of
Xð3872Þ decays we do a least square fit by minimizing

χ2ðxÞ ¼
X25

i¼1

ðxi − xÞ2

σ2i
; ð1Þ

where i is the index (from 1 to 25) listed in Table I, xi are
the 25 measured values, x is the corresponding values

constructed with free parameters, and σi is the sum of the
statistical and systematic uncertainties in quadrature.
In the above definition, we assumed that all the mea-

surements follow Gaussian distribution, the statistical
uncertainties of different measurements are uncorrelated,
and possible correlation among the systematic uncertainties
of different measurements in an experiment is neglected
since the statistical uncertainties are dominant for most of
the measurements. We also assume that there is no
correlation between different experiments.
The branching fractions BðXð3872Þ → πþπ−J=ψÞ,

BðXð3872Þ→D%0D̄0 þ c:c:Þ, BðXð3872Þ → γJ=ψÞ,
BðXð3872Þ → γψð3686ÞÞ, BðXð3872Þ → ωJ=ψÞ,
BðXð3872Þ → π0χc1Þ, BðBþ → Xð3872ÞKþÞ, and BðB0 →
Xð3872ÞK0Þ are free parameters in the fit. By minimizing
χ2ðxÞ with MINUIT [28], the fitting results are obtained and
listed in Table II. The fit yields χ2=ndf ¼ 25.2=17 where
ndf represents the number of degrees of freedom. The
correlation coefficients between the fit parameters are
shown in Table III.
From the fitting results we can see that D%0D̄0 þ c:c: is

the dominant decay mode of the Xð3872Þ with a decay rate
of ð52.4þ25.3

−14.3Þ%, and all the other modes with charmonium
have branching fraction of a few percent. With all of the
known branching fractions, the fraction of Xð3872Þ decays
which is not yet observed in experiment is determined to be
ð31.9þ18.1

−31.5Þ%, so the search for new decay modes of the
Xð3872Þ is still an important task. As free parameters in the
fitting, the production rates of the Xð3872Þ in neutral and
charged B-meson decays are obtained as listed in Table II.
BESIII measured the product σðeþe− → γXð3872ÞÞ ×

BðXð3872Þ → πþπ−J=ψÞ at center-of-mass energies from
4 to 4.6 GeV [20]; with known BðXð3872Þ → πþπ−J=ψÞ,
the production cross section of eþe− → γXð3872Þ can be
obtained. The peak cross section of eþe− → γXð3872Þ is
found to be ð5.5þ2.8

−3.6Þ pb at the center-of-mass energy
4.226 GeV. This is obtained by sampling both numerator
and denominator with the consideration of their asymmetric

TABLE I. The measurements of the Xð3872Þ decays by Belle,
BABAR, BESIII, and LHCb experiments: the product branching
fractions ofXð3872Þ→πþπ−J=ψ , γJ=ψ , γψð3686Þ,D%0D̄0þc:c:,
andωJ=ψ , the inclusivebranching fractionBðB→Xð3872ÞKÞ, the
ratios of the branching fractions BðXð3872Þ→ γJ=ψ ;
ωJ=ψ ;D%0D̄0þc:c:;π0χc1Þ to BðXð3872Þ→πþπ−J=ψÞ. The first
uncertainties are statistical and the second systematic.

Index (i) Parameters Values Experiments

Xð3872Þ→πþπ−J=ψ (×10−6)

1 Bþ→Xð3872ÞKþ 8.61&0.82&0.52 Belle [14]
2 8.4&1.5&0.7 BABAR [15]
3 B0→Xð3872ÞK0 4.3&1.2&0.4 Belle [14]
4 3.5&1.9&0.4 BABAR [15]

Xð3872Þ→ γJ=ψ (×10−6)
5 Bþ→Xð3872ÞKþ 1.78þ0.48

−0.44 &0.12 Belle [22]
6 2.8&0.8&0.1 BABAR [23]
7 B0→Xð3872ÞK0 1.24þ0.76

−0.61 &0.11 Belle [22]
8 2.6&1.8&0.2 BABAR [23]

Xð3872Þ→ γψð3686Þ (×10−6)
9 Bþ→Xð3872ÞKþ 0.83þ1.98

−1.83 &0.44 Belle [22]
10 9.5&2.7&0.6 BABAR [23]
11 B0→Xð3872ÞK0 1.12þ3.57

−2.90 &0.57 Belle [22]
12 11.4&5.5&1.0 BABAR [23]

Xð3872Þ→D%0D̄0

þc:c:
(×10−4)

13 Bþ→Xð3872ÞKþ 0.77&0.16&0.10 Belle [16]
14 1.67&0.36&0.47 BABAR [17]
15 B0→Xð3872ÞK0 0.97&0.46&0.13 Belle [16]
16 2.22&1.05&0.42 BABAR [17]

Xð3872Þ→ωJ=ψ (×10−6)
17 Bþ→Xð3872ÞKþ 6&2&1 BABAR [18]
18 B0→Xð3872ÞK0 6&3&1 BABAR [18]

Ratios
19 BðXð3872Þ→γJ=ψÞ

BðXð3872Þ→πþπ−J=ψÞ 0.79&0.28 BESIII [19]

20 BðXð3872Þ→D%0D̄0þc:c:Þ
BðXð3872Þ→πþπ−J=ψÞ 14.81&3.80 BESIII [19]

21 BðXð3872Þ→ωJ=ψÞ
BðXð3872Þ→πþπ−J=ψÞ 1.6þ0.4

−0.3 &0.2 BESIII [20]

22 BðXð3872Þ→π0χc1Þ
BðXð3872Þ→πþπ−J=ψÞ 0.88þ0.33

−0.27 &0.10 BESIII [21]

23 BðXð3872Þ→γψð3686ÞÞ
BðXð3872Þ→γJ=ψÞ 2.46&0.64&0.29 LHCb [24]

Bþ→Xð3872ÞKþ (×10−4)
24 2.1&0.6&0.3 BABAR [27]
25 1.2&1.1&0.1 Belle [26]

TABLE II. The fitting results of the absolute branching frac-
tions of the Xð3872Þ decays and B → Xð3872ÞK decays. The
branching fraction of Xð3872Þ decays into unknown modes is
calculated from the fit results.

Parameter index Decay mode Branching fraction

1 Xð3872Þ → πþπ−J=ψ ð4.1þ1.9
−1.1Þ%

2 Xð3872Þ → D%0D̄0 þ c:c: ð52.4þ25.3
−14.3 Þ%

3 Xð3872Þ → γJ=ψ ð1.1þ0.6
−0.3Þ%

4 Xð3872Þ → γψð3686Þ ð2.4þ1.3
−0.8Þ%

5 Xð3872Þ → π0χc1 ð3.6þ2.2
−1.6Þ%

6 Xð3872Þ → ωJ=ψ ð4.4þ2.3
−1.3Þ%

7 Bþ → Xð3872ÞKþ ð1.9& 0.6Þ × 10−4

8 B0 → Xð3872ÞK0 ð1.1þ0.5
−0.4Þ × 10−4

Xð3872Þ → unknown ð31.9þ18.1
−31.5 Þ%

CHUNHUA LI and CHANG-ZHENG YUAN PHYS. REV. D 100, 094003 (2019)

094003-2[1] Li & Yuan, PRD 100, 094003 (2019)
[2] Achasov & Shestakov, PRD 99, 116023 (2019)



Youngjoon Kwon (Yonsei U.)                                              July 8, 2022                                            HGT Workshop @ Inha U. 42

BELLE

arXiv:2206.08592 
submitted to PRD

B+ → K+π+π−π0 B0 → K0
Sπ+π−π0

3-body phase space
for X(3872) → π+π−π0

 
by Achasov & Shestakov 

X(3872) → π+π−π0

MVA to suppress continuum bkgd.

Search for X(3872) → π+π−π0

“Case 1”

“Case 2”
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Search for X(3872) → π+π−π0
Validation by using B → K J/ψ( → π+π−π0) 4
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FIG. 2. Projections on (left) Mbc and (right) M(π+π−π0) for events in the signal region for (top) B+ → K+J/ψ and (bottom) B0 →
K0

SJ/ψ. Dots with error bars show the experimental data, red curves the fit results, blue dashed curves the combinatorial background, and
green dotted curves show the sum of the combinatorial and B → Kπ+π−π0 backgrounds.
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FIG. 3. Projections on (left) Mbc and (right) M(π+π−π0) for events in the signal region for (top) B+ → K+X(3872) and (bottom)
B0 → K0

SX(3872) in the case I analysis. Dots with error bars show the experimental data, red curves the fit results, blue dashed curves the
combinatorial background, and green dotted curves show the sum of the combinatorial and B → Kπ+π−π0 backgrounds.

B+ → K+J/ψ

B0 → K0
S J/ψ

• measured ; consistent w/ world avg.ℬ(J/ψ → π+π−π0) = (2.00 ± 0.06) %
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Search for X(3872) → π+π−π0
Fit for signal extraction: B → K J/ψ( → π+π−π0)
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SJ/ψ. Dots with error bars show the experimental data, red curves the fit results, blue dashed curves the combinatorial background, and
green dotted curves show the sum of the combinatorial and B → Kπ+π−π0 backgrounds.
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Case 1
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Search for X(3872) → π+π−π0
Fit for signal extraction: B → K J/ψ( → π+π−π0)
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FIG. 4. M(π+π−) distributions in the X(3872) signal region in the case II analysis. Dots with error bars show the experimental data. The
red shaded histogram shows the signal MC, normalized assuming B(X(3872) → π+π−π0) = 1× 10−3. The blue solid line shows the MC
background samples, normalized to the same integrated luminosity as the experimental data.
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FIG. 5. Projections on (left) Mbc and (right) M(π+π−π0) for events in the signal region for (top) B+ → K+X(3872) and (bottom)
B0 → K0

SX(3872) in the case II analysis. Dots with error bars show the experimental data, red curves the fit results, blue dashed curves the
combinatorial background, and green dotted curves show the sum of the combinatorial and B → Kπ+π−π0 backgrounds.

TABLE IV. Summary of the measured branching fractions.

channel case I case II

B± → K±X(3872), X(3872) → π+π−π0 < 1.9× 10−6 < 1.5× 10−7

B0 → K0X(3872), X(3872) → π+π−π0 < 1.5× 10−6 < 1.8× 10−7

X(3872) → π+π−π0 < 1.3% < 1.2× 10−3

Case 2
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background samples, normalized to the same integrated luminosity as the experimental data.
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TABLE IV. Summary of the measured branching fractions.

channel case I case II

B± → K±X(3872), X(3872) → π+π−π0 < 1.9× 10−6 < 1.5× 10−7

B0 → K0X(3872), X(3872) → π+π−π0 < 1.5× 10−6 < 1.8× 10−7

X(3872) → π+π−π0 < 1.3% < 1.2× 10−3
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TABLE IV. Summary of the measured branching fractions.

channel case I case II

B± → K±X(3872), X(3872) → π+π−π0 < 1.9× 10−6 < 1.5× 10−7

B0 → K0X(3872), X(3872) → π+π−π0 < 1.5× 10−6 < 1.8× 10−7

X(3872) → π+π−π0 < 1.3% < 1.2× 10−3
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TABLE IV. Summary of the measured branching fractions.

channel case I case II

B± → K±X(3872), X(3872) → π+π−π0 < 1.9× 10−6 < 1.5× 10−7

B0 → K0X(3872), X(3872) → π+π−π0 < 1.5× 10−6 < 1.8× 10−7

X(3872) → π+π−π0 < 1.3% < 1.2× 10−3
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Search for Xccs̄s̄
• Search for doubly-heavy tetraquark states in  and in  

✓ in 5 energy regions:  10.52 GeV, and 10.867 GeV
✓ use  with , and 

D+
s D+

s D*+
s D*+

s
Υ(1S), Υ(2S), Υ(4S),

D*+
s → D+

s γ D+
s → ϕ( → K+K−)π+ D+

s → K*0( → K−π+)K+

parameter S=ð3=2þ
ffiffiffiffi
B

p
Þ [26], where S is the number of

selected events in the simulated signal process by fitting
the Xccs̄s̄ invariant-mass spectrum. B is the number of
selected events obtained from the normalized MDþ

s D
þ
s

sidebands in inclusive MC samples. The optimized mass
window requirements are jMKþK− −mϕj < 8 MeV=c2,
jMϕπþ − mDþ

s
j < 7 MeV=c2, jMK−πþ − mK̄$ð892Þ0 j <

50 MeV=c2, jMK̄$ð892Þ0Kþ −mDþ
s
j < 7 MeV=c2, and

jMγDþ
s
−mD$þ

s
j < 14 MeV=c2, where mϕ, mK̄$ð892Þ0 ,

mDþ
s
, and mD$þ

s
are the nominal masses of ϕ, K̄$ð892Þ0,

Dþ
s , and D$þ

s [27]. There are no multiple candidates
after processing all selections in both Dþ

s Dþ
s and

D$þ
s D$þ

s cases. Figure 1 shows the scatter plots of Dþ
s

versus Dþ
s invariant masses from the selected eþe− →

Xccs̄s̄ð→Dþ
s Dþ

s ðD$þ
s D$þ

s ÞÞ þ anything candidates from
data at

ffiffiffi
s

p
¼ 10.58 GeV as an example. Here we define

the two-dimensional Dþ
s Dþ

s sidebands, and the normalized
contribution from Dþ

s and Dþ
s sidebands is estimated using

25% of the number of events in the blue dashed line boxes
and reduced by 6.25% of the number of events in the red
dotted line boxes.

IV. INVARIANT-MASS SPECTRA

The Dþ
s Dþ

s and D$þ
s D$þ

s invariant mass distributions of
selected events from data samples in the kinematically
allowed region are shown in Figs. 2 and 3 together with the
backgrounds estimated from the normalized Dþ

s Dþ
s side-

band events. No peaking backgrounds are found in the
normalized sideband events in either Dþ

s Dþ
s and D$þ

s D$þ
s

invariant mass distributions from data, nor in the Dþ
s Dþ

s
andD$þ

s D$þ
s mass spectra from inclusiveMC samples [28].

Thus in the following we only focus on the mass spectra
from the theoretically predicted regions for Xccs̄s̄ [19]
which are shown in Figs. 4 and 5.
Since no clear signals are observed in the invariant-mass

spectra, the 90% confidence level (CL) upper limits on the
numbers of signal events are given. The upper limit is
calculated by the frequentist approach [29] implemented in
the Poissonian limit estimator program [30], where the
mass window is obtained by giving 95% acceptance to the
corresponding simulated signal events, the number of
signal candidate events is counted directly, and the number
of expected background events is estimated from the
normalized mass sidebands. The possible nonresonant
contributions in the Dþ

s Dþ
s and D$þ

s D$þ
s invariant-mass

spectra are not subtracted and taken as potential signals, in
order to set more conservative upper limits.
The upper limit calculation is repeated with MXccs̄s̄

varying from 4882 to 4922 MeV=c2 in steps of
5 MeV=c2 and ΓXccs̄s̄

varying from 0.54 to 6.54 MeV in
steps of 1.0 MeV for the MDþ

s D
þ
s
distribution, and with

MXccs̄s̄
varying from 4801 to 4841 MeV=c2 in steps of

5 MeV=c2 and ΓXccs̄s̄
varying from 2.58 to 8.58 MeV in

steps of 1.0 MeV for the MD$þ
s D$þ

s
distribution.

V. SYSTEMATIC UNCERTAINTIES

There are several sources of systematic uncertainties
on the branching fraction and Born cross section
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FIG. 1. The top (bottom) plots show the distribution ofMDþ
s
vsMDþ

s
from the selected eþe− → Xccs̄s̄ → Dþ

s Dþ
s ðD$þ

s D$þ
s Þ þ anything

candidates from data at
ffiffiffi
s

p
¼ 10.58 GeV, where the Dþ

s is reconstructed from ϕπþ or K̄$ð892Þ0Kþ. The central solid boxes define the
signal regions, and the red dash-dotted and blue dashed boxes show the MDþ

s
sideband regions described in the text.
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Search for Xccs̄s̄

• no signals found in any mode, any energy point  set upper limits!⇒

measurements, which can be divided into multiplicative and
additive systematic uncertainties. The multiplicative sys-
tematic uncertainties include detection-efficiency-related
(DER) sources (tracking efficiency, PID, and photon

reconstruction), the statistical uncertainty of the MC effi-
ciency, branching fractions of intermediate states, the total
numbers of ϒð1SÞ and ϒð2SÞ events, and the integrated
luminosities at

ffiffiffi
s

p
¼10.52, 10.58, and 10.867 GeV.
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FIG. 2. Distributions of MDþ
s D

þ
s

from data for processes (a) ϒð1SÞ → Xccs̄s̄ð→Dþ
s Dþ

s Þ þ anything, (b) ϒð2SÞ →
Xccs̄s̄ð→Dþ

s Dþ
s Þ þ anything, and eþe− → Xccs̄s̄ð→Dþ

s Dþ
s Þ þ anything at (c)

ffiffiffi
s

p
¼ 10.52 GeV, (d)

ffiffiffi
s

p
¼ 10.58 GeV,

(e)
ffiffiffi
s

p
¼ 10.867 GeV. The cyan shaded histograms are from the normalized MDþ

s Dþ
s
sideband events.
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measurements, which can be divided into multiplicative and
additive systematic uncertainties. The multiplicative sys-
tematic uncertainties include detection-efficiency-related
(DER) sources (tracking efficiency, PID, and photon

reconstruction), the statistical uncertainty of the MC effi-
ciency, branching fractions of intermediate states, the total
numbers of ϒð1SÞ and ϒð2SÞ events, and the integrated
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Closing remarks
We have presented recent results from Belle experiment, focusing on studies 
of baryons and exotic hadrons. 

Belle has achieved great things in CP violations, CKM unitarity, rare decays, 
quarkonia, etc., but at the same time an excellent place to study baryons, 
exotic hadrons as well as dark sector searches. 

And, the effort goes on with the upgraded facility, Super-KEKB collider and 
Belle II detector.

49

“We shall not cease from exploration”✝

✝ T. S. Eliot



Thank you!
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The Luminosity Frontier
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Belle II operations under Pandemic
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Operation status in 2020
▪SuperKEKB/Belle II was operated under Covid-19 pandemic 

while minimizing risk of infection:

• Minimize person-to-person contact and avoid 3C

− Remote control room shifts and expert shifts

− Travel restrictions (~40 Belle II colleagues on-site)

− Online meetings

• Hygiene (face mask, alcohol disinfection, ventilation, …)
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Search for X(3872) → π+π−π0
Systematic uncertainties

5

B(B0 → K0
SX(3872))B(X(3872) → π+π−π0) < 1.5 ×

10−6.

For the case II analysis, the M(π+π−) distributions
for the charged and neutral modes are shown in Fig. 4,
for events in the X(3872) signal region in data. No
significant enhancement near the D0D̄0 threshold is
found. After the case II selection criteria, the Mbc

and M(π+π−π0) distributions for the charged and
neutral modes are shown in Fig. 5. The fit is similar
to that used in Case I, except that we use a reversed

exponential function (1 − 1/ep0(M(π+π−π0)−mthres))
to describe the combinatorial background shape in
M(π+π−π0), where mthres ≡ 3.70 + m(π0) GeV/c2.
No significant signal is found in this scenario, either.
The scale factors for peaking background are fitted to be
0.058 ± 0.008 and 0.138 ± 0.043 for the charged and
neutral mode, respectively. The fitted branching fraction
is B(X(3872) → π+π−π0) = (0.9 ± 3.1) × 10−4,
corresponding to (1.5 ± 5.4) B± → K±X(3872) and
(0.3 ± 1.0) B0 → K0X(3872) events. The 90% credible
upper limit, established using the same method as in Case I,
is B(X(3872) → π+π−π0) < 1.2 × 10−3. Separate fits to
the charged and neutral modes find signal yields of 0.7 ± 5.5
and 5.3± 5.6, respectively, with corresponding 90% credible
upper limits Nup of 11.2 and 14.8. The upper limits on the
products of branching fractions are calculated to be B(B+ →
K+X(3872))B(X(3872) → π+π−π0) < 1.5 × 10−7

and B(B0 → K0
SX(3872))B(X(3872) → π+π−π0) <

1.8× 10−7.

V. SYSTEMATIC UNCERTAINTY

Possible sources of systematic uncertainty include tracking,
PID, K0

S reconstruction, π0 reconstruction, the signal MC
generation model, the MVA requirements, signal yields, the
number of BB̄ events, and B → KX(3872) branching
fractions.

The difference in tracking efficiency for momenta above
200MeV/c between data and MC is (−0.13±0.30±0.10)%
per track. We apply a reconstruction uncertainty of 0.35% per
track in our analysis. According to the updated measurement
of PID efficiency using the control sample D∗ → D0π and
D0 → K−π+, we assign uncertainties of 1.1% for each kaon
and 0.9% for each pion. For K0

S selection, we take 2.2% as the
systematic uncertainty following Ref. [28]. For π0 selection,
the uncertainty is 2.3% according to a study of the τ → ππ0ντ
control sample [29].

In the case II analysis, the angular distribution of the
decay of the pseudo intermediate state may also affect the
reconstruction efficiency. MC samples with the helicity
angle of the intermediate state following 1 + αcosθ, α =
−1, 0, 1 have been generated. The reconstruction efficiencies
for these samples are consistent with each other within the
statistical uncertainty. Thus no contribution to the systematic
uncertainty is added from this source. The width of the

TABLE III. Summary of systematic uncertainties on the
B(X(3872) → π+π−π0) measurement (in unit of %).

Source B+ → K+X(3872) B0 → K0
SX(3872)

Tracking 1.1 0.7
PID 2.9 1.8
K0

S selection 0.0 2.2
π0 selection 2.3 2.3
Signal MC model 0.7 0.7

B(B → KX(3872)) 31.6 +45.4
−36.4

Total 31.8 +45.6
−36.6

Number of BB̄ 1.4
B+B− Fraction 1.2
MVA requirements 3.0

Weighted total +35.7
−34.1

intermediate state used in our generator may also affect the
reconstruction efficiency. We broaden the lineshape, and find
a difference in the reconstruction efficiency of only 0.7%.

We test our MVA procedure with the control sample
B → KJ/ψ, and the extracted branching fraction of
J/ψ → π+π−π0 is consistent with the input value within the
statistical uncertainty. The statistical uncertainty is taken as
the systematic uncertainty of the MVA requirement.

The systematic uncertainty on the signal yields are due
to the signal and background descriptions. For the signal
part, the discrepancy between data and MC simulation
is represented with a Gaussian function obtained from
the validation sample. For the background, we vary the
combinatorial background shape descriptions as well as the
fit range, and choose the largest upper limit estimation as the
most conservative result.

The systematic uncertainty on the number of total BB̄
events is taken as 1.4% from the measurement of the total
number of BB̄ events, and the systematic uncertainty on the
fraction of charged and neutral BB̄ is taken as 1.2% [2]. The
systematic uncertainty on the B → KX(3872) branching
fractions are taken as 31.6% and +45.4

−36.4% [11] for the charged
mode and neutral modes, respectively.

We summarize the systematic uncertainties in Table III.
The total systematic uncertainty is obtained by adding the
individual components in quadrature. For the B(π+π−π0)
measurement, the systematic uncertainties from the two
modes are combined after weighting by efficiency and
branching fraction.

VI. SUMMARY

We have carried out a search for the decay X(3872) →
π+π−π0 in the (772 ± 11) × 106 Υ(4S) → BB̄ data
sample collected at the Belle detector, in B → KX(3872)
events. No signal is seen. We set 90% credible upper
limits on the branching fraction in two different models of
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e+e� ! ⌥(4S) as a B-factory

B-factories 
• Precise knowledge of  the initial states in 𝑒 𝑒  collisions. 

• Designed to run at Υ(4𝑆) resonance ( 𝑠 = 10.58GeV). 
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8GeV 𝒆  

3.5GeV 𝒆  
10.58 GeV 

1.1nb 흈 𝒆 𝒆 → 𝒀 ퟒ𝑺  
~3nb 흈 𝒆 𝒆 → 𝒒𝒒  

(𝒒 = 풖,𝒅, 풔, 𝒄) 

횼(ퟒ𝑺) 

• Br Υ 4𝑆 → 𝐵𝐵 > 96% ; w/ 𝑝 = 380MeV/𝑐 

• How to benefit from this Υ(4𝑆) decay structure? 

The Upsilon System 

• B(⌥(4S) ! BB) > 96%, with pCM
B ⇠ 0.35 GeV/c

• nothing else but BB in the final state
) if we know (E,~p) of one B, the other B is also constrained
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(Note) mB = 5.28 GeV
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