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The first observation of the decays J=ψ → p̄ΣþK0
S and J=ψ → pΣ̄−K0

S is reported using ð10087�
44Þ × 106 J=ψ events recorded by the BESIII detector at the BEPCII storage ring. The branching
fractions of each channel are determined to be BðJ=ψ→ p̄ΣþK0

SÞ¼ð1.361�0.006�0.025Þ×10−4,
and BðJ=ψ → pΣ̄−K0

SÞ ¼ ð1.352� 0.006� 0.025Þ × 10−4. The combined result is BðJ=ψ → p̄ΣþK0
Sþ

c:c:Þ ¼ ð2.725� 0.009� 0.050Þ × 10−4, where the first uncertainty is statistical and the second
systematic. The results presented are in good agreement with the branching fractions of the isospin
partner decay J=ψ → pK−Σ̄0 þ c:c:

DOI: 10.1103/PhysRevD.109.012006

I. INTRODUCTION

The Standard Model of particle physics describes most
aspects of nature with very high precision. However, there
are still many topics left where the experimental observa-
tions are not understood in detail. Especially in the non-
perturbative regime of quantum chromodynamics, it is
difficult to obtain accurate predictions for particle inter-
actions, resonance spectra and decay processes. For exam-
ple, the spectrum of excited nucleon states (N� resonances)
is still not fully understood. Although a large number of N�
states are predicted by theoretical approaches, only a subset
of these has been confirmed by experiments to date. The
majority of the observed states, as listed by the Particle Data
Group [1], are poorly understood and reported only by one
experiment. Often they are only observed in decays to
nonstrange final states. To determine the internal structure
of these resonances, it is also necessary to investigate
possible decays of the N� resonances into final states with
strange-quark content, e.g. hyperons and kaons.
N� resonances with intrinsic strangeness are accessible by

the decay channels J=ψ → p̄ΣþK0
S and J=ψ → pΣ̄−K0

S, in
which their properties can be investigated. A large branching
fraction of theN� resonances to these final states indicates an
intrinsic strangeness content already present in the respective
resonance. In addition, excited Σ states are also produced
and can be investigated in these decays. In this paper, the
first observation of the decay channel J=ψ → p̄ΣþK0

S and

its charge conjugate J=ψ → pΣ̄−K0
S together with the first

determination of the single decay branching fractions are
presented together with the combined branching fraction
BðJ=ψ → p̄ΣþK0

S þ c:c:Þ. The branching fraction of the
isospin partner J=ψ → pK−Σ̄0 þ c:c: was measured to be

BðJ=ψ → pK−Σ̄0 þ c:c:Þ ¼ ð2.9� 0.8Þ × 10−4 ð1Þ

by the Mark II experiment at the SPEAR accelerator using
1.32 × 106 J=ψ events. This indicates that the branching
fraction of the decay of interest for this paper should have a
similar order of magnitude. Therefore, given the dataset at
BESIII where 10 billion J=ψ events have been recorded
and improvements in the analysis method were made,
especially for the determination of systematic uncertain-
ties, a high precision measurement of the decay channel
J=ψ → p̄ΣþK0

S þ c:c: is possible.

II. BESIII EXPERIMENT

The BESIII detector is a magnetic spectrometer [2]
located at the Beijing Electron Positron Collider
(BEPCII) [3]. 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 magnetic field [4]. The solenoid is supported by an
octagonal flux-return yoke with resistive plate chamber
muon-identifier modules interleaved with steel. The accep-
tance for charged particles and photons is 93% over the 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 electrons from Bhabha scatter-
ing. The EMC measures photon energies with a resolution
of 2.5% (5%) at 1 GeV in the barrel (end cap) region.

*Full author list given at the end of the article.

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

PHYSICAL REVIEW D 109, 012006 (2024)

2470-0010=2024=109(1)=012006(10) 012006-1 Published by the American Physical Society

https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.109.012006&domain=pdf&date_stamp=2024-01-12
https://doi.org/10.1103/PhysRevD.109.012006
https://doi.org/10.1103/PhysRevD.109.012006
https://doi.org/10.1103/PhysRevD.109.012006
https://doi.org/10.1103/PhysRevD.109.012006
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


The time resolution of the TOF barrel part is 68 ps. The time
resolution of the end cap TOF system was upgraded in 2015
with multigap resistive plate chamber technology, providing
a time resolution of 60 ps [5,6]; this upgrade benefits about
87% of the total dataset analyzed here.

III. DATASETS AND MONTE CARLO
SIMULATION

For the determination of the branching fraction of the
decay channel J=ψ → p̄ΣþK0

S (here in the following charge
conjugation is implied), the complete J=ψ data sample
recorded in the years 2009, 2012, 2018, and 2019 by the
BESIII experiment is analyzed. The total number of J=ψ
events is determined by using inclusive J=ψ decays with the
method described in Ref. [7]. To correct for J=ψ candidates
that originate from background contributions due to QED
processes, beam-gas interactions, and cosmic rays, con-
tinuum data samples recorded at

ffiffiffi
s

p ¼ 3.080 GeV are used.
The detection efficiency for the inclusive J=ψ decays is
obtained using the experimental data sample of ψð3686Þ →
πþπ−J=ψ . The efficiency difference between the J=ψ
produced at rest and the J=ψ from the decay ψð3686Þ →
πþπ−J=ψ is estimated by comparing the corresponding
efficiencies in Monte Carlo (MC) simulation. The uncer-
tainties related to the MC model, track reconstruction
efficiency, fit to the J=ψ mass peak, background estimation,
noise mixing, and reconstruction efficiency for the pions
recoiling against the J=ψ are studied. Finally, the number of
J=ψ events is determined to be NJ=ψ ¼ð10087�44Þ×106,
where the uncertainty includes both statistical and systematic
uncertainties [7].
For the optimization of the analysis procedure and the

determination of the reconstruction efficiency, MC samples
are generated. The initial collision is handled by KKMC [8]
to take into account initial state radiation. Subsequently, the
reaction particles are generated with the event generator
EvtGen [9,10] using world-average branching fractions. The
following interaction with the detector and further decays
of the primary particles are simulated with the GEANT4

package [11]. The signal MC sample is generated from a
phase space distributed sample by using the results of the
amplitude analysis described later in the paper as weights.
For this work two MC samples are used. The first one is

needed to calculate the reconstruction efficiency of the
signal decay. In this sample only the decay J=ψ → p̄ΣþK0

S
is simulated, where Σþ → pπ0, π0 → γγ, and K0

S → πþπ−

are exclusively decaying to these final states. The angular
distributions determined from the reconstructed data
are taken into account during the calculation of the
reconstruction efficiency. They are adjusted by performing
an amplitude analysis with ComPWA [12]. To obtain a
precise reconstruction efficiency, 4 × 106 J=ψ events are
simulated. The second MC sample is an inclusive one with
J=ψ decaying to anything where all known decay channels

are generated in the known ratios to each other. This sample
includes both the production of the J=ψ resonance and the
continuum processes. It is mainly used to identify potential
background contributions and consequently the signal
events are filtered to form a pure background MC sample.
The sample is generated to match the number of J=ψ events
expected in the corresponding BESIII dataset.

IV. EVENT SELECTION

The decay J=ψ → p̄ΣþK0
S is reconstructed using the

dominant decay channels of the intermediate resonances.
The Σþ is reconstructed with the final state pπ0 with
π0 → γγ. For the K0

S, the decay into two charged pions
(K0

S → πþπ−) is used. Therefore, each event must have four
charged tracks with a total charge of zero and at least two
photons.
Charged tracks are required to be reconstructed inside

the MDC acceptance (j cos θj < 0.93 with θ being the polar
angle with respect to the MDC axis). Additionally, for one
antiproton or one proton in each event the distance of
closest approach to the interaction point is required to be
within the cylindrical volume around the interaction point
(xy) with radius jVxyj < 1 cm and in beam direction (z)
within jVzj < 10 cm. For the second proton or antiproton
originating from the Σþ decay, the nearest distance to the
interaction point is not restricted in the xy plane but must be
less then 20 cm in the z direction. This value is chosen to
take the lifetime of the Σþ into account. Furthermore,
particle identification (PID) based on the time of flight and
the energy loss information is used to reject the pion and
kaon hypotheses for the proton.
The photons from the π0 decay are required to have

energies greater than 50 MeV if they are detected in the end
caps (0.86 < j cos θj < 0.92) and greater than 25 MeV if
they are detected in the barrel part (j cos θ < 0.8j) of the
EMC. The angle between the photon and the nearest
charged track is required to be at least 20° to exclude
photon candidates produced by splitoffs of charged tracks.
Furthermore, it is required that the EMC shower time is
within an interval of 700 ns after the collision, to suppress
electronic noise and showers unrelated to the event. For the
π0 selection, the invariant mass Mγγ is required to be
within ½80; 180� MeV=c2.
No PID is required for the charged pions fromK0

S decays;
a loose constraint on the distance of closest approach to the
interaction point is applied (jVzj < 20 cm). Due to its long
lifetime, the K0

S is reconstructed by performing a secondary
vertex fit. For all K0

S candidates, the ratio of the measured
decay length LðK0

SÞ to its uncertainty σL has to be
LðK0

SÞ=σL > 2.
After the initial selection, a kinematic fit is performed

which uses the momenta of the pions after the vertex fit and
the measured values of all other particles. The kinematic fit
constrains the total four-momentum to the one of the initial
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eþe− system and the masses of the Σþ and the π0 to their
known values [1]. The mass of the K0

S is not constrained,
and the spectrum of the invariant mass Mπþπ− is used to
determine the number of signal events. Due to the high
number of noise photons, multiple combinations can be
reconstructed in an event. The kinematic fit converges in
2=3 of all cases only for one candidate and in 1=3 of the
cases for mainly two candidates. To get rid of these
combinations the smallest χ2kin of the kinematic fit is used
to determine the best candidate. Only a very loose require-
ment on χ2kin is used to ensure convergence of the
kinematic fit.

V. BACKGROUND STUDIES

The inclusive MC sample is used to examine the major
background contributions. Since it provides the informa-
tion on each event, such as the generated reaction, it can be
used to identify the channels which survive the event
reconstruction described above. The main background
channels contain a Λ hyperon or an η or ω meson as
intermediate state before decaying to the same final state as
the decay channel.
Channels which contain a Λ hyperon decaying into pπ−,

e.g. J=ψ → πþΛΣ̄−, make up the largest contribution to the
background. They can be suppressed by rejecting events
where the invariant mass Mpπ− is below 1.126 GeV=c2.
The requirement is 4σ above the nominal Λ mass, sup-
pressing 98.7% of events with Λ in the decay chain.

The requirement causes a signal loss of about 13.5%,
see Fig. 1 for visualization.
The second largest background contribution stems from

the decay J=ψ → pp̄η with η → πþπ−π0, as shown in
Fig. 2. These events can be easily suppressed, since the η
mass is below the invariant mass Mπþπ−π0 of the signal
decay. To reject these events a veto on the invariant mass
Mπþπ−π0 withMπþπ−π0 < 0.598 GeV=c2 is chosen, which is
4σ above the nominal η mass and suppresses all η related
events without any loss of signal events. The third relevant
background channel is J=ψ → pp̄ω with ω → πþπ−π0,
also shown in Fig. 2. This decay channel cannot easily be
suppressed since the ω peak is sitting in the middle of the
distribution of the invariant mass Mπþπ−π0 of the signal
events. Therefore, a large portion of the signal events would
be lost by vetoing ω events. However, this process does not
peak in theMπþπ− spectrum and can therefore be subtracted
statistically.
An additional source of background events is the process

eþe− → γ� → p̄ΣþK0
S without a J=ψ as intermediate state.

To determine the number of events from the continuum
production the data sample recorded at

ffiffiffi
s

p ¼ 3.080 GeV is
analyzed. The resultingMπþπ− spectrum is used to estimate
the number of background events from continuum pro-
duction. The yield is N3080

QED ¼ 15� 4, where the uncer-
tainty is statistical only. Using the

ffiffiffi
s

p ¼ 3.080 GeV data
sample the continuum cross section can be estimated for theffiffiffi
s

p ¼ 3.097 GeV dataset. Taking the luminosities and the
reconstruction efficiencies into account, N3097

QED ¼ 270� 70

QED background events are expected.

FIG. 1. Distribution of Mpπ− with the veto indicated to reject
decay channels containing a Λ as the intermediate state for MC
events of the signal channel (black), background events from the
inclusive MC sample (orange), and for data (blue). The red line
indicates the position of the veto and the arrow which events are
rejected. The inset shows an enlarged view in the Λ peak region.

FIG. 2. Distribution of Mπþπ−π0 with the veto to reject decay
channels containing η for MC events of the signal channel
(black), background events from the inclusive MC sample
(orange), and for data (blue). The red line indicates the position
of the veto and the arrow which events are rejected.
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VI. DETERMINATION OF THE BRANCHING
FRACTION

The branching fraction B of the each signal decay or the
combined decays is calculated by

B ¼ NSig

NJ=ψ
·
1

ϵrec
·

1
Q

iBi
; ð2Þ

where NSig is the number of signal events which is
calculated by NSig ¼ NK0

S
− N3097

QED, NK0
S
is the number of

K0
S, NJ=ψ is the number of J=ψ events, ϵrec is the

reconstruction efficiency, and
Q

i Bi is the product of the
branching fractions of the intermediate states, namely
BðK0

S → πþπ−Þ, BðΣþ → pπ0Þ, and Bðπ0 → γγÞ.
The number of K0

S and thus the yield of signal events is
determined by counting the number ofK0

S in the peak of the
Mπþπ− distribution above the remaining smooth back-
ground contribution (see Fig. 3). For this, as a first step
the background shape is obtained by fitting a third-order
polynomial to the two side band regions (outside the two
dashed red lines), which corresponds to 12σ of the KS mass
resolution σ. Then, this distribution is subtracted from the
Mπþπ− distribution and the yield of the remaining entries in
the signal region between the two side band regions is
determined. The result is NK0

S
¼ ð1.204� 0.004Þ × 105,

where the uncertainty is statistical only.
The reconstruction efficiency ϵrec describes the proba-

bility that a signal event is detected and survives the whole
selection process. It depends on the distribution of the final-
state particles in the available phase space. In the analysis

of the reaction channel of the isospin partner J=ψ →
pK−Σ̄0 þ c:c: with the MARKII experiment, 90� 19
events were reconstructed. Due to the low number of
events, no deviation from the pure phase space distribution
was claimed [13]. With more than 120 000 reconstructed
events, a large deviation from the three-particle phase space
distribution is observed in this analysis (see Fig. 4).
Therefore, for the determination of the reconstruction
efficiency the MC sample is adjusted by using the method
of amplitude analysis to match the angular distribution of
the BESIII data after event reconstruction. To illustrate this,
the distributions of the three invariant masses (p̄K0

S, ΣþK0
S,

and p̄Σþ) are shown in Fig. 4. For all subsystems, the large
deviation from the three-particle phase space distribution is
corrected for by using an amplitude model with several Σ�
andN� intermediate states. The focus of the adjustment was
to properly describe the density of events in the available
phase space and thus correctly determine the efficiency.
The reconstruction efficiency is calculated by

ϵrec ¼
Nrec

Ngen
; ð3Þ

yielding ϵrec ¼ ð12.450� 0.018Þ%, where the uncertainty
is purely statistical, resulting from limited MC statistics.
With these numbers the combined branching fraction of

the decay channels J=ψ → p̄ΣþK0
S and J=ψ → pΣ̄−K0

S is
determined from Eq. (2) to be

BðJ=ψ → p̄ΣþK0
S þ c:c:Þ ¼ ð2.725� 0.009Þ × 10−4:

The uncertainty is statistical only, taking only the uncer-
tainty of the number of signal events into account. Table I
shows all relevant parameters.
In addition, the analysis is performed for each

decay channel separately. The results with statistical
uncertainties are

BðJ=ψ → p̄ΣþK0
SÞ ¼ ð1.361� 0.006Þ × 10−4;

BðJ=ψ → pΣ̄−K0
SÞ ¼ ð1.352� 0.006Þ × 10−4:

VII. SYSTEMATIC UNCERTAINTY ESTIMATION

In the following, the different sources of systematic
uncertainties are explained. All of them which are deter-
mined for the combined result are explained in the
following and listed in Table II.
For the determination of the systematic uncertainties

concerning the event selection, the differences between
data and MC simulated events are evaluated. For the track
reconstruction, a weighting method is used which takes into
account the difference in dependence on the transverse
momentum and the cos θ of the track. The weights are
determined by studying the decay J=ψ → πþπ−pp̄. For

FIG. 3. Distribution of Mπþπ− in data (blue histogram). The
dashed-dotted black line indicates the background model.
The dashed red lines show the limits of signal/side band regions.
The inset shows the same plot in linear scale.
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protons and antiprotons the systematic uncertainties of
0.22% and 0.33% are obtained, respectively, and a total
systematic uncertainty of 0.55% is assigned. Similar to the
tracking uncertainty, the systematic uncertainty for the PID
is studied in bins of the momentum and cos θ. The
corresponding weights are also determined by studying

TABLE I. The parameters used for the determination of the
branching fraction.

Parameter Value

NJ=ψ [7] ð10 086.6� 43.7Þ × 106

BðK0
S → πþπ−Þ [1] ð69.20� 0.05Þ%

BðΣþ → pπ0Þ [1] ð51.57� 0.30Þ%
Bðπ0 → γγÞ [1] ð98.823� 0.034Þ%
NSig ð1.201� 0.004Þ × 105

N3097
QED 270� 70

ϵrec ð12.450� 0.018Þ%

FIG. 4. Distributions of Mp̄K0
S
, MΣþK0

S
, and Mp̄Σþ from BESIII

data (blue histogram). The black histogram shows the weighted
MC sample, the red histogram the phase space distributed
MC sample.

TABLE II. The systematic uncertainties of the branching
fraction measurement. If no value is given, the systematic
uncertainty is already covered by the statistical uncertainty.

Source Uncertainty

Event selection
2 (anti)proton tracks 0.55%
2 photon 0.40%
2 PID 0.35%
K0

S reconstruction 1.33%
Δα 0.25%

Background suppression

Mp̄πþ > 1.126 GeV=c2 —

Mπþπ−π0 > 598 MeV=c2 0.07%
Kinematic fit 0.57%
NQED

3097
0.06%

Mπþπ− fit

Fit range 0.13%
Signal range —
Background model 0.27%

Efficiency

Signal MC model 0.19%
Signal MC sample size 0.15%

External

NJ=ψ 0.43%
BðK0

S → πþπ−Þ 0.07%
BðΣþ → pπ0Þ 0.58%
Bðπ0 → γγÞ 0.03%

Total 1.85%
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the decay channel J=ψ → πþπ−pp̄. For the PID of the
proton and antiproton, the systematic uncertainties are
0.21% and 0.14%, and the total systematic uncertainty
of 0.35% is assigned.
The difference in the reconstruction of photons is

studied with the decay channel J=ψ → γμμ. The resulting
systematic uncertainty is 0.20% for each photon from the
π0. For the Σþ reconstruction no additional requirement
is applied and therefore no systematic uncertainty is
assigned. The K0

S → πþπ− reconstruction uncertainty is
obtained by studying the difference in dependence on the
K0

S momentum of the decay channels J=ψ → K0
SK

�π∓ and
J=ψ → ϕK0

SK
�π∓. By averaging the reconstruction effi-

ciencies of data and MC simulation the systematic uncer-
tainty of 1.33% is obtained. For the determination of the
systematic uncertainty of the requirement on the minimum
angle between a photon and the nearest track Δα, the
requirement is varied by �30%. The maximum deviation
from the scenario with the nominal requirement is 0.25%
and taken as the systematic uncertainty.
The systematic uncertainty on the branching fraction due

to the Λ and the η veto is determined by varying the
requirements by ∼� 1

2
σ of the width σ of the corresponding

resonance peak. For the Λ veto no systematic deviation is
observed. For the η veto the systematic uncertainty is
0.07%. It is necessary to correct the helix parameters of
the simulated tracks to match the χ2kin distribution of the
kinematic fit between data and MC simulation. The differ-
ence of the branching fraction with and without this
correction is determined to be 0.57% which is taken as
the systematic uncertainty. The statistical uncertainty of the
number of QED background eventsN3097

QED is propagated as a
systematic uncertainty which is 0.06%.
The Mπþπ− fit procedure depends on three values whose

uncertainties have to be taken into account: the fit range, the
definition of the signal range, and the fit model of the
background distribution. The uncertainties of the signal
region and fit range are obtained by changing the size of the
corresponding windows by �10% and remeasuring the
branching fraction. The systematic uncertainty for the signal
region is found to be negligible, and for the fit range it is
0.13%. For the background description the order of the
polynomial is increased and decreased by one. This yields
an uncertainty of 0.27%.
To determine the uncertainty of the reconstruction

efficiency due to the amplitude model, the parameters of
the amplitude model are varied 1000 times according to the
covariance matrix, and the efficiency is reevaluated. The
rms of the resulting efficiency distribution (0.19%) is taken
as systematic uncertainty. The statistical uncertainty of the
efficiency is 0.15% and treated as the systematic uncer-
tainty for the branching fraction measurement.
For the external parameters such as the number of J=ψ

events and the branching fractions of the intermediate

particles, namely the BðK0
S → πþπ−Þ, BðΣþ → pπ0Þ, and

Bðπ0 → γγÞ, error propagation is used. For NJ=ψ this results
in 0.55% [7], for BðK0

S → πþπ−Þ in 0.07%, for BðΣþ →
pπ0Þ in 0.58%, and for Bðπ0 → γγÞ in 0.03% [1].
The total systematic uncertainty is calculated by sum-

ming all uncertainties quadratically and taking the square
root, resulting in 1.85%. The systematic uncertainty corre-
sponding only to the external sources is 0.73%.

VIII. SUMMARY

By analyzing ð10 087� 44Þ × 106 J=ψ events taken
with the BESIII detector, we report the first observation
of the decay channels J=ψ → p̄ΣþK0

S and J=ψ → pΣ̄−K0
S.

The branching fractions of these decays are determined
to be

BðJ=ψ → p̄ΣþK0
SÞ ¼ ð1.361� 0.006� 0.025Þ × 10−4;

BðJ=ψ → pΣ̄−K0
SÞ ¼ ð1.352� 0.006� 0.025Þ × 10−4:

The first uncertainty is statistical and the second system-
atic. Both results are in good agreement. No difference
between the charge conjugate decays is observed. The
result of both decays combined is

BðJ=ψ→ p̄ΣþK0
Sþc:c:Þ¼ ð2.725�0.009�0.050Þ×10−4;

where the first uncertainty is statistical and the second
systematic. The determined branching fraction is in good
agreement with the result of the isospin partner J=ψ →
pK−Σ̄0 þ c:c:measured with the MARKII experiment [13].
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