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Based on a data sample of ð10087� 44Þ × 106 J=ψ events collected with the BESIII detector, the
branching fraction of J=ψ → Λ̄πþΣ− þ c:c: is measured to be ð1.221� 0.002� 0.038Þ × 10−3, and the
branching fraction of its isospin partner mode J=ψ → Λ̄π−Σþ þ c:c: is measured to be ð1.244� 0.002�
0.045Þ × 10−3 with improved precision. Here the first uncertainties are statistical and the second ones
systematic. The isospin symmetry of the Σ baryon in charmonium hadronic decay and the “12% rule” are
tested, and no violation is found. The potential of using these channels as Σ baryon sources for nuclear
physics research is studied, and the momentum and angular distributions of these sources are provided.

DOI: 10.1103/PhysRevD.108.112012

I. INTRODUCTION

The decay of vector charmonium states, J=ψ and
ψð3686Þ, into light hadron final states occurs through
the annihilation of cc̄ into gluons or virtual photons,
providing insights into strong and electromagnetic inter-
actions. However, the nonperturbative nature of these
processes makes theoretical calculations challenging.
The hadronic decay patterns can be used to guide the
theoretical understanding of the decay dynamics for
charmonium states.
Based on the perturbative QCD, the ratios of the

ψð3686Þ to the J=ψ decaying into the same final state
(h) are almost the same for many different final states, and
follow the “12% rule” [1–3], i.e.

Qh ¼
Bðψð3686Þ → hÞ
BðJ=ψ → hÞ

¼ Bðψð3686Þ → eþe−Þ
BðJ=ψ → eþe−Þ

¼ 12%: ð1Þ

However, some decay modes have been found violating
this rule, with a ratio either suppressed or enhanced relative
to 12%. The ρπ mode was found to be suppressed by about
2 orders of magnitude [4–6], whereas the K0

SK
0
L mode was

enhanced [7–10] by a factor of 2. Many theoretical models
were proposed to solve the “ρπ puzzle” and other related
measurements [11], but none of them is satisfactory [12].
Among the experimental measurements, the final states

with baryons involved follow the “12% rule” reasonably
well [11]. Whether this phenomenon is universal for all
baryonic final states or there are also channels violating the
“12% rule” yet to be discovered is still an open question. In
this article, we extend the study to three-body decays of
J=ψ → Λ̄π�Σ∓ þ c:c: where two different final states exist
corresponding to the isotriplet Σ baryons. Our measure-
ments will allow a test of the “12% rule” between ψð3686Þ
and J=ψ decays and a test of the isospin symmetry in these
two modes. In a previous study, a significant difference in
the cross sections of eþe− → ΣþΣ̄− and Σ−Σ̄þ has been
observed in nonresonant energy region [13]. Since there is
also an electromagnetic amplitude contributing to J=ψ
decays into light hadrons, isospin breaking in J=ψ →
Λ̄πΣþ c:c: is not unexpected, although the magnitude of
the effect is hard to predict.
In addition to the study of the charmonium decay

dynamics, a recent proposal suggested to use the tagged
Σ baryons from J=ψ → Λ̄πΣ as particle sources to study the
Σ-nucleon interactions with high precision and supply
important data in understanding high-density nuclear mat-
ter, such as in neutron stars [14–16]. A super J=ψ factory
with eþe− annihilations at a center-of-mass energy (

ffiffiffi
s

p
) of

3.097 GeV, which can generate 1012 or more J=ψ events
per year, may provide plenty of (anti)hyperons as sources
of baryons to interact with nuclear targets put outside of the

dAlso at Goethe University Frankfurt, 60323 Frankfurt am
Main, Germany.

eAlso at Key Laboratory for Particle Physics, Astrophysics
and Cosmology, Ministry of Education, Shanghai Key Laboratory
for Particle Physics and Cosmology, Institute of Nuclear and
Particle Physics, Shanghai 200240, People’s Republic of China.

fAlso at Key Laboratory of Nuclear Physics and Ion-beam
Application (MOE) and Institute of Modern Physics, Fudan
University, Shanghai 200443, People’s Republic of China.

gAlso at State Key Laboratory of Nuclear Physics and
Technology, Peking University, Beijing 100871, People’s
Republic of China.

hAlso at School of Physics and Electronics, Hunan University,
Changsha 410082, China.

iAlso at Guangdong Provincial Key Laboratory of Nuclear
Science, Institute of Quantum Matter, South China Normal
University, Guangzhou 510006, China.

jAlso at Frontiers Science Center for Rare Isotopes, Lanzhou
University, Lanzhou 730000, People’s Republic of China.

kAlso at Lanzhou Center for Theoretical Physics, Lanzhou
University, Lanzhou 730000, People’s Republic of China.

lAlso at the Department of Mathematical Sciences, IBA,
Karachi 75270, Pakistan.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

M. ABLIKIM et al. PHYS. REV. D 108, 112012 (2023)

112012-4

https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.108.112012&domain=pdf&date_stamp=2023-12-21
https://doi.org/10.1103/PhysRevD.108.112012
https://doi.org/10.1103/PhysRevD.108.112012
https://doi.org/10.1103/PhysRevD.108.112012
https://doi.org/10.1103/PhysRevD.108.112012
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


beam pipe [17–19]. As the processes of this article function
as potential sources of hyperons, it is important to obtain
precise measurements of their branching fractions, as well
as the momentum and angular distributions of the Σ
baryons.
In this article, we report the improved measurement of the

processes J=ψ → Λ̄πþΣ− þ c:c: and J=ψ → Λ̄π−Σþ þ c:c.
The previous results and their average results are summa-
rized in Table I. Moreover, we test the isospin symmetry in
these modes and the “12% rule” compared with the
branching fractions of ψð3686Þ decays [20]. We also report
the momentum and angular distributions of the Σ sources
generated from these decays. This analysis is carried out by
using the large sample of ð10087� 44Þ × 106 J=ψ events
collected with the BESIII detector [21]. The data set
collected at

ffiffiffi
s

p ¼ 3.080 GeV, with an integrated luminos-
ity of 166 pb−1 [21], is used to estimate the background
events coming directly from the eþe− annihilation.

II. BESIII DETECTOR AND MONTE CARLO
SIMULATION

The BESIII detector [25] records symmetric eþe−
collisions provided by the BEPCII storage ring [26] in
the center-of-mass energy range from 2.0 to 4.95 GeV,
with a peak luminosity of 1 × 1033 cm−2 s−1 achieved atffiffiffi
s

p ¼ 3.77 GeV. BESIII 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
(0.9 T for 2012 J=ψ data) magnetic field. The solenoid is
supported by an octagonal flux-return yoke with resistive
plate counter muon identification modules interleaved with
steel [28]. 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 is 110 ps. The end-cap TOF system was upgraded in
2015 using multigap resistive plate chamber technology,
providing a time resolution of 60 ps [29–31].

Simulated data samples produced with a GEANT4-
based [32] Monte Carlo (MC) package, which includes
the geometric description of the BESIII detector and the
detector response, are used to determine detection efficien-
cies and to estimate backgrounds. The inclusive MC sample
includes both the production of the J=ψ resonance and the
continuum processes incorporated in KKMC [33,34]. All
particle decays are modeled with EvtGen [35,36] using
branching fractions either taken from the Particle Data
Group (PDG) [11], when available, or otherwise estimated
with Lundcharm [37,38]. Final-state radiation from charged
final-state particles is incorporated using the PHOTOS pack-
age [39]. For each signal process, an exclusive phase-space
MC sample of 4 × 105 J=ψ events for each mode is
generated to optimize the selection criteria. These events
are generated according to the phase-space distribution, and
weighted later to take into account intermediate states.

III. EVENT SELECTION

In this analysis, the charge-conjugate reaction is always
implied unless explicitly mentioned. The decays J=ψ →
Λ̄πþΣ− þ c:c: and J=ψ → Λ̄π−Σþ þ c:c: are reconstructed
by detecting the decay Λ → pπ− and a π� from J=ψ
decays. The Σ baryon is not reconstructed from its
decay product, but inferred by checking the recoiling
mass distribution of the Λ̄π system, MrecoilðΛ̄πÞ. The
following basic selection criteria, including charged track
selection, particle identification (PID) andΛ reconstruction,
are used.
Charged tracks detected in the MDC are required to be

within a polar angle (θ) range of jcos θj < 0.93, where θ is
defined with respect to the z axis, which is the symmetry
axis of the MDC. Candidate events must have three
charged tracks with one positively charged track and
one negatively charged track at least. PID for charged
tracks combines measurements of the dE=dx in the MDC
and the flight time in the TOF to form likelihoods (L) for
charged proton, kaon and pion hypotheses. Tracks are
identified as protons when the proton hypothesis has the
greatest likelihoods [LðpÞ > LðKÞ and LðpÞ > LðπÞ] and
satisfies LðpÞ > 0.001. Charged pions are identified by
comparing the likelihoods for the pion hypotheses LðπÞ >
LðpÞ and LðπÞ > LðKÞ, and satisfy LðπÞ > 0.001.

TABLE I. The previous measurement results of branching fractions (B) of J=ψ → Λ̄πþΣ− þ c:c: and
J=ψ → Λ̄π−Σþ þ c:c. The average results are calculated using uncertainties as weights.

References BJ=ψ→Λ̄πþΣ−þc:c:ð×10−3Þ BJ=ψ→Λ̄π−Σþþc:c:ð×10−3Þ
MarkII, 1984 [22] 1.53� 0.17� 0.38 1.38� 0.21� 0.35
DM2, 1987 [23] 0.90� 0.06� 0.16 1.11� 0.06� 0.20
BES, 2007 [24] � � � 1.52� 0.08� 0.16
Average 0.99� 0.16 1.35� 0.13
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SinceΛ has relatively long lifetime, it is reconstructed by
constraining the pπ− pair to a secondary vertex. The decay
length of Λ from the secondary vertex fit divided by its
corresponding uncertainty is required to be greater than
two. If more than oneΛ candidate survives, the one with the
minimum value of ½Mðpπ−Þ −mðΛÞ�2 is kept for further
analysis, where Mðpπ−Þ is the invariant mass of pπ− and
mðΛÞ is the known mass of Λ [11]. Figure 1 shows the
Mðpπ−Þ distributions, where Λ candidates are selected by
requiring jMðpπ−Þ −mðΛÞj < 5 MeV=c2.
For the charged track not originating from Λ decays, i.e.,

π� from J=ψ , the distance of closest approach to the
interaction point must be less than 10 cm along the z axis,
and less than 1 cm in the transverse plane. If there are
multiple π� tracks from J=ψ decays, all of them are saved.
The candidates are selected by requiring MrecoilðΛ̄πÞ
to be within the Σ mass window [1.14 < MrecoilðΛ̄πÞ <
1.24 GeV=c2].
By analyzing the J=ψ inclusive MC sample with the

topology analysis program TopoAna [40], the background
shape within the Σ mass window is found to be smooth.
Therefore, a third-order Chebyshev polynomial is used to
describe the background shape when extracting the number
of signal events.
To investigate possible backgrounds from continuum

processes eþe− → γ� → Λ̄πΣ, the same selection criteria
are applied to the data taken at

ffiffiffi
s

p ¼ 3.080 GeV. After
normalizing to the integrated luminosity of J=ψ data, the
number of signal events and the influence on the branching

fraction measurements are calculated. Details are shown
in Sec. V.

IV. DETECTION EFFICIENCY

Possible intermediate states decaying into the same final
states may affect the detection efficiency. Figure 2 shows
the Dalitz plots of the four modes, where clear Λ� and Σ�
resonances can be seen. To achieve an efficient description
of data with intermediate states, a partial-wave analysis
(PWA) is applied to the events. To have a purer data sample
for the PWA, the signal candidates are selected by recon-
structing the full decay chains, which include the decay
Σ → nπ. The event selection requirements are similar to
those described in Sec. III. For both J=ψ → Λ̄πþΣ− and
J=ψ → Λ̄π−Σþ decay modes, a one-constraint (1C) kin-
ematic fit is performed by missing a neutron track for
the corresponding J=ψ → Λ̄πþπ−n and J=ψ → Λ̄π−πþn
hypotheses, respectively, and similarly for other modes. If
there is more than one candidate, the combination with the
least χ2 of the 1C kinematic fit (χ21C) is selected. In the
event-level selection, except the requirements introduced in
Sec. III, the χ2 of the vertex fit in the Λ reconstruction
χ2vtx < 30 and kinematic fit χ21C < 30 are required. To
estimate the background contributions, the Σ signal and
sideband regions for J=ψ → Λ̄πþΣ− þ c:c: are chosen
as Mðnπ−Þ∈ ½1.185; 1.205� GeV=c2 and ½1.160; 1.170� ∪
½1.220; 1.230� GeV=c2, respectively. The Σ signal and
sideband regions for J=ψ → Λ̄π−Σþ þ c:c: are chosen as

)2c) (GeV/+�p(M
1.11 1.12 1.13

)2 c
E

nt
ri

es
/(

0.
3 

M
eV

/
0

0.05

0.1

0.15

610�

Data

Signal MC(a)

)2c) (GeV/-�p(M
1.11 1.12 1.13

)2 c
E

nt
ri

es
/(

0.
3 

M
eV

/

0

0.05

0.1

0.15

0.2

610�

Data

Signal MC(b)

)2c) (GeV/+�p(M
1.11 1.12 1.13

)2 c
E

nt
ri

es
/(

0.
3 

M
eV

/

0

0.05

0.1

0.15

610�

Data

Signal MC(c)

)2c) (GeV/-�p(M
1.11 1.12 1.13

)2 c
E

nt
ri

es
/(

0.
3 

M
eV

/

0

0.05

0.1

0.15

0.2

610�

Data

Signal MC(d)

FIG. 1. The Mðpπ−Þ distributions. (a) is for Λ̄ candidates from J=ψ → Λ̄πþΣ−. (b) is for Λ from J=ψ → Λπ−Σ̄þ. (c) is for Λ̄ from
J=ψ → Λ̄π−Σþ, and (d) is for Λ from J=ψ → ΛπþΣ̄−. The blue histograms are from signal MC samples, scaled to
NJ=ψ · BðJ=ψ → Λ̄πΣÞ · BðΛ → pπ−Þ, where NJ=ψ is the number of J=ψ events in data. The red arrows denote the Λ mass window.
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MðnπþÞ∈ ½1.177; 1.197� GeV=c2 and ½1.152; 1.162� ∪
½1.212; 1.222� GeV=c2, respectively. The information of
datasets for PWA input is shown in Table II.
To determine the detection efficiency, the PWA is

performed based on the TF-PWA framework [41], and
the complex coupling constant of the amplitudes are
determined using an unbinned maximum likelihood fit. In
the log-likelihood calculation, since we use sideband events
to describe the background in the signal region, the like-
lihood values of sideband events are given negative weights,
and subtracted as S ¼ −ðlnLsignal − lnLsidebandÞ. The Lsignal
is the likelihood values of events in the Σ signal region of the
data, and Lsideband is the likelihood values of events in the Σ
sideband region of data. The TF-PWA incorporates 11
potential intermediate excited states: Λð1380Þ, Λð1405Þ,
Λð1520Þ, Λð1600Þ, Λð1690Þ, Λð1820Þ, Λð1890Þ, Σð1385Þ,
Σð1660Þ, Σð1670Þ, and Σð1750Þ. All of these resonances are
described with relativistic Breit-Wigner functions, and their

masses and widths are fixed to the world averages [11]. To
estimate the detection efficiency, the results from the PWA
are used to generate MC events with a better consistency to
data (PWA MC events). For each decay mode, we generate
106 MC events according to the PWA results. Figure 3
shows the distributions of MðΛ̄πÞ, MðΣπÞ, MðΛ̄ΣÞ from
PWAMC samples, phase-space (PHSP) MC samples, signal
and sideband regions of the data. The discrepancies between
data and PWAMC samples are acceptable for the estimation
of detection efficiency. In addition, the impact of these
discrepancies is discussed in Sec. VI.
To compensate the discrepancy in Λ reconstruction

efficiency between the data and MC simulation, the PWA
MC samples are weighted to match the reconstruction
efficiency of data. The two-dimensional Λ reconstruction
efficiency within each p-jcos θj interval is studied using
the control sample J=ψ → p̄KþΛ, where p is momentum
and θ is the polar angle of Λ. A simultaneous fit is
performed on the recoiling mass distribution of the p̄Kþ
system for events passing Λ reconstruction and selection,
events in the reconstructed Λ sideband regions [Mðpπ−Þ∈
½1.096; 1.106� ∪ ½1.126; 1.136� GeV=c2], and for events
failing to pass Λ reconstruction or selection. A double
Gaussian function is used to describe the signal shape and
a second-order polynomial function is used to describe the
background shape. The free parameters in the simulta-
neous fit are the signal event yields denoted as n1, n2, and
n3, respectively, for the aforementioned event samples.
The efficiency of Λ reconstruction is calculated by
εj ¼ ðn1 − n2Þ=ðn1 þ n3Þ. The reconstruction efficiency
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FIG. 2. The Dalitz plots of J=ψ → Λ̄πþΣ− (a), J=ψ → Λπ−Σ̄þ (b), J=ψ → Λ̄π−Σþ (c), and J=ψ → ΛπþΣ̄− (d) events in the Σ signal
region from data.

TABLE II. The information of datasets for PWA input: the
number of events in the Σ signal region of data (Nsignal), the
number of background events in data estimated by Σ sideband
regions (Nsideband), and the ratios between them.

Decay mode Nsignal Nsideband Nsideband=Nsignal (%)

J=ψ → Λ̄πþΣ− 130 590 3492 2.7
J=ψ → Λπ−Σ̄þ 139 310 4174 3.0
J=ψ → Λ̄π−Σþ 70 405 4553 6.5
J=ψ → ΛπþΣ̄− 75 610 4867 6.4
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of Λ̄ is determined in a similar way to the J=ψ → pK−Λ̄
control sample. The correction factors are calculated as
fj ¼ εjdata=ε

j
MC, where ε

j
data and εjMC are the reconstruction

efficiencies of data and MC samples, respectively, and j is
the index of the jth p − jcos θj interval. As an example,
the reconstruction efficiencies of 2019J=ψ data and MC
samples are presented in Tables III and IV. The detection
efficiency is determined by

εweighted ¼
ΣjN

j
select × fj

ΣjN
j
generate

; ð2Þ

where Nj
select and Nj

generate are the number of MC events
passing the event selection and the number of generated
MC events in each interval.

Similarly, the two-dimensional tracking and PID effi-
ciencies of charged pions have been studied via the decay
J=ψ → πþπ−π0. The correction factors, calculated with
Eq. (2), are used to weight the efficiency of π� from J=ψ ,
and the final corrected detection efficiency (ε) for each
decay mode is shown in Table V.

V. BRANCHING FRACTIONS

A binned maximum likelihood fit is performed to the
recoiling mass distribution of the Λ̄π system to determine
the number of signal events, as shown in Fig. 4. The signal
is described by a RooKeysPdf [42] of the signal MC events
convolved with a Gaussian function to account for the
difference of resolution between data and MC simulation,
and the background is described by a third-order Chebyshev
function.

FIG. 3. The distributions of (I)MðΛ̄πÞ, (II)MðΣπÞ, and (III)MðΛ̄ΣÞ (a) from J=ψ → Λ̄πþΣ−, (b) J=ψ → Λπ−Σ̄þ, (c) J=ψ → Λ̄π−Σþ,
and (d) J=ψ → ΛπþΣ̄−. The black dots with error bars are from data in the signal region. The green histograms are from data in the Σ
sideband regions. The red solid curves are PWAMC events normalized to the statistics of data. The blue dashed curves represent PHSP
MC events normalized to the statistics of data.

M. ABLIKIM et al. PHYS. REV. D 108, 112012 (2023)

112012-8



An unbinned maximum likelihood fit process is per-
formed on data taken at

ffiffiffi
s

p ¼ 3.080 GeV, where the
parameters of the Gaussian resolution function are fixed
to those obtained in J=ψ data. The continuum events are
then normalized to the J=ψ data after taking into account

the luminosity difference. Figure 5 shows the fit result of
the continuum events.
The branching fraction (B) is obtained via

B ¼ Nobs − NQED

NJ=ψ · BΛ→pπ− · ε
; ð3Þ

whereNobs is the number of signal events obtained from the
fit, NJ=ψ is the number of J=ψ events in data [21], BΛ→pπ−

is the branching fraction of Λ → pπ− [11], and ε is the
corrected detection efficiency. After considering the differ-
ence of luminosity and energy-dependent cross section
from data taken at the J=ψ resonance, the number of QED
background events estimated with data taken at

ffiffiffi
s

p ¼
3.080 GeV (NQED) is obtained via

NQED ¼ Nfit
3.080 ×

LJ=ψ

L3.080
×
3.0802

3.0972
; ð4Þ

TABLE III. The Λ reconstruction efficiency in momentum and cos θ intervals. Uncertainties are statistical only.

εdata (%)
p (GeV=c)

jcos θj (0, 0.3) (0.3, 0.5) (0.5, 0.65) (0.65, 0.75) (0.75, 1.0)

(0.00, 0.20) 8.88� 0.21 28.62� 0.17 33.05� 0.17 35.79� 0.19 37.63� 0.21
(0.20, 0.40) 8.82� 0.22 28.33� 0.18 31.75� 0.18 34.80� 0.21 37.09� 0.22
(0.40, 0.65) 7.65� 0.18 26.47� 0.19 29.63� 0.17 31.00� 0.21 32.68� 0.22
(0.65, 1.00) 4.39� 0.11 15.10� 0.12 19.63� 0.16 21.59� 0.22 24.18� 0.28

εMC (%)
p (GeV=c)

jcos θj (0, 0.3) (0.3, 0.5) (0.5, 0.65) (0.65, 0.75) (0.75, 1.0)

(0.00, 0.20) 10.40� 0.15 29.54� 0.12 34.20� 0.09 36.11� 0.12 37.90� 0.13
(0.20, 0.40) 9.92� 0.16 28.77� 0.12 33.16� 0.11 35.02� 0.13 37.03� 0.14
(0.40, 0.65) 8.88� 0.12 26.83� 0.11 31.08� 0.11 32.88� 0.13 34.53� 0.14
(0.65, 1.00) 5.28� 0.09 15.73� 0.06 19.91� 0.10 21.39� 0.13 24.38� 0.15

TABLE V. Efficiency changes with Λ reconstruction efficiency
correction and π tracking and PID correction. The fðΛÞ and fðπÞ
are the correction factor of the Λ reconstruction efficiency
correction, and the π tracking and PID correction, respectively.
The εori and ε are the original and corrected detection efficiency,
respectively.

Decay mode εori (%) fðΛÞ fðπÞ ε (%)

J=ψ → Λ̄πþΣ− 34.59 0.9784 0.9988 33.80
J=ψ → Λπ−Σ̄þ 36.34 0.9612 0.9989 34.89
J=ψ → Λ̄π−Σþ 31.65 0.9791 0.9987 30.95
J=ψ → ΛπþΣ̄− 34.18 0.9624 0.9986 32.85

TABLE IV. The Λ̄ reconstruction efficiency in momentum and cos θ intervals. Uncertainties are statistical only.

εdata (%)
p (GeV=c)

jcos θj (0, 0.3) (0.3, 0.5) (0.5, 0.65) (0.65, 0.75) (0.75, 1.0)

(0.00, 0.20) 8.00� 0.21 27.00� 0.18 30.77� 0.17 33.56� 0.20 36.20� 0.20
(0.20, 0.40) 8.05� 0.21 26.37� 0.18 30.61� 0.17 32.77� 0.20 34.50� 0.21
(0.40, 0.65) 7.46� 0.18 25.00� 0.16 28.90� 0.16 30.51� 0.21 31.45� 0.22
(0.65, 1.00) 3.88� 0.10 14.15� 0.12 19.12� 0.16 21.53� 0.20 23.80� 0.29

εMC (%)
p (GeV=c)

jcos θj (0, 0.3) (0.3, 0.5) (0.5, 0.65) (0.65, 0.75) (0.75, 1.0)

(0.00, 0.20) 8.84� 0.14 26.96� 0.12 31.96� 0.11 35.13� 0.12 37.52� 0.13
(0.20, 0.40) 8.46� 0.14 25.94� 0.12 30.82� 0.11 34.28� 0.13 36.23� 0.13
(0.40, 0.65) 8.01� 0.12 23.98� 0.11 28.37� 0.10 31.10� 0.12 33.65� 0.14
(0.65, 1.00) 4.37� 0.07 13.53� 0.07 18.33� 0.09 20.47� 0.12 23.91� 0.14
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where Nfit
3.080 is the number of signal events from the fit,

and LJ=ψ ¼ 3083 pb−1 and L3.080 ¼ 166 pb−1 are the inte-
grated luminosities for J=ψ and

ffiffiffi
s

p ¼ 3.080 GeV data,
respectively [21]. The results are summarized in Table VI.

VI. SYSTEMATIC UNCERTAINTIES

The sources of systematic uncertainties in the branching
fraction measurements are summarized in Table VII, and
Σþ Σ̄ stands for the sum of the charge-conjugate channels.
The uncertainty due to the number of J=ψ events is

0.44% [21], and the systematic uncertainty on the branch-
ing fraction of the decay Λ → pπ− is 0.78%, quoted from
PDG [11].
The uncertainty due to the Λ reconstruction efficiency

correction is estimated with the uncertainties of the
correction factor fj, which propagates to the detection
efficiency according to

δεweighted
εweighted

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΣjðNj

select × δfjÞ2
q
ΣjN

j
generate × εweighted

;

δfj

fj
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 
δεjdata
εjdata

!
2

þ
 
δεjMC

εjMC

!
2

vuut ; ð5Þ

where δεweighted, δε
j
data, and δεjMC are the uncertainties of

εweighted, εjdata, and εjMC from Eq. (2), respectively. The
method of Λ reconstruction in control samples is the same
as data. The uncertainties due to the requirements of the Λ
mass window and the ratio of the decay length to the error of
Λ are considered. The uncertainties in the Λ reconstruction
are estimated to be 0.76% for J=ψ → Λ̄πþΣ−, 0.78%
for J=ψ → Λπ−Σ̄þ, and 0.74% for J=ψ → Λ̄π−Σþ, and
J=ψ → ΛπþΣ̄−.
Similar to the method used for the Λ reconstruction

efficiency correction, the uncertainties due to the π tracking
and PID efficiency correction are estimated to be 0.09%
for J=ψ → Λ̄πþΣ− and J=ψ → Λπ−Σ̄þ, and 0.10% for
J=ψ → Λ̄π−Σþ and J=ψ → ΛπþΣ̄−.
After considering the effect of possible intermediate

states, 106 MC events are generated for each decay mode
to estimate the relative uncertainty due to the limited MC
statistics. The uncertainty in each decay mode is estimated

to be 0.15%, which is calculated from
ffiffiffiffiffiffi
1−ε
N·ε

q
, where ε is the

detection efficiency and N is the number of produced
signal MC events. For the sum of charge-conjugate
channels, MC statistics are added to calculate the statistical
uncertainties. Then the systematic uncertainty of the sum
of the two channels is 0.10% for J=ψ → Λ̄πþΣ− þ c:c:
and J=ψ → Λ̄π−Σþ þ c:c.
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FIG. 4. The fit results of the MrecoilðΛ̄πÞ distributions from (a) J=ψ → Λ̄πþΣ−, (b) J=ψ → Λπ−Σ̄þ, (c) J=ψ → Λ̄π−Σþ, and
(d) J=ψ → ΛπþΣ̄−. The black dots with error bars are data, the blue solid curves are the total fits, the pink filled histograms are the
signals, and the cyan filled histograms are the backgrounds.
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The interference between the continuum processes and
the J=ψ decay amplitudes may affect the branching fraction
calculation [43]. The total cross section of eþe− → f at the
J=ψ peak can be written as

σ ¼ jac þ eiϕaJ=ψ j2

¼
����� ffiffiffiffiffiσcp þ eiϕ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12πΓee · Γ · B

p
imΓ

�����
2

¼
����� ffiffiffiffiffiσcp þ eiðϕ−π

2
Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12πBee · B

p
m

�����
2

; ð6Þ

wherem, Γ, Γee, andBee are the mass of J=ψ , the total width
of J=ψ , the width of J=ψ → eþe−, and the branching
fraction of J=ψ → eþe−, respectively [11]. The B, ac,
aJ=ψ , σc and ϕ are our measured branching fraction, the
amplitude of the continuum process, the amplitude of the
resonance process, the cross section of the continuum
process, and the relative phase between the amplitudes of
the resonance and continuum processes, respectively. The
measured branching fractions are a result of a combination

of contributions from both the continuum and the resonance
processes, and their differentiation is not feasible unless the
value of ϕ is determined. Since we do not know ϕ from our
data, we set sinϕ as a random function with a range of
½−1; 1� to estimate the interference effect. The statistical
uncertainty of NQED also affects the cross section of the
continuum process and the interference between the con-
tinuum and the resonance processes. We model the fitted
NQED as a Gaussian function, whose mean and deviation are
the central value and statistical uncertainty of the fitted
NQED. To obtain the branching fraction distributions, we
generate 10 000 random samples. The largest difference
between the sampled branching fraction and the nominal
branching fraction is taken as the uncertainty of the QED
background, which is 2.06% for J=ψ → Λ̄πþΣ−, 2.24% for
J=ψ → Λπ−Σ̄þ, 2.92% for J=ψ → Λ̄π−Σþ, and 2.85% for
J=ψ → ΛπþΣ̄−. The nominal treatments for the sum of the
charge-conjugate channels are identical, and their potential
deviations from the truth exhibit a similar pattern. By adding
their absolute systematic uncertainties and converting
them to relative uncertainty, we can determine the overall
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FIG. 5. The fit results of the MrecoilðΛ̄πÞ distributions from (a) eþe− → Λ̄πþΣ−, (b) eþe− → Λπ−Σ̄þ, (c) eþe− → Λ̄π−Σþ, and
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s

p ¼ 3.080 GeV, the blue solid curves are the total fits, the pink
filled histograms are the signals, and the cyan filled histograms are the backgrounds.
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systematic uncertainty for the sum of the two channels,
which is 2.15% for J=ψ → Λ̄πþΣ− þ c:c., and 2.89% for
J=ψ → Λ̄π−Σþ þ c:c. We include these as one source of
systematic uncertainties due to interference between the
continuum and J=ψ decay amplitudes.
The systematic uncertainty of the fitting originates from

the fit range and the choice of the background functions.
The uncertainty due to the fit range is estimated by varying
the range by �10 MeV=c2. The fourth-order Chebyshev
polynomial function is used to replace the background
shape instead of the third-order Chebyshev polynomial
function. The resulting largest difference to the original
branching fraction is assigned as the systematic uncer-
tainty, which is 1.50% for J=ψ → Λ̄πþΣ−, 1.63% for
J=ψ → Λπ−Σ̄þ, 0.75% for J=ψ → Λ̄π−Σþ, and 1.32%
for J=ψ → ΛπþΣ̄−.
In the PWA process, the selection of intermediate

resonances and background events causes systematic
uncertainty. On the basis of our solutions, additional
resonances, Λð1670Þ and Λð1830Þ, for J=ψ → Λ̄πþΣ− þ
c:c: and J=ψ → Λ̄π−Σþ þ c:c: are added to perform the
PWA. Since the resonance parameters of intermediates in
the PWA could be inaccurate, the MC samples are
regenerated with varying masses and widths. The detection
efficiency is calculated and compared using different MC

samples. The comparison reveals a discrepancy of approx-
imately 3% in the detection efficiency between the PHSP
MC sample and the PWA MC sample, despite the
significant differences observed in the Dalitz plots, as
shown in Fig. 3. In contrast, the disparity between data and
PWA MC is considerably smaller, with a calculated
difference in detection efficiency among the PWA MC
sample at the 1% level. Consequently, we give an edu-
cated estimation of the systematic uncertainties of about
1% due to intermediate resonances in the PWA. To
estimate the systematic uncertainty of the background
selection in the PWA, the modified sideband regions of
Mðnπ−Þ∈ ½1.15; 1.16� ∪ ½1.23; 1.24� GeV=c2 for J=ψ →
Λ̄πþΣ− þ c:c., and MðnπþÞ∈ ½1.142; 1.152� ∪ ½1.222;
1.232� GeV=c2 for J=ψ → Λ̄π−Σþ þ c:c: are chosen.
The resulting difference in the detection efficiencies is
assigned as the systematic uncertainty, which is 0.14%
for J=ψ → Λ̄πþΣ−, 0.14% for J=ψ → Λπ−Σ̄þ, 0.04%
for J=ψ → Λ̄π−Σþ, and 0.12% for J=ψ → ΛπþΣ̄−. By
applying the same method used to determine the system-
atic uncertainty due to QED background, the charge-
conjugate channels are determined to be 0.14% for
J=ψ→ Λ̄πþΣ−þc:c., and 0.08% for J=ψ→ Λ̄π−Σþþc:c.
The uncertainty from signal shape is caused by the

utilization of different functions to describe the signal

TABLE VI. Signal yields in J=ψ data (Nobs), QED background yields [NQED from Eq. (4)], branching fractions
obtained in this work [B from Eq. (3)] and previous results from Table I (Bold). The first uncertainties are statistical
and the second ones are systematic. The Σþ Σ̄ stands for the sum of the charge-conjugate channels.

Decay mode Nobs NQED Bð×10−4Þ Bold (×10−4)

Λ̄πþΣ− 1 322 142� 1773 2805� 358 6.06� 0.01� 0.21 � � �
Λπ−Σ̄þ 1 387 438� 1986 3422� 450 6.15� 0.01� 0.20 � � �
Σ− þ Σ̄þ � � � � � � 12.21� 0.02� 0.38 9.9� 1.6

Λ̄π−Σþ 1 257 698� 1679 5946� 463 6.27� 0.01� 0.23 � � �
ΛπþΣ̄− 1 310 437� 1931 5507� 564 6.16� 0.01� 0.23 � � �
Σþ þ Σ̄− � � � � � � 12.44� 0.02� 0.45 13.5� 1.3

TABLE VII. Relative systematic uncertainties in the branching fraction measurements (in %).

Source Λ̄πþΣ− Λπ−Σ̄þ Σ− þ Σ̄þ Λ̄π−Σþ ΛπþΣ̄− Σþ þ Σ̄−

Number of J=ψ events 0.44 0.44 0.44 0.44 0.44 0.44
Λ → pπ− 0.78 0.78 0.78 0.78 0.78 0.78
Λ reconstruction 0.76 0.78 0.55 0.74 0.74 0.53
Tracking and PID for π 0.09 0.09 0.07 0.10 0.10 0.08
MC statistics 0.15 0.15 0.10 0.15 0.15 0.10
QED background 2.06 2.24 2.15 2.92 2.85 2.89
Fit method 1.50 1.63 1.11 0.75 1.32 0.76
PWA (intermediate resonances) 1.00 1.00 1.00 1.00 1.00 1.00
PWA (sideband region) 0.14 0.14 0.14 0.04 0.12 0.08
Signal shape 1.75 0.75 1.25 1.57 1.13 1.35

Total 3.46 3.27 3.09 3.73 3.68 3.58
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shape between the data and MC samples, especially for
large statistics. The alternative fits with the triple-
Gaussian function are used to describe the signal shape,
and the differences between them are taken as the
systematic uncertainty due to the parametrization of the
signal shape, which are 1.75% for J=ψ → Λ̄πþΣ−, 0.75%
for J=ψ → Λπ−Σ̄þ, 1.57% for J=ψ → Λ̄π−Σþ, and 1.13%
for J=ψ → ΛπþΣ̄−. For the sum of charge-conjugate
channels, their systematic uncertainties are correlated.
By applying the same method used to determine the
systematic uncertainty due to QED background, the
charge-conjugate channels are determined to be 1.25%
for J=ψ → Λ̄πþΣ− þ c:c., and 1.35% for J=ψ →
Λ̄π−Σþ þ c:c.
The total absolute systematic uncertainty in the branch-

ing fraction measurements is calculated by assuming the
individual components to be independent, and adding their
magnitudes in quadrature.

VII. SUMMARY AND DISCUSSIONS

Based on ð10087� 44Þ × 106 J=ψ events collected with
the BESIII detector, the branching fraction processes of
J=ψ → Λ̄πþΣ− þ c:c: and J=ψ → Λ̄π−Σþ þ c:c: are mea-
sured to be consistent and 3 times more precise than the
previous result. The branching fractions are summarized in
Table VI and compared with previous results.
Table VIII shows the test of the isospin symmetry in the

two modes measured in this analysis. The common
uncertainties due to the number of J=ψ events and the
branching fraction of the decay Λ̄ → p̄πþ cancel out in the
calculation of ratios. The ratios agree with one another
within uncertainties. This indicates that these final states
are produced dominantly by strong decays of the J=ψ , and
the electromagnetic decay amplitude is small [44]. This is
confirmed by the cross sections of continuum production
of these modes measured with the continuum data taken atffiffiffi
s

p ¼ 3.080 GeV as shown in Table IX.
With the branching fractions B½ψð3686Þ → Λ̄πþΣ− þ

c:c:� and B½ψð3686Þ → Λ̄π−Σþ þ c:c:� measured in
Ref. [20] and assuming that the measurements of J=ψ
decays and ψð3686Þ decays are completely independent,
the ratios to the corresponding J=ψ decays are calculated to
be ð11.5� 1.4Þ% and ð12.4� 1.4Þ%, respectively, in good
agreement with the “12% rule.” The precision of the ratios

is limited mainly by the uncertainties of ψð3686Þ decay
branching fractions, and measurements with a larger
ψð3686Þ data sample will improve them.
When Λ̄ and π∓ are reconstructed successfully, Σ

signals can be found clearly in the recoiling side, which
means we can control the Σ baryon sources by selecting
Λ̄π combinations. The events in Σ� signal regions can be
used as Σ sources to conduct fixed-target experiments,
and those in the Σ sideband regions can be used to
estimate the backgrounds of the Σ baryon sources. In our
study of these four channels, the momentum and cos θ
distributions of the Σ source particles are obtained in the
laboratory frame, which is shown in Fig. 6. Compared
with fixed momentum particle sources from J=ψ two-
body decays [45], the momentum range of the sources
from three-body decays is wider, which means the cross
section spectrum can be studied. The Σ particles can be
well identified with low background. By comparing the
generated MC truth information and the values measured
in the recoiling side, the momentum resolution of Σ
sources is better than 5 MeV=c and the angular resolution
is better than one degree. These Σ particles can be used as
sources in a future experiment to study their interaction
with targets put close to the production vertex of the
J=ψ meson [17–19]. These sources will be very helpful
for high-precision measurements of many Σ-nucleon
reactions [46–49].

TABLE IX. The continuum cross sections of eþe− → Λ̄πΣ
systems at

ffiffiffi
s

p ¼ 3.080 GeV. Uncertainties are statistical only.

Decay mode σQED (pb)

eþe− → Λ̄πþΣ− 4.21� 0.54
eþe− → Λπ−Σ̄þ 4.98� 0.65
eþe− → Λ̄π−Σþ 9.75� 0.76
eþe− → ΛπþΣ̄− 8.51� 0.87

TABLE VIII. Isospin symmetry test.

BðJ=ψ → Λ̄πþΣ−Þ=BðJ=ψ → Λ̄π−ΣþÞ 0.97� 0.05
BðJ=ψ → Λπ−Σ̄þÞ=BðJ=ψ → ΛπþΣ̄−Þ 1.00� 0.05
BðJ=ψ → Λ̄πþΣ− þ c:c:Þ=BðJ=ψ → Λ̄π−Σþ þ c:c:Þ 0.98� 0.04
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FIG. 6. The distributions of p versus cos θ of Σ sources from data in (I) the Σ signal region, (II) the momentum distribution of Σ
sources, and (III) the angular distribution from sources of (a) Σ−, (b) Σ̄þ, (c) Σþ, and (d) Σ̄−. The black dots with error bars are from data
in the Σ signal region. The green histograms are from data in the Σ sideband regions. The red dots with error bars are the efficiencies of
event reconstruction in each interval.
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