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The decays J=ψ → ηΣþΣ̄− and ψð3686Þ → ηΣþΣ̄− are observed for the first time, using ð10087�
44Þ × 106 J=ψ and ð448.1� 2.9Þ × 106 ψð3686Þ events collected with the BESIII detector at the BEPCII
collider. We determine the branching fractions of these two decays to be BðJ=ψ → ηΣþΣ̄−Þ ¼ ð6.34�
0.21� 0.37Þ × 10−5 and Bðψð3686Þ → ηΣþΣ̄−Þ ¼ ð9.59� 2.37� 0.61Þ × 10−6, where the first uncer-
tainties are statistical and the second are systematic. The ratio of these two branching fractions is

determined to be Bðψð3686Þ→ηΣþΣ̄−Þ
BðJ=ψ→ηΣþΣ̄−Þ ¼ ð15.1� 3.8Þ%, which is in agreement with the “12% rule.”

DOI: 10.1103/PhysRevD.106.112007

I. INTRODUCTION

Studies of the hadronic decays of the cc̄ states J=ψ and
ψð3686Þ (here referred to as ψ) provide good opportunities
to test theories in the transition region of perturbative and
nonperturbative quantum chromodynamics (QCD), as well
as valuable information on the structure of charmonia [1].
Many kinds of two-body decays of charmonia into a

baryon pair, i.e., ψ → BB̄ (B stands for a baryon), have
been observed in experiments, and they have been under-
stood in terms of cc̄ annihilations into three gluons or into a
virtual photon [2]. The measurement of three-body decays
ψ → BB̄P, where P stands for a pseudoscalar meson
such as η or π0, has the additional advantage to study
the intermediate excited hadrons. On this field, so far
the BESIII Collaboration has published the studies on the
decays ψ → pp̄π0ðηÞ [3] and ψ → ΛΛ̄π0ðηÞ [4], while the
similar isospin-allowed decay ψ → ηΣþΣ̄− has not yet been
measured. In addition, since most of the excitation spectra
of hyperons are still not well understood [5], the ψ →
ηΣþΣ̄− decay provides a good opportunity to search for
potential Σ excitations.
Perturbative QCD (pQCD) predicts that the ratio

between the branching fractions of J=ψ and ψð3686Þ
decaying into the same final states obeys the so-called

“12% rule” [6,7], expressed by Bðψð3686Þ→XÞ
BðJ=ψ→XÞ ≈ 12%, where

X denotes any exclusive hadronic decay mode or the
lþl−ðl ¼ e; μÞ final state. A large fraction of measured
branching fractions for exclusive decays follows the 12%
rule within errors. However, the measured ratio of
Bðψð3686Þ → ρπÞ to BðJ=ψ → ρπÞ is much less than
the prediction. To understand the deviation from 12% rule
in some decay modes, many theoretical and experimental
efforts have been made. For example, the ratio for the
isospin violating decay ψ → ΛΛ̄π0 deviates from 12%,

while it is consistent for the isospin-allowed decay ψ →
ΛΛ̄η [4]. The BESIII experiment has collected the largest
data sample of J=ψ and ψð3686Þ events, providing a good
opportunity to test the 12% rule in the decays involving Σ
hyperons in the final state.
In this paper, we report the first measurements of the

branching fractions of J=ψ → ηΣþΣ̄− and ψð3686Þ →
ηΣþΣ̄−, based on the data samples of ð10087� 44Þ ×
106 J=ψ events and ð448.1� 2.9Þ × 106 ψð3686Þ events
[8,9] collected with the BESIII detector. Besides, we search
for potential excited baryon states and unknown structures
in the ηΣ and ΣþΣ̄− invariant mass spectra.

II. BESIII DETECTOR AND MONTE CARLO
SIMULATION

The BESIII detector is a magnetic spectrometer [10]
located at the electron positron collider BEPCII. The
cylindrical core of the BESIII detector 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 in 2012) magnetic field. The solenoid is supported
by an octagonal flux-return yoke with resistive plate
counter muon identifier modules interleaved with steel.
The acceptance of charged particles and photons is 93%
over 4π solid angle. 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. The EMC measures photon energies
with a resolution of 2.5% (5%) at 1 GeV in the barrel (end
cap) region. The time resolution of the TOF barrel part is
68 ps, while that of the end cap part is 110 ps. The end cap
TOF system was upgraded in 2015 with multigap resistive
plate chamber technology, providing a time resolution of
60 ps [11,12].
To determine the reconstruction efficiency of the decay

channels, exclusive MC samples are simulated by using the
phase space (PHSP) model for the decay of each reaction
channel. These samples are produced with a GEANT4-based
[13] Monte Carlo (MC) package, which includes the
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geometric description of the BESIII detector and the
detector response. The simulation also models the beam
energy spread and initial state radiation (ISR) in the eþe−
annihilations with the generator KKMC [14]. For the
determination of background contributions, the so-called
inclusive MC samples are used. These samples include the
production of the J=ψ or ψð3686Þ events as resonance, in
ISR production of the ψ , and as continuum processes as
incorporated in KKMC. For these decays all known modes
are modeled with EVTGEN [15,16] using branching frac-
tions taken from the Particle Data Group (PDG) [17]. All
remaining unknown decays of charmonium states are
modeled with LUNDCHARM [18]. Final state radiation from
charged final state particles is incorporated using
PHOTOS [19].

III. EVENT SELECTION

In the channel ψ → ηΣþΣ̄−, the ΣþðΣ̄−Þ is reconstructed
with Σþ → pπ0ðΣ̄− → p̄π0Þ, while the π0 and η are
reconstructed with π0 → γγ and η → γγ, respectively.
For each charged track, the distance of closest approach

to the interaction point (IP) is required to be within 20 cm
along the beam direction, while no requirement in the plane
perpendicular to the beam direction is applied. 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. The measurements of the flight time in
the TOF and of the dE=dx in the MDC are combined to
compute particle identification (PID) confidence levels for
pion, kaon and proton hypotheses. The track is assigned to
the particle type with the highest confidence level. One
proton and one antiproton are required to be identified.
Photon candidates are reconstructed from isolated show-

ers in the EMC within 700 ns from the event start time.
Their energy is required to be greater than 25 MeV in the
barrel region (jcos θj < 0.8) and 50 MeV in the end cap
region (0.86 < jcos θj < 0.92). The π0 and η candidates are
selected from all the photon pairs by a selection on invariant
mass of (0.110, 0.160) and ð0.450; 0.650Þ GeV=c2, respec-
tively. Furthermore, events are required to contain at least
one η and two π0 candidates.
In order to suppress the remaining backgrounds and to

improve the mass resolution, a seven-constraint (7C)
kinematic fit is performed on the ηπ0π0pp̄ candidates,
by constraining the total four-momentum of the final state
particles to the total initial four-momentum of the colliding
beams, and the invariant mass of the two photons from the
decay of the η=π0 to the nominal mass value. If there is
more than one combination surviving the selections, the
one with the least χ27C of the kinematic fit is selected.
Furthermore, the χ27C value is required to be less than 30 and
25 for J=ψ and ψð3686Þ decays, respectively, by optimiz-
ing the figure of merit (FOM), defined as S=

ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
, where

S is the number of signal events from the signal MC sample
and B is the number of background events from the
inclusive MC sample. Since the masses of the Σþ and
Σ̄− candidates are not constrained in the fit, the two π0 from

Σþ and Σ̄− decays are selected by minimizing Δ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðMpπ0 −mΣþÞ2 þ ðMp̄π0 −mΣ̄−Þ2

q
by iterating all the

possible proton/antiproton and π0 combinations.
For J=ψ → ηΣþΣ̄−, the background from J=ψ → pp̄η0 is

vetoed by requiring the invariant mass of the ηπ0π0

combination to be outside the η0 signal region
½0.95; 0.97� GeV=c2. For ψð3686Þ → ηΣþΣ̄−, the recoil
mass of the η is required to satisfy Mrec

η < 3.050 GeV=c2

to suppress the backgrounds from ψð3686Þ → ηJ=ψ and
ψð3686Þ → γχc0;1;2; χc0;1;2 → γJ=ψ with J=ψ → ΣþΣ̄−.
The background from ψð3686Þ → π0π0J=ψ is vetoed by
requiring the recoil mass of the π0π0 pair to be outside the
J=ψ signal region ½3.080; 3.120� GeV=c2.
Potential remaining backgrounds are investigated by

studying the inclusive J=ψ and ψð3686ÞMC samples, using
the event-type analysis toolTopoAna [20]. It is found that the
peaking backgrounds are mainly from J=ψ → π0ΣþΣ̄−

for the J=ψ → ηΣþΣ̄− channel, and ψð3686Þ → γχc0;1;2;
χc0;1;2 → π0ΣþΣ̄− for the ψð3686Þ → ηΣþΣ̄− channel.
After imposing all the selection criteria, the two-dimen-

sional (2D) distributions of the invariant mass of pπ0 (Mpπ0)

FIG. 1. The 2D distributions of Mpπ0 versus Mp̄π0 of the
accepted candidates for (a) J=ψ → ηΣþΣ̄− and (b) ψð3686Þ →
ηΣþΣ̄−, where the red solid lines and the blue dashed lines denote
the Σ signal and sideband regions, respectively.
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versus the invariant mass of p̄π0 (Mp̄π0) of the accepted
candidates forJ=ψ → ηΣþΣ̄− andψð3686Þ → ηΣþΣ̄− indata
are shown in Fig. 1. A clear enhancement around the masses
of Σþ and Σ̄− is visible. The Σ signal and sideband regions
are set to be Mpπ0 ∈ ½1.77; 1.201� GeV=c2 and Mpπ0 ∈
½1.141; 1.165� GeV=c2 or Mpπ0 ∈ ½1.213; 1.237� GeV=c2,
respectively. Figure 2 shows the Mp̄π0 distributions after
requiring Mpπ0 to be within the Σþ signal region. A clear
peak in the Σ̄− region is visible.
The quantum electrodynamics (QED) production of

eþe− → ηΣþΣ̄− is studied using the off-resonance data taken
at

ffiffiffi
s

p ¼ 3.080, 3.650 and 3.682GeV. In the analysis no event
satisfies the above selection criteria, thereby indicating that
the background from the QED process is negligible.

IV. DETERMINATION OF THE BRANCHING
FRACTIONS

For the branching fraction measurement, the signal yield
Nobs of the Σ̄− peak is determined by an unbinned
maximum likelihood fit to the Mp̄π0 distribution, as shown

in Fig. 2. The Σ̄− signal shape is described by a normalized
Crystal Ball function [21], since the distribution of the
photon energy deposited in the EMC has a long tail on
the low energy side. The smooth background shape is
described by third-order and second-order Chebyshev
functions for J=ψ and ψð3686Þ decays, respectively, whose
parameters are fixed from the fits to the sideband events
and contributions are floated. The contribution of peaking
backgrounds is described by the MC-simulated shapes
obtained from the exclusive MC samples. To determine the
expected yield of the peaking background, the control
samples of J=ψ → π0ΣþΣ̄− and ψð3686Þ → γχc0;1;2,
χc0;1;2 → π0ΣþΣ̄− are used. Based on the branching frac-
tions obtained from the control samples and the detection
efficiencies determined from the exclusive MC samples, we
determined the yields of the peaking background to be
107.6� 0.6 and 1.1� 0.1 for J=ψ and ψð3686Þ → ηΣþΣ̄−,
respectively. The statistical significance is estimated by the
likelihood difference between the fits with and without the
signal component, taking into account the modified number
of the degrees of freedom. The fit is also performed by
changing the fit range, the signal shape, or the background
shape. In all cases, the statistical significance for
ψð3686Þ → ηΣþΣ̄− and J=ψ → ηΣþΣ̄− is greater than
5σ. The signal yields are determined to be 1821.17�
60.75 and 20.49� 5.07 for J=ψ and ψð3686Þ → ηΣþΣ̄−,
respectively, where the uncertainties are statistical only.
Figures 3(a)–3(f) show the invariant mass distributions

of the different two-body particle combinations for
ψ → ηΣþΣ̄−, where the background contributions are
estimated from the Σ sidebands. The experimental distri-
butions deviate from the signal MC sample generated
according to the phase space distribution (PHSP). To
improve the reliability of the reconstruction efficiency
εJ=ψ→ηΣþΣ̄− , the PHSP model is replaced by the modified
data-driven generator BODY3 [15], where the MC-simu-
lated events are sampled according to the Dalitz distribution
of the data to describe the potential intermediate states for a
given three-body final state, obtaining good consistency. As
shown in Fig. 3, there is no structure visible in the ηΣþ, ηΣ̄−

and ΣþΣ̄− invariant mass spectra.
The branching fraction of ψ → ηΣþΣ̄− is calculated by

Bðψ → ηΣþΣ̄−Þ ¼ Nobs

Ntot
ψ ·

Q
Bi · ϵ

; ð1Þ

whereNobs is thenumberofsignaleventsdeterminedbythefit,
Ntot

ψ is the number of the total J=ψ orψð3686Þ events [8,9],Bi

is the branching fraction of the ith intermediate state taken
from the PDG [17], i.e., Bðπ0→ γγÞ¼ ð98.823�0.034Þ%,
Bðη → γγÞ ¼ ð39.36� 0.18Þ% and BðΣþðΣ̄−Þ→π0pðp̄ÞÞ
¼ð51.57 � 0.30Þ%, ϵ is the reconstruction efficiency, which
is determined by the MC simulation based the BODY3

FIG. 2. Fits to theMp̄π0 distributions of the accepted candidates
for (a) J=ψ → ηΣþΣ̄− and (b) ψð3686Þ → ηΣþΣ̄−. The black
points with uncertainties are data, the blue solid curves are the fit
results, the red dotted lines denote the signal MC sample, the
green dashed lines denote the Chebyshev function, the black
long-dashed lines denote the backgrounds of J=ψ → π0ΣþΣ̄−

(J=ψ data) and ψð3686Þ → γχc0;1;2, χ0;1;2 → π0ΣþΣ̄− (ψð3686Þ
data). The pink shadow denote the scaled 1D sideband contri-
bution according to the final fit results.
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generator. The corresponding numerical values are listed in
Table I.

V. SYSTEMATIC UNCERTAINTY

Several sources of systematic uncertainties for the
branching fraction measurements are considered: the
differences between data and MC simulation for track
reconstruction, PID and π0ðηÞ reconstruction, the uncer-
tainty of the fitting model, the background substraction and
description, the signal modeling, kinematic fit, the branch-
ing fractions of intermediate states, and the total number of
ψ events.
The uncertainties of track reconstruction efficiencies are

estimated with the control sample ψð3686Þ → pp̄πþπ−

[22], and are determined to be 1.3% and 1.7% for each
proton and antiproton, respectively. With the same control
sample, the PID uncertainties are determined to be 1.3%
per proton and 1.6% per antiproton.
The systematic uncertainty due to the π0ðηÞ

reconstruction efficiency is determined by using the control
sample of J=ψ → pp̄π0ðηÞ decays. The resulting system-
atic uncertainties of the π0 reconstruction efficiency are
determined to be 0.7% and 0.5% for the J=ψ and ψð3686Þ
decays, respectively, depending on the different π0 momen-
tum. The resulting systematic uncertainties of the η
reconstruction efficiency are determined to be 0.9% and
1.1% for the J=ψ and ψð3686Þ decays, respectively,
depending on the different η momentum.

FIG. 3. Invariant mass distributions of all the two-body particle combinations for (left side) J=ψ → ηΣþΣ̄− and (right side)
ψð3686Þ → ηΣþΣ̄−. The points with error bars are data, the red histograms are the sum of the sidebands and the signal MC sample
generated with the modified data-driven generator, the blue dotted histograms are the sum of the sidebands and the signal MC sample
generated with PHSP model, the green shaded histograms are the background contributions estimated from the Σ sidebands. The signal
and background yields have been normalized according to the fitting results for data.

OBSERVATION OF THE J=ψ AND ψð3686Þ … PHYS. REV. D 106, 112007 (2022)

112007-7



The systematic uncertainty of the fitting model originates
from the fit range and the choice of the signal and the
background functions. The uncertainty due to the fit range
is estimated by varying the range by �10 MeV=c2. The
largest difference of the resulting branching fractions is
taken as the systematic uncertainty, which is 1.4% and
1.1% for the J=ψ and ψð3686Þ decays, respectively. To
estimate the uncertainties of the signal shape, a Breit-
Wigner function convolved with a Gaussian function is
used to replace the signal shape instead of the Crystal Ball
function, while the background contributions are fixed to
the nominal fit result. The differences to the nominal
models, 1.9% and 0.5%, are taken as the systematic
uncertainties for the J=ψ and ψð3686Þ decays, respectively.
For the smooth background, the uncertainties are estimated
by varying the order of the Chebychev polynomial function
by �1 order. The largest difference to the original function
is taken as the systematic uncertainty, which is 1.3% and
1.1% for J=ψ and ψð3686Þ decays, respectively. For the
peaking background, the systematic uncertainty for J=ψ →
π0ΣþΣ̄− is estimated by removing and adding the back-
ground contribution in extracting the signal yield. The
difference in the branching fraction determination, 0.6%, is
taken as the systematic uncertainty. The systematic uncer-
tainty for the background of ψð3686Þ → γχc0;1;2, χc0;1;2 →
π0ΣþΣ̄− is estimated by changing the expected yield for
peaking background events by �1σ, where σ is the
uncertainty ofNpeak mentioned above. The larger difference
to the nominal result, 1.0%, is taken as the systematic
uncertainty.
To estimate the systematic uncertainty of the background

veto for J=ψ → ηΣþΣ̄−, the background contribution
J=ψ → η0pp̄, χc0;1;2 → π0ΣþΣ̄− is subtracted by requiring
the invariant mass of the π0π0η combination outside the η0
signal window ½0.95; 0.97� GeV=c2. The associated sys-
tematic uncertainty is estimated by changing the η0 signal
window by�1σ, where the σ denotes the mass resolution of
η0. The largest change to the nominal result, 0.9%, is taken
as the systematic uncertainty.

For ψð3686Þ → ηΣþΣ̄−, the systematic uncertainty of the
requirement on the Mrec

π0π0
is estimated by using the control

sample of ψð3686Þ → π0π0J=ψ , J=ψ → ηpp̄. The effi-
ciency, defined as the ratio of the number of signal events
with and without the Mrec

π0π0
requirement, is calculated and

the difference between data and MC simulation values,
0.7%, is taken as the systematic uncertainty.
The uncertainty due to the Mrec

η veto is ignored since the
efficiency loss due to this requirement is negligible.
The systematic uncertainty of the signal MC modeling is

estimated by varying the bin size of the input Dalitz plot by
�10%, and varying the background level in the input Dalitz
plot in the BODY3 generator by �1σ, where the σ denotes
the statistical uncertainty of the background level which
is determined from the fit result. Combining the results
from the two sources, the largest change to the nominal
reconstruction efficiency, 0.3% and 1.1%, are taken as the
systematic uncertainties for the J=ψ and ψð3686Þ decays,
respectively.

TABLE I. Summary of the number of ψ events, the branching fractions of the intermediate states taken from the
PDG [17], the reconstruction efficiency, the correction factors and the signal yields used for branching fraction
calculations. The uncertainties are statistical only.

J=ψ decay ψð3686Þ decay
Ntot

J=ψðψð3686ÞÞð×106Þ 10087� 44 448.1� 2.9

Bðπ0 → γγÞ ð98.823� 0.034Þ%
Bðη → γγÞ ð39.36� 0.18Þ%
BðΣþðΣ̄−Þ → π0pðp̄ÞÞ ð51.57� 0.30Þ%
Efficiency (%) 2.78� 0.01 4.66� 0.01

Nobs 1821.17� 60.75 20.49� 5.07

B ð6.34� 0.21Þ × 10−5 ð9.59� 2.37Þ × 10−6

TABLE II. Relative systematic uncertainties (in %) of the
measurements of the branching fractions.

Source J=ψ → ηΣþΣ̄− ψð3686Þ → ηΣþΣ̄−

Track reconstruction 3.0 3.0
PID 2.9 2.9
π0 reconstruction 1.4 1.0
η reconstruction 0.9 1.1
Fit range 1.4 1.1
Signal shape 1.9 0.5
Smooth background 1.3 1.1
Peaking background 0.6 1.0
pp̄η0 background veto 0.9 � � �
π0π0J=ψ background veto � � � 0.7
Signal MC model 0.3 1.1
Kinematic fit 2.0 3.6
B of intermediate state 1.3 1.3
Ntot

ψ 0.4 0.6

Total 5.9 6.3
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The systematic uncertainty of the kinematic fit is esti-
mated by using the control sample of ψð3686Þ → π0π0J=ψ ,
J=ψ → pp̄η. The efficiency of kinematic fit is defined as
the ratio of the number of signal events with and without
the kinematic fit. The dif4569ferences of the efficiencies
between data and MC simulation are determined to be 2.0%
and 3.6% for J=ψ and ψð3686Þ decays, respectively,
depending on the different χ27C requirement.
The uncertainties from the quoted branching fractions of

η → γγ, ΣþðΣ̄−Þ → pðp̄Þπ0, π0 → γγ [17] are 0.5%, 0.6%
and less than 0.1%, respectively, and the total uncertainty is
determined to be 1.3%.
The systematic uncertainty from the total number of ψ

events, which are determined with inclusive hadronic
events, are 0.4% and 0.6% for J=ψ and ψð3686Þ data
samples, respectively [8,9].
Table II lists all the systematic uncertainty contributions

on the branching fraction measurements. The total system-
atic uncertainty is obtained by adding the individual
contributions in quadrature. The total systematic uncer-
tainties are 5.9% and 6.3% for J=ψ → ηΣþΣ̄− and
ψð3686Þ → ηΣþΣ̄−, respectively.

VI. SUMMARY AND DISCUSSION

Using the data samples of ð10087� 44Þ × 106 J=ψ and
ð448.1� 2.9Þ × 106 ψð3686Þ events collected with the
BESIII detector, the decays J=ψ → ηΣþΣ̄− and ψð3686Þ →
ηΣþΣ̄− are observed for the first time. The branch-
ing fractions of these two decays are determined to
be BðJ=ψ → ηΣþΣ̄−Þ ¼ ð6.34� 0.21� 0.37Þ × 10−5 and
Bðψð3686Þ → ηΣþΣ̄−Þ ¼ ð9.59 � 2.37 � 0.61Þ × 10−6,
where the first uncertainties are statistical and the second
are systematic. The ratio of these two branching fractions is

determined to be Bðψð3686Þ→ηΣþΣ̄−Þ
BðJ=ψ→ηΣþΣ̄−Þ ¼ ð15.1� 3.8Þ%, where

the uncertainty includes the statistical uncertainty and the
uncorrelated systematic uncertainty, which is in agreement
with the 12% rule. No significant structures are observed in
the ηΣþ, ηΣ̄−, and ΣþΣ̄− invariant mass spectra. However,
the shapes of the invariant mass distributions of all
subsystems deviate from the pure 3-body decay distribu-
tion. This implies the existence of some unknown dynami-
cal effect. A partial wave analysis applied in a larger data

sample may lead to decouple the underlying dynamics of
the phenomenon [23].
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