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Using a dataset of ð27.12� 0.14Þ × 108 ψð3686Þ events collected by the BESIII detector operating at
the BEPCII collider, we report the first observation of the decay ψð3686Þ → Σ0Σ̄0ω with a statistical
significance of 8.9σ. The measured branching fraction is ð1.24� 0.16stat � 0.11sysÞ × 10−5, where the first
uncertainty is statistical and the second is systematic. Additionally, we investigate potential intermediate
states in the invariant mass distributions of Σ0ω, Σ̄0ω and Σ0Σ̄0. A hint of a resonance is observed in the
invariant mass distribution of MΣ0ðΣ̄0Þω, located around 2.06 GeV=c2, with a significance of 2.5σ.
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I. INTRODUCTION

The existing theoretical framework of Quantum
Chromodynamics (QCD) successfully describes strong
interactions between quarks and gluons in the perturba-
tive regime. However, precise calculations in the non-
perturbative regime remain challenging and often depend
on effective theories and approximations. Charmonium
decays, which straddle the perturbative and nonperturbative
regimes, provide an ideal laboratory for testing QCD
theories [1,2].
In addition to advancing our understanding of charmo-

nium states, studying charmonium decays also facilitates
the search for excited baryon resonances. Investigating the
hadronic three-body final states of ψð3686Þ decays, such
as ψð3686Þ → BB̄PðVÞ, where B denotes a baryon, B̄ its
antiparticle, and PðVÞ a pseudoscalar (vector) meson, is
crucial for discovering excited baryons predicted by effec-
tive field theories but yet to be observed [3,4]. Notably,
experimental data on excited hyperon resonances, such as
Λ� and Σ�, are significantly sparser compared to those for
baryons with zero strangeness [5]. Therefore, experimental
confirmation or exclusion of these predicted hyperons is
essential for advancing hyperon spectroscopy.
In recent years, the BESIII collaboration has reported

observations or evidence of several excited Λ� states via
ψð3686Þ → BB̄PðVÞ decays. For example, the Λð1670Þ is
observed with a significance larger than 5.0σ in the decay
ψð3686Þ → ΛΛ̄η [6]. Evidence of an excited state Λ� is

found in ψð3686Þ → ΛΛ̄ω with a significance of 3.0σ [7].
Additionally, a near-threshold enhancement in ΛΛ̄ is
observed for the first time in eþe− → ΛΛ̄ϕ [8]. These
findings motivate the search for excited Σ� states in the
analogous three-body decay ψð3686Þ → Σ0Σ̄0ω.
In this paper, we report the first observation and

branching fraction measurement of the decay ψð3686Þ →
Σ0Σ̄0ω, using ð27.12� 0.14Þ × 108 ψð3686Þ events [9].
We also search for potential structures in the invariant mass
distributions of Σ0ω, Σ̄0ω and Σ0Σ̄0.

II. BESIII DETECTOR AND MONTE CARLO
SIMULATION

The BESIII detector [10] records symmetric eþe−
collisions provided by the BEPCII storage ring [11] in
the center-of-mass energy range from 1.84 to 4.95 GeV.
The peak luminosity of 1.1 × 1033 cm−2 s−1 is achieved atffiffiffi
s

p ¼ 3.773 GeV. BESIII has collected large data samples
in this energy region [12,13]. 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 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. Modules of the resistive plate muon counter
(MUC) are embedded in an octagonal flux-return yoke
supporting the superconducting solenoid. The charged-
particle momentum resolution at 1 GeV=c is 0.5%, and
the specific ionization energy loss dE=dx resolution is 6%
for the electrons from Bhabha scattering at 1 GeV. The
EMC measures photon energy with a resolution of 2.5%
(5%) at 1 GeV in the barrel (end cap) region. The time
resolution of the TOF plastic scintillator barrel part is 68 ps,
while that of the end cap part is 110 ps. The end cap
TOF system was upgraded in 2015 using multigap resistive
plate chamber technology, providing a time resolution
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of 60 ps, which benefits ∼83% of the data used in this
analysis [14–16].
Monte Carlo (MC) simulated data samples produced

with Geant4-based software [17], which includes the geo-
metric description [18] of the BESIII detector and the
detector response, are used to optimize the event selection
criteria, determine the detection efficiencies and study the
background components. The simulation models the beam
energy spread and initial-state radiation in the eþe− annihi-
lations using the generator KKMC [19,20]. The inclusive
MC sample includes the production of the ψð3686Þ
resonance, the initial-state radiation production of J=ψ ,
and the continuum processes incorporated in KKMC. All
particle decays are modeled by EvtGen [21,22] using
branching fractions either taken from the Particle Data
Group (PDG) [23], when available, or otherwise estimated
with Lundcharm [24,25]. Final state radiation from charged
final state particles is included using PHOTOS [26].
The signal MC sample of ψð3686Þ → Σ0Σ̄0ω, comprising
3.0 × 106 events, is generated with an uniform phase space
(PHSP) distribution. The decays Σ0 → γΛðΛ → pπ−Þ and
Σ̄0 → γΛ̄ðΛ̄ → p̄πþÞ are also simulated using the PHSP
model [27], and the decay of ω is modeled using
OMEGA_DALITZ generator [22]. The data sample collected
at the center-of-mass energy of

ffiffiffi
s

p ¼ 3.650 GeV, with an
integrated luminosity of 401 pb−1 [9], is used to investigate
the continuum background.

III. EVENT SELECTION AND BACKGROUND
ANALYSIS

To reconstruct the signal decay, we select the decay
chains Σ0 → γΛ, Λ → pπ−, Σ̄0 → γΛ̄, Λ̄ → p̄πþ and ω →
πþπ−π0 with π0 → γγ. Each candidate event must contain
at least three positive and three negative charged tracks and
a minimum of four photons. Additionally, charged tracks
detected in the MDC must satisfy jcos θj ≤ 0.93, where θ is
the polar angle relative to the z-axis, the symmetry axis of
the MDC.

Photon candidates are identified from showers in the
EMC. The deposited energy of each shower is required to
exceed 25 MeV in the barrel region (jcos θj < 0.80) or
50 MeV in the end cap region (0.86 < jcos θj < 0.92). To
reduce electronic noise and energy depositions unrelated
to the event, the EMC cluster time, measured from the
reconstructed event start time, must lie within [0, 700] ns.
To exclude showers that originate from charged tracks, the
angle subtended by the EMC shower and the position of the
closest charged track at the EMC must be greater than
10 degrees as measured from the interaction point (IP).
Particle identification (PID) for charged tracks combines

measurements of dE=dx in the MDC and the flight time in
the TOF to calculate the probability PðhÞ for each particle
type hypothesis, where (h ¼ p, K, π). Tracks are assigned
as (anti-)proton candidates if they satisfy PðpÞ > PðKÞ and
PðpÞ > PðπÞ. Each candidate event must include at least
one proton and one antiproton. To account for antiproton
interactions with detector materials, the opening angle
between the antiproton trajectory and any photon shower
must exceed 20 degrees.
The ΛðΛ̄Þ candidates are reconstructed by combining

identified (anti)protons with oppositely charged tracks and
performing a secondary vertex fit. If multiple combinations
satisfy the fit, the one that minimizes ðMpπ− −mΛÞ2 þ
ðMp̄πþ −mΛ̄Þ2 is selected, where Mpπ−ðMp̄πþÞ is the
invariant mass of the pπ−ðp̄πþÞ pair, and mΛðmΛ̄Þ is the
nominal mass [23] of ΛðΛ̄Þ. The decay length of ΛðΛ̄Þ,
defined as the distance from the ΛðΛ̄Þ decay vertex to the
IP, must be greater than zero. ReconstructedΛ and Λ̄ candi-
dates must satisfy jMpπ−ðp̄πþÞ −mΛðΛ̄Þj < 0.01 GeV=c2

(five standard deviations), as illustrated in Fig. 1.
For the remaining charged tracks not involved in

reconstructing Λ and Λ̄, we assume they are pions
originating from the ω decay. These tracks must satisfy
jVzj < 10 cm and jVxyj < 1 cm, where jVzj is the distance
of closest approach to the IP along the z direction and Vxy is
the distance in the transverse xy plane. A vertex fit is
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FIG. 1. Distributions of (left) Mpπ− and (right) Mp̄πþ . The dots with error bars are data, the red solid lines represent the normalized
signal MC sample, and the blue dashed lines indicate the required mass ranges.
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performed on each πþπ− pairs to ensure a common decay
vertex.
In order to improve the invariant mass resolution and

reduce the backgrounds, a five-constraint (5C) kinematic
fit is applied to each ψð3686Þ → ΛΛ̄πþπ−4γ candidate,
enforcing energy-momentum conservation and con-
straining photon pairs to the nominal π0 mass. The combi-
nation with the smallest χ25C is selected, requiring χ25C < 60.
This criterion is optimized using a figure-of-merit defined
as Sffiffiffiffiffiffiffi

SþB
p , where S is the normalized number of signal

events in the signal MC sample and B is the number
of background events in the inclusive MC sample. To
suppress backgrounds with different photon multiplicities
than the signal decay, a four-constraint (4C) kinematic
fit is applied to ΛΛ̄πþπ−4γ, ΛΛ̄πþπ−3γ and ΛΛ̄πþπ−5γ
combinations (if more than four photons are present in
the event), requiring χ24CðΛΛ̄πþπ−4γÞ < χ24CðΛΛ̄πþπ−3γÞ
and χ24CðΛΛ̄πþπ−4γÞ < χ24CðΛΛ̄πþπ−5γÞ.
In the signal decay, the Σ0 and Σ̄0 states always appear in

pairs and the relevant photons are expected to yield MγiΛ
close to MγjΛ̄, where MγiΛ and MγjΛ̄ are the invariant
masses of γiΛ and γjΛ̄, respectively. Here, γi and γj are
different photons not involved in reconstructing π0. We
select the photon candidate by minimizing the varia-
ble Δ ¼ ðMγiΛ −MγjΛ̄Þ2.
To veto backgrounds from the decay ψð3686Þ →

πþπ−ðπ0π0ÞJ=ψ , we require the recoil mass of
πþπ−ðπ0γiγjÞ to be outside of the J=ψ mass window. The
mass window is set at ½3.089;3.105� GeV=c2 for ψð3686Þ →
πþπ−J=ψ and adjusted to ½3.090; 3.145� GeV=c2 for
ψð3686Þ → π0π0J=ψ .
Background candidates are studied using the ψð3686Þ

inclusive MC sample with the TopoAna package [28].
Within the fit range of ½0.65; 0.95� GeV=c2, no peaking
background is observed in the Mπþπ−π0 spectrum. The
remaining dominant background events are ψð3686Þ →
πþπ−J=ψ ; J=ψ → π0Σ0Σ̄0. Continuum background candi-
dates, estimated using off-resonance data at

ffiffiffi
s

p ¼
3.650 GeV, are negligible.

IV. BRANCHING FRACTION MEASUREMENT

After applying all selection criteria, we fit the spectra
of MγiΛ, MγjΛ̄, and Mπþπ−π0 to determine the signal and
sideband regions, as detailed in Table I. The signal events

of Σ0 and Σ̄0 are distinctly visible in the scatter plot ofMγiΛ
versus MγjΛ̄, as illustrated in Fig. 2.
The signal yield of the decay ψð3686Þ → Σ0Σ̄0ω is

extracted using an extended unbinned maximum likelihood
fit [29] to the Mπþπ−π0 spectrum, considering only events
within the 2-D Σ0Σ̄0 signal region. The ω signal is
described with the signal MC simulated shape [30] and
the smooth background contribution is modeled with a
second-order Chebyshev polynomial function.
The fit result is shown in Fig. 3. The events from the

2-D sideband are overlayed to confirm the absence of any
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FIG. 2. Distribution ofMγiΛ versusMγjΛ̄ in the data. Events are
within the ω mass window. The red solid box indicates the signal
region, the green dashed boxes denote the 1-D sideband regions,
and the magenta long dashed box represents the Σ0 − Σ̄0 sideband
region.

TABLE I. Signal and sideband regions of Σ0, Σ̄0, and ω.

Signal region (GeV=c2) Sideband region (GeV=c2)

MγiΛ [1.176, 1.204] [1.223, 1.251]
MγjΛ̄ [1.175, 1.204] [1.224, 1.253]
Mπþπ−π0 [0.758, 0.822] [0.630, 0.694], [0.886, 0.950]
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FIG. 3. Fit to the Mπþπ−π0 distribution. The dots with error bars
are data, the grass green solid line denotes the fit result, the red
long dashed line represents the signal component, the blue dashed
line is smooth background, and the light blue shadowed area
represents the smooth 2-D sideband of Σ0 and Σ̄0.
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peaking background contribution. From this fit, the number
of signal events is determined to be 171.7� 22.3. The
uncertainty is statistical only. The statistical significance,
estimated from the difference in the log-likelihood values
with and without the signal component, is 8.9σ. The
branching fraction is calculated as

Bðψð3686Þ → Σ0Σ̄0ωÞ ¼ Nobs
sig

Nψð3686Þ · εsig · Bω
; ð1Þ

where Nobs
sig is the signal yield, Bω is the branching fraction

of ω → πþπ−π0 [23], εsig represents the signal efficiency
determined by MC simulation, and Nψð3686Þ ¼ ð27.12�
0.14Þ × 108 [9] is the total number of ψð3686Þ events in the
data. The branching fraction of Σ0 → γΛ is 100% accord-
ing to the PDG, and therefore not included in Eq. (1).

The branching fractions of Λ → pπ−, Λ̄ → p̄πþ and
π0 → γγ are incorporated into the signal efficiency.
Table II includes the numerical results of the branching
fraction measurement.

V. STUDY OF INTERMEDIATE STATES

The distributions of MΣ0ω, MΣ̄0ω and MΣ0Σ̄0 , along
with the Dalitz plot of M2

Σ0ω
versus M2

Σ̄0ω
presented in

Fig. 4 are used to explore the potential intermediate states.
Differences between the data and the MC simulation are
observed in the MΣ0ω and MΣ̄0ω distributions, as well as in
the uneven distribution of the Dalitz plot.
To extract potential structure in the MΣ0ω and MΣ̄0ω

distributions, it is crucial to account for reflections from the
charge-conjugate channels. Particularly, we compare MΣ0ω
and MΣ̄0ω in each event and retain only one of them,
denoted as MΣ0ðΣ̄0Þω. First, we examine the distribution
for the larger value of MΣ0ω or MΣ̄0ω (Fig. 5) finding no
evidence of a structure. Later, the distribution of MΣ0ω or
MΣ̄0ω corresponding to the smaller value (Fig. 6) is retained
for further analysis.
In Fig. 6, a structure near 2.06 GeV=c2 is evident. To

analyze this feature, an unbinned extended maximum
likelihood fit is applied to the MΣ0ðΣ̄0Þω spectrum. In the

TABLE II. Signal yield, statistical significance, efficiency and
measured branching fraction. The uncertainties are statistical
only.

Signal yield Significance εð%Þ Bð×10−5Þ
171.7� 22.3 8.9σ 0.57 1.24� 0.16
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fit, the PHSP shape is derived from the exclusive MC
simulation of ψð3686Þ → Σ0Σ̄0ω. The signal function is
modeled by a relativistic Breit-Wigner function, defined as

jBWðMÞj2 ¼ k
ðM2 −m2

0Þ2 þm2
0Γ2

; ð2Þ

where k is a normalization factor, M corresponds to
MΣ0ðΣ̄0Þω, and m0 and Γ are the mass and width of the reso-
nance, respectively. For simplicity, the relatively smooth
efficiency curve of the signal process is not incorporated
into the signal function. The number of non-ω events is
fixed according to the previous fit result. Two options are
considered to describe the background contribution: a sum
of background candidates in the inclusive MC sample,
which yields a significance of 5.1σ; or the ω sideband
from the data, which yields a significance of 3.1σ. To be
conservative, we adopt the latter as the nominal one. The
simulated background events are not included in the fit. It is
presented in Fig. 6 for comparison. In order to estimate the
significance of the intermediate state, we consider uncer-
tainties arising from the background shape, the signal
function, and the number of non-ω events. To take into
account the uncertainties, the alternative fits are performed.
The background events obtained from the ω sideband are
changed by increasing the sideband range to 1.5 times its
original width. The signal function is smeared with a free
Gaussian function. The number of non-ω events, fixed in
the fit, is varied by one standard deviation. As a conser-
vative estimation, the smallest significance among these
fits is retained. By taking into account the systematic
uncertainties and the look-elsewhere effect [31], the global
significance of this resonance is 2.5σ.
According to the fit, the mass and width of this structure

are ð2058� 15Þ MeV=c2 and ð65� 18Þ MeV, respec-
tively. Since its significance is less than 3σ, we refrain
from reporting an upper limit for the branching fraction of
Bðψð3686Þ → Σ0X þ c:c: → Σ0Σ̄0ωÞ, where X denotes the
potential intermediate state.
The observed deviation in the MΣ0ðΣ̄0Þω spectrum sug-

gests the possible presence of an intermediate state. How-
ever, the current data statistics is insufficient to confirm its
existence or to determine its quantum numbers. Detailed
studies with larger datasets and improved model are
necessary to verify this resonance.

VI. SYSTEMATIC UNCERTAINTIES

The sources of systematic uncertainty in the branching
fraction measurement are described as below and summa-
rized in Table III. Assuming all uncertainties arise from
independent sources, the total systematic uncertainty is
determined to be 9.2%, by summing the individual con-
tributions in quadrature.
The uncertainty associated with pion tracking is assigned

as 1.0% per pion, according to the studies of the control
samples J=ψ → K�K̄ and J=ψ → pp̄πþπ− [32]. The
uncertainty is only assigned to the charged pions originat-
ing from the ω.
The uncertainty from photon reconstruction is assigned

as 0.5% per photon, based on the study of the control
sample eþe− → γμþμ− [33].
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The uncertainty related to π0 reconstruction is momentum-
dependent, following the relation ð0.06 − 2.41 × p

GeV=cÞ%
for a single π0, where p is the π0 momentum. This relation is
obtained with the control samples ψð3686Þ → π0π0J=ψ and
eþe− → ωπ0 at

ffiffiffi
s

p ¼ 3.773 GeV [34]. In the signal decay,
the momentum of the π0 is distributed around 0.3 GeV=c.
The momentum-weighted uncertainty, 1.0%, is assigned
as the systematic uncertainty.
The differences in Λ and Λ̄ reconstruction efficiency,

including the tracking and PID of pπ, as well as their decay
length and mass windows, are studied using the control
sample J=ψ → pK−Λ̄þ c:c: [35]. After correcting the
signal efficiencies based on the data-MC difference, the
residual uncertainties are assigned as the corresponding
systematic uncertainties, each being 0.9% for bothΛ and Λ̄.
Assuming the uncertainties of Λ and Λ̄ reconstruction to be
fully correlated, the overall systematic uncertainty due to Λ
and Λ̄ reconstruction is determined to be 1.8%.
The uncertainty associated with the 5C kinematic

fit is estimated by comparing the efficiency with and
without helix parameter corrections, following the method
described in Ref. [36]. The difference in the signal
efficiency, 1.1%, is assigned as the systematic uncertainty.
The uncertainty of the correlated 2-D Σ0Σ̄0 mass window

is estimated using the control sample of J=ψ → Σ0Σ̄0. The
difference in the acceptance efficiency between the data
and MC simulation, 0.1%, is account for the systematic
uncertainty. The uncertainties associated with vetoing
ψð3686Þ → πþπ−ðπ0π0ÞJ=ψ events are estimated using
the Barlow test [37]. We modify the nominal J=ψ mass
windows by reducing or expanding them five times with

increments of �2 MeV=c2, then re-measure the branching
fraction for each adjusted mass window. The test variable is
defined as ζ ¼ jVnominal−V testjffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

jσ2Vnominal−σ
2
Vtestj

p , where Vnominal denotes the

nominal branching fraction result, V test denotes the branch-
ing fraction from a specific mass window, σVnominal and
σVtest are the statistical uncertainty of the nominal branch-
ing fraction and the uncertainty corresponding to V test,
respectively. If ζ < 2 for all mass windows, the difference
in the measured branching fractions is considered to be due
to statistical fluctuations, rendering the uncertainty negli-
gible. Otherwise, the largest difference in the measured
branching fraction, corresponding to the highest value of ζ,
is taken as the uncertainty.
The uncertainty of the fit range is found to be negligible

using the Barlow test. The uncertainty arising from the
signal shape is estimated by substituting the signal function
derived from the simulated shape with a double Gaussian
function. The difference in the fitted signal yield, amount-
ing to 1.6%, is taken as the systematic uncertainty. The
uncertainty related to the background function is estimated
by replacing the Chebyshev polynomial function with the
2-D Σ0Σ̄0 sideband. The difference in the fitted signal yield,
0.6%, is considered as the uncertainty.
The uncertainty associated with the MC model is

estimated by using the data-driven BODY3 [21] generator
to regenerate a signal MC sample of equivalent size as the
nominal signal MC sample. The Dalitz plot ofM2

Σ0ω
versus

M2
Σ̄0ω

is input into the BODY3 generator, with backgrounds
subtracted using the ω sideband. The efficiency difference
between the alternative and nominal MC samples, 7.0%, is
assigned as a systematic uncertainty.
The uncertainty due to the limited signal MC sample size

is calculated as
ffiffiffiffiffiffi
1−ε
N·ε

q
¼ 0.7%, where ε is the efficiency and

N is the total number of generated MC events.
The uncertainties for BðΛ → pπ−=Λ̄ → p̄πþÞ and

Bðω → πþπ−π0Þ are sourced from the PDG [23], which
are 0.8% for each decay. The uncertainty of Bðπ0 → γγÞ is
considered negligible.
The uncertainty associated with the total number of

ψð3686Þ events is 0.5% [9].

VII. SUMMARY

Using ð27.12� 0.14Þ × 108 ψð3686Þ events collected
by the BESIII detector in 2009, 2012 and 2021, we report
the first observation of the decay ψð3686Þ → Σ0Σ̄0ω with a
statistical significance of 8.9σ. The branching fraction is
measured to be ð1.24� 0.16stat � 0.11sysÞ × 10−5. This
result is consistent with the previous measurement of its
isospin partner process, ψð3686Þ → ΣþΣ̄−ω [34], which
was found to be ð1.89� 0.18stat � 0.21sysÞ × 10−5. Isospin
symmetry predicts a branching fraction ratio of 1 between
these two channels, and the measured result is consistent

TABLE III. Relative systematic uncertainties for the branching
fraction measurement of ψð3686Þ → Σ0Σ̄0ω.

Source Uncertainty in (%)

Tracking 2.0
Photon reconstruction 2.0
π0 reconstruction 1.0
Λ Λ̄ reconstruction 1.8
5C kinematic fit 1.1
Σ0Σ̄0 mass window 0.1
Veto πþπ−J=ψ Negligible
Veto π0π0J=ψ 4.1
Fit range Negligible
Signal shape 1.6
Background shape 0.6
Signal MC sample size 0.7
Generator model 7.0
ω branching fraction 0.8
Λ Λ̄ branching fraction 1.6
π0 branching fraction Negligible
Total number of ψð3686Þ events 0.5

Total 9.2
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with this expectation at a 2σ uncertainty level. We also
investigate potential structures in the invariant mass dis-
tributions of Σ0ω, Σ̄0ω and Σ0Σ̄0. A hint of a resonance in
the MΣ0ðΣ̄0Þω spectrum is observed with a significance of
2.5σ. However, due to the limited statistics, we do not
consider possible interference effects, and detailed infor-
mation about the intermediate state, including its quantum
numbers, cannot be determined.
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