
J
H
E
P
0
2
(
2
0
2
5
)
2
1
2

Published for SISSA by Springer

Received: August 2, 2024
Revised: December 26, 2024

Accepted: January 28, 2025
Published: February 28, 2025

Partial wave analysis of ψ(3686) → ΛΣ̄0π0 + c.c.

The BESIII collaboration
E-mail: besiii-publications@ihep.ac.cn

Abstract: Based on a sample of (2712.4 ± 14.3) × 106 ψ(3686) events collected with the
BESIII detector, a partial wave analysis of the decay ψ(3686) → ΛΣ̄0π0 +c.c. is performed to
investigate Λ∗ and Σ∗ resonances in the π0Σ̄0 and π0Λ invariant mass distributions. Significant
contributions are found from the Λ(1405), Λ(1520), Λ(1600), Λ(1670), Λ(1690), Λ(1800),
Λ(1890), Λ(2325), Σ(1385), Σ(1660), Σ(1670), Σ(1750), and Σ(1910). The masses, widths,
and production branching fractions for each component are determined. In addition, the
branching fraction of ψ(3686) → ΛΣ̄0π0+c.c. is measured to be (1.544±0.013±0.071)×10−4

for the first time, where the first uncertainty is statistical and the second systematic.

Keywords: e+-e− Experiments, Branching fraction, Particle and Resonance Production,
QCD

ArXiv ePrint: 2408.00495

Open Access, © The Authors.
Article funded by SCOAP3. https://doi.org/10.1007/JHEP02(2025)212

mailto:besiii-publications@ihep.ac.cn
https://doi.org/10.48550/arXiv.2408.00495
https://doi.org/10.1007/JHEP02(2025)212


J
H
E
P
0
2
(
2
0
2
5
)
2
1
2

Contents

1 Introduction 1

2 BESIII detector and Monte Carlo simulation 2

3 Event selection 2

4 Background study 4

5 Branching fraction 4

6 Partial wave analysis 5
6.1 Helicity formalism 6
6.2 Nominal fit model 8

7 Systematic uncertainties 9
7.1 Systematic uncertainties on branching fraction 9
7.2 Systematic uncertainties on partial wave analysis 10

8 Results and interpretation 11

9 Summary 14

The BESIII collaboration 19

1 Introduction

The baryons, composed of three quarks, offer the simplest system in which the three colors
of quantum-chromodynamics (QCD) neutralize into colorless objects. Therefore, baryon
spectroscopy can be used to shed light on QCD. Although the quark model and lattice QCD
have achieved significant success in the interpretation of many properties of baryons and
their excited states [1], our current knowledge of baryon spectroscopy is still limited as many
fundamental issues are not well understood [2, 3]. In recent years, there have been many
studies of excited states of the nucleons, but there are few results on baryons with a strange
quark, namely the Λ and Σ hyperons [4]. In studies of the excited baryons, major difficulties
arise from their broad widths and nearby masses, causing a significant amount of overlap
between the various excited states [5–7]. The partial wave analysis (PWA) technique helps to
overcome these difficulties by disentangling different resonances using their spin-parity. In
the process, their masses, widths, and partial decay widths can be measured.

The large data samples of J/ψ and ψ(3686) events produced from e+e− annihilation
at BESIII provide excellent opportunities to study different excited baryons. In particular,
the ψ(3686), which benefits from having a higher mass than the J/ψ, has more phase
space available in its decays and thus higher mass resonances can be observed. At present,
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(2712.4±14.3)×106 ψ(3686) events [8] are now available, which allows us to perform extensive
studies of baryon spectroscopy. In this paper, a PWA of the decay ψ(3686) → ΛΣ̄0π0 + c.c.
is performed to investigate potential excited states of the Λ and Σ hyperons. Throughout
this paper, the charge-conjugate process is always implied.

2 BESIII detector and Monte Carlo simulation

The BESIII detector [9] records symmetric e+e− collisions provided by the BEPCII storage
ring [10] in the center-of-mass energy range from 2.0 to 4.95 GeV, with a peak luminosity of
1.1× 1033 cm−2 s−1 achieved at

√
s = 3.773GeV. BESIII has collected large data samples in

this energy region [11, 12]. The cylindrical core of the BESIII detector covers 93% of the
full solid angle and consists of a helium-based multilayer drift chamber (MDC), a plastic
scintillator time-of-flight system (TOF), and a CsI(Tl) electromagnetic calorimeter (EMC),
which are all enclosed in a superconducting solenoidal magnet providing a 1.0 T magnetic field.
The solenoid is supported by an octagonal flux-return yoke with resistive plate counter muon
identification modules interleaved with steel. The charged-particle momentum resolution
at 1GeV/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 1GeV 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, which benefits 83.3%
of the data used in this analysis [13–15].

Simulated data samples produced with a geant4-based [16] Monte Carlo (MC) package,
which includes the geometric description of the BESIII detector and the detector response,
are used to determine detection efficiencies and to estimate backgrounds. The simulation
models the beam energy spread and initial state radiation (ISR) in the e+e− annihilations
with the generator kkmc [17, 18]. The inclusive MC sample includes the production of the
ψ(3686) resonance, the ISR production of the J/ψ, and the continuum processes incorporated
in kkmc [17, 18]. All particle decays are modelled with evtgen [19, 20] using branching
fractions either taken from the Particle Data Group (PDG) [4], when available, or otherwise
estimated with lundcharm [21, 22]. Final state radiation from charged final state particles
is incorporated using the photos package [23].

3 Event selection

The decay ψ(3686) → ΛΣ̄0π0 is reconstructed using the decays Σ0 → Λγ, Λ → pπ−, and
π0 → γγ. Since the final state of the signal decay is pp̄π+π−γγγ, the number of charged tracks
is required to be four with zero net charge. Each charged track must satisfy |cos θ| < 0.93,
where θ is the polar angle of the track measured by the MDC with respect to the direction of
the positron beam. Each of the photon candidates is required to have an energy deposited
in the EMC of more than 25 MeV in the barrel (|cos θ| < 0.80) or 50 MeV in the end-caps
(0.86 < |cos θ| < 0.92). To eliminate showers from charged tracks, the opening angle between
the position of each shower in the EMC and any charged track must be greater than 10
degrees. To suppress electronic noise and showers unrelated to the event, the EMC time
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Figure 1. The distributions of M(γγ) and M(pπ−). The dots with error bars represent data and
the blue histograms are the normalized signal MC sample. The signal regions of π0 and Λ are shown
with the red arrows.

difference from the event start time is required to be within [0, 700] ns. At least three
photon candidates are required.

The Λ and Λ̄ candidates are reconstructed by combining pairs of oppositely charged
tracks with pion and proton mass hypotheses, fulfilling a secondary vertex constraint [24–27].
Events with at least one Λ(pπ−) candidate and one Λ̄(p̄π+) candidate are selected. In the
case of multiple ΛΛ̄ pair candidates, the one with the minimum value of χ2

svtx(Λ)+χ2
svtx(Λ̄) is

chosen, where χ2
svtx(Λ) and χ2

svtx(Λ̄) are the fit χ2 of the secondary vertex fits for the Λ and Λ̄,
respectively. To improve the momentum and energy resolution and reduce background, a four-
constraint (energy-momentum conservation, 4C) kinematic fit is applied under the hypothesis
of ψ(3686) → ΛΛ̄γγγ, and the corresponding fit χ2 (χ2

4C) is required to be less than 40. For
events with more than three photon candidates, the combination with the least χ2

4C is selected
from all possible combinations. To reject possible background events from ψ(3686) → ΛΛ̄γγ
and ψ(3686) → ΛΛ̄γγγγ, we further require that the χ2

4C for the ψ(3686) → ΛΛ̄γγγ hypothesis
is less than those of both the ψ(3686) → ΛΛ̄γγ and ψ(3686) → ΛΛ̄γγγγ hypotheses. In
the case of multiple π0 candidates, the one with the minimum of ∆M(π0) is chosen. The
∆M(π0) is defined as ∆M(π0) =

∣∣M(γaγb)−MPDG(π0)
∣∣, where M(γaγb) is the invariant

mass of two photon candidates from the 4C kinematic fit and MPDG(π0) is the nominal π0

mass [4]. The final distributions of M(γγ) and M(pπ−) are shown in figure 1, where clear π0

and Λ signals are observed. The invariant mass of the chosen π0 candidate is required to
be in the π0 signal region, 0.115 < M(π0) < 0.155GeV/c2; and the invariant mass of pπ− is
required to be in the Λ signal region, 1.111 < M(pπ−) < 1.121GeV/c2.

To suppress mis-combination from the conjugated channel, the invariant mass of γΛ
from ψ(3686) → ΛΣ̄0π0 is required to not be in the Σ0 signal region M(γΛ) < 1.179GeV/c2

or M(γΛ) > 1.204GeV/c2. To reject the peaking background in the Σ0 signal region from
ψ(3686) → γχcJ , χcJ → Σ0Σ̄0, the requirement ∆M(π0Σ̄0) < ∆M(Σ0Σ̄0) is imposed. Here,
∆M(π0Σ̄0) is defined as ∆M(π0Σ̄0) = |(M(π0)−MPDG(π0))|+|(M(Σ̄0)−MPDG(Σ0))|, where
M(π0) and M(Σ̄0) are the invariant masses of the reconstructed π0 and Σ̄0, respectively. The
MPDG(Σ0) is the Σ0 nominal mass [4]. The ∆M(π0Σ̄0) is examined by looping over all three
photons to reconstruct the π0, and the remaining photon is used to reconstruct the Σ̄0. The
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∆M(Σ0Σ̄0) is defined as ∆M(Σ0Σ̄0) = |(M(Σ0) −MPDG(Σ0))| + |(M(Σ̄0) −MPDG(Σ0))|,
where M(Σ0) and M(Σ̄0) are the invariant masses of the reconstructed Σ0 and Σ̄0; respectively.
The ∆M(Σ0Σ̄0) is examined by looping over all three photons to reconstruct the Σ0 and
Σ̄0 simultaneously. After applying all the selection criteria mentioned above, around 17,000
events in data remain.

4 Background study

To investigate the possible background contributions, the same selection criteria are applied
to the inclusive MC sample of 2.7 billion ψ(3686) events. An analysis of the surviving events
is performed with the generic tool TopoAna [28]. It is found that the background peaking
around the Σ̄0 nominal mass mainly comes from ψ(3686) → γχcJ , χcJ → Σ0Σ̄0, while the
mis-combination and other background sources form a flat distribution. The fraction of the
background events from ψ(3686) → γχcJ , χcJ → Σ0Σ̄0, estimated by using the π0 sideband
events, is determined to be 0.8%.

To estimate the background due to continuum production, the same procedure is per-
formed on the data taken at

√
s = 3.773GeV with an integrated luminosity of 7.9 fb−1 [29–31].

The background yield is extracted by an extended unbinned maximum likelihood fit to the
M(γΛ̄) distribution, and normalized to the ψ(3686) data taking into account the luminosity
and energy-dependent cross section. The normalization factor fc is calculated as

fc =
N exp
ψ(3686)

Nobs
ψ(3770)

=
Lψ(3686)
Lψ(3770)

·
σψ(3686)
σψ(3770)

·
ϵψ(3686)
ϵψ(3770)

, (4.1)

where N exp
ψ(3686) and Nobs

ψ(3770) are the number of expected events at the ψ(3686) energy point
and the number of observed events at the ψ(3770) energy point. The L, σ, and ϵ quantities
represent the luminosity of data, cross-section, and detection efficiency at each energy point,
respectively. The details of the cross-section values can be found in ref. [32]. The ratio
of detection efficiencies, ϵψ(3686)/ϵψ(3770), is determined by MC simulation. The Nobs

ψ(3770)
parameter is determined to be 465.9± 22.5, where the uncertainty is statistical only. The
scale factor is calculated to be fc = 0.502± 0.002, combining the uncertainties from the cross-
section, detection efficiency, and integrated luminosity. After normalization, the background
yield from e+e− → ΛΣ̄0π0 in the ψ(3686) data is determined to be N exp

ψ(3686) = 235.2± 11.3.

5 Branching fraction

To determine the signal yield, an extended unbinned maximum likelihood fit is performed on
the M(γΛ̄) distribution. In the fit, the Σ̄0 is described by the signal MC shape convolved with
a Gaussian function. The non-peaking and mis-combination backgrounds are parameterized
by a first-order Chebychev polynomial function. The continuum background shape is derived
from the data taken at

√
s = 3.773GeV. The peaking background from χcJ → Σ0Σ̄0 is

estimated by the π0 sideband defined as M(γγ) ∈ (0.08, 0.1)GeV/c2 or (0.17, 0.19)GeV/c2.
The number of π0 sideband events is estimated to be N side

π0 = 126.0 ± 11.2, where the
uncertainty is statistical only. The fit results are shown in figure 2, from which we obtain
15560.9 ± 131.2 signal events.
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Figure 2. The distribution of M(γΛ̄) with the result of the fit overlaid. The Σ̄0 signal region is shown
with the high yellow arrows and the Σ̄0 sideband ranges are shown with the short orange arrows.

With the detection efficiency obtained from the signal MC sample generated with the
PWA results, the branching fraction of ψ(3686) → ΛΣ̄0π0 is determined from

B(ψ(3686) → ΛΣ̄0π0 + c.c.) = Nobs

Nψ(3686) · B2(Λ → pπ−) · B(π0 → γγ) · B(Σ0 → γΛ) · ϵ
(5.1)

where Nobs is the number of signal events in data, Nψ(3686) is the number of ψ(3686) events
in data determined with inclusive hadronic events [8], ϵ is the detection efficiency obtained
to be 9.15% from MC simulation, and B(Λ → pπ−), B(π0 → γγ), and B(Σ0 → γΛ) are
the corresponding branching fractions quoted from the PDG [4]. The branching fraction
B(ψ(3686) → ΛΣ̄0π0 + c.c.) is measured to be (1.544± 0.013± 0.071)× 10−4, where the first
uncertainty is statistical and the second systematic. The systematic uncertainty estimation
is detailed in section 7.

6 Partial wave analysis

Figure 2 presents the reconstructed mass distribution of the γΛ̄ system. To improve the
signal purity, an additional requirement on the γΛ̄ invariant mass, 1.184GeV/c2 < M(γΛ̄) <
1.199GeV/c2, is applied. After applying all the selection criteria mentioned above, 14,414
events from the ψ(3686) data are selected for the PWA. The Σ̄0 sidebands (defined as M(γΛ̄)
within (1.157, 1.164)GeV/c2 or (1.219, 1.226)GeV/c2) and the data at

√
s = 3.773GeV

are used to estimate the yields of the mis-combination and continuum background events,
respectively. As the contribution from non-π0 background is small, the π0 sidebands are
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excluded from the PWA. The numbers of Σ̄0 sideband and continuum background events
are estimated to be N side

Σ̄0 = 320.0 ± 17.9 and N cont. = 208.9 ± 10.1, respectively. Here,
the uncertainties are statistical only. The number of Σ̄0 sideband events is fixed with the
normalization factor 1.0. Finally, the signal purity is estimated to be 96.3%. The background-
subtraction procedure in the PWA is implemented within the negative log-likelihood (NLL)
value, which can be expressed as follows:

NLL = NLL(data)−
∑
i

NLL(bkgi), (6.1)

NLL(bkgi) =
∑
j

(NLLj(bkgi)×Wj(bkgi)) , (6.2)

where NLL(data) represents the NLL value of the observed data, and NLL(bkgi) denotes the
NLL value for the ith background category. The background samples used in the NLL(bkgi)
calculation are those from which their respective yields in the signal region are derived. The
terms NLLj(bkgi) and Wj(bkgi) correspond to the NLL value and normalization factor
associated with the jth background events of the ith background category, respectively. No
mass constraint is applied for the final state particles Λ, Σ̄0, and π0 in the PWA. The decay
amplitude is constructed using the helicity amplitude formalism, and the full procedure is
implemented based on the open-source framework TF-PWA [33].

6.1 Helicity formalism

To construct the full decay amplitude of ψ(3686) → ΛΣ̄0π0, the helicity formalism is used
in conjunction with the isobar model, where the three-body decay is described as a two-
step sequential quasi-two-body decay. For each two-body decay 0 → 1 + 2, the helicity
amplitude can be written as

A0→1+2
λ0,λ1,λ2

= H0→1+2
λ1,λ2

D
J0∗
λ0,λ1−λ2

(ϕ, θ, 0), (6.3)

where the amplitude H0→1+2
λ1,λ2

is given by the LS coupling formula [34] along with the barrier
factor terms

H0→1+2
λ1,λ2

=
∑
ls

gls

√
2l + 1
2J0 + 1⟨l0; sδ|J0δ⟩⟨J1λ1; J2 − λ2|sδ⟩qlB′

l(q, q0, d), (6.4)

where l is the orbital angular momentum, gls are the fit parameters, J0,1,2 are the spins of
particles 0, 1, and 2, λ1,2 are the helicities for particles 1 and 2, and δ = λ1 − λ2 is the
helicity difference. Here, q is the three-momentum modulus of particle 1 in the rest frame
of particle 0, which is calculated as

q =
√
[m2 − (m1 +m2)2][m2 − (m1 −m2)2]

2m , (6.5)

where m, m1, and m2 are the masses of particles 0, 1, and 2, respectively. The normalization
factor q0 is calculated at the nominal resonance mass. The factor B′

l(q, q0, d) is the reduced
Blatt-Weisskopf barrier factor [35]. In the Wigner D-function, DJ0∗

λ0,λ1−λ2
(ϕ, θ, 0), ϕ and θ

are the helicity angles. The definitions can be found in ref. [36]. The radius d is chosen
as d = 0.73 fm following ref. [37].
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The amplitude for a complete decay chain is constructed as the product of each two
body decay amplitude and the resonant propagator R. For example, in the sequential decay
ψ(3686) → Σ∗0Σ̄0, Σ∗0 → Λπ0, the amplitude is written as

A
ψ(3686)→Σ∗0Σ̄0, Σ∗0→Λπ0

λψ(3686),λΛ,λΣ̄0 ,λπ0
=

∑
λΣ∗0

A
ψ(3686)→Σ∗0Σ̄0

λψ(3686),λΣ∗0 ,λΣ̄0
R(mΣ∗0)AΣ∗0→Λπ0

λΣ∗0 ,λΛ,λπ0 . (6.6)

The propagator R includes different models. For all resonances except Λ(1405), the relativistic
Breit-Wigner formula with mass dependent width is taken as

R(m) ≡ 1
m2

0 − s− i
∑
j g

2
j ρj(m)

, (6.7)

which iterates over the j decay channels that the resonance may decay into with coupling
gj and phase-space factor ρj . Then in the case where only decays into the final state are
being considered, the imaginary part reduces to

∑
j

g2
j ρj(m) = m0Γ(m) = m0Γ0

(
q

q0

)2l+1 m0
m
B′2
l (q, q0, d) (6.8)

where Γ0 is the width of the resonance, and q and q0 are the momenta in the m and m0
center-mass-system. The radius d is also chosen as d = 0.73 fm following ref. [37].

We describe the two-pole structure of the Λ(1405) using the chiral dynamics model [38],
which is parameterized as

R(m) = 1
|I − V G|

, (6.9)

Vij(m) = −Cij
1

4f2 (2m−Mi −Mj)
√
Mi − Ei
Mi

√
Mj − Ej
Mj

, (6.10)

Gk(m;µ) = 1
(4π)2

{
ak(µ) + lnM

2
k

µ
+ m2

k −M2
k +m2

2m2 ln m
2
k

M2
k

+qk
m

[
ln(m2 − (M2

k −m2
k) + 2qkm) + ln(m2 + (M2

k −m2
k) + 2qkm)

− ln(−m2 + (M2
k −m2

k) + 2qkm)− ln(−m2 − (M2
k −m2

k) + 2qkm)
]}

, (6.11)

where I is the unit matrix, m =
√
s is the mass of the event, the Cij coefficients are given

in ref. [39], an averaged meson decay constant f = 1.123fπ is used [40], with fπ = 92.4MeV
being the weak pion decay constant, and Mi and Ei are the physical mass and energy of
the baryon. The µ is the scale of dimensional regularization fixed to be 630MeV [40], the
subtraction constant ak(µ) is quoted from ref. [40], mi is the physical mass of the meson,
and qk is the momentum in the rest frame of Λ(1405).

The construction of the probability density function, the calculation of the fit fraction,
and the corresponding statistical uncertainty for each component follow ref. [41]. To consider
the effect of mass resolution, we use the method from the TF-PWA documentation [33].
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JP ∆NLL ∆Ndof Significance (σ)
1/2− 188.0 6 18.7
1/2+ 186.8 6 18.6
3/2− 208.3 8 19.5
3/2+ 198.8 8 19.1

Table 1. Comparison of the different quantum numbers for the spin-parity of the Λ(2325).

6.2 Nominal fit model

To determine the nominal fit hypothesis of the PWA, the statistical significance of each
potential component is evaluated based on the change of the NLL value when that component
is included, taking into account the change of the number of degrees of freedom (Ndof). The
components considered are excited Λ and Σ states, including the Λ(1405), Λ(1520), Λ(1600),
Λ(1670), Λ(1690), Λ(1800), Λ(1810), Λ(1890), Λ(2325), Σ(1385), Σ(1660), Σ(1670), Σ(1750),
and Σ(1910) (considered as established by the PDG [4] with a status of at least three-star of
existence1 and a spin less than 5/2), as well as the ρ3(2250), ρ5(2350), and S-wave non-resonant
component (NR1−) in the M(ΛΣ̄0) distribution. In addition, an extra Λ state, the Λ(2325),
is taken into account to describe the high side of the M(π0Σ̄0) distribution. The results show
that the resonances Λ(1405), Λ(1520), Λ(1600), Λ(1670), Λ(1690), Λ(1800), Λ(1890), Λ(2325),
Σ(1385), Σ(1660), Σ(1670), Σ(1750), and Σ(1910) have statistical significance greater than
5σ, while none of the other tested contributions exceed this threshold.

Based on the MC simulation, the mass resolution for the M(π0Σ̄0) distribution is
estimated to be 4.8MeV. The widths of the Λ(1520) and Λ(1670) states from the PDG [4] are
15 ∼ 17MeV and 25 ∼ 35MeV, respectively, which are close to the mass resolution. Therefore,
the mass resolution on the M(π0Σ̄0) distribution is taken into account in the nominal fit
hypothesis. In the fit, the masses and widths of all resonances are left as free parameters.

A resonance of one-star of existence, the Λ(2325), is also added to the nominal fit. It
was first reported in ref. [44] with JP = 3/2−. A check on the spin-parity of the Λ(2325) has
been performed. A comparison of the statistical significance with the different spin-parity
hypotheses (1/2−, 1/2+, 3/2− and 3/2+) is shown in table 1. The statistical significance is
calculated based on the change of the NLL values with and without including the component,
by taking into account the change of the number of degrees of freedom. Based on the
comparison, the spin-parity of the Λ(2325) is most likely JP = 3/2−, which is consistent
with the PDG [4].

The branching fractions of the intermediate states i, are determined by

Bi = B(ψ(3686) → ΛΣ̄0π0 + c.c.)FFi, (6.12)

where FFi is the fit fraction of the ith intermediate state.

1The overall states for existence of baryon resonances [4]: ****: existence is certain; ***: existence is very
likely; **: evidence of existence is fair; *: evidence of existence is poor.
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Source Uncertainty (%)
Λ(Λ̄) reconstruction 2.2
Photon reconstruction 1.5
Kinematic fit 1.4
π0 signal region 1.2
Signal shape 2.5
Background shape 0.4
MC model 1.1
Quoted branching fractions 1.6
Total number of ψ(3686) events 0.5
Total 4.6

Table 2. The systematic uncertainties for the branching fraction.

7 Systematic uncertainties

7.1 Systematic uncertainties on branching fraction

The systematic uncertainties on the branching fraction measurement as listed in table 2
are discussed in detail below. Assuming all sources are independent, the total systematic
uncertainty is determined by adding them in quadrature.

1. The efficiency of the Λ(Λ̄) reconstruction, incorporating both the MDC tracking and
the Λ(Λ̄) mass window requirement, is studied using a control sample of ψ(3686) → ΛΛ̄
decays, and a correction factor of 0.980±0.011 [45] is applied to the detection efficiencies
obtained from MC simulation.

2. For photons directly detected by the EMC, the detection efficiency is studied using a
control sample of e+e− → γISRµ

+µ−, where ISR stands for initial state radiation. The
systematic uncertainty, defined as the relative difference in efficiencies between data
and MC simulation, is observed to be up to 0.5% per photon in both the barrel and
end-cap regions. Thus, the total systematic uncertainty of the three photons is 1.5%.

3. The uncertainty associated with the 4C kinematic fit is due to the inconsistency between
data and MC simulation. This difference has been reduced by correcting the track helix
parameters in the MC simulation, with parameters taken from refs. [46, 47]. Following
the method described in ref. [48], the difference between the corrected and uncorrected
efficiencies, 1.4%, is assigned as the systematic uncertainty due to the 4C kinematic fit.

4. The uncertainty associated with the π0 signal region is assessed by evaluating the
proportional impact the constraint has on the number of π0 candidates remaining in
both the data and signal MC samples. The difference in the branching fraction, 1.2%,
is assigned as the systematic uncertainty due to the π0 signal region.

5. In order to evaluate the systematic uncertainty due to the signal shape, an alternative
fit is performed to determine the number of signal events. The simulated signal shape
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is replaced with a Crystal-ball function convolved with a Gaussian function. The
maximum difference in branching fraction, 2.5%, is assigned as the corresponding
systematic uncertainty.

6. To estimate the uncertainty of the shape of the non-peaking and mis-combination, π0

sideband and continuum backgrounds, we perform alternative fits by replacing the shape
of each background. The first-order Chebychev polynomial function is replaced with a
second-order Chebychev polynomial function for the non-peaking and mis-combination
background. The shape of the π0 sideband and continuum background is replaced
with a Crystal-ball function convolved with a Gaussian function, whose parameters
are extracted from the fit to data. The uncertainty associated with the normalization
factor fc for the continuum background is estimated to be less than 0.1%, which can
be considered negligible. The difference in branching fraction is combined to be 0.4%,
which is assigned as the systematic uncertainty due to the background shape.

7. The uncertainty due to the MC model is evaluated by comparing the efficiencies
between the nominal and alternative amplitude models. The efficiency difference
between different models is taken as the systematic uncertainty.

8. The uncertainties from the quoted branching fractions of the intermediate decays of
Λ → pπ− and π0 → γγ are taken from the PDG [4]. Since the branching fraction of
Σ0 → γΛ is equal to 100% with no uncertainty, it is not considered in the systematic
uncertainty.

9. The total number of ψ(3686) events in data is determined using inclusive hadronic
decays. Its uncertainty, 0.5% [8], is taken as a systematic uncertainty.

7.2 Systematic uncertainties on partial wave analysis

The systematic uncertainties on the PWA as listed in tables 3, 4, and 5 are discussed in
detail below. Assuming all sources are independent, the total systematic uncertainty is
determined by adding them in quadrature.

1. To evaluate the effect on the PWA results from other possible components (EX-RES),
the PWA is re-performed by adding extra resonances (Λ(1810), Λ(1820), Λ(1830),
Σ(1775), Σ(1915), ρ3(2250), ρ5(2350)) one at a time. The largest changes of the masses,
widths, and fit fractions of resonances are taken as the systematic uncertainties.

2. The uncertainty associated with the background estimation (BKG) is assessed using two
distinct methods. The first method involves varying the yields of the Σ̄0 sideband and
continuum production within ±1σ of their statistical uncertainties. The second method
incorporates the π0 sidebands, as defined in section 5, to estimate the background
while fixing the yields of both sidebands with a normalization factor of 0.5. The largest
difference observed for each result is considered as the systematic uncertainty.

3. The uncertainty due to the Λ(1405) parameterization (PARAM) is evaluated by replacing
the nominal formula by the Flatté-like formula. The differences of the masses, widths,
and fit fractions of resonances are taken as the systematic uncertainties.
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Resonance EX-RES BKG PARAM BW-BF Total
Λ(1520) 4.1 2.4 0.1 0.5 4.8
Λ(1600) 8.8 6.4 2.8 4.2 12.1
Λ(1670) 1.2 3.2 0.6 0.8 3.6
Λ(1690) 7.7 13.3 2.2 2.2 15.7
Λ(1800) 2.2 2.9 8.6 8.5 12.6
Λ(1890) 1.9 2.6 2.1 4.9 6.2
Λ(2325) 10.4 10.4 1.9 8.5 17.1
Σ(1385) 1.5 2.0 0.3 2.1 3.3
Σ(1660) 4.7 5.4 2.6 0.5 7.6
Σ(1670) 1.8 2.3 3.1 0.5 4.3
Σ(1750) 6.0 2.0 1.0 3.5 7.3
Σ(1910) 23.7 5.8 9.8 21.0 33.6

Table 3. The systematic uncertainty sources for the masses in units of MeV/c2.

Resonance EX-RES BKG PARAM BW-BF Total
Λ(1520) 0.2 0.3 0.3 0.4 0.6
Λ(1600) 30.3 12.2 9.1 8.2 34.8
Λ(1670) 5.0 6.7 0.1 2.5 8.7
Λ(1690) 9.8 15.3 1.7 0.9 18.3
Λ(1800) 35.2 4.1 3.7 9.0 36.7
Λ(1890) 2.0 2.7 1.7 1.6 4.1
Λ(2325) 47.5 2.9 1.7 4.1 47.8
Σ(1385) 5.2 0.6 0.8 3.4 6.3
Σ(1660) 39.2 5.1 < 0.1 11.6 41.1
Σ(1670) 4.5 6.0 3.7 2.9 8.9
Σ(1750) 8.3 3.7 2.5 2.2 9.7
Σ(1910) 37.5 23.7 5.5 10.6 46.0

Table 4. The systematic uncertainty sources for the widths in units of MeV.

4. In the PWA, the radius d in the Blatt-Weisskopf barrier factors [35] (BW-BF) is chosen
as d = 0.73 fm ≈ 3.7GeV−1 following ref. [37]. The associated systematic uncertainty
is evaluated by varying the radius d in the range d ∈ [1, 5]GeV−1 [4]. The largest
differences of the masses, widths, and fit fractions of resonances are taken as the
systematic uncertainties.

8 Results and interpretation

The obtained masses, widths and branching fractions of each resonance are listed in ta-
ble 7, where the first uncertainty is statistical and the second systematic, the systematic
uncertainty estimation is detailed in section 7. The fit fractions and phases of each res-
onance are shown in table 6 with the statistical uncertainties only. The Dalitz plots of
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Resonance EX-RES BKG PARAM BW-BF Total
Λ(1405) 21.0 8.9 11.8 0.8 25.7
Λ(1520) 19.9 7.9 12.9 8.3 26.3
Λ(1600) 21.2 5.0 15.3 4.5 27.0
Λ(1670) 21.9 16.9 0.7 5.7 28.3
Λ(1690) 14.3 8.0 4.9 5.9 18.1
Λ(1800) 24.2 15.2 3.4 8.3 30.0
Λ(1890) 8.5 13.6 2.3 7.4 17.8
Λ(2325) 2.5 5.9 2.4 3.2 7.6
Σ(1385) 11.7 4.8 4.5 4.9 14.2
Σ(1660) 13.6 7.8 5.3 4.2 17.1
Σ(1670) 17.5 8.3 11.9 4.9 23.3
Σ(1750) 19.4 5.4 6.4 8.9 22.9
Σ(1910) 22.0 3.9 9.9 9.9 26.3

Table 5. The systematic uncertainty sources for the fit fractions in percentage.

Resonance Fit fraction (%) Phase (rad)
Λ(1405) 2.9 ± 0.3 0.0 (fixed)
Λ(1520) 1.2 ± 0.3 −1.16 ± 0.48
Λ(1600) 29.1 ± 1.6 3.79 ± 0.18
Λ(1670) 2.1 ± 0.5 6.36 ± 0.28
Λ(1690) 3.6 ± 0.7 −8.79 ± 0.34
Λ(1800) 3.9 ± 1.0 −1.65 ± 0.36
Λ(1890) 3.1 ± 0.7 0.47 ± 0.33
Λ(2325) 18.9 ± 1.3 1.61 ± 0.23
Σ(1385) 8.4 ± 0.7 5.24 ± 0.26
Σ(1660) 22.9 ± 1.8 9.14 ± 0.23
Σ(1670) 10.3 ± 1.6 6.62 ± 0.29
Σ(1750) 9.0 ± 1.5 3.73 ± 0.21
Σ(1910) 1.5 ± 0.6 0.27 ± 0.75

Table 6. The fit fractions and phases of each component in the nominal PWA fit. The uncertainties
are statistical only.

(M(π0Σ̄0))2 versus (M(π0Λ))2 of data and the PWA fit result are shown in figure 3. The
invariant mass distributions of ΛΣ̄0, π0Λ, and π0Σ̄0 are shown in figure 4. The helicity
angular distributions are shown in figure 5. From the π0Λ mass spectrum, it is observed that
the fit quality is suboptimal in the region of 1.8 ∼ 1.95GeV/c2, motivating theoretical studies
into the physical soundness of the lineshapes selected for resonant baryonic decays.

In chiral SU(3) dynamics, the existence of two poles in the Λ(1405) region was first
reported in ref. [42]. This indicates that the Λ(1405) resonance is not a single state but is
instead a superposition of two eigenstates. The two-pole structure has a significant impact on
hadron spectroscopy since it is related to the number of eigenstates in this sector. In general,
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Figure 3. The Dalitz plots of (M(π0Σ̄0))2 versus (M(π0Λ))2 of data (left) and the PWA fit
result (right).
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Figure 4. The distributions of M(ΛΣ̄0), M(π0Λ), and M(π0Σ̄0).

a resonance state can have different coupling strengths to various channels. It was shown in
ref. [38] that the high-mass pole of the Λ(1405) strongly couples to K̄N and the low-mass
pole has a large coupling to πΣ, as expected from their origin in the isospin basis.
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Figure 5. The distributions of cosΛΣ̄0(θΛ), cosπ0Σ̄0(θΣ̄0), and cosπ0Λ(θπ0).

To test the stability of the chiral dynamics model, an alternative fit is performed using a
Flatté-like formula [43] in place of the chiral dynamics model. The Flatté-like formula, as
shown in eq. (6.7), is operated by coupling the πΣ and K̄N channels, where the masses of
the Λ(1405) and the final state particles are quoted from the PDG [4]. The ∆NLL, ∆Ndof ,
statistical significance and fit fraction of the Λ(1405) are 68.0, 4, 11.1σ and (3.0 ± 0.3)%
in nominal fit, or 73.1, 6, 11.2σ and (6.7 ± 0.9)% in alternative fit with the Flatté-like
formula, respectively. Due to the similar statistical significance of the Λ(1405) with the
two different parameterizations and the chiral dynamics model being well established in
the literature, the parameterization of the chiral dynamics is found to be reasonable and
is used in the nominal PWA fit.

9 Summary

Based on a sample of (2712.4 ± 14.3) × 106 ψ(3686) events [8] collected with the BESIII
detector, a PWA of ψ(3686) → ΛΣ̄0π0 is performed for the first time to investigate possible
Λ∗ and Σ∗ states. The measured masses, widths, and branching fractions for each component
are summarized in table 7. In addition to the well established Λ∗ and Σ∗ states, including the
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Resonance Mass (MeV/c2) Width (MeV) B (×10−5)
Λ(1405) . . . . . . 0.44 ± 0.05 ± 0.12
Λ(1520) 1519.9 ± 1.6 ± 4.8 20.6 ± 1.9 ± 0.6 0.19 ± 0.05 ± 0.05
Λ(1600) 1570.5 ± 4.6 ± 12.1 228.1 ± 11.9 ± 34.8 4.49 ± 0.25 ± 1.23
Λ(1670) 1667.5 ± 2.3 ± 3.6 30.2 ± 4.2 ± 8.7 0.33 ± 0.07 ± 0.09
Λ(1690) 1691.1 ± 4.4 ± 15.7 72.3 ± 4.7 ± 18.3 0.55 ± 0.11 ± 0.10
Λ(1800) 1800.9 ± 13.3 ± 12.6 208.8 ± 14.5 ± 36.7 0.60 ± 0.15 ± 0.18
Λ(1890) 1897.2 ± 9.6 ± 6.2 149.2 ± 13.5 ± 4.1 0.47 ± 0.10 ± 0.09
Λ(2325) 2306.5 ± 6.3 ± 17.1 227.1 ± 12.2 ± 47.8 2.93 ± 0.20 ± 0.26
Σ(1385) 1388.2 ± 1.9 ± 3.3 60.5 ± 3.6 ± 6.3 1.30 ± 0.11 ± 0.19
Σ(1660) 1643.2 ± 4.5 ± 7.6 221.3 ± 13.1 ± 41.1 3.53 ± 0.29 ± 0.63
Σ(1670) 1679.7 ± 3.4 ± 4.3 87.0 ± 6.4 ± 8.9 1.60 ± 0.25 ± 0.38
Σ(1750) 1714.9 ± 4.2 ± 7.3 97.2 ± 9.8 ± 9.7 1.39 ± 0.23 ± 0.32
Σ(1910) 1912.1 ± 10.6 ± 33.6 225.1 ± 24.5 ± 46.0 0.23 ± 0.10 ± 0.06

Table 7. The masses, widths, and branching fractions of each component in the nominal PWA fit.
The first uncertainties are statistical and the second systematic.

Λ(1405), Λ(1520), Λ(1600), Λ(1670), Λ(1690), Λ(1800), Λ(1890), Σ(1385), Σ(1660), Σ(1670),
Σ(1750), and Σ(1910), the PWA results indicate that the Λ(2325) is necessary to better
describe data. It is found that both the chiral dynamics model and the Flatté-like formula for
the parameterization of the Λ(1405) can describe the data well. Due to the low statistics of
the data, the two models are not distinguishable. Although the Λ(2325) is a state of one-star
of existence in the PDG [4], it is also one of the dominant contributions in ψ(3686) → ΛΣ̄0π0,
which provides further proof of the existence of the Λ(2325). We also perform a check on
its spin-parity and find that its spin-parity favors JP = 3/2−, which is consistent with that
in the PDG [4]. In addition, the branching fraction of ψ(3686) → ΛΣ̄0π0 + c.c. is measured
to be (1.544 ± 0.013 ± 0.071) × 10−4 for the first time.
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