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1 Introduction

The study of the dynamics of charmed baryon decays is crucial to elucidate the weak and strong
interactions in the Standard Model (SM) of particle physics [1, 2]. The ground state of the
singly-charmed baryon Λ+

c with a spin-parity JP = 1
2

+ [3] was first observed in the 1980s [4].
Since 2014, there has been notable progress on the weak hadronic decays of Λ+

c , Ξ+(0)
c , and

Ω0
c , both experimentally and theoretically [5–9]. This has provided crucial information about

the properties of all the singly-charmed baryons and the searches for doubly-charmed baryons
(Ξcc and Ωcc) [10]. However, our understanding of the decay dynamics of charmed baryons is
still limited, due to the lack of high-precision experimental measurements and the difficulties
in the theoretical treatment of strong interaction effects.

For charmed meson decays, both the annihilation and exchange mechanisms are either
helicity- or color-suppressed, so the spectator diagram is considered to be the dominant
mechanism [11], and the factorization approach [12] has been successfully applied to charmed
meson decays. In contrast, for charmed baryons, there is no helicity and color suppression
since there is an additional light quark, so the W-exchange contributions may be large,
and the factorization approximation generally does not work. Consequently‌, understanding
W-exchange contributions is of importance for the description of non-leptonic charmed
baryon decay.

To overcome these challenges [13], significant efforts have been devoted to developing
alternative theoretical frameworks for charmed hadron decays [14, 15]. These approaches
recognize the necessity of considering nonfactorizable effects. The SU(3) flavor symmetry
(SU(3)F ) method has been tested as a useful tool in both the beauty and charmed hadron
decays [16, 17]. Its feasibility has been established in two-body and three-body semileptonic
charmed baryon weak decays. The contributions of the color-antisymmetric and -symmetric
part of the effective Hamiltonian have been considered and fit to experimental data points to
predict the branching fractions (BF) of unknown decays [18]. Experimental investigations
are of great importance in validating the theoretical methods.
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Figure 1. The (a) W-exchange diagram, (b) internal W -emission diagram, (c) external W -emission
diagram for Λ+

c → Σ0K0
Sπ

+ as well as (d) W -exchange diagram and (e) internal W -emission diagram
for Λ+

c → Σ0K0
SK

+.

The total BF of the measured Λ+
c decays is still only around 70% according to the

Particle Data Group (PDG) [19], and many decay modes of Λ+
c remain unknown. An upper

limit for the BF of Λ+
c → Σ0K0

SK
+ has been determined by BESIII using the 4.5 fb−1 of

data collected at center-of-mass energies between 4.600 and 4.700 GeV with the double tag
method to be 1.28 × 10−3 at the 90% confidence level (C.L.) [20]. In this work, we use
more data samples with single tag method to investigate this decay mode again. The decay
Λ+

c → Σ0K0
Sπ

+ has not been observed experimentally. Both decays involve the W -exchange
and W -emission diagrams as shown in figure 1.

The Λc decays can have contributions from both direct nonresonant and resonant pro-
cesses. The nonresonant contributions to Λ+

c → Σ0K0
Sπ

+ and Λ+
c → Σ0K0

SK
+ have been

investigated using SU(3)F [18, 21], with the predicted BFs listed in table 1. In addition,
the decay Λ+

c → Σ0K0
SK

+ can proceed via the intermediate channel Λ+
c → Σ0a0(980)+ [22],

followed by a0(980)+ → K0
SK

+. This opens a new avenue for probing light scalar mesons,
especially taking into account the BESIII measurement of B(Λ+

c → Λa0(980)+) [23], which
significantly exceeds theoretical predictions. Similarly, the decay Λ+

c → Σ0K0
Sπ

+ may in-
volve various resonant decays, such as Λ+

c → Σ0K∗+(K∗+ → K0
Sπ

+),K0
SΣ∗0(Σ∗0 → Σ0π+),

and Σ0K∗
0(700)+(K∗

0(700)+ → K0
Sπ

+). Differences from theoretical predictions in these
decays can provide valuable insights into the presence of additional resonant contributions.
For instance, BESIII has observed, in addition to a nonresonant component, the decay
Λ+

c → ΛK∗(892)+ [24] through an analysis of Λ+
c → ΛK0

Sπ
+. Moreover, the reported

B(Λ+
c → ΛK∗(892)+) is consistent with the theoretical predictions based on SU(3)F [25, 26].
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Decay mode Λ+
c → Σ0K0

Sπ
+ Λ+

c → Σ0K0
SK

+

BF (0.17 ± 0.05) × 10−3 (0.12 ± 0.04) × 10−3

Table 1. Theoretical results for nonresonant decays based on SU(3)F [18].

In this work, we measure the BFs of Λ+
c → Σ0K0

Sπ
+ and Λ+

c → Σ0K0
SK

+ by analyzing
6.4 fb−1 of data taken at 13 energy points between

√
s = 4.600 and 4.950 GeV [27] with

the BESIII detector at the BEPCII collider. The charge-conjugate processes are implicitly
included throughout this paper.

2 BESIII detector and Monte Carlo simulation

The BESIII detector [28] records symmetric e+e− collisions provided by the BEPCII storage
ring [29], which operates with a peak luminosity of 1.1 × 1033 cm−2s−1 in the center-of-mass
energy range from 1.84 to 4.95 GeV. BESIII has collected large data samples in this energy
region [30]. The cylindrical core of the BESIII detector covers 93% of the full solid angle and
consists of a helium-based multilayer drift chamber (MDC), a plastic scintillator time-of-flight
system (TOF), and a CsI(Tl) electromagnetic calorimeter (EMC), which are all enclosed
in a superconducting solenoidal magnet providing a 1.0 T magnetic field. The solenoid is
supported by an octagonal flux-return yoke with resistive plate counter muon identification
modules interleaved with steel.

The charged-particle momentum resolution at 1 GeV/c is 0.5%, and the dE/dx resolution
is 6% for electrons from Bhabha scattering. The EMC measures photon energies with a
resolution of 2.5% (5%) at 1 GeV in the barrel (end cap) region. The time resolution in the
TOF barrel region was 68 ps, while that in the end cap region is 110 ps. The end cap TOF
system was upgraded in 2015 using multi-gap resistive plate chamber technology, providing a
time resolution of 60 ps [31–33]. About 90% of the data used were collected after this upgrade.

Simulated data samples produced with the geant4-based [34] MC software, which
includes the geometric and material description of the BESIII detector and the detector
response, are used to determine detection efficiencies and to estimate backgrounds. The
simulation models considered the beam energy spread and initial state radiation (ISR) in
the e+e− annihilations with the generator kkmc [35, 36]. The inclusive MC sample includes
the production of open charm processes, the ISR production of vector charmonium(-like)
states, and the continuum processes incorporated in kkmc. The known decay modes are
modeled with evtgen [37, 38] using BFs taken from the PDG [19], and the remaining
unknown charmonium decays are modeled with lundcharm [39, 40]. Final state radiation
from charged final state particles is incorporated using photos [41].

For the MC production of the e+e− → Λ+
c Λ̄−

c events, the observed cross sections are taken
into account, and the signal decay processes are modeled to be uniformly distributed in phase
space (PHSP). All the final tracks and photons are reconstructed by the geant4-based [34]
detector simulation package.
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3 Event selection and data analysis

To reconstruct the signal processes, all the final particles are selected to form the Λ+
c

candidates. Charged tracks detected in the MDC are required to be within a polar angle (θ)
range of |cosθ| < 0.93, where θ is defined with respect to the z-axis, which is the symmetry
axis of the MDC. For charged tracks not originating from K0

S or Λ decays, the distance of
closest approach to the interaction point (IP) must be less than 10 cm along the z-axis, |Vz|,
and less than 1 cm in the transverse plane, |Vxy|.

Photon candidates are identified using isolated showers in the EMC. The deposited energy
of each shower must be more than 25 MeV in the barrel region (| cos θ| < 0.80) and more
than 50 MeV in the end cap region (0.86 < | cos θ| < 0.92). To exclude showers that originate
from charged tracks, the angle subtended by the EMC shower and the position of the closest
charged track at the EMC must be greater than 10 degrees as measured from the IP. To
suppress electronic noise and showers unrelated to the event, the difference between the EMC
time and the event start time is required to be within [0, 700] ns.

Particle identification (PID) for charged tracks combines measurements of the energy
deposited in the MDC (dE/dx) and the flight time in the TOF to form likelihoods L(h) (h =
p,K, π) for each hadron h hypothesis. Tracks are identified as protons when the proton
hypothesis has the greatest likelihood (L(p) > L(K) and L(p) > L(π)), then charged kaons
and pions are identified by comparing the likelihoods for the kaon and pion hypotheses,
L(K) > L(π) and L(π) > L(K), respectively.

The Σ0 is reconstructed through its decay final state γΛ(Λ → pπ−). The invariant mass
of the M(γΛ) is required to be within (1.179, 1.203) GeV/c2.

Each Λ(K0
S) candidate is reconstructed from two oppositely charged tracks satisfying

|Vz| < 20 cm and |cosθ| < 0.93. The two charged tracks are assigned as pπ−(π+π−) and only
the proton is subjected to further PID criteria. They are constrained to originate from a
common vertex by applying a vertex fit and requiring the χ2 of a vertex fit to be less than
100. The invariant mass is required to satisfy the 1.111 < M(pπ−) < 1.121 GeV/c2(0.487 <

M(π+π−) < 0.511 GeV/c2), which corresponds to three times the standard deviation of the
reconstruction resolution around the known Λ(K0

S) mass [19]. The decay length of the Λ(K0
S)

candidate is required to be greater than twice the vertex resolution away from the IP.
The signal candidates are identified using the beam constrained mass MBC =√

E2
beam/c

4 − p2/c2, where p is the momentum of reconstructed Λ+
c candidates in the center-

of-mass frame of the e+e− collision. To improve the signal purity, a four-constraint (4C)
kinematic fit is performed for Λ+

c candidates. Here, we constrain the invariant mass of recoil
side of Λ+

c candidates to the Λ̄−
c nominal mass [19], and the invariant masses of π+π−, pπ−

and γpπ− to the nominal masses of K0
S , Λ and Σ0. The candidate with the minimum χ2

4C
given by the 4C kinematic fit is retained for further analysis. The χ2

4C requirements are
optimized by using the Figure of Merit (FOM= S/

√
S +B), where S is the number of signal

events in the region MBC ∈ [2.282, 2.291] GeV/c2 generated by the theoretical predicted BF
and updated by our final result, B is the number of background events estimated using the
inclusive MC, and S and B are normalized to the integrated luminosity of the data sample.
We require χ2

4C < 29 for Λ+
c → Σ0K0

Sπ
+ and χ2

4C < 171 for Λ+
c → Σ0K0

SK
+.
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Figure 2. The MBC distributions of the accepted candidates for (a) Λ+
c → Σ0K0

Sπ
+ and (b)

Λ+
c → Σ0K0

SK
+. The black points with error bars are data, and the histograms are MC simulated

events. The magenta, yellow, cyan, and brown histograms are the signal, peaking backgrounds, Λ+
c

backgrounds and combinatorial backgrounds, respectively.

After all the selection criteria, the MBC distributions for both data and inclusive MC
samples are shown in figure 2. Some peaking backgrounds (Λ+

c → Σ0π+π−π+ in the
Λ+

c → Σ0K0
Sπ

+ analysis and Λ+
c → ΛK0

SK
+ in the Λ+

c → Σ0K0
SK

+ analysis) are observed.

4 Determination of the branching fraction

At each energy point, the BF of the signal decay is calculated by

B ≡ N sig

2 ·NΛ+
c Λ̄−

c
· εsig · Binter , (4.1)

where N sig denotes the signal yield, 2 is because the charge conjugate process also contributes,
NΛ+

c Λ̄−
c

is the number of Λ+
c Λ̄−

c events listed in table 2 and calculated using the cross
section [42] and integrated luminosity [27, 43], εsig is the signal efficiency from the MC
simulation shown in table 2 and Binter is determined by the BFs of the intermediate states
(Σ0 → γΛ (100%), Λ → pπ− (63.90 ± 0.05)% and K0

S → π+π− (69.20 ± 0.05)%)) [19].
For Λ+

c → Σ0K0
Sπ

+, the maximum likelihood fit is performed simultaneously on the
MBC distributions of all the energy points. In the fit, the BF value is constrained to be
the same at each energy point. The MC histograms for the signal shapes in figure 2 also
contains some mis-reconstructed photons and mis-reconstructed π+s and K+s. To obtain
clean signal shapes, a match based on the MC truth information is performed for signal
processes using the inclusive MC sample. The angle between the reconstructed and the truth
three-momenta of the tracks is required to be less than 10 degrees. The others are classified
as unmatched background and provide the unmatched shape. The clean signal shapes are
convolved with Gaussian functions, which account for the mass resolution difference between
data and MC simulation. The parameters of the Gaussian functions are floated, but are
constrained to be the same at each energy point. The background shapes are described with
ARGUS functions [44] with floating parameters, except for the endpoints which are fixed by
the center-of-mass energy. The ratio of unmatched backgrounds with respect to the signal

– 5 –
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√
s(MeV) εΛ+

c →Σ0K0
Sπ+(%) εΛ+

c →Σ0K0
SK+(%) NΛ+

c Λ̄−
c

4599.53 6.52±0.04 1.97±0.02 99244
4611.86 5.78±0.04 1.87±0.02 17442
4628.00 5.58±0.03 2.03±0.02 89280
4640.91 5.59±0.04 2.27±0.02 95426
4661.24 5.59±0.04 2.46±0.02 91639
4681.92 5.60±0.04 2.66±0.02 278622
4698.82 5.45±0.04 2.75±0.02 84341
4739.70 5.96±0.03 3.28±0.03 19848
4750.05 5.76±0.04 3.38±0.03 45091
4780.54 5.70±0.04 3.57±0.03 61431
4843.07 5.14±0.03 3.66±0.03 45429
4918.02 4.46±0.03 3.58±0.03 20634
4950.93 4.06±0.03 3.32±0.03 14416

Table 2. The detection efficiencies for Λ+
c → Σ0K0

Sπ
+ and Λ+

c → Σ0K0
SK

+, where the uncertainties
are statistical only, and the number of Λ+

c Λ̄−
c events. The efficiencies do not include the BF of the

sequential decay of K0
S .

yields is fixed. For the peaking backgrounds Λ+
c → Σ0π+π−π+, the yields are fixed using BFs

from the PDG [19], and the shapes and efficiencies are obtained from the MC sample. By
considering NΛ+

c Λ̄−
c

, the efficiencies and BFs of intermediate states, the BF of Λ+
c → Σ0K0

Sπ
+

can be obtained. The sums of the fit plots of all energy points are shown in figure 3.
The K0

Sπ
+ ‌invariant mass distribution combining 13 energy points is shown in figure 4. The

Λ+
c → Σ0K∗+ decay is seen, and the BF result is obtained by fitting the MK0

Sπ+ distribution
in the MBC signal region (2.282, 2.291) GeV/c2. Included in the fit are the contributions of
Λ+

c → Σ0K∗+, Λ+
c → Σ0K0

Sπ
+(non-K∗+), unmatched backgrounds and other backgrounds,

and the shapes are obtained from MC samples. The signal shape is convolved with a Gaussian
function. The mean and sigma values of the Gaussian are floated. The yields of unmatched
backgrounds and other backgrounds are fixed using the result of the MBC fit, and the yields
of other components are floated. The efficiency is (5.31 ± 0.03)%.

For Λ+
c → Σ0K0

SK
+, due to the ‌limited statistics, all the data samples are combined in

the fit process. The clean signal shape and unmatched background shape are obtained as for
the Λ+

c → Σ0K0
Sπ

+ case. The parameters of the Gaussian function convolved with the clean
signal shape are fixed to the values of Λ+

c → Σ0K0
Sπ

+. The background shape is described by
the inclusive MC sample. The ratio of the unmatched background to the signal yield is fixed.
For the peaking background Λ+

c → ΛK0
SK

+, the yield is fixed by using the PDG BF [19],
while the efficiency and shape are obtained from the MC sample.

The signal yields, the BF results and the significances are shown in table 3. Since the
statistical significance of Λ+

c → Σ0K0
SK

+ is only 3.7σ by comparing the fit likelihoods with
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Figure 3. Results of the fits to the MBC distributions for (a) Λ+
c → Σ0K0

Sπ
+ and (b) Λ+

c → Σ0K0
SK

+

combining 13 energy points. The black points with error bars are data, the blue, yellow, magenta,
green, and red solid lines are the total fit, the ARGUS background function (Λ+

c → Σ0K0
Sπ

+) and the
MC background shape (Λ+

c → Σ0K0
SK

+), the signals, the peaking backgrounds, and the unmatched
components, respectively.

Decay mode Nsig BFs(×10−3) Statistical significance
Λ+

c → Σ0K0
Sπ

+ 28.24 ± 7.15 0.58 ± 0.14 5.9σ
Λ+

c → Σ0K∗+ → Σ0K0
Sπ

+ 18.48 ± 8.51 0.41 ± 0.19 2.9σ
Λ+

c → Σ0K0
SK

+ 7.92 ± 3.43 0.35 ± 0.16 3.7σ

Table 3. The signal yield, BF and significance for each decay mode, where the uncertainties are
statistical only. For Λ+

c → Σ0K0
Sπ

+ and Λ+
c → Σ0K0

SK
+, the BF contains all resonance. For

Λ+
c → Σ0K∗+ → Σ0K0

Sπ
+, BF is B(Λ+

c → Σ0K∗+) × B(K∗+ → K0
Sπ

+).

and without including the signal components, the upper limit is determined by a likelihood
scan which takes into account the systematic uncertainties. The likelihood curve calculated
is shown in figure 5. The upper limit at the 90% C.L. is (1.23 × 10−3).

5 Systematic uncertainty

The systematic uncertainties on the BF measurements include contributions from the tracking,
PID, K0

S and Λ reconstruction, photon selection, Binter, χ2
4C kinematic fit requirement, the

fit process, MC model, the peaking and unmatched background estimation, and the number
of NΛ+

c Λ̄−
c

events. They are summarized in table 4 and the details are described below. The
total systematic uncertainties are calculated as the sum in quadrature of the individual
contributions by assuming the sources are independent of one another.

• Tracking and PID. The systematic uncertainties associated with tracking and PID
are investigated‌ using the control samples of e+e− → K+K−π+π− [45]. We assign a
systematic uncertainty of 1.0% for tracking and PID for each proton or charged pion.
Due to the low momentum, the systematic uncertainty of tracking and PID of a charged
kaon is assigned as 2.0% for each.
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• The K0
S reconstruction. The control sample J/ψ → K0

SK
±π± is used to study the K0

S

reconstruction efficiency [45]. We reweight the detection efficiency of our signal process
by the data-MC differences in each momentum region. The relative differences between
the weighted and nominal results are assigned as the systematic uncertainties, which
are 1.6% and 2.7% for Λ+

c → Σ0K0
Sπ

+ and Λ+
c → Σ0K0

SK
+, respectively.

• The Λ reconstruction. The Λ reconstruction efficiency is studied using the control sample
J/ψ → pK−Λ̄ [46], and a similar reweighting procedure as the K0

S reconstruction is
performed. The systematic uncertainties are evaluated as the relative difference between
the weighted and nominal efficiencies, which are 1.6% for Λ+

c → Σ0K0
Sπ

+ and 2.8% for
Λ+

c → Σ0K0
SK

+.
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Source Λ+
c → Σ0K0

Sπ
+ Λ+

c → Σ0K0
SK

+

Tracking 1.0 2.0
PID 1.0 2.0
K0

S reconstruction 1.6 2.7
Λ reconstruction 1.6 2.8
Photon selection 1.5 1.5
Binter

i 0.8 0.8
χ2

4C requirement 0.2 —
MBC fit 2.4 8.4
MC model 1.4 —
Peaking background 5.0 1.1
Unmatched background 1.9 3.7
NΛ+

c Λ̄−
c

1.6 1.4
Total 7.0 10.7

Table 4. The systematic uncertainties (%).

• Photon selection. The uncertainty of the photon reconstruction is studied based on the
control sample J/ψ → π+π−π0 with π0 → γγ. For our signal processes, the energy of
the photon is around 0.1 GeV, so we assign 1.5% as the systematic uncertainty.

• BFs of the intermediate states. The BFs of intermediate states (Σ0 → Λγ,Λ →
pπ−,K0

S → π+π−) are used as an input in the analysis and quoted from the PDG [19];
their uncertainties are propagated, giving a systematic uncertainty of 0.8%.

• χ2
4C requirement. The systematic uncertainty of the χ2

4C requirement arises from the
difference between data and MC samples. To study the effect, we fit the χ2

4C distribution
of data using the MC-simulated signal shape convolved with a Gaussian function with
free parameters. The background shapes are obtained from the inclusive MC sample.
The Gaussian parameters are used to smear the value of χ2

4C of MC sample to obtain
new values for the efficiency and BF. The difference with the nominal BF is assigned
as the systematic uncertainty for Λ+

c → Σ0K0
Sπ

+ process (0.15%). Due to the low
statistics of Λ+

c → Σ0K0
SK

+, we use the same Gaussian parameters as Λ+
c → Σ0K0

Sπ
+;

the resulting difference compared to the nominal BF is found to be negligible.

• MBC fit. The systematic uncertainty of the MBC fit includes those associated with
the signal and background shapes. The uncertainty associated with the signal MC
shape is estimated by changing it to the Crystal Ball function. The uncertainty due to
the background shape of Λ+

c → Σ0K0
Sπ

+ is estimated with an alternative background
shape obtained from the inclusive MC sample. The total systematic uncertainty is
estimated to be 2.4%. For Λ+

c → Σ0K0
SK

+, the background shapes are obtained from
inclusive MC samples. Here we change it to the Crystal Ball function with parameters
obtained from the fit to the background MC sample. The total systematic uncertainty
is estimated to be 8.4%.
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• MC model. Due to limited statistics, we only use the PHSP model to generate the
signal process. For Λ+

c → Σ0K0
Sπ

+, we find evidence for the Λ+
c → Σ0K∗+ process

from the K0
Sπ

+ mass distribution of data. Therefore, we include this process in the
signal MC generation. The fraction of Λ+

c → Σ0K∗+ in the generator is obtained by
fitting the K0

Sπ
+ mass distribution. The BF difference obtained by varying the input

fraction by ±1σ is assigned as the systematic uncertainty (1.4%). For Λ+
c → Σ0K0

SK
+,

no significant resonance is observed and the MC simulation models data well. So the
systematic uncertainty of the MC model is ignored.

• Peaking background. In the nominal analysis, the yields of the peaking backgrounds are
estimated with the efficiency and the BF quoted from the PDG. The input BFs are
varied by ±1σ in the fit, and the largest change of the re-measured BF is taken as the
systematic uncertainty, which is 5.0% for Λ+

c → Σ0K0
Sπ

+ and 1.1% for Λ+
c → Σ0K0

SK
+.

• The unmatched background. To estimate the uncertainty caused by the angle requirement,
we vary it by 5 degrees and obtain a new BF. The BF difference is assigned as the
systematic uncertainty, which is 1.9% for Λ+

c → Σ0K0
Sπ

+ and 3.7% for Λ+
c → Σ0K0

SK
+.

• The number of NΛ+
c Λ̄−

c
events. NΛ+

c Λ̄−
c

is obtained by the luminosity [27, 43] and the
cross section [42]. Its systematic uncertainty is estimated to be 1.6% for Λ+

c → Σ0K0
Sπ

+

and 1.4% for Λ+
c → Σ0K0

SK
+.

6 Summary

By analyzing 6.4 fb−1 of e+e− annihilation data collected at center-of-mass energies ranging
from

√
s = 4.600 − 4.950GeV with the BESIII detector, we report the first observation of

Λ+
c → Σ0K0

Sπ
+ with a statistical significance of 5.9σ. The measured branching fraction

exhibits a notable difference compared to the theoretical prediction, listed in table 5, which
excludes resonant contributions. The resonance contribution of Λ+

c → Σ0K∗+ is evident in
figure 4, albeit with low significance. The BF result is B(Λ+

c → Σ0K∗+)×B(K∗+ → K0
Sπ

+) =
(0.41±0.19±0.03)×10−3, by considering the systematic uncertainty similar to Λ+

c → Σ0K0
Sπ

+.
The resonant contribution plays a very significant role in the Λ+

c → Σ0K0
Sπ

+ decay.
Furthermore, the BF for the decay channel Λ+

c → Σ0K0
SK

+ has been measured with a
statistical significance of‌ 3.7σ. We establish an upper limit at the 90% C.L. on the branching
fraction to be B(Λ+

c → Σ0K0
SK

+) < 1.23 × 10−3. This result is consistent with‌ both
theoretical expectations [18] and the previous BESIII measurement [20] (table 5). These
findings provide crucial experimental constraints for understanding the decay dynamics and
internal structure of the ground-state charmed baryon Λ+

c .
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