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Using ð27.12� 0.14Þ × 108 ψð3686Þ events collected with the BESIII detector operating at the BEPCII
collider, we have observed the decay ψð3686Þ → Σ

0
Σ̄
0ϕ for the first time with a statistical significance of

7.6σ. Its branching fraction is measured to be ð2.64� 0.32stat � 0.12sysÞ × 10−6, where the first uncertainty

is statistical and the second is systematic. The result is consistent with the previous measurement of its

isospin partner process ψð3686Þ → Σ
þ
Σ̄
−ϕ, aligning with the naive expectation of isospin symmetry.

In addition, we search for potential intermediate states in the Σ0ϕ (Σ̄0ϕ) invariant mass distribution and a

possible threshold enhancement in the Σ
0
Σ̄
0 system, but no conclusive evidence of them is observed.
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I. INTRODUCTION

Unlike the well-established theory of electromagnetic
interactions, quantum chromodynamics (QCD) theory
faces challenges in the nonperturbative region, where the
theoretical calculations rely on approximations and models
in various situations. As of today, there is still no univer-
sally accepted and reliable calculation technique of strong
interactions in this region [1].
The charmonium states are usually interpreted as bound

states consisting of a charm quark and an anticharm quark.
Experimental studies of the hadronic decays of charmo-
nium states, which lie between the perturbative and non-
perturbative regimes, are important to test the current QCD
theory and the theoretical models [2,3]. In the hadronic
decays of charmonium states, especially the three-body
decays, various intermediate states could be produced, and
the properties of these states could be used to test the QCD-
based theoretical framework.
The investigations of the decays of ψð3686Þ → BB̄PðVÞ,

where B denotes a baryon, B̄ denotes its antiparticle and
PðVÞ denotes a pseudoscalar (vector) meson, are essential
to search for intermediate states such as baryonium [4,5]
and excited baryons that have not yet been observed [6,7].
In recent years, the decays ψð3686Þ → ΛΛ̄π0, ΛΛ̄η [8],

ΛΛ̄η0 [9], ΛΛ̄ω [10], Σþ
Σ̄
−ω, Σþ

Σ̄
−ϕ [11] and Σþ

Σ̄
−η [12]

have been observed at BESIII. Evidence of the excited state

Λ
� was found in ψð3686Þ→ ΛΛ̄ω with a significance of

3.0σ [10], and the excited state Λð1670Þwas observed with

a significance larger than 5.0σ in the Λη system in

ψð3686Þ→ ΛΛ̄η [8]. Additionally, a near-threshold

enhancement in the ΛΛ̄ invariant mass spectrum was

observed for the first time in eþe− → ΛΛ̄ϕ [13]. These
exciting results stimulate us to search for such effects in the

similar decay ψð3686Þ → Σ
0
Σ̄
0ϕ.

In this paper, we report the first observation of the decay

ψð3686Þ→ Σ
0
Σ̄
0ϕ and measure its branching fraction

using ð27.12� 0.14Þ × 108 ψð3686Þ events [14]. In addi-
tion, we search for potential intermediate states in the

Σ
0ϕðΣ̄0ϕÞ invariant mass spectrum and a possible threshold

enhancement in the Σ
0
Σ̄
0 system.

II. BESIII DETECTOR AND MONTE CARLO

SIMULATION

The BESIII detector [15] records symmetric eþe−

collisions provided by the BEPCII storage ring [16] in
the center-of-mass energy range from 1.84 to 4.95 GeV,

with a peak luminosity of 1.1 × 1033 cm−2 s−1 achieved at
ffiffiffi

s
p ¼ 3.773 GeV. BESIII has collected large data sam-
ples in this energy region [17] [18]. 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. The magnet is supported by an octagonal
flux-return yoke with modules of resistive plate muon
counter interleaved with steel. 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
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the end cap part 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% of the data used in this analysis [19–21].
Monte Carlo (MC) simulated data samples produced

with Geant4-based [22] software, which includes the geo-
metric description [23] 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−

annihilations using the generator KKMC [24,25]. The
inclusive MC sample includes the production of the
ψð3686Þ resonance, the initial-state radiation production
of the J=ψ , and the continuum processes incorporated in
KKMC. All particle decays are modeled by EvtGen [26,27]
using branching fractions either taken from the Particle
Data Group (PDG) [28], when available, or otherwise
estimated with LundCharm [29,30]. Final-state radiation from
charged final-state particles is included using PHOTOS [31].

The signal MC sample, consisting of 3.0 × 106 events, is
generated using a phase space model (PHSP) to determine
the detection efficiency. The data sample collected at the

center-of-mass energy of
ffiffiffi

s
p ¼ 3.650 GeV, corresponding

to an integrated luminosity of 401 pb−1 [14], is used to
study the continuum background.

III. EVENT SELECTION

AND BACKGROUND ANALYSIS

The decay modes Σ
0
→ γΛ, Λ → pπ− (Σ̄0

→ γΛ̄,

Λ̄ → p̄πþ) and ϕ → KþK−, which have large branching
fractions and high reconstruction efficiency, are selected to
reconstruct our signal process. To further increase the
efficiency, we apply a partial reconstruction method, where

either the Σ̄0 baryon or the Σ0 baryon is not reconstructed
but instead identified by the recoiling mass of the recon-

structed particles. The tag method missing the Σ̄0 is referred

to as “tag A,” and the method missing the Σ0 is referred to
as “tag B.” To avoid double counted events, tag B is used
only when tag A is not feasible. For example, if the Λ

baryon cannot be reconstructed due to a missing proton or

π− meson, reconstructing the Σ0 is also not possible, and as
a result, we turn to tag B. The events selected by tag A or
tag B are analyzed separately.
Each candidate event is required to contain at least two

positive and two negative charged tracks and at least one
candidate photon. Additionally, the polar angle (θ) of the
charged tracks detected by the MDC must be in the range
j cos θj ≤ 0.93, where θ is defined with respect to the z axis,
i.e., the symmetry axis of the MDC.
Photon candidates are identified using showers in the

EMC. The deposited energy of each shower must be greater
than 25 MeV in the barrel region (j cos θj < 0.80) or greater
than 50MeV in the end cap region (0.86 < j cos θj < 0.92).

To suppress electronic noise and energy depositions not
associated with the event, we further require the EMC
cluster time from the reconstructed event start time to fall
within the range [0, 700] ns. To veto showers originating
from charged tracks, the opening angle between the
extrapolated trajectory of any charged track and the shower
position must exceed 10 degrees.
Particle identification for charged tracks combines mea-

surements of dE=dx in the MDC and the flight time in the
TOF to calculate the probability PðhÞðh ¼ p;K; πÞ for
each particle type hypothesis. The track with the highest
probability of being a proton is assumed to be a proton, i.e.,
PðpÞ > PðKÞ and PðpÞ > PðπÞ, while pions are identified
by requiring PðπÞ > PðKÞ and PðπÞ > PðpÞ. The remain-
ing tracks that are not identified as a proton or pion are
assumed to be kaons originating from the ϕ meson. Each

candidate signal event is required to contain exactly oneKþ

and one K−. Additionally, we require Nπ− ¼ 1, Np ¼ 1,

Nπþ < 2, and Np̄ < 2 for candidate events in tag A, and

Nπþ ¼ 1, Np̄ ¼ 1, Nπ− < 2, and Np < 2 for candidate

events in tag B, where N denotes the number of different
particles in the event. We limit the numbers of p and π of
the recoiling side to suppress the background.
The charged tracks assumed to be kaons originating from

the ϕ decay are required to satisfy jVzj < 10 cm and
jVxyj < 1 cm, where jVzj is the distance of closest

approach to the interaction point along the z direction
and Vxy is the distance in the transverse x-y plane. A vertex

fit is performed on the KþK− pair to reconstruct the ϕ

meson. A secondary vertex fit is performed on the

pπ−ðp̄πþÞ pair to reconstruct the ΛðΛ̄Þ state. The ΛðΛ̄Þ
decay length, defined as the distance of the ΛðΛ̄Þ decay
vertex from the interaction point, is required to be greater

than zero. Additionally, the χ2 value of the secondary
vertex fit is required to be less than 30. The surviving

events are required to fall within jMpπ−ðp̄πþÞ −mΛðΛ̄Þj <
0.006 GeV=c2 (4 standard deviations), as shown in Fig. 1,
where Mpπ−ðp̄πþÞ is the invariant mass of the pπ pair and

mΛðΛ̄Þ is the ΛðΛ̄Þ mass [28].

In the signal channel, the Σ0 and Σ̄0 states always appear
in pairs and the proper photon should make the recon-

structed mass of γΛ (γΛ̄) close to the recoil mass of γΛϕ

(γΛ̄ϕ). For tag A, the candidate photon is selected by

minimizing the variable Δ ¼ ðMγΛ −Mrec
γΛϕÞ2, where MγΛ

is the invariant mass of γΛ and Mrec
γΛϕ is the recoiling mass

of γΛϕ. The photon in tag B is selected similarly by

minimizing Δ ¼ ðMγΛ̄ −Mrec
γΛ̄ϕ

Þ2.
The background components are studied with the

ψð3686Þ inclusive MC sample using TopoAna [32]; the
remaining events can be categorized into eight types
depending on their distinctive peaking characteristics, as
summarized in Table I. Here, “non-ϕ” indicates that the ϕ
peak is not observed in the decay chain of the background,
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and “non-Σ0
” and “non-Σ̄0

” have similar meanings. Type 6
and type 7 events are the dominant background sources,
while the contributions from types 1–5 are relatively
negligible. Specifically, the dominant background channels

of type 6 events are the decays χcJðJ ¼ 0; 1; 2Þ → ΛΛ̄ϕ,

while for type 7 events they are the decays χcJ → Ω̄
þ
Ω
−.

The yields of the continuum background events are
estimated using the data sample collected at

ffiffiffi

s
p ¼

3.650 GeV. Only a few events survive and no peaking
contribution is observed, indicating that the continuum
background is negligible.

IV. BRANCHING FRACTION MEASUREMENT

For simplicity, the notations below are used interchange-
ably: MKþK− as Mϕ, MγΛ and Mrec

γΛ̄ϕ
as M0

Σ
, and MγΛ̄ and

Mrec
γΛϕ as M0

Σ̄
. A topological analysis has shown the

presence of non-negligible peaking background in the

Σ
0, Σ̄0 and ϕ mass distributions concurrently. In addition,

a correlation is observed between MΣ
0 and MΣ̄

0 , due to the
photon selection. Therefore, to determine the number of
signal events, we perform an extended unbinned maximum

likelihood three-dimensional fit on the Mϕ and M2D
Σ
0
Σ̄
0

distributions of the accepted candidate events in the data,

whereM2D
Σ
0
Σ̄
0 represents the two-dimensional distribution of

M
Σ
0 versus M

Σ̄
0 . Table II lists the probability distribution

function (PDF) models used in the fit. Here, type 0 events
of Table I are divided into two components: one retains
the name “type 0,” denoting the signal corrected by MC
truth matching technique, while the other, labeled as
“mismatch,” denotes the incorrect combination background
of the signal decay. The type 2, type 3 and type 6 events are
identical to those in Table I. The type 8 incorporates type 1,
type 4 and type 5 events of Table I, denoting all the non-ϕ

backgrounds. The Mϕ and M2D
Σ
0
Σ̄
0 signal shapes are derived

from the signal MC sample with the RooKeysPdf and
RooNDKeysPdf functions, which are one-dimensional and
multidimensional Gaussian kernel density estimators [33]
implemented in ROOT, respectively. The non-ϕ back-
ground shape is described by a reverse ARGUS [34]
function, defined as

ARGUSðm;m0; ξ; pÞ ¼
�

0 ðm < m0Þ;
m · νp · eξ·ν ðm ≥ m0Þ;

ð1Þ

where m is the KþK− invariant mass, m0 is the mass

threshold, ν ¼ ðm
m0
Þ2 − 1, and p and ξ are free parameters.

For type 2, type 3 and type 6 events, theM2D
Σ
0
Σ̄
0 distributions

are derived from the inclusive MC sample with the

RooNDKeysPdf function. For type 8 events, the M2D
Σ
0
Σ̄
0
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FIG. 1. Left: distribution of Mpπ− for tag A. Right: distribution of Mp̄πþ for tag B. The dots with error bars are data, the orange solid
lines represent the signal MC sample, and the blue dashed lines show the required range.

TABLE I. Numbers of surviving events in the ψð3686Þ in-
clusive MC sample after selections.

Event type Tag A Tag B

Type 0 ϕ Σ
0

Σ̄
0 452 430

Type 1 Non-ϕ Σ
0

Σ̄
0 1 1

Type 2 ϕ Σ
0 Non-Σ̄0 44 40

Type 3 ϕ Non-Σ0
Σ̄
0 46 46

Type 4 Non-ϕ Σ
0 Non-Σ̄0 18 1

Type 5 Non-ϕ Non-Σ0
Σ̄
0 4 10

Type 6 ϕ Non-Σ0 Non-Σ̄0 6090 4866
Type 7 Non-ϕ Non-Σ0 Non-Σ̄0 335 246

TABLE II. PDF models used in the three-dimensional fit.
In the table, “signal MC” and “inclusive MC” correspond to
PDF models derived from the MC simulation shapes, while
“ϕ sideband” PDF is derived from the data.

Event type Mϕ M2D
Σ
0
Σ̄
0

Type 0 ϕ Σ
0

Σ̄
0 Signal MC Signal MC

Mismatch Wrong combinations Signal MC Signal MC
Type 2 ϕ Σ

0 Non-Σ̄0 Signal MC Inclusive MC

Type 3 ϕ Non-Σ0
Σ̄
0 Signal MC Inclusive MC

Type 6 ϕ Non-Σ0 Non-Σ̄0 Signal MC Inclusive MC
Type 8 Non-ϕ ARGUS ϕ sideband
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distribution is derived from the ϕ sideband events of the
data sample with the RooNDKeysPdf function.
In the three-dimensional fit, the numbers of type 2 and

type 3 events are fixed according to their fractions derived
from the inclusive MC samples, and normalized to the data
sample. Additionally, the ratio between the numbers of
mismatched events and correct events is fixed to its value in
the signal MC sample. The left-free parameters include the
numbers of signal, type 6 and type 8 events, and three
parameters of the ARGUS function. The fit results are
shown in Figs. 2 and 3.
From this fit, the number of signal events is determined

to be 57.3� 9.7 for tag A and 50.8� 9.1 for tag B. The
statistical significances of tag A and tag B are estimated
from the differences in the log-likelihood values with and
without the signal function, and are 6.2σ and 6.3σ,
respectively. The significance of the combined signal from
tag A and tag B is 7.6σ.
The branching fraction of ψð3686Þ→ Σ

0
Σ̄
0ϕ is calcu-

lated as

Bðψð3686Þ → Σ
0
Σ̄
0ϕÞ ¼

Nobs
sig

Nψð3686Þ · εsig · Bϕ

; ð2Þ

where Nobs
sig is the number of signal events, Bϕ is the

branching fraction of ϕ → KþK− [28], εsig is the signal

efficiency determined by the MC simulation and the
number of ψð3686Þ events in data is Nψð3686Þ ¼
ð27.12� 0.14Þ × 108 [35]. The branching fraction of

Σ
0
→ γΛ is 100% according to the PDG, and thus it is not

included in Eq. (2). The branching fractions of Λ → pπ−

and Λ̄ → p̄πþ are not in the formula either, as they have
been incorporated into the signal efficiency. The weighted
statistical uncertainty (σstat) and the average value (μ) of tag
A and tag B are calculated as

1

σ2stat
¼ 1

σ2A
þ 1

σ2B
and μ ¼ σ2stat

�

μA

σ2A
þ μB

σ2B

�

; ð3Þ
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FIG. 2. Fit results and projections for tag A. Top: projections in the full range of MKþK− : (a) MγΛ, (b) M
rec
γΛϕ, and (c) MKþK− . Middle:

projections in the MKþK− signal region (1.006–1.032 GeV=c2): (d)–(f). Bottom: projections in the MKþK− sideband region

(1.050–1.076 GeV=c2): (g)–(i). The dots with error bars (black), wide solid lines (red), narrow solid lines (green), dashed lines
(blue), dotted lines (magenta), dash-dotted lines (bluish violet), extended dashed lines (magenta), and long-dashed lines (bluish violet)
stand for the data, total fit, signal events, mismatched events, type 2 events, type 3 events, type 6 events, and type 8 events, respectively.
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where the subscripts “A” and “B” represent tag A and tag B
accordingly. Table III lists the numerical results.

V. STUDY OF INTERMEDIATE STATES

In order to investigate potential intermediate states in

ψð3686Þ→ Σ
0
Σ̄
0ϕ, candidate events of tag A and tag B are

required to fall within the Σ0, Σ̄0, and ϕ signal regions, as
shown in Table IV. These signal regions are within 3
standard deviations around individual fitted masses. Tag A
and Tag B are combined to increase the statistics. The
distributions ofMΣ

0ϕ,MΣ̄
0ϕ andMΣ

0
Σ̄
0 , as well as the Dalitz

plots of M2

ðΣ0ϕÞ versus M
2

ðΣ̄0ϕÞ, are shown in Fig. 4. In the

MΣ
0
Σ̄
0 spectrum, a difference between the PHSP MC and

the data is observed around 2.43 GeV. However, due to the

limited statistics, we are unable to draw a definitive
conclusion. Additional data and further research are
required.

VI. SYSTEMATIC UNCERTAINTIES

The sources of systematic uncertainties on the measured
branching fraction are described below.
(1) Kaon tracking

The uncertainty of kaon tracking is assigned as
1.0% per kaon from the study of the control
sample J=ψ → K0

SK
�π∓ [36].

)2c (GeV/rec
M

1.16 1.18 1.2 1.22 1.24 1.26

)
2
c

E
v
en

ts
 /

 (
3
.0

0
 M

eV
/

0

10

20

30

40

50

60

70 (a)
/ndof= 0.87

Total

Type 0

Mismatch

Type 2

Type 3

Type 6

Type 8

)2c (GeV/M

1.16 1.18 1.2 1.22 1.24 1.26

)
2
c

E
v
en

ts
 /

 (
3
.0

0
 M

eV
/

0

20

40

60

80
Total

Type 0

Mismatch

Type 2

Type 3

Type 6

Type 8

(b)
/ndof= 0.87

)2c (GeV/-
K+K

M

1 1.01 1.02 1.03 1.04 1.05 1.06 1.07

)
2
c

E
v
en

ts
 /

 (
1
.4

5
 M

eV
/

0

20

40

60

80

100

120

140 (c)
/ndof= 0.92

Total

Type 0

Mismatch

Type 2

Type 3

Type 6

Type 8

)2c (GeV/
���

rec
M

1.16 1.18 1.2 1.22 1.24 1.26

)
2
c

E
v
en

ts
 /

 (
3
.0

0
 M

eV
/

0

10

20

30

40

50

60 (d)

)2c (GeV/
��

M

1.16 1.18 1.2 1.22 1.24 1.26
)
2
c

E
v
en

ts
 /

 (
3
.0

0
 M

eV
/

0

10

20

30

40

50

60
(e)

)2c (GeV/-
K+K

M

1.01 1.015 1.02 1.025 1.03

)
2
c

E
v
en

ts
 /

 (
1
.4

5
 M

eV
/

0

20

40

60

80

100

120

140 (f)

)2c (GeV/
���

rec
M

1.16 1.18 1.2 1.22 1.24 1.26

)
2
c

E
v
en

ts
 /

 (
3
.0

0
 M

eV
/

0

2

4

6

8

10

12

14

16
(g)

)2c (GeV/
��

M

1.16 1.18 1.2 1.22 1.24 1.26

)
2
c

E
v
en

ts
 /

 (
3
.0

0
 M

eV
/

0

5

10

15

(h)

)2c (GeV/-
K+K

M

1.05 1.055 1.06 1.065 1.07 1.075

)
2
c

E
v
en

ts
 /

 (
1
.4

5
 M

eV
/

0

5

10

15

20

25 (i)

FIG. 3. Fit results and projections for tag B. Top: projections in the full range of MKþK− : (a) Mrec
γΛ̄ϕ

, (b) MγΛ̄, and (c) MKþK− . Middle:
projections in the MKþK− signal region. Bottom: projections in the MKþK− sideband region.

TABLE III. Signal yield in the data, statistical significance,

detection efficiency and branching fraction.

Signal yield Significance ε (%) Bð×10−6Þ
Tag A 57.3� 9.7 6.2σ 1.69 2.54� 0.43

Tag B 50.8� 9.1 6.3σ 1.38 2.76� 0.50
Average 2.63� 0.32

TABLE IV. Signal regions of tag A and tag B.

Signal region (GeV=c2)

Tag A MγΛ [1.176, 1.207]

Mrec
γΛϕ [1.174, 1.210]

MKþK− [1.006, 1.032]

Tag B Mrec
γΛ̄ϕ

[1.175, 1.209]

MγΛ̄ [1.177, 1.207]

MKþK− [1.006, 1.032]
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(2) Photon detection

The uncertainty of photon reconstruction is as-
signed as 0.5% per photon based on the study of the
control sample eþe− → γμþμ− [37].

(3) ΛðΛ̄Þ reconstruction
The uncertainty of ΛðΛ̄Þ reconstruction includes

the uncertainty of tracking and particle identification
for p and π, along with the decay length and the

χ2 value requirements. The efficiency of ΛðΛ̄Þ
reconstruction depends on its polar angle and
momentum distributions, and the distributions of
the signal MC sample differ slightly from those of
the data sample. We use the control sample

J=ψ → pK−
Λ̄þ c:c: [38] to correct the efficiency

and estimate the uncertainty, which is determined to
be 1.0% (0.8%) for tag A (B).

(4) ΛðΛ̄Þ mass window
We fit the data sample using the simulated shape

convolved with a Gaussian resolution function.
After smearing this Gaussian resolution function
to the signal MC sample, the change in the efficiency
is estimated as the related uncertainty, and it is 0.2%
(0.2%) for tag A (B).

(5) Wrong combination ratio

The wrong combination ratio of the signal MC
sample may vary from that of the data sample. We
adjust the matching angle in the MC truth associ-
ation by �1° [39] and take the larger change of the

re-measured branching fractions as the systematic
uncertainty, which is 0.8% (1.4%) for tag A (B).

(6) MC sample size

The relative uncertainty of the signal MC sample
size is estimated as

ffiffiffiffiffiffi

1−ε
N·ε

q

, where ε is the detection
efficiency and N is the total number of the generated
signal events. It is 0.4% (0.5%) for tag A (B).

(7) Fit procedure

(a) Fit range: We simultaneously vary the fit range
of MΣ

0 , MΣ̄
0 and Mϕ by �10 MeV=c2, except

for the lower limit ofMϕ, as there is a threshold.

The larger difference in the remeasured branch-
ing fraction is assigned as the uncertainty, which
is 4.5% (2.6%) for tag A (B).

(b) Fixed numbers of background events: Assuming
that the number of type 2 events follows a
Poisson distribution, we adjust it by � ffiffiffiffiffiffi

N2

p
,

where N2 denotes the number of type 2 events
that is fixed in the fit. Alternative fits are
performed with modified N2 and the larger
difference in the branching fraction is assigned
as the uncertainty. It is 0.6% (0.4%) for tag A

(B). The uncertainty associated with the number
of type 3 events is estimated similarly, which is
0.6% (0.2%) for tag A (B).

(c) Signal shape: The description of the ϕ shape is
changed from the RooKeysPdf function to the
RooHistPdf function. At the same time, the
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FIG. 4. Top: distributions ofMΣ
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overall scale factor of the bandwidth of the
RooNDKeysPdf function is varied from 1.0 to

1.3, representing the uncertainty of the M2D
Σ
0
Σ̄
0

shape. The uncertainty associated with the signal
shape is assigned as 1.7% (0.6%) for tag A (B).

(d) Background shape: The uncertainties of the
shapes of the type 2 and type 3 events are
negligible. For the shape of type 8 events, the
smooth shape ofMKþK− is replaced by a second-
order Chebyshev polynomial function, and the

M2D
Σ
0
Σ̄
0 distribution is changed by moving the ϕ

sideband range by 10 MeV=c2 towards the
higher mass region. As for the shapes of the
type 6 and mismatched events, their ϕ shapes are
changed to the RooHistPdf function instead of
the RooKeysPdf function, and the distributions

of M2D
Σ
0
Σ̄
0 are varied by changing the bandwidth

scale factor of the RooNDKeysPdf function from
1.0 to 1.3. The difference in the branching
fraction after modifying the background shape
is considered as the uncertainty, and it is 1.4%
(3.5%) for tag A (B).

(8) Quoted branching fractions

The uncertainties of BðΛ → pπ−=Λ̄ → p̄πþÞ and
Bðϕ → KþK−Þ are taken from the PDG [28], which
are 0.8% and 1.0%, respectively.

(9) Number of ψð3686Þ events
The uncertainty of the total number of ψð3686Þ

events in the data sample is 0.5% [14,35].
The correlations of the uncertainties between tagA and tag

B are considered. We divide the uncertainties into uncorre-
lated individual uncertainties and correlated common uncer-
tainties, which include kaon tracking, photon detection,
quoted branching fractions, number of ψð3686Þ events,

and ΛðΛ̄Þ reconstruction. For a conservative estimation,
we assume full correlation for the correlated uncertainties.
All the systematic uncertainty sources and their values are
summarized in Table V.
Taking tag A and tag B as two independent measure-

ments, the covariance matrix (V) of BA and BB is

V ¼
� ðσAsys · BAÞ2 þ σAstat

2 ðσAsys;c · BAÞðσBsys;c · BBÞ
ðσAsys;c · BAÞðσBsys;c · BBÞ ðσBsys · BBÞ2 þ σBstat

2

�

;

ð4Þ

in which B denotes the branching fraction of one single tag,
σsys;c denotes the correlated systematic uncertainty, σsys
denotes the sum of correlated and uncorrelated systematic
uncertainties, and σstat denotes the statistical uncertainty.
The scripts “A” and “B” represent tag A and tag B,
respectively. Giving the covariance matrix, the least square
method is applied to calculate the weighted average and the
uncertainty of the branching fraction, as

B̂ ¼
�

X

2

i;j¼1

ðV−1Þij
�−1�

X

2

i;j¼1

ðV−1ÞijBj

�

¼ ðV−1Þ11BA þ ðV−1Þ12BB þ ðV−1Þ21BA þ ðV−1Þ22BB

ðV−1Þ11 þ ðV−1Þ12 þ ðV−1Þ21 þ ðV−1Þ22
≈ 2.64 × 10−6 ð5Þ

and

σ̂2
B
¼

�

X

2

i;j¼1

ðV−1Þij
�−1

¼ ððV−1Þ11 þ ðV−1Þ12 þ ðV−1Þ21 þ ðV−1Þ22Þ−1;

σ̂B;sys ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

σ̂B
2 − σB;stat

2

q

≈ 0.12 × 10−6; ð6Þ

where B̂ represents the expected value of the branching
fraction, σ̂B represents the total uncertainty, σB;stat repre-

sents the statistical uncertainty in Table III and σ̂B;sys
represents the overall systematic uncertainty.

VII. SUMMARY

Using ð27.12� 0.14Þ × 108 ψð3686Þ events collected
with the BESIII detector in 2009, 2012 and 2021, the decay

ψð3686Þ→ Σ
0
Σ̄
0ϕ is observed for the first time with a

significance of 7.6σ. The branching fraction of this decay is

measured to be ð2.64� 0.32stat � 0.12sysÞ × 10−6. The

measured branching fraction is consistent with the previous

TABLE V. Systematic uncertainties of the branching fraction

measurement.

Source Tag A (%) Tag B (%)

Kaon tracking 2.0 2.0
Photon detection 0.5 0.5
Λ reconstruction 1.0 � � �
Λ̄ reconstruction � � � 0.8

Λ mass window 0.2 � � �
Λ̄ mass window � � � 0.2

Wrong combination ratio 0.8 1.4
MC sample size 0.4 0.5
Fit range 4.5 2.6
Number of type 2 events 0.6 0.4
Number of type 3 events 0.6 0.2
Signal shape 1.7 0.6
Background shape 1.4 3.5
Quoted ϕ branching fraction 1.0 1.0
Quoted Λ (Λ̄) branching fraction 0.8 0.8
Number of ψð3686Þ events 0.5 0.5

Individual uncertainty 5.2 4.7
Common uncertainty 2.7 2.6

Total 5.9 5.4
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measurement of the isospin partner process

ψð3686Þ→ Σ
þ
Σ̄
−ϕ [11]. The principle of isospin conser-

vation is upheld within 1 standard deviation. Possible

structures in the Σ0
Σ̄
0 and Σ0ϕðΣ̄0ϕ) invariant mass spectra

have been investigated. However, with the current statistics,
no conclusive evidence is observed.
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