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Based on 4.5 fb−1 of eþe− collision data accumulated at center-of-mass energies between 4599.53 and
4698.82 MeV with the BESIII detector, we measure the absolute branching fraction of the Cabibbo-favored
decay Λþ

c → nK0
Sπ

þ with the precision improved by a factor of 2.8 and report the first evidence for the
singly-Cabibbo-suppressed decay Λþ

c → nK0
SK

þ. The branching fractions for Λþ
c → nK0

Sπ
þ and Λþ

c →

nK0
SK

þ are determined to be ð1.86� 0.08� 0.04Þ × 10−2 and ð3.9þ1.7
−1.4 � 0.3Þ × 10−4, respectively, where

the first uncertainties are statistical and the second ones are systematic.

DOI: 10.1103/PhysRevD.109.072010

I. INTRODUCTION

Studies of weak decays of charmed baryons provide
crucial information on the dynamics of strong and weak
interactions in charm physics. Theoretical predictions for
Λþ
c decays are difficult. Decay amplitudes of charmed

hadrons are split into two parts, factorizable and non-
factorizable [1,2]. Both external and internal W-emission
diagrams are mainly factorizable. Inner W-emission and
W-exchange diagrams are nonfactorizable. For internal
W-emission diagram, the quark produced by the W
emission forms part of a meson, as shown in Fig. 1(a),
while for the inner W-emission diagram, that quark forms
part of a baryon [3,4], as shown in Fig. 1(f). Unlike
charmed mesons, W-exchange diagram, manifested as a
baryon pole diagram, is no longer subject to helicity and
color suppression, which makes theoretical calculations
more complex. There has been much progress in the study
of two-body decays of Λþ

c in both theory and experiment
[4,5]. However, the dynamics of three-body decays is more
complicated due to the contributions of intermediate
resonances and theoretical work on three-body decays is
insufficient.
According to Ref. [6], two isospin amplitudes Ið0Þ and

Ið1Þ for Λþ
c → nK0

Sπ
þ are defined asNK̄ isospin singlet and

isospin triplet. Based on isospin symmetry, the ratio R
between the moduli of the two isospin amplitudes is

jIð1Þj
jIð0Þj ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BðpK−πþÞ þ BðnK̄0πþÞ − BðpK̄0π0Þ

2BðpK̄0π0Þ

s
; ð1Þ

and their relative strong phase

cosδ

¼ BðnK̄0πþÞ−BðpK−πþÞ
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BðpK̄0π0ÞðBðpK−πþÞþBðnK̄0πþÞ−BðpK̄0π0ÞÞ

p :

ð2Þ

Therefore, R and cos δ can be extracted using the measured
branching fractions (BFs) of pK−πþ, pK̄0π0 and nK̄0πþ.
The Λþ

c → nK̄0πþ decay is one of the significant decays
of the Λþ

c involving a neutron. Figures 1(a)–1(c) show the
leading-order topological diagrams for Λþ

c → nK̄0πþ,
which proceed via internal W emission, external W
emission, and W exchange, respectively. Hence, Λþ

c →
nK̄0πþ decay is dominated by the weak transition c → sud̄.
The external W-emission diagram, as shown in Fig. 1(b),
where a πþ is emitted and the NK̄ forms an isospin singlet,
is dominated by Ið0Þ. If factorization works, nonfactorizable
components, such as Fig. 1(c), contribute far less than
external and internal W-emission diagrams, so the ampli-
tude of Λþ

c → nK0
Sπ

þ is dominated by Ið0Þ, and the two
independent isospin amplitudes are real with vanishing
phases at leading order. The measured R can be used to
validate the factorization scheme in Λþ

c decays, and the
measured cos δ provides essential input for the analysis of
hadronic decays into other baryons and testing isospin
symmetry. In 2014, BESIII measured the BF of Λþ

c →
nK0

Sπ
þ for the first time to be ð1.82� 0.25Þ% [7].

Combining with the known BFs of Λþ
c → pK̄0π0 and

Λþ
c → pK−πþ [8], R and cos δ are evaluated to be 1.14�

0.11 and −0.24� 0.08, respectively.
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The Λþ
c → nK̄0Kþ decay is a singly-Cabibbo-

suppressed process. Figures 1(d) and 1(f) show the lead-
ing-order topological diagrams for Λþ

c → nK̄0Kþ, which
proceed via external W emission and inner W emission,
respectively. Hence, the Λþ

c → nK̄0Kþ decay is dominated
by two weak transitions, c → ss̄u and c → dd̄u. Therefore,
we cannot define physical quantities based on isospin
symmetry for Λþ

c → nK̄0Kþ and its isospin partners Λþ
c →

pKþK− andΛþ
c → pK0K̄0. Instead, themeasurement of the

BF of Λþ
c → nK0

SK
þ can help us to understand the non-

factorizable contribution ofΛþ
c decays. However, there is no

experimental measurement of Λþ
c → nK0

SK
þ available yet.

In this paper, we report the measurement of branching
fraction of Λþ

c → nK0
Sπ

þ with an improved precision and
the first evidence of Λþ

c → nK0
SK

þ, using 4.5 fb−1 of eþe−

collision data collected at center-of-mass (c.m.) energies
between 4599.53 and 4698.82 MeV with the BESIII
detector. Since these energy points are just above the
Λþ
c Λ̄−

c pair production threshold, the Λþ
c Λ̄−

c pairs are
produced cleanly without additional fragmentation
hadrons, which makes it feasible to apply the double-tag
(DT) method [9] and reconstruct the neutron with a
missing-mass technique. The Λ̄−

c , denoted as single-tag
(ST) candidate, is reconstructed using 11 exclusive had-
ronic decay modes, as listed in Table I. The Λþ

c is
reconstructed in the system recoiling against the ST
candidate, and an event containing an ST Λ̄−

c and a signal
Λþ
c is denoted as the DT candidate. Charge conjugation is

always implied throughout this paper.

II. BESIII EXPERIMENT AND MONTE CARLO
SIMULATION

The BESIII detector [10] records symmetric eþe−
collisions provided by the BEPCII storage ring [11] in
the c.m. energy range from 2.0 to 4.95 GeV, with a peak
luminosity of 1.0 × 1033 cm−2 s−1 achieved at a c.m.
energy of

ffiffiffi
s

p ¼ 3.77 GeV. BESIII has collected large data
samples in this energy region [12]. The cylindrical core of
the BESIII detector covers 93% of the full solid angle and
comprises 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

TABLE I. The ST yields NST
i at the seven energy points and the totals. The uncertainties are statistical only.

NST
i 4599.53 MeV 4611.86 MeV 4628.00 MeV 4640.91 MeV 4661.24 MeV 4681.92 MeV 4698.82 MeV Total

p̄K0
S 1243� 35 226� 15 994� 33 1048� 34 1044� 33 3141� 57 889� 30 8585� 95

p̄Kþπ− 6607� 89 1094� 37 5513� 37 5842� 83 5447� 79 15919� 134 4680� 73 45102� 217

p̄K0
Sπ

0 587� 33 119� 16 569� 33 552� 33 527� 32 1591� 56 414� 30 4359� 93

p̄K0
Sπ

−πþ 594� 33 100� 15 475� 30 484� 30 487� 21 1365� 51 414� 28 3919� 83

p̄Kþπ−π0 1965� 71 331� 30 1453� 75 1458� 63 1460� 63 4361� 109 1172� 62 12200� 188

Λ̄π− 738� 27 116� 11 636� 27 664� 27 624� 26 1916� 45 495� 23 5189� 74

Λ̄π−π0 1681� 54 281� 22 1342� 50 1483� 50 1338� 46 3900� 78 1145� 43 11170� 136

Λ̄π−πþπ− 744� 35 130� 14 547� 31 690� 34 703� 33 1847� 55 569� 31 5230� 93

Σ̄0π− 502� 25 95� 12 384� 22 413� 23 414� 22 1267� 38 334� 20 3409� 64

Σ̄−π0 309� 24 68� 10 242� 21 271� 22 264� 22 770� 38 216� 21 2140� 63

Σ̄−π−πþ 1146� 47 204� 21 922� 19 995� 46 949� 44 2729� 79 848� 42 7793� 123

Total 16116� 157 2764� 67 13077� 125 13900� 147 13257� 140 38806� 243 11176� 133 109096�403

FIG. 1. Topological diagrams for (a)–(c) Λþ
c → nK̄0πþ and

(d),(e) Λþ
c → nK̄0Kþ.
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octagonal flux-return yoke which is segmented into layers
and instrumented with resistive plate counter modules for
muon identification. The charged-particle momentum res-
olution at 1 GeV=c is 0.5%, and ionization energy loss
dE=dx resolution is 6% for electrons from Bhabha scatter-
ing. 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 110 ps. The end cap TOF system
was upgraded in 2015 using multigap resistive plate
chamber technology, providing a time resolution of
60 ps [13–15]. About 85% of the Λþ

c Λ̄−
c pairs are produced

in data taken after this upgrade. More detailed descriptions
can be found in Refs. [10,11].
Simulated data samples are produced with a GEANT4-

based [16] Monte Carlo (MC) package, which includes the
geometric description of the BESIII detector [17–19] and
the time-dependent detector response. The simulation
models the beam-energy spread and initial-state radiation
(ISR) in the eþe− annihilations with the generator KKMC

[20]. Final-state radiation from charged final-state particles
is incorporated using PHOTOS [21] package.
The “inclusive MC sample” includes the production of

Λþ
c Λ̄−

c pairs, open-charmed mesons, ISR production of
vector charmonium(like) states, and continuum processes
which are incorporated in KKMC [20,22]. All the known
decay modes are modeled with EVTGEN [23,24] using the
BFs taken from the PDG [8]. The remaining unknown
charmonium decays aremodeledwith LUNDCHARM [25,26].
The inclusive MC sample is used to determine the ST
efficiencies and estimate backgrounds. The “signal MC
sample” denotes the exclusive processeswhere Λ̄−

c decays to
11 ST modes and Λþ

c decays to Λþ
c → nK0

Sπ
þ or Λþ

c →
nK0

SK
þ, withK0

S → πþπ−. The signal MC samples are used
to evaluate the DTefficiencies and extract the signal shapes.
The Λþ

c → nK0
Sπ

þ and Λþ
c → nK0

SK
þ signal MC samples

are simulated with a phase space (PHSP) model, where the
events are evenly distributed in PHSP. For Λþ

c → nK0
Sπ

þ,
the two-body invariant mass distributions have been
weighted to match those of data, as detailed in Sec. IV.
The “exclusive background MC sample” denotes the exclu-
sive processes where Λ̄−

c decays to 11 ST modes and Λþ
c

decays to nπþπ−πþ, Σþπ−πþ and Σ−πþπþ. The MC
samples for the dominant backgrounds are utilized to
estimate the contamination rates and extract peaking back-
ground shapes.

III. EVENT SELECTION

The selection criteria for ST candidates are the same as
Ref. [27]. The ST Λ̄−

c baryons are identified with beam-
constrained mass MBC ≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

E2
beam=c

4 − p2=c2
p

, where
Ebeam is the beam energy and p is the measured momentum
of Λ̄−

c in the c.m. system of eþe− collision. The signal
and sideband regions for ST candidates are chosen

as ð2.280; 2.296Þ GeV=c2 and ð2.250; 2.270Þ GeV=c2,
respectively. Candidates falling in the signal region are
retained for further signal-side reconstruction, and those
falling in the sideband region are used to estimate back-
ground contributions.
Two signal channels are reconstructed through the decays

Λþ
c → nK0

Sπ
þ andΛþ

c →nK0
SK

þ withK0
S → πþπ−, recoiling

against the ST candidates. Charged tracks detected in the
MDC are required to be within a polar angle (θ) range of
j cos θj < 0.93, where θ is defined with respect to the z axis,
which is the symmetry axis of theMDC.TheK0

S candidate is
reconstructed from two oppositely charged tracks satisfying
jVzj < 20 cm, where Vz denotes the closest distance from
the track itself to the eþe− interaction point (IP) along z axis.
No distance constraint in xy plane is required. A loose
particle identification (PID) [28] requirement is imposed on
the two charged tracks. The loose PID procedure uses
information from either the time of flight in the TOF or
the dE=dx in the MDC to calculate χ2h (h ¼ π, K) for each
hadron h hypothesis. Charged tracks from the K0

S are
identified as pions when either χ2π or χ2K is less than 4.
The pions are constrained to originate from a common
vertex. The decay length of theK0

S candidate is required to be
greater than twice thevertex resolution away from the IP, i.e.,
L=σL > 2, where L and σL denote the three-dimensional
(3D) decay length and its uncertainty, respectively. If there
are multiple K0

S candidates, the one with the largest L=σL
is kept.
Apart from the K0

S candidate, we require one additional
charged track. The remaining charged pion (kaon) is further
required to satisfy jVzj < 10 cm and Vr < 1 cm, where Vr
denotes the distance to the IP in xy plane, and they must
also pass the requirements on the loose PID χ2π;K given
above. The PID likelihood LðhÞ (h ¼ p, K, π) is calculated
combining measurements of the energy deposited in the
MDC (dE=dx) and the flight time in the TOF for each
hadron h hypothesis. The charged tracks are identified as
pions when LðπÞ > LðKÞ and LðπÞ > 0 and identified as
kaons when LðKÞ > LðπÞ and LðKÞ > 0.
The undetected neutron candidates are identified with the

kinematic variable, M2
miss ≡ E2

miss=c
4 − jp⃗missj2=c2. Here,

Emiss and p⃗miss are calculated by Emiss ≡ Ebeam − Erec and
p⃗miss ≡ p⃗Λþ

c
− p⃗rec, respectively, where Erecðp⃗recÞ is the

energy (momentum) of the three reconstructed tracks in
the eþe− c.m. system, and the momentum of the particles
from K0

S decay are calculated with respect to the K0
S

vertex. The Λþ
c momentum p⃗Λþ

c
is derived by p⃗Λþ

c
≡

−p̂tag

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E2
beam=c

2−m2
Λþ
c
c2

q
,where p̂tag is themomentumdirec-

tion of Λ̄−
c and mΛþ

c
is the nominal mass of the Λþ

c [8]. The
M2

miss spectrum is expected to peak around 0.883 GeV2=c4,
which is the nominal neutron mass squared [8].
A study of the inclusive MC sample shows that there are

potential peaking backgrounds for both signal processes.
For Λþ

c → nK0
Sπ

þ, we require the invariant mass differences
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Mnπþ −Mmiss and Mnπ− −Mmiss not to fall in the
ranges ð0.235; 0.265Þ GeV=c2 or ð0.240; 0.270Þ GeV=c2
to eliminate the contributions from Λþ

c → Σþπþπ−
and Λþ

c → Σ−πþπþ, respectively, where Mnπþ is the
invariant mass of the missing neutron and the πþ. For
Λþ
c → nK0

SK
þ, we require the invariant mass differences

Mnπþ −Mmiss and Mnπ− −Mmiss to be outside the intervals
ð0.240; 0.260Þ GeV=c2 and ð0.248; 0.268Þ GeV=c2,

respectively, to suppress contributions from Λþ
c →

Σþπ−Kþ and Λþ
c → Σ−πþKþ.

IV. ABSOLUTE BF MEASUREMENTS

The signal yield of Λþ
c → nK0

Sπ
þ or Λþ

c → nK0
SK

þ is
determined by a two-dimensional (2D) unbinned maximum
likelihood fit to the spectra of M2

miss and Mπþπ− with the
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FIG. 2. The top and bottom sections in each of the four plots show data from the signal and sideband regions inMBC, respectively. The
black dots with error bars represent data, the green solid lines represent the total fit results, the blue dashed lines represent the signal
shapes, and the magenta dashed (solid) lines represent the non-Λþ

c backgrounds in signal (sideband) region. For Λþ
c → nK0

Sπ
þ, the

peaking and flat backgrounds from Λþ
c decays are represented by the red and teal dashed lines, respectively. For Λþ

c → nK0
SK

þ, the Λþ
c

backgrounds are represented by the red dashed lines. All these signal and background components are drawn separately.
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combined datasets of seven energy points. Figure 2 shows
the projections of 2D fits to the data samples for each mode.
The signal shapes are extracted from signal MC samples
and then convolved with 2D Gaussian functions accounting
for the data-MC difference in the detection resolution. The
parameters of Gaussian functions are derived from one-
dimensional fit to the data sample of Λþ

c → nK0
Sπ

þ and
fixed in the 2D fit.
For Λþ

c → nK0
Sπ

þ, a small amount of background
remains which peaks in M2

miss spectrum including Λþ
c →

nπþπ−πþ, Λþ
c → Σþπ−πþ, and Λþ

c → Σ−πþπþ, which are
flat in the Mπþπ− spectrum.
The contamination rates of these channels are estimated

using exclusive background MC samples with the corre-
sponding BFs taken from Refs. [8,27]. The background
yields obtained are 9.2� 0.5, 12.7� 1.5 and 7.7� 1.4 for
Λþ
c → nπþπ−πþ, Λþ

c → Σþπ−πþ, and Λþ
c → Σ−πþπþ,

respectively. Backgrounds from other Λþ
c channels are flat

in both the M2
miss and Mπþπ− spectra, which are described

by a product of two flat functions in the M2
miss and Mπþπ−

dimensions.
For Λþ

c → nK0
SK

þ, the background processes, such as
Λþ
c → pK0

Sπ
0π0, peak inMπþπ− and are flat inM2

miss. Other
Λþ
c backgrounds are flat in both M2

miss and Mπþπ− spectra.
Therefore, the background from Λþ

c decays, fΛþ
c bkg, is

modeled as a product of flat background shape in theM2
miss

dimension and a sum of two probability density functions
(PDFs) in the Mπþπ− dimension, specifically, a constant
function, k0, and a K0

S shape, fK0
S shape, convolved with a

Gaussian function, fGaus:

fΛþ
c bkg ∝ k0 · ½ð1 − FÞ · k0 þ F · fK0

S shape ⊗ fGaus�; ð3Þ

where F denotes the fraction of the K0
S component which is

floating in the fit.
The background originating from mistagged Λ̄−

c is
denoted as non-Λþ

c background. Many K0
S are produced

in the continuum hadron process, and so the non-Λþ
c

background includes a peak in Mπþπ− and is flat in
M2

miss. The non-Λþ
c background PDF fnon−Λþ

c
is described

by a product of a polynomial, fPoly, in theM2
miss dimension

and a two-component PDF in the Mπþπ− dimension. This
PDF is the sum of a linear function and a K0

S peak shape
convolved with a Gaussian:

fnon-Λþ
c
∝ fPoly · ½ð1 − F2Þ · fPoly þ F2 · fK0

S shape ⊗ fGaus�;
ð4Þ

where fPoly represents a first-order Chebyshev polynomial
for Λþ

c → nK0
Sπ

þ, flat mass-independent function for
Λþ
c → nK0

SK
þ, F2 denotes the fraction of K0

S component
floated in the fit. The yield and shape of the non-Λþ

c
background are shared with the datasets in the sideband

region ofMBC in the ST side. The yield ratio between signal
region and sideband region, denoted as A, is fixed to
1.262� 0.005 according to the fit to the ST MBC
distributions.
The signal yields for Λþ

c → nK0
Sπ

þ and Λþ
c → nK0

SK
þ

are 556.4� 25.5 and 8.8þ3.9
−3.1 , respectively, where the

uncertainties are statistical. The statistical significances
of Λþ

c → nK0
Sπ

þ and Λþ
c → nK0

SK
þ are > 10σ and 3.8σ,

respectively, as calculated based on the difference of the log
likelihood with and without including the signal compo-
nent in the fit.
The BFs of Λþ

c → nK0
Sπ

þ and Λþ
c → nK0

SK
þ are deter-

mined by

B ¼ NDT

P
ij N

ST
ij · ðεDTij =εSTij Þ · Bint

; ð5Þ

where the indices i and j denote the ST modes and seven
c.m. energies, respectively; Bint denotes the BF of K0

S →
πþπ− [8]; NDT represents the total signal yields summing
over 11 ST modes and seven energy points; εDTij , NST

ij , and
εSTij represent DT efficiencies, ST yields, and ST efficien-
cies, respectively.
The determinations of the ST yields and ST efficiencies

are the same as Ref. [27]. For Λþ
c → nK0

Sπ
þ, the hep_ml

[29] package is utilized to reweight the PHSP MC sample
to consider potential intermediate states. The PHSP MC
samples are trained with background-subtracted data in the
MnK0

S
, Mnπþ , and MK0

Sπ
þ spectra based on boosted decision

trees (BDTs), and the weight is calculated accordingly for
each event. The weighted signal MC samples are used to
estimate the DT efficiencies for Λþ

c → nK0
Sπ

þ. The DT
efficiencies for Λþ

c → nK0
SK

þ are estimated by PHSP MC
samples. The STyields, ST efficiencies, and DTefficiencies
at the seven energy points are listed in Tables I–IV. Finally,
the BFs are determined to be ð1.86� 0.08Þ × 10−2 and
ð3.9þ1.7

−1.4Þ × 10−4 for Λþ
c → nK0

Sπ
þ and Λþ

c → nK0
SK

þ,
respectively, where only statistical uncertainty is
considered.

V. SYSTEMATIC UNCERTAINTIES

Most systematic uncertainties from the ST side cancel
out in the BF measurements, as illustrated in Eq. (5).
Systematic uncertainties from different sources are sum-
marized in Table V and discussed in the following.

(I) No extra charged track. We use the control sample
Λþ
c → Σ−ðnπ−Þπþπþ to estimate the systematic

uncertainty due to the extra charged track veto.
We require only three charged tracks remain
recoiling against the ST side; the efficiency differ-
ence 1.5% between data and MC simulation is
assigned as the systematic uncertainty.
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TABLE II. The ST efficiencies εSTi at the seven energy points. The uncertainties are statistical only and the quoted efficiencies do not
include the K0

S BF.

εSTi ð%Þ 4599.53 MeV 4611.86 MeV 4628.00 MeV 4640.91 MeV 4661.24 MeV 4681.92 MeV 4698.82 MeV

p̄K0
S 54.6� 0.2 50.8� 0.6 48.9� 0.2 47.9� 0.2 46.4� 0.2 45.2� 0.1 44.1� 0.2

p̄Kþπ− 49.9� 0.1 47.8� 0.2 46.1� 0.1 45.3� 0.1 44.3� 0.1 42.8� 0.1 41.9� 0.1
p̄K0

Sπ
0 22.2� 0.2 20.8� 0.4 19.2� 0.2 19.1� 0.2 18.2� 0.2 17.6� 0.1 16.7� 0.2

p̄K0
Sπ

−πþ 22.8� 0.2 20.4� 0.4 19.2� 0.2 19.3� 0.2 18.3� 0.2 18.7� 0.1 17.4� 0.2

p̄Kþπ−π0 19.4� 0.1 18.1� 0.2 16.8� 0.1 16.2� 0.1 15.7� 0.1 15.4� 0.0 14.9� 0.1

Λ̄π− 47.1� 0.3 44.2� 0.6 40.7� 0.3 40.2� 0.3 38.8� 0.3 38.2� 0.2 36.2� 0.3

Λ̄π−π0 20.8� 0.1 18.4� 0.2 17.6� 0.1 17.5� 0.1 16.9� 0.1 16.1� 0.1 15.7� 0.1

Λ̄π−πþπ− 15.1� 0.1 12.7� 0.3 12.7� 0.1 13.2� 0.1 12.7� 0.1 12.5� 0.1 13.0� 0.1

Σ̄0π− 28.4� 0.2 24.8� 0.5 25.3� 0.2 24.2� 0.2 24.0� 0.2 23.2� 0.1 21.9� 0.2
Σ̄−π0 22.8� 0.3 21.0� 0.6 21.5� 0.3 22.3� 0.3 20.5� 0.3 19.6� 0.1 18.3� 0.3
Σ̄−π−πþ 24.5� 0.1 23.8� 0.3 21.9� 0.1 21.6� 0.1 20.9� 0.1 20.0� 0.1 19.9� 0.1

TABLE III. The DT efficiencies of Λþ
c → nK0

Sπ
þ, εDTi , at the seven energy points. The uncertainties are statistical only and the quoted

efficiencies do not include the K0
S BF.

εDTi ð%Þ 4599.53 MeV 4611.86 MeV 4628.00 MeV 4640.91 MeV 4661.24 MeV 4681.92 MeV 4698.82 MeV

p̄K0
S 23.1� 0.1 21.1� 0.1 19.7� 0.1 19.2� 0.1 18.9� 0.1 18.5� 0.2 17.7� 0.1

p̄Kþπ− 20.1� 0.1 19.0� 0.1 18.1� 0.1 17.6� 0.1 17.8� 0.1 17.3� 0.2 16.6� 0.1
p̄K0

Sπ
0 8.9� 0.1 8.1� 0.1 7.7� 0.1 7.4� 0.1 7.3� 0.1 7.1� 0.1 6.9� 0.1

p̄K0
Sπ

−πþ 8.1� 0.1 7.1� 0.1 6.7� 0.1 6.5� 0.1 6.8� 0.1 6.3� 0.1 6.0� 0.1
p̄Kþπ−π0 8.0� 0.1 7.2� 0.1 6.8� 0.1 6.6� 0.1 6.6� 0.1 6.3� 0.1 6.0� 0.1
Λ̄π− 19.5� 0.1 17.3� 0.1 16.4� 0.1 16.5� 0.1 15.9� 0.1 15.0� 0.2 14.5� 0.1
Λ̄π−π0 8.3� 0.1 7.3� 0.1 6.9� 0.1 6.6� 0.1 6.5� 0.1 6.4� 0.1 6.0� 0.1
Λ̄π−πþπ− 5.5� 0.1 4.8� 0.1 4.6� 0.1 4.7� 0.1 4.6� 0.1 4.4� 0.1 4.4� 0.1
Σ̄0π− 11.7� 0.1 10.5� 0.1 9.8� 0.1 9.9� 0.1 9.3� 0.1 9.2� 0.1 8.8� 0.1
Σ̄−π0 9.8� 0.1 9.5� 0.1 8.7� 0.1 8.3� 0.1 8.0� 0.1 7.8� 0.1 7.6� 0.1
Σ̄−π−πþ 10.0� 0.1 9.1� 0.1 8.8� 0.1 8.6� 0.1 8.5� 0.1 7.9� 0.1 7.8� 0.1

TABLE IV. The DTefficiencies ofΛþ
c → nK0

SK
þ, ε0DTi , at the seven energy points. The uncertainties are statistical only and the quoted

efficiencies do not include the K0
S BF.

ε0DTi ð%Þ 4599.53 MeV 4611.86 MeV 4628.00 MeV 4640.91 MeV 4661.24 MeV 4681.92 MeV 4698.82 MeV

p̄K0
S 17.5� 0.1 15.6� 0.1 14.9� 0.1 14.6� 0.1 14.4� 0.1 13.9� 0.1 13.3� 0.1

p̄Kþπ− 15.6� 0.1 14.5� 0.1 13.8� 0.1 13.6� 0.1 13.3� 0.1 13.1� 0.1 12.7� 0.1
p̄K0

Sπ
0 6.8� 0.1 6.1� 0.1 5.7� 0.1 5.6� 0.1 5.4� 0.1 5.4� 0.1 5.4� 0.1

p̄K0
Sπ

−πþ 5.9� 0.1 5.1� 0.1 4.8� 0.1 4.7� 0.1 4.8� 0.1 4.8� 0.1 4.7� 0.1
p̄Kþπ−π0 5.6� 0.1 5.3� 0.1 4.9� 0.1 4.8� 0.1 4.5� 0.1 4.5� 0.1 4.4� 0.1
Λ̄π− 14.8� 0.1 13.1� 0.1 12.3� 0.1 12.2� 0.1 11.9� 0.1 11.7� 0.1 11.1� 0.1
Λ̄π−π0 6.2� 0.1 5.4� 0.1 5.1� 0.1 4.9� 0.1 4.7� 0.1 4.6� 0.1 4.6� 0.1
Λ̄π−πþπ− 4.1� 0.1 3.5� 0.1 3.4� 0.1 3.4� 0.1 3.4� 0.1 3.3� 0.1 3.2� 0.1
Σ̄0π− 8.9� 0.1 7.9� 0.1 7.5� 0.1 7.3� 0.1 7.0� 0.1 6.9� 0.1 6.7� 0.1
Σ̄−π0 7.4� 0.1 7.0� 0.1 6.6� 0.1 6.3� 0.1 6.4� 0.1 5.9� 0.1 5.6� 0.1
Σ̄−π−πþ 7.8� 0.1 6.9� 0.1 6.7� 0.1 6.3� 0.1 6.1� 0.1 6.1� 0.1 5.8� 0.1
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(II) πþ, Kþ tracking and PID. We select a series of
control samples, eþe−→KþK−πþπ−;KþK−KþK−,
KþK−πþπ−π0; πþπ−πþπ−, and πþπ−πþπ−π0 [30],
to study πþ, Kþ tracking and PID efficiencies. The
momentum weighted efficiency difference between
data and MC simulation is taken as the systematic
uncertainty, following the method described in
Refs. [31,32]. The combined systematic uncertain-
ties of tracking and PID for πþ and Kþ are evaluated
to be 0.6% and 1.4%, respectively.

(III) K0
S reconstruction. We use the control samples

J=ψ → K�ð892Þ∓K� and J=ψ → ϕK0
SK

∓π�. The
systematic uncertainties of K0

S reconstruction are
1.1% and 1.8% for Λþ

c →nK0
Sπ

þ and Λþ
c → nK0

SK
þ,

respectively.
(IV) Σππ, ΣKπ veto. We use the control samples Λþ

c →
Σþπþπ− and Λþ

c → Σ−πþπþ to study the resolution
difference between data and MC simulation in the
Mnπþ −Mn and Mnπ− −Mn spectra. The resolution
difference is described by a Gaussian function which
is used to correct the mass spectrum of the signal
MC sample. The relative change of efficiencies
before and after applying the resolution correction
is taken as the systematic uncertainty. The mean and
standard deviation of the Gaussian function are of
order 10−4 GeV=c2, so the systematic uncertainty is
negligible.

(V) Estimation of Λþ
c peaking backgrounds. This un-

certainty contains two parts: the contamination rates
and the input BFs of Σππ and nπþπ−πþ. With the
same Gaussian smearing applied as for the previous
Σππ=ΣKπ veto, the difference between data and MC

simulation of these backgrounds is found to be
negligible. The uncertainties of the input BFs are
propagated to the peaking background yields, which
are listed in Sec. IV. We vary the peaking back-
ground yields within their uncertainties in the fit, and
the largest difference of signal yields is also found to
be negligible.

(VI) Intermediate BF. The propagated uncertainty of the
K0

S → πþπ− BF [8] in Eq. (5) gives a 0.1% un-
certainty on the BF of signal channels.

(VII) MC statistics. The statistical uncertainties of DT
efficiencies, ST yields and ST efficiencies are propa-
gated to the BFs of signal channels according to
Eq. (5), which contributes a 0.4% uncertainty.

(VIII) Fitting models for the ST side. The systematic
uncertainty due to the fitting models for the ST
side, 0.2%, is quoted from Ref. [27].

(IX) MC model. In the nominal analysis, the DT efficien-
cies for Λþ

c → nK0
Sπ

þ are estimated by the BDT-
weighted signal MC sample. The hyperparameters of
the BDT include the number of trees, the learning
rate, maximal depth of the trees, the minimal number
of events in the leaf, and the number of folds, which
are (300, 0.01, 10, 200, and 3), respectively. To
estimate the systematic uncertainty from the training
parameters, we use another four sets of hyperpara-
meters (250, 0.01, 10, 200, 3), (350, 0.01, 10, 200, 3),
(300, 0.01, 5, 200, 3), and (300, 0.01, 15, 200, 3) to
train the signal MC samples, obtaining four alter-
native sets of DT efficiencies. The largest difference
between the alternative and nominal DT efficiencies
is assigned as the systematic uncertainty, which is
0.7%. To estimate the systematic uncertainty from the
background-subtracted data sample used in the train-
ing, we train the signalMC samplewith an alternative
pseudo dataset to obtain another set of DT efficien-
cies. The alternative one is generated by randomly
sampling from the nominal dataset with replacement,
with the sampling rate Poisson fluctuated. The differ-
ence between the nominal and alternative efficien-
cies, 0.6%, is taken as the systematic uncertainty. The
total systematic uncertainty from the signal MC
sample for Λþ

c → nK0
Sπ

þ is calculated to be 0.9%.
Given the limited statistics of Λþ

c → nK0
SK

þ, we
generate six sets of signalMC samples containing the
resonances Λð1520Þ, Λð1670Þ, Σð1660Þ, Σð1750Þ,
a0ð980Þ, and a2ð1320Þ. Seven sets of DTefficiencies
are calculated based on these resonant signal MC
samples and also three-body phase space. The mean
value of these efficiencies is almost the same as the
nominal DT efficiency. The root mean square, 6.7%,
is taken as the systematic uncertainty.

(X) Ratio A. The signal-to-sideband ratio A is varied
�1σ and alternative signal yields are obtained; the
differences from the nominal yields are negligible.

TABLE V. Relative systematic uncertainties in percentage for
the BF measurements. The total systematic uncertainty is the sum
in quadrature of the individual components. “—” indicates cases
with no uncertainty or negligible.

Source nK0
Sπ

þ nK0
SK

þ

Multiplicative systematic uncertainties
Extra charged track veto 1.5 1.5
πþ, Kþ tracking and PID 0.6 1.4
K0

S reconstruction 1.1 1.8
Σππ, ΣKπ vetoes — —
Σππ and nπþπ−πþ background — —
Intermediate BF 0.1 0.1
MC statistics 0.4 0.4
ST fitting models 0.2 0.2
MC model 0.9 6.7
Multiplicative total 2.2 7.2

Additive systematic uncertainties
Ratio A — —
Fitting models in the signal side 0.5 3.4
Additive total 0.5 3.4

Total 2.3 8.0
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(XI) Fitting models for the signal side. The systematic
uncertainty from the fitting model results from signal
and background shapes. We vary the smearing
Gaussian parameters within the uncertainties and
change the flat mass-independent function (first-
order Chebyshev polynomial) to a first-order
(second-order Chebyshev) polynomial. For Λþ

c →
nK0

Sπ
þ, 7000 pseudo datasets are generated ran-

domly, where for each pseudo dataset the fitting
model parameters are varied randomly. The pull
distribution of the fitted BFs in pseudo datasets
indicates a relative shift of 0.5%, which is assigned
as the systematic uncertainty. For Λþ

c → nK0
SK

þ,
due to the limited statistics, we vary the fitting model
parameters in the fit. The largest difference of the
fitted signal yields from the nominal and alternative
fits, 3.4%, is taken as the systematic uncertainty.

We add the systematic uncertainties in quadrature, and
the BFs for Λþ

c → nK0
Sπ

þ and Λþ
c → nK0

SK
þ are calcu-

lated to be ð1.86�0.08�0.04Þ×10−2 and ð3.9þ1.7
−1.4 � 0.3Þ×

10−4, respectively. Here, the first uncertainties are statistical
and the second systematic. The significance considering
systematic uncertainties is calculated by smearing the
likelihood curve with additive systematic uncertainties.
The additive systematic uncertainties include the ratio A
and fitting model in the signal side, while others are
multiplicative, as shown in Table V. The multiplicative
systematic uncertainties only affect the scaling of the BFs
and do not affect the significance. Finally, the significance
for Λþ

c → nK0
Sπ

þ is greater than 10σ, and the significance
for Λþ

c → nK0
SK

þ is 3.7σ.

VI. SUMMARY

Based on eþe− collision samples with a total integrated
luminosity of 4.5 fb−1 collected with the BESIII detector at
seven energy points between 4599.53 and 4698.82 MeV,
we measure the absolute BF of Λþ

c → nK0
Sπ

þ with the
precision improved by a factor of 2.8 [8] and report the first
evidence of Λþ

c → nK0
SK

þ. The BFs for Λþ
c → nK0

Sπ
þ and

Λþ
c → nK0

SK
þ are determined to be ð1.86� 0.08� 0.04Þ ×

10−2 and ð3.9þ1.7
−1.4 � 0.3Þ × 10−4, with a significance of

> 10σ and 3.7σ, respectively. Table VI shows the com-
parison of the experimental BFs of Λþ

c → nK0
Sπ

þ and

Λþ
c → nK0

SK
þ with theoretical predictions, where we

assume the BFs with a K̄0 are exactly twice those observed
with a K0

S. The theoretical predictions for these two
channels are based on SU(3) flavor symmetry. The pre-
dictions for the BF of Λþ

c → nK0
Sπ

þ are 3–4 times smaller
than the experimental result from BESIII, indicating the
existence of resonance states or high-wave contributions
which have not been clearly identified. The ratio between
two isospin amplitudes R is evaluated to be 0.88� 0.05,
which indicates that Ið1Þ is also dominated in the dynamics,
whereas Ið1Þ is negligible compared with Ið0Þ in the
factorization scheme [4,5]. Hence, the factorization scheme
appears to be violated in the dynamics of Λþ

c → nK0
Sπ

þ.
Other experimental results also reveal that the factorization
scheme is violated in describing the dynamics of hadronic
decays of Λþ

c : the measured branching fractions of the
decays Λþ

c → Σ0πþ, Λþ
c → Σþπ0, and Λþ

c → Ξ0Kþ are at
the magnitude of 10−2 [8], even though no factorization
diagrams contribute in these decays. The strong phase cos δ
is calculated to be −0.26� 0.03, a higher precision result
than before [7]; this is useful experimental input for
understanding final-state interactions in Λþ

c decays and
predicting the BFs of hadronic decays (for example, with
final states containing a Λ baryon [6]). The measured BF
for Λþ

c → nK0
SK

þ is 3.8σ lower (2.4σ lower) than predicted
by Geng [33] (predicted by Cen [34]). Thus, more
theoretical work is needed to understand the three-body
decays of Λþ

c .
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