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Abstract: Using e+e− annihilation data sets corresponding to an integrated luminos-
ity of 4.5 fb−1, collected with the BESIII detector at center-of-mass energies between
4.600 and 4.699 GeV, we report the first measurements of the absolute branching fractions
B(Λ+

c → pK0
L) = (1.67 ± 0.06 ± 0.04)%, B(Λ+

c → pK0
Lπ

+π−) = (1.69 ± 0.10 ± 0.05)%,
and B(Λ+

c → pK0
Lπ

0) = (2.02 ± 0.13 ± 0.05)%, where the first uncertainties are sta-
tistical and the second systematic. Combining with the known branching fractions of
Λ+

c → pK0
S , Λ+

c → pK0
Sπ

+π−, and Λ+
c → pK0

Sπ
0, we present the first measurements

of the K0
S-K0

L asymmetries R(Λ+
c ,K

0
S,LX) = B(Λ+

c →K0
SX)−B(Λ+

c →K0
LX)

B(Λ+
c →K0

SX)+B(Λ+
c →K0

LX) in charmed baryon
decays: R(Λ+

c , pK
0
S,L) = −0.025 ± 0.031, R(Λ+

c , pK
0
S,Lπ

+π−) = −0.027 ± 0.048, and
R(Λ+

c , pK
0
S,Lπ

0) = −0.015 ± 0.046. No significant asymmetries with statistical significance
are observed.
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1 Introduction

The lightest charmed baryon, Λ+
c , provides a unique environment for studying the behavior of

light di-quarks in the presence of a heavy quark [1]. Its hadronic decays occur only through
the weak interaction, and various theoretical models have been proposed. These include the
covariant confined quark model [2, 3], the pole model [4–9], current algebra [10, 11], and SU(3)
flavor symmetry approaches [12–16]. Its decays fall into three categories: Cabibbo-favored
(CF) decays, singly Cabibbo-suppressed decays, and doubly Cabibbo-suppressed (DCS) decays.
The decay amplitudes of the CF and DCS modes are expected to be proportional to the
products of the Cabibbo-Kobayashi-Maskawa elements |V ∗

udVcs| and |V ∗
usVcd|, respectively. The

ratio of their decays is approximately of the order of O(10−3), resulting in a small branching
fraction (BF) for the DCS decay and making it challenging to observe directly in experiments.

In addition to direct measurements of DCS decays, the amplitudes of DCS modes can
be probed using the K0

S-K0
L asymmetry in the decays into neutral kaons, which arises from

the interference between CF and DCS amplitudes [17, 18]. The K0
S-K0

L asymmetry has been
studied in the decays of charmed D mesons, where the asymmetry is defined as

R(D,K0
S,LX) = B(D → K0

SX) − B(D → K0
LX)

B(D → K0
SX) + B(D → K0

LX) , (1.1)

and X can be π0, η, η′, ω, ρ0 or ϕ. A large asymmetry of R(D0,K0
S,Lπ

0) = 0.108 ± 0.025 ±
0.024 [19] was reported in a previous measurement by the CLEO experiment, where the
first uncertainty is statistical and the second is systematic. The BESIII experiment reported
measurements of the K0

S-K0
L asymmetries R(D0,K0

S,LX), where X = ϕ, η, ω [20]. Significant
asymmetries were observed in D0 → K0

Lη and D0 → K0
Lη

′ decays with R(D0,K0
S,Lη) =

0.080 ± 0.022 and R(D0,K0
S,Lη

′) = 0.108 ± 0.035, respectively. In addition, this asymmetry
has been investigated for the lightest charmed strange meson, and R(D+

s ,K
0
S,LK

+) was
determined to be (−2.1 ± 1.9 ± 1.6)% [21]. However, such measurements have not been
made for the decays of charmed baryons.
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√
s (GeV) Integrated luminosity (pb−1)
4.600 586.9± 0.1± 3.9
4.612 103.7± 0.1± 0.6
4.628 521.5± 0.1± 2.8
4.641 551.7± 0.1± 2.9
4.661 529.4± 0.1± 2.8
4.682 1667.4± 0.2± 8.8
4.699 535.5± 0.1± 2.8

Table 1. The integrated luminosities at each c.m. energy [23, 24].

Using flavor SU(3) asymmetry [12–16], theoretical predictions [18] for K0
S-K0

L asymmetries
have been made for charmed baryon two-body decays into a light baryon and a neutral
kaon. Similar to Equation (1.1), the asymmetry of B(Λ+

c → K0
SX) and B(Λ+

c → K0
LX) in

charmed baryon decays is defined as

R(Λ+
c ,K

0
S,LX) = B(Λ+

c → K0
SX) − B(Λ+

c → K0
LX)

B(Λ+
c → K0

SX) + B(Λ+
c → K0

LX)
, (1.2)

where X is p, pπ+π− or pπ0. Equation (1.2) can be further reduced as R(Λ+
c → K0

S,LX) ≃
−2rf cos δf , where rf and δf are the relative strength and phase between the DCS (Λ+

c →
K0X) and CF (Λ+

c → K̄0X) amplitudes, respectively. The parameter rf is expected to be
proportional to the ratio |V ∗

cdVus/V
∗

csVud| ∼ λ2 [22]. A non-zero asymmetry value indicates
the presence of DCS processes. The asymmetry of Λ+

c → pK0
S,L is predicted to be in the

range of (−0.010, 0.087) in ref. [18]. The K0
S-K0

L asymmetry is a promising observable with
which to search for the two-body DCS processes of charmed baryons.

In this paper, we report the first measurements of the absolute BFs of Λ+
c → pK0

L,
Λ+

c → pK0
Lπ

+π− and Λ+
c → pK0

Lπ
0 based on e+e− annihilation data samples corresponding

to a total integrated luminosity of 4.5 fb−1collected at the center-of-mass (c.m.) energies
√
s

between 4.600 and 4.699 GeV. The luminosities are listed in table 1 [23, 24]. Using the results
of B(Λ+

c → pK0
S), B(Λ+

c → pK0
Sπ

+π−), and B(Λ+
c → pK0

Sπ
0) from the Particle Data Group

(PDG) [22], we present the K0
S-K0

L asymmetries R(Λ+
c ,K

0
S,LX), where X = p, pπ+π− or pπ0.

Charge conjugate channels are implied throughout this paper, unless explicitly stated.

2 BESIII experiment and Monte Carlo simulation

The BESIII detector [25] records symmetric e+e− collisions provided by the BEPCII storage
ring [26], which operates at c.m. energies ranging from 1.85 to 4.95 GeV, with a peak luminosity
of 1.1 × 1033 cm−2s−1 achieved at

√
s = 3.773 GeV. The BESIII detector has collected large

data samples in this energy region [27]. 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 [28]. The solenoid is supported by an octagonal flux-return yoke with resistive plate
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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 is 68 ps, while
that in the end cap region was initially 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 [29–31]. Of the data used in this analysis, 87% was with the upgraded end cap TOF.

Simulated samples generated with geant4-based [32] Monte Carlo (MC) software,
which includes the geometric description of the BESIII detector and the detector response
performance [28, 33, 34], are used to determine detection efficiencies and to estimate potential
background contributions. The simulation describes the beam energy spread and the initial
state radiation (ISR) in the e+e− annihilations with the generator kkmc [35, 36]. The
inclusive MC samples, corresponding to about 40 times the number of events of the data
samples, include the production of Λ+

c Λ̄−
c pairs, open charm processes, the ISR production of

vector charmonium(-like) states, and the continuum processes incorporated in kkmc [35, 36].
The known decay modes are modeled with evtgen [31, 37] using BFs taken from the PDG [22],
and the remaining unknown charmonium decays are modeled with lundcharm [31, 38].
Final state radiation from charged final state particles is incorporated using photos [39].
For the production of e+e− → Λ+

c Λ̄−
c events, the Born cross-section line shape from BESIII

measurements is used [40, 41]. Exclusive e+e− → Λ+
c Λ̄−

c signal MC samples are generated
with Λ+

c decaying to pK0
L, pK0

Lπ
+π− and pK0

Lπ
0 in half of the signal events, and Λ̄−

c decaying
to the signal final states for the other half. The remaining Λ̄−

c and Λ+
c are required to

decay to twelve specific tag modes, as detailed in section 3. The angular distribution of the
decay Λ+

c → pK0
L is modeled with decay asymmetry parameters obtained from ref. [42]. For

processes from Λ+
c → pK0

Lπ
+π− and Λ+

c → pK0
Lπ

0 channels, signal models are tunned based
on the data. Additional MC samples are generated to estimate contributions from peaking
background processes, where Λ̄−

c decays into tag modes and Λ+
c decays into pK0

S , pη, pK0
Sπ

0,
and pK0

Sπ
+π−, with K0

S and η decaying inclusively. Each tag mode of the exclusive MC
samples is generated with the same number of events.

3 Data analysis

Taking advantage of the threshold production of the Λ+
c Λ̄−

c pair, the double-tag (DT)
method [43–46] is employed to study Λ+

c → pK0
L, Λ+

c → pK0
Lπ

+π− and Λ+
c → pK0

Lπ
0, where

K0
L is reconstructed by the missing-mass technique. A single-tag (ST) event is selected by

tagging a Λ̄−
c baryon with one of the following twelve tag modes: p̄K0

S , p̄K+π−, p̄K0
Sπ

0,
p̄K0

Sπ
−π+, p̄K+π−π0, p̄π−π+, Λ̄π−, Λ̄π−π0, Λ̄π−π+π−, Σ̄0π−, Σ̄−π0, and Σ̄−π−π+. The

ST event selection criteria, efficiencies, and yields are described in ref. [47]. The signal decays
Λ+

c → pK0
L, pK0

Lπ
+π−, and pK0

Lπ
0 are reconstructed using the remaining charged tracks and

photons recoiling against the ST Λ̄−
c candidates, and referred to as DT events.

Charged tracks are required to be within | cos θ| < 0.93, where θ is the polar angle
defined with respect to the z-axis, which is the symmetry axis of the MDC. The distance of
closest approach to the interaction point (IP) must be less than 10 cm along the z axis and
less than 1 cm in the perpendicular plane. Particle identification (PID) for charged tracks
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combines measurements of the energy deposited in the MDC (dE/dx) and the flight time in
the TOF to form a likelihood value L(h) for each hadron (h) hypothesis, where h = p,K, or
π. Charged tracks are identified as protons if the proton hypothesis has the highest likelihood
(L(p) > L(K) and L(p) > L(π)), or as pions if L(π) > L(K) is satisfied. The PID efficiencies
of protons and pions are both approximately 99% within the momentum range of the signal
processes. The probability of misidentifying particles as proton is negligible, and is less than
2% for misidentification as pions from kaons.

Photon candidates are reconstructed from showers that are not associated with any
charged tracks in the EMC [25]. The deposited energy of each shower in the EMC is required
to be greater than 25 MeV in the barrel region (| cos θ| < 0.80), and greater than 50 MeV in
the end cap region (0.86 < | cos θ| < 0.92). The EMC time difference from the event start
time is required to be less than 700 ns, to exclude electronic noise and showers unrelated
to the events. The opening angle between each shower and p̄ must be greater than 20◦,
to suppress the background from annihilation of p̄ with the detector material. The π0

candidates are reconstructed from photon pairs with invariant mass M(γγ) in the range
0.115 GeV/c2 < M(γγ) < 0.150 GeV/c2. To improve momentum resolution and exclude
background, a kinematic fit is performed to constrain M(γγ) to the known π0 mass [22],
and candidates with fit quality χ2 < 20 are retained for further analysis. This requirement
results in approximately 97.4% of signal efficiency and rejects 15.9% of the background from
the mis-combinations of the γγ pairs.

The signal candidates of Λ+
c → pK0

L and Λ+
c → pK0

Lπ
0 are required to have only one

charged track with opposite charge to the tagged Λ̄−
c satisfying the proton PID criteria.

For Λ+
c → pK0

Lπ
0 decay, the π0 candidate with the highest energy is selected. In the

reconstruction of Λ+
c → pK0

Lπ
+π−, events must have only three remaining charged tracks

with correct charges and PID. Candidates with additional charged tracks, whose distances
of closest approaches to the IP are within ±20 cm along the beam direction, are excluded.
The presence of the K0

L is inferred by the kinematic variable M2
miss, defined as

M2
miss ≡ (Ebeam − Eselected)2 /c4 −

∣∣∣p⃗Λ+
c
− p⃗selected

∣∣∣2 /c2, (3.1)

where Ebeam is the beam energy and Eselected (p⃗selected) is the total measured energy (momen-
tum) of the selected particles in the DT signal side, boosted into the c.m. system of e+e−.
To improve the momentum resolution, the momentum of Λ+

c is determined by

p⃗Λ+
c
≡ −p̂Λ̄−

c

√
E2

beam/c
2 −m2

Λ+
c
c2, (3.2)

where p̂Λ̄−
c

is the direction of the tagged Λ̄−
c and mΛ+

c
is the known Λ+

c baryon mass taken
from the PDG [22]. For all three decays, the M2

miss distributions are expected to have a
peak around the known mass squared of K0

L [22].
Based on studies of inclusive MC samples, the dominant background events for the

signal mode Λ+
c → pK0

Lπ
+π− are from processes with Λ → pπ− and K0

S → π+π−. They
are rejected by vetoing events with M(pπ−) (M(π+π−)) invariant masses in the inter-
val of 1.11 GeV/c2 < M(pπ−) < 1.12 GeV/c2(0.48 GeV/c2 < M(π+π−) < 0.52 GeV/c2).
The combinatorial backgrounds are suppressed by requiring the recoil mass of the proton
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Mrecoil(p) ≡
√
E2

beam − |p⃗Λ+
c
− p⃗p|2 > 1.0 GeV/c2, which removes only about 3% of the signal.

Here p⃗p is the momentum of the proton. For the Λ+
c → pK0

Lπ
0 signal mode, background events

of Λ+
c → pK0

S(→ π0π0) and pK0
L are excluded by requiring Mrecoil(p) > 0.65 GeV/c2, which

removes less than 1% of signal. Events within the range 1.17 GeV/c2 < M(pπ0) < 1.20 GeV/c2

are discarded to suppress the background of the Σ+ → pπ0 decay.
To improve the momentum resolution, a six constraint (6C) kinematic fit is performed

requiring total four-momentum conservation with respect to that of the initial e+e− collision
and constraining both masses of the tagged Λ̄−

c and the signal Λ+
c to mΛ+

c
. The K0

L is treated
as a missing particle, and its four-momentum and mass are free in the kinematic fit. The
χ2 of the kinematic fit for each signal mode is required to be less than the optimized value
that maximizes the figure of merit S/

√
S +B, where S and B are the numbers of signal and

background events from the inclusive MC samples, scaled to the data luminosity. Here, the
BF of the signal modes are assumed to be the same as the measured ones of Λ+

c → K0
SX.

The optimized requirements are χ2 < 60 for Λ+
c → pK0

L, χ2 < 25 for Λ+
c → pK0

Lπ
+π−, and

χ2 < 20 for Λ+
c → pK0

Lπ
0. The resulting M2

miss distributions of the DT events are shown
in figure 1, which combine all data samples at the seven c.m. energies. Signal events are
indicated by the significant peaks around the K0

L mass squared.
There are peaking backgrounds remaining from Λ+

c → pK0
S(→ π0π0) and Λ+

c → pη(→ γγ

or 3π0), Λ+
c → pK0

S(→ π0π0)π+π−, and Λ+
c → pK0

S(→ π0π0)π0 in the corresponding signal
modes. The peaking background events from Λ+

c → K0
SX decays NBkg

K0
SX

are determined by

NBkg
K0

SX
= NData

DT K0
SX · wK0

SX , wK0
SX =

∑
i si ·

NST
i

εST
i

·NMC,i
DT K0

LX∑
i

NST
i

εST
i

·NMC,i
DT K0

SX

, (3.3)

where i represents the tag mode, and NData
DT K0

SX
denotes the data yields passing the DT

selection criteria of Λ+
c → K0

SX. Here, the DT selection criteria of Λ+
c → K0

SX require
a fully reconstructed K0

S from π+π− combinations, as described in ref. [48]. NData
DT K0

SX
is

corrected by the factor wK0
SX , which is derived from the exclusive MC simulation samples of

Λ+
c → K0

SX. NMC,i
DT K0

LX
and NMC,i

DT K0
SX

are the numbers of the K0
SX MC events that satisfy

the DT selection criteria of Λ+
c → K0

LX and Λ+
c → K0

SX, respectively. NST
i and εST

i are
the ST yields and ST efficiencies from ref. [47]. A scale factor si is specified for each tag
mode, and si is set to 2 if both the tag and signal modes are K0

SX. Otherwise, it is set
to 1. For peaking background events from Λ+

c → pη, the contribution is evaluated based
on the corresponding exclusive MC samples using

NBkg
pη = B(Λ+

c → pη) · wpη, wpη =
∑

i

NST
i

εST
i

·
N ′MC,i

pK0
L

N ′MC,i
tot

 , (3.4)

with B(Λ+
c → pη) = (1.41 ± 0.11) × 10−3 [22]. N ′MC,i

pK0
L

is the number of surviving DT events
for the i-th tag mode, that satisfy the DT selection criteria of Λ+

c → pK0
L, and N ′MC,i

tot is
the total number of MC events generated for the i-th tag mode. Table 2 summarizes the
contributions arising from each peaking background process.
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Figure 1. The M2
miss distributions of the selected DT events for (a) Λ+

c → pK0
L, (b) Λ+

c → pK0
Lπ

+π−,
and (c) Λ+

c → pK0
Lπ

0 decays. The points with error bars are data combined from seven c.m. energies,
the red histograms indicate the signal processes, and the green and orange histograms are the peaking
backgrounds. The cyan and violet histograms represent non-signal Λ+

c Λ̄−
c and inclusive hadronic

background processes, respectively.

√
s (GeV) Λ+

c → pK0
S Λ+

c → pη Λ+
c → pK0

Sπ
+π− Λ+

c → pK0
Sπ

0

4.600 59± 6 13± 1 25± 5 44± 6
4.612 14± 3 2.3± 0.2 4 ± 1 8± 3
4.628 70± 7 11± 1 31± 4 38± 6
4.641 68± 7 12± 1 30± 5 38± 7
4.661 60± 6 12± 1 39± 5 51± 8
4.682 198± 12 35± 3 97± 9 150± 13
4.699 54± 6 10± 1 24± 5 37± 6

Table 2. Estimated yields of peaking backgrounds at each c.m. energy. The uncertainties are
statistical only.
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4.600 GeV 4.612 GeV 4.628 GeV 4.641 GeV 4.661 GeV 4.682 GeV 4.698 GeV
NST 17391± 171 3114± 75 14558± 135 15545± 165 15235± 164 44704± 284 12971± 158
modes εavg(%)

Λ+
c → pK0

L 76.32± 0.08 76.13± 0.08 78.12± 0.08 78.83± 0.08 78.78± 0.08 79.66± 0.09 79.89± 0.09
Λ+

c → pK0
Lπ

+π− 28.61± 0.16 28.86± 0.17 29.87± 0.18 30.96± 0.17 31.12± 0.17 31.93± 0.17 32.83± 0.18
Λ+

c → pK0
Lπ

0 23.83± 0.15 24.28± 0.15 25.79± 0.16 26.40± 0.16 26.68± 0.16 27.43± 0.17 27.27± 0.17
modes NDT

Λ+
c → pK0

L 222± 8 40± 1 190± 7 205± 7 201± 7 596± 21 173± 6
Λ+

c → pK0
Lπ

+π− 84± 5 15± 1 74± 4 81± 5 80± 5 242± 14 72± 4
Λ+

c → pK0
Lπ

0 83± 5 15± 1 75± 5 82± 5 81± 5 245± 16 71± 4

Table 3. ST events (NST), average detection efficiencies (εavg) and DT signal yields (NDT) for
Λ+

c → pK0
L, Λ+

c → pK0
Lπ

+π−, and Λ+
c → pK0

Lπ
0 decays at each c.m. energy. The errors are statistical

only.

A simultaneous unbinned maximum-likelihood fit is performed on the M2
miss distributions

of the seven c.m. energies. The signal and peaking backgrounds are modeled by individual
MC-simulated shapes convolved with Gaussian functions to account for differences between
the data and MC simulations. The Gaussian means and widths are free parameters in the
fit. The yields of the peaking background events are free with their mean and standard
deviation values set to the results listed in table 2. For the signal mode Λ+

c → pK0
Lπ

0, a
truth-matching method is employed to obtain the pure signal shape by comparing the two
photons from the π0 with their corresponding MC truth information. The opening angle
θtruth between the truth and the reconstructed photons is required to be less than 10◦. The
combinatorial background shape is taken from the inclusive MC samples, including non-signal
Λ+

c Λ̄−
c and continuum hadron production events.
The BFs of the decays Λ+

c → pK0
L, Λ+

c → pK0
Lπ

+π−, and Λ+
c → pK0

Lπ
0 are shared

variables for the seven c.m. energies in the simultaneous fit, determined by

Bsig = NDT

NST · εavg · Bint
, (3.5)

where εavg =
(∑

iN
ST
i · εDT

i /εST
i

)
/NST is the average detection efficiency for detecting

signal modes in ST events and i represents the i-th ST tag mode. Table 3 lists the ST
events and the average detection efficiencies for each c.m. energy. NDT and εDT

i are
the DT yields and corresponding efficiencies, respectively. Bint is the intermediate BF of
π0, B(π0 → γγ) = (98.823 ± 0.034)% [22] for Λ+

c → pK0
Lπ

0 decay. Figure 2 shows the
results of fits to the M2

miss distributions, combining all data samples. From these fits, the
BFs are B(Λ+

c → pK0
L) = (1.67 ± 0.06)%, B(Λ+

c → pK0
Lπ

+π−) = (1.69 ± 0.10)%, and
B(Λ+

c → pK0
Lπ

0) = (2.02 ± 0.13)%, where the uncertainties are statistical only. The total
DT signal yields from all c.m. energies are NDT

pK0
L

= 1627 ± 56, NDT
pK0

Lπ+π− = 648 ± 39, and
NDT

pK0
Lπ0 = 652 ± 41, for Λ+

c → pK0
L, Λ+

c → pK0
Lπ

+π−, and Λ+
c → pK0

Lπ
0, respectively.
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Figure 2. Combined fit results of the M2
miss distributions from all data samples for (a) Λ+

c → pK0
L,

(b) Λ+
c → pK0

Lπ
+π− and (c) Λ+

c → pK0
Lπ

0 decays. The black dots with error bars are data, while the
black solid curves are the fit results. The red dashed curves are the signal shapes, and the blue and
green dashed curves represent the peaking backgrounds Λ+

c → pK0
S and Λ+

c → pη, respectively. The
violet dashed curves are the combinatorial background shapes.

4 Systematic uncertainties

In the DT method, most of the systematic uncertainties associated with the ST selections
cancel. The major sources of systematic uncertainties in the BFs measurements are described
below and are reported relative to the measured BFs.

• Tracking and PID efficiencies. The tracking and PID efficiencies of the charged
protons and pions are studied using a control sample of J/ψ → pp̄π+π− [49]. The MC
simulation samples are weighted by the efficiency ratio between data and MC as function
of charged particle momentum and cos θ. The systematic uncertainties of tracking and
PID are 0.5% and 0.1% for Λ+

c → pK0
L, 1.6% and 0.8% for Λ+

c → pK0
Lπ

+π−, and 0.7%
and 0.4% for Λ+

c → pK0
Lπ

0, respectively.

• No extra charged track requirement. The number of good charged tracks is
required to be exactly one (three) for pK0

L and pK0
Lπ

0 (pK0
Lπ

+π−) DT candidates in
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the recoil system of the tagged Λ̄−
c . The difference between data and MC simulation

from this selection is studied using a control sample of Λ+
c → pK+π−. The systematic

uncertainty is 1.9%.

• MC statistics. The exclusive MC simulation samples are used to obtain the ST
and DT detection efficiencies and to estimate the peaking background events. The
systematic uncertainties associated with the limited MC sample sizes are estimated
to be 0.1%, 0.5%, and 0.5% for Λ+

c → pK0
L, Λ+

c → pK0
Lπ

+π−, and Λ+
c → pK0

Lπ
0,

respectively.

• ST yield. The systematic uncertainty arising from the total ST yield is assigned to be
0.2% [47].

• Kinematic fit. The model of the MC simulation is much simpler than the real
detector performance, resulting in a difference between the data and MC simulation
in the track parameters of the charged tracks [50]. The correction parameters are
obtained through a data-driven method using control samples of e+e− → pp̄π+π− and
e+e− → K+K−π+π−. The helix parameters of the charged tracks are corrected, and
the BFs are re-evaluated with the updated MC simulation samples. The differences
from the measured BFs are taken as the systematic uncertainties associated with the
kinematic fit, which are 0.5%, 1.0%, and 0.5% for Λ+

c → pK0
L, Λ+

c → pK0
Lπ

+π− and
Λ+

c → pK0
Lπ

0, respectively.

• Angle(γ,p̄) requirement. To estimate the systematic uncertainty of the Angle(γ, p̄)
requirement, the difference between the data and MC simulation samples of this
requirement is investigated from a control sample of ψ(3686) → π+π−J/ψ, J/ψ → pp̄π0.
The systematic uncertainty is 0.2% for Λ+

c → pK0
Lπ

0.

• π0 reconstruction. The systematic uncertainty due to the π0 reconstruction is
determined using the control sample of J/ψ → pp̄π0 [51]. The MC simulation samples
are corrected depending on the π0 momentum. The systematic uncertainty is determined
to be 0.5%.

• Truth-match method. The systematic uncertainty from the truth-match method is
determined comparing the measured BFs with and without the truth-match requirements.
The resulting systematic uncertainty is taken as 0.2%.

• Signal model. For Λ+
c → pK0

L, the systematic uncertainty from the signal model is
determined varying the decay asymmetry parameters within ±1σ. The deviation from
the measured BF is found to be negligible. For Λ+

c → pK0
Lπ

+π− and Λ+
c → pK0

Lπ
0,

the signal models in the nominal analysis is tunned based on the data. The possible
intermediate resonances are considered in the amplitude analysis, composed of Σ∗, ∆∗,
N∗, K̄∗ and ρ. The nominal amplitude models are then replaced by alternative ones with
equivalent descriptions of the data. The alternative model of Λ+

c → pK0
Lπ

0 is selected by
including other additional insignificant resonance. In the case of Λ+

c → pK0
Lπ

+π−, the
amplitude fit is not stable due to the limited statistics of data. The same components
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Source Λ+
c → pK0

L (%) Λ+
c → pK0

Lπ
+π− (%) Λ+

c → pK0
Lπ

0 (%)
Tracking 0.5 1.6 0.7
PID 0.1 0.8 0.4
No extra charged track 1.9 1.9 1.9
MC statistics 0.2 0.5 0.5
ST yields 0.2 0.2 0.2
Kinematic fit 0.5 1.0 0.5
Angle(γ,p̄) requirement - - 0.2
π0 reconstruction - - 0.5
Truth-match method - - 0.2
Signal model - 1.1 0.9
Background shape 0.9 0.6 0.4
Fit bias - - 0.3
Total 2.2 3.1 2.5

Table 4. Relative systematic uncertainties in the BF measurements.

of resonances are employed as in the nominal case, with a different fit solution that
yields a negative log-likelihood value agreeing closely with the nominal one. The
systematic uncertainties are determined to be 1.1% and 0.9% for Λ+

c → pK0
Lπ

+π− and
Λ+

c → pK0
Lπ

0, respectively.

• Background shape. To investigate the systematic uncertainty from the background
shape, the nominal background shape is replaced with a second-order Chebychev
polynomial function in the simultaneous fit. The systematic uncertainties are 0.9%,
0.6%, and 0.4% for Λ+

c → pK0
L, Λ+

c → pK0
Lπ

+π− and Λ+
c → pK0

Lπ
0, respectively.

• Fit bias. The systematic uncertainty from the simultaneous fit is studied with 5000
sets of toy MC samples, which are simulated with all parameters from the fit model
fixed. The BFs obtained from the toy samples are fitted with a Gaussian function.
The deviations between the Gaussian mean value and nominal BFs are assigned as
systematic uncertainties. For the decay Λ+

c → pK0
Lπ

0, the fit bias is found to be 0.3%,
while for the other two signal modes it is negligible.

Other sources of systematic uncertainties, such as the BF of π0 → γγ, are neglected due
to their negligible effects. Assuming that all sources of systematic uncertainties in the BFs
measurements are uncorrelated, the quadratic sums of the different sources are considered
as the total systematic uncertainties, which are 2.2%, 3.1%, and 2.5% for Λ+

c → pK0
L,

Λ+
c → pK0

Lπ
+π−, and Λ+

c → pK0
Lπ

0, respectively. Table 4 lists all the systematic uncertainties
discussed above.

5 Summary

In summary, we report the BFs of Λ+
c → pK0

L, Λ+
c → pK0

Lπ
+π− and Λ+

c → pK0
Lπ

0 for
the first time, by analyzing e+e− annihilation data samples corresponding to an integrated

– 10 –



J
H
E
P
0
9
(
2
0
2
4
)
0
0
7

Mode B(Λ+
c → K0

LX) (%) B(Λ+
c → K0

SX) (%) [22] R(Λ+
c , K0

L,SX)

Λ+
c → pK0

L,S 1.67± 0.06± 0.04 1.59± 0.07 −0.025± 0.031
Λ+

c → pK0
L,Sπ

+π− 1.69± 0.10± 0.05 1.60± 0.11 −0.027± 0.048
Λ+

c → pK0
L,Sπ

0 2.02± 0.13± 0.05 1.96± 0.12 −0.015± 0.046

Table 5. The BFs B(Λ+
c → K0

LX), the known BFs B(Λ+
c → K0

SX), and K0
S-K0

L asymmetries.

luminosity of 4.5 fb−1collected at c.m. energies between 4.600 and 4.699 GeV. The measured
BFs of these decays are B(Λ+

c → pK0
L) = (1.67 ± 0.06 ± 0.04)%, B(Λ+

c → pK0
Lπ

+π−) =
(1.69 ± 0.10 ± 0.05)%, and B(Λ+

c → pK0
Lπ

0) = (2.02 ± 0.13 ± 0.05)%. Combining the BFs
measurements in this work with the values of B(Λ+

c → K0
SX) [22], the K0

S-K0
L asymmetries

are determined, as summarized in table 5. The uncertainties are derived through the standard
error propagation procedure, assuming that the uncertainties of the estimated B(Λ+

c → K0
LX)

and the quoted B(Λ+
c → K0

SX) are uncorrelated. Taking into account the uncertainties,
no obvious asymmetry is observed in any of the three decays. The K0

S-K0
L asymmetry of

Λ+
c → pK0

S,L R(Λ+
c , pK

0
S,L) = −0.025 ± 0.031 is compatible with the prediction of (−0.010,

0.087) based on SU(3) flavor symmetry [18]. Our measurements of the K0
S-K0

L asymmetries
in charmed baryon decays offer the possibility to access the DCS processes involving neutral
kaons and provide further constraints on their amplitudes.
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