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Using a sample of ð27.12� 0.14Þ × 108 ψð3686Þ events collected with the BESIII detector, the decay
ψð3686Þ → ΛΛ̄η0 with η0 subsequently decaying into γπþπ− and ηπþπ− is observed for the first time. The
branching fraction of ψð3686Þ → ΛΛ̄η0 is measured to be ð7.34� 0.94ðstatÞ � 0.43ðsysÞÞ × 10−6. No
resonant structures are evident in the Λη0, Λ̄η0 and ΛΛ̄ mass spectra.
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I. INTRODUCTION

Quantum chromodynamics (QCD), the theory describing
the strong interaction, has been tested thoroughly at high
energy. However, in the medium-energy region, theoretical
calculations based on first principles are still unreliable since
the nonperturbative contribution is significant and models
must be employed. Charmonium resonances, as bound states
of a charm and an anticharm quark, are governed by long-
range interactions and exist on the boundary between the
perturbative and nonperturbative regimes in QCD [1,2].
Therefore, the study of charmoniumdecays [3,4] can provide
valuable inputs for gaining a better understanding of the
structure of these states and for improving our knowledge of
QCD. The BESIII experiment has collected large data
samples of J=ψ and ψð3686Þ events, making possible the
study of decay channels of these states, many with compli-
cated intermediate structures.
The decays of J=ψ and ψð3686Þ mesons into baryon

pairs have been understood in terms of cc̄ annihilations into
three gluons or a virtual photon [5]. However, three-body
decays, for example J=ψðψð3686ÞÞ → ΛΛ̄P, where “P”
represents a pseudoscalar meson such as π0; η, or η0,
warrant further study because of the potentially important
contribution of intermediate states. An excited Λ state,
Λð1670Þ, was observed in the Λη mass spectra in the near-
threshold reaction K−p → Λη [6]. It is generally accepted
today as the SU(3) octet partner of Λð1800Þ [7]. The
Λð1670Þ is of special interest because it is one of the two
baryon resonances known to have appreciable decays
involving the η meson except for Λð1600Þ. Recently the
Λð1670Þ has been found to make a significant contribution

to the decay ψð3686Þ → ΛΛ̄η [8,9]. However, the decay of
J=ψ → ΛΛ̄η0 is hard to observe experimentally because of
the limited phase space, while the study of ψð3686Þ →
ΛΛ̄η0 is feasible but has not been attempted yet.
Since the excitation spectra of most hyperons are still not

well understood [10,11], it is important to search for excited
hyperons which have not yet been observed. The decay
ψð3686Þ → ΛΛ̄η0 provides an opportunity to search for
potential Λ excitations. A sample of ð27.12� 0.14Þ ×
108 ψð3686Þ events [12] produced in eþe− annihilations
[7] has been collectedwith the BESIII detector, which allows
for the experimental study of the decay ψð3686Þ → ΛΛ̄η0.

II. DETECTOR AND MONTE CARLO
SIMULATION

The BESIII detector [13] records symmetric eþe−
collisions provided by the BEPCII storage ring [14] in
the center-of-mass energy range from 2.0 to 4.95 GeV, with
a peak luminosity of 1 × 1033 cm−2 s−1 achieved atffiffiffi
s

p ¼ 3.77 GeV. BESIII has collected large data samples
in this energy region [15,16]. The cylindrical core of the
BESIII detector consists of a helium-based main drift
chamber (MDC), a plastic scintillator time-of-flight
(TOF) system, and a CsI(Tl) electromagnetic calorimeter
(EMC), which are all enclosed in a super conducting
solenoidal magnet providing a 1.0 T magnetic field. The
solenoid is supported by an octagonal flux-return yoke with
resistive plate counter modules interleaved with steel for
muon identification. The acceptance for charged particles
and photons is 93% of the full solid angle, and the charged-
particle momentum resolution at 1 GeV=c is 0.5%. The
photon energy resolution is 2.5% (5%) at 1.0 GeV in the
barrel (end-cap) region. The time resolution in the TOF
barrel region is 68 ps, while that in the end-cap region is
110 ps. The end-cap TOF system was upgraded in 2015
using multigap resistive plate chamber technology, provid-
ing a time resolution of 60 ps, which benefits ∼84% of the
data used in this analysis [17–19].
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Simulated data samples produced with a Geant4-based
Monte Carlo (MC) package [20], which includes the geo-
metric description of the BESIII detector and the detector
response, are used to determine detection efficiencies and to
estimate backgrounds. The simulation models the beam-
energy spread and initial-state radiation (ISR) in eþe−
annihilations with the generator KKMC [21,22]. An inclusive
MC sample of 2.7 billion ψð3686Þ events is used to
investigate potential background. The inclusive MC sample
includes the production of the ψð3686Þ resonance, the ISR
production of the J=ψ , and the continuum processes incor-
porated in KKMC. The known particle decays are modeled
with EvtGen [23,24] using branching fractions taken from the
Particle Data Group [7], while the remaining unknown
decays are estimated with LUNDCHARM [25,26].
To optimize the selection criteria and determine the

detection efficiency, the signal MC sample of 2.6 ×
106 ψð3686Þ → ΛΛ̄η0 events is generated with uniform
phase space (PHSP), where the process η0 → γπþπ− is
described according to theoretical models [27,28] that have
been validated in previous measurements [29], and the
process η0 → ηπþπ− is simulated according to the distribu-
tions measured in Ref. [30]. The data sample taken at the
center of mass (CM) energy of 3.773 GeV, corresponding to
an integrated luminosity of ð2916.94� 0.18� 29.17Þ pb−1
[31,32], is used to estimate the background events directly
from eþe− annihilations.

III. EVENT SELECTION

In this analysis, the decay ψð3686Þ → ΛΛ̄η0 is selected by
reconstructing one ΛΛ̄ pair and one η0 meson, where the
ΛðΛ̄Þ candidate is reconstructed by thepπ−ðp̄πþÞ decay, and
the η0 candidate is reconstructed by its two dominant decay
modes, η0 → γπþπ− (Mode I) and η0 → ηπþπ− (Mode II).
Thus, the reconstructed final states for ψð3686Þ → ΛΛ̄η0 are
pp̄πþπ−πþπ−γ and pp̄πþπ−πþπ−γγ.
The number of charged tracks is required to be more than

five. Each track must satisfy j cos θj < 0.93, where θ is the
polar angle with respect to the beam direction. Each photon
candidate is required to have a deposited energy in the EMC
more than 25 MeV in the barrel region (j cos θj < 0.80) and
more than 50 MeV in the end-cap region (0.86 < j cos θj <
0.92). To exclude showers arising from charged tracks, the
angle between the EMC shower and the position of the
closest charged track at the EMC must be greater than
10 degrees as measured from the IP. To suppress electronic
noise and showers unrelated to the event, the difference
between the EMC time and the event-start time is required to
be within [0, 700] ns. At least one photon candidate is
required for Mode I, and at least two photon candidates for
Mode II.
For each charged track, the information from both

the TOF and dE=dx are combined to form a particle
identification (PID) probability for the π, K, and

p hypotheses (Prob(i), i ¼ π, K, p). A charged track is
identified as a pion or proton if its probability is greater than
that for any other assignments.
The Λ (Λ̄) candidate is reconstructed from pairs of (anti)

proton and oppositely charged pion tracks fulfilling a
secondary vertex fit. Events with at least one Λ and one
Λ̄ candidate are selected. When looping over all combi-
nations of Λ and Λ̄ candidates, the one with the minimal
value of ðMðpπ−Þ −MðΛÞÞ2 þ ðMðp̄πþÞ −MðΛ̄ÞÞ2 is
chosen, where MðΛÞ (MðΛ̄Þ) is the known mass of the
Λ (Λ̄) baryon [7]. The remaining charged pions not
associated to the ΛðΛ̄Þ candidates are considered as coming
from η0 decays, and are required to originate from a region
of 10 cm around the interaction point along the beam
direction and 1 cm in the plane perpendicular to the beam.
The pairs of opposite charged pions are requested to pass a
primary vertex fit under the πþπ−ΛΛ̄ hypothesis, and that
combination with the smallest χ2 is retained.
To improve the momentum resolution and reduce the

background, a kinematic fit is applied to the event candi-
dates. For Mode I, the conservation of the initial-state
energy and momentum is required (four constraints); for
Mode II, in addition to four-momentum conservation, the
invariant mass of the photon pair is constrained to the
known η mass. For events with more than one or two
photons, respectively for Mode I and Mode II, all the
combinations are fitted and that with the best fit quality is
selected. We further require the fit quality to satisfy χ24C <
30 for Mode I and χ25C < 40 for Mode II, a selection that is
optimized by maximizing the figure of merit S=

ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
,

where S is the number of signal MC events obtained from
MC simulation and Sþ B is the number of signal and
background events obtained from real data.
Events with candidate η0 decays are kept for further

analysis, by selecting the invariant-mass signal regions
0.94 < Mðγπþπ−Þ < 0.97 GeV=c2 and jMðηπþπ−Þ −
Mðη0Þj < 10 MeV=c2 for Mode I andMode II, respectively.
The invariant-mass distributionsMðpπ̄Þ andMðp̄π−Þ for the
two modes are shown in Figs 1 and 2, where the Λ and Λ̄
peaks are clearly visible.
For Mode I, the ΛðΛ̄Þ candidates are selected by

requiring jMðpπ−=p̄πþÞ−MðΛ=Λ̄Þj< 6MeV=c2. This
signal region is indicated by arrows in Fig. 1. In order to
remove background events from ψð3686Þ→Σ0Λ̄πþπ−þ
c:c:, we require jMðγΛ=γΛ̄Þ −MðΣ0=Σ̄0Þj > 10 MeV=c2.
The distribution of the recoil mass against the πþπ−
system, Mrecðπþπ−Þ, is shown in Fig. 3(a), where the
J=ψ peak is visible due to the background events from the
ψð3686Þ → πþπ−J=ψ process. To veto this background,
the recoil mass is required to satisfy jMrecðπþπ−Þ−
MðJ=ψÞj > 8 MeV=c2. The recoil mass against the γ,
MrecðγÞ, is shown in Fig. 3(b), where the three visible
peaks due to the χc0, χc1 and χc2 mesons decay into
π�Σ�∓Λ̄þc:c:ðΣ�∓→π∓ΛÞ. To suppress these background
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events, events in the mass regions jMrecðγÞ −Mðχc0Þj <
16 MeV=c2, jMrecðγÞ −Mðχc1Þj < 10 MeV=c2, and
jMrecðγÞ −Mðχc2Þj < 10 MeV=c2 are rejected. The
additional requirements jMðΛπ−=Λ̄πþÞ −MðΞÞj >
0.008 GeV=c2 and jMðΛπ−=Λ̄πþÞ −MðΣð1385ÞÞj >
0.040 GeV=c2 are applied to remove background events
with Ξ and Σð1385Þ baryons in the final states, where
MðXÞ is the known mass of the X particle from Particle
Data Group (PDG) [7].
ForMode II, theΛðΛ̄Þ candidates are selected by requiring

1.108 < Mðpπ−=p̄πþÞ < 1.123 GeV=c2. The background
events from ψð3686Þ → ηJ=ψ are removed by requiring
jMrecðγγÞ −MðJ=ψÞj > 10 MeV=c2, as shown in Fig. 4,
where MrecðγγÞ and MðJ=ψÞ are the recoil mass against γγ
and the mass of the J=ψ meson from PDG, respectively.
The Mðγπþπ−Þ and Mðηπþπ−Þ distributions, after these

selection requirements, are shown in Figs. 5(a) and (b),
where the η0 peaks can be seen clearly. To verify that these
peaks are not from background events, the distribution of
candidates passing the same selection from 2.7 billion
inclusive ψð3686Þ events are obtained and shown as shaded
histograms in Figs. 5(a) and (b); the background events
have an approximately flat distribution and do not peak in
the η0 mass region.

To estimate the number of background events coming
directly from eþe− annihilation due to quantum electro-
dynamics processes, which we call QED background, the
same analysis is performed on the data samples taken at the
CM energy of 3.773 GeV, with an integrated luminosity of
ð2916.94� 0.18� 29.17Þ pb−1 [31]. For Mode I, several η
decays leak into η0 signal region in the Mðγπþπ−Þ dis-
tribution, and are classified as QED background. The
number of background events is extracted by fitting the
Mðγπþπ−Þ distribution, normalized to the ψð3686Þ data
taking into account the integrated luminosity and energy
dependent cross section of the QED processes [33]. The
number of QED background events is determined to be

Nbkg ¼ Nψð3773Þ ×
Lψð3686Þ
Lψð3773Þ

×
sψð3773Þ
sψð3686Þ

; ð1Þ

where Nψð3773Þ is the number of background events
obtained from data at the CM energy of 3.773 GeV;
Lψð3686Þ and Lψð3773Þ is the integrated luminosity of
ψð3686Þ and ψð3773Þ data samples, respectively, andffiffiffiffiffiffiffiffiffiffiffiffiffiffisψð3686Þ
p and ffiffiffiffiffiffiffiffiffiffiffiffiffiffisψð3773Þ

p are the CM energies of ψð3686Þ

(a)

(b)

FIG. 1. Distributions of Mpπ− (a) and Mp̄πþ (b) for Mode I,
where the arrows indicate the region within which the Λ=Λ̄ signal
is selected.

(a)

(b)

FIG. 2. Distributions of Mpπ− (a) and Mp̄πþ (b) for Mode II,
where the arrows indicate the region within which the Λ=Λ̄ signal
is selected.
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and ψð3773Þ data samples, respectively. The normalized
number of QED background events due to eþe− annihi-
lations is 8.1� 4.8 for Mode I, which is subtracted in order
to determine the signal yield. For Mode II, only 2 events

survive after the event selection, which is considered
negligible.

IV. BRANCHING FRACTION MEASUREMENT

The ψð3686Þ → ΛΛ̄η0 signal yields for Mode I and
Mode II are obtained from an extended unbinned maximum
likelihood fit to the Mðγπþπ−Þ and Mðηπþπ−Þ distribu-
tions, respectively. The total probability density function
consists of a signal and a nonpeaking background con-
tribution. The signal component is modeled with the MC
signal shape convolved with a Gaussian function to account
for a possible difference in the mass resolution between
data andMC simulation, and the nonpeaking background is
parameterized by a second-order Chebychev polynomial.
From the fit results, indicated by the red solid lines in
Fig. 5, we obtain 148� 24 and 70� 10 ψð3686Þ → ΛΛ̄η0
events with statistical significances of 6.8σ and 10σ for
Mode I and Mode II, respectively. The statistical signifi-
cance is determined by the change in the log-likelihood
value and in the number of degrees of freedom in the fit
with and without the η0 signal.
To investigate for the presence of possible intermediate

structures, we study the background-subtracted Λη0ðΛ̄η0Þ
mass distributions. For each bin, the number of signal
events in data is extracted by fitting the Mðγπþπ−Þ and

(a)

(b)

FIG. 3. Distributions of Mrecðπþπ−Þ (a) and MrecðγÞ (b) for
Mode I, where the solid arrows indicate the mass window within
which (a) J=ψ and (b) χc0=c1=c2 decays are vetoed. The signal MC
is normalized to the measured branching fraction.

FIG. 4. Distributions of MrecðγγÞ for Mode II, where the solid
arrows indicate the mass window within which J=ψ decays are
vetoed. The signal MC is normalized to the measured branching
fraction.

(a)

(b)

FIG. 5. Distributions of Mðγπþπ−Þ (a) and Mðηπþπ−Þ (b).
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Mðηπþπ−Þ distributions, respectively, for Mode I and
Mode II. The obtained results are shown in Fig. 6, which
display no evident structures. Furthermore, the back-
ground-subtracted ΛΛ̄ mass distributions with the above
similar procedure are shown in Fig. 7, where no structures
are observed either.
The detection efficiencies are obtained from MC simu-

lations produced with a uniform phase-space distribution
for the three-body decay ψð3686Þ → ΛΛ̄η0. The detection
efficiencies are determined to be 6.50% and 4.58% for
Mode I and Mode II, respectively.
The branching fraction of ψð3686Þ → ΛΛ̄η0 is calculated

with

Bðψð3686Þ→ΛΛ̄η0Þ ¼ Nobs−Nbkg

N ψB2ðΛ→pπ−ÞBðη0 →XÞε ; ð2Þ

where Nobs is the number of observed signal candidates,
Nbkg is the number of QED background events, N ψ is the
number of ψð3686Þ events [12], ε is the detection efficiency
obtained from MC simulation, BðΛ → pπ−Þ is the branch-
ing fraction of Λ → pπ− and Bðη0 → XÞ represents the
branching fraction of η0 → γπþπ− or the product branching
fraction of η0 → ηπþπ− and η → γγ. The intermediate
branching fractions are taken from the PDG [7].

The obtained values of the branching fractions of
ψð3686Þ → ΛΛ̄η0 are summarized in Table I. The results
from the two η0 decay modes are consistent with each other
within their uncertainties, thus the two measurements are
combined, taking accounted of the correlated uncertainties
(see Sec. V for details); the mean value and the uncertainty
are calculated following the procedure of Ref. [34],

x̄� σðx̄Þ ¼ Σjðxj · ΣiwijÞ
ΣiΣjwij

�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

ΣiΣjwij

s
; ð3Þ

where i and j are summed over all decay modes, wij is the
element of the weight matrix W ¼ V−1

x , and Vx is the
covariance error matrix calculated according to the stat-
istical uncertainties and the systematic uncertainties.

(a)

(b)

FIG. 6. Distributions ofMΛη0=Λ̄η0 for Mode I (a) and Mode II (b).

(a)

(b)

FIG. 7. Distributions of MΛΛ̄ for Mode I (a) and Mode II (b).

TABLE I. The branching fraction results and the values used in
the branching fraction calculation for each decay mode, where the
first uncertainty is statistical and the second is systematic.

Mode Nobs Nbkg εð%Þ B (×10−6)

I 148� 24 8.1� 4.8 6.50 6.59� 1.15� 0.53
II 70� 10 4.58 8.25� 1.18� 0.67
Combined 7.34� 0.94� 0.43
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When combining the results of the two decay modes, the
error matrix is calculated as

V ¼
 
σ21 þ ϵ2fx

2
1 ϵ2fx1x2

ϵ2fx1x2 σ22 þ ϵ2fx
2
2

!
; ð4Þ

where σi is the independent absolute uncertainty (the
statistical uncertainty and all independent systematical
uncertainties are added in quadrature) in the measurement
mode i, and ϵf is the common relative systematic uncer-
tainty between the two measurements (all the common
systematic uncertainties are added in quadrature; the entries
in Table II marked with � are the uncertainties in common
with the two η0 decays while the other uncertainties are
different); xi is the measured value for mode i. The
combined branching fraction of ψð3686Þ → ΛΛ̄η0 is found
to be ð7.34� 0.94ðstatÞ � 0.43ðsysÞÞ × 10−6.

V. SYSTEMATIC UNCERTAINTIES

The sources of systematic uncertainties and their corre-
sponding contributions to the measurements of the branch-
ing fractions are summarized in Table II. Assuming that all
sources are independent, the total systematic uncertainties
are obtained by adding the individual contributions in
quadrature and are determined to be 8.0% for Mode I
and 8.1% for Mode II.

Number of ψð3686Þ events: The total number of
ψð3686Þ events, ð27.12� 0.14Þ × 108, is determined by
measuring the yield of inclusive hadronic events [12], and
its uncertainty is estimated to be 0.5%.
Tracking efficiency: The uncertainty due to differences

in the tracking efficiency between data and MC is 1.0% for
each charged track coming from a primary vertex, accord-
ing to a study of J=ψ→ρπ and J=ψ→pp̄πþπ− events [35].
Therefore, the uncertainty from this source associated with
the η0 reconstruction is 2.0%. The corresponding uncer-
tainty associated with the Λ and Λ̄ reconstruction is
determined separately, and discussed below.
PID efficiency: The PID efficiency has been investigated

using a control sample of J=ψ → pp̄πþπ− decays. The
uncertainty is assigned to be 1.0% per charged track. In this
analysis, all charged tracks must satisfy PID requirements,
so the total systematic uncertainty from this source is
assigned to be 6.0%.
Photon detection efficiency: The efficiency of the photon

reconstruction is studied with a control sample ψð3686Þ →
πþπ−J=ψ ; J=ψ → ρ0π0 events [36]. The systematic uncer-
tainty in the photon selection is assigned to be 1.0% per
photon.
Λ and Λ̄ reconstruction efficiency: The momentum-

dependent ΛðΛ̄Þ reconstruction efficiency has been studied
by calculating the overall tracking efficiency in a given
cos θ range using a control sample of J=ψ → pK−Λ̄þ c:c:
decays. The difference between data and MC simulation,
0.70%, is taken as the systematic uncertainty.
Kinematic fit: The systematic uncertainty due to the

kinematic fit is estimated by correcting the helix parameters
of charged tracks according to the method described in
Ref. [37]. We take the efficiency from the track-parameter-
corrected MC sample as the baseline value, and assign half
of the difference in the signal efficiencies before and after
the correction as the associated systematic uncertainty,
which is 0.6% for both Mode I and Mode II.
Mass window: The uncertainty due to the mass windows

used to select signal events or veto backgrounds originates
from the differences in the mass resolutions between data
andMC simulation. The analysis is repeated with larger and
smaller values of the mass window. The maximum relative
change in the measured branching fraction is not significant
after considering the correlations between the signal yields,
hence this uncertainty is considered to be negligible.
Intermediate decays: The systematic uncertainties asso-

ciated with the knowledge of the branching fractions of the
intermediate decays, including Λ → pπ−, η0 → γπþπ−,
η0 → πþπ−η and η → γγ, are taken from the uncertainties
listed in the PDG [7].
Continuum background: The systematic uncertainty

associated with the level of continuum background is
determined by redetermining the branching fraction after
varying the continuum background yield by �1σ of its
statistical uncertainty and assigning the change in branch-
ing fraction as the systematic uncertainty.

TABLE II. Relative systematic uncertainties in the branching-
fraction measurement (in unit of %). The sources marked “*” are
in common for the two η0 decay modes.

Sources Mode I Mode II

Number of ψð3686Þ events* 0.5 0.5
MDC tracking* 2.0 2.0
PID efficiency* 6.0 6.0
Photon detection efficiency 1.0 2.0
ΛðΛ̄Þ reconstruction* 0.7 0.7
Kinematic fit 0.6 0.6

ΛðΛ̄Þ intermediate decays
Λ → pπ−* 1.6 1.6
Λ̄ → p̄πþ*

η0 intermediate decays
η0 → γπþπ− 1.4 � � �
η0 → ηπþπ− � � � 1.2
η → γγ � � � 0.5

Continuum background 3.3 � � �
Mass spectrum fitting
Signal shape 0.7 0.7
Background shape 2.0 1.2
Fit range 1.4 3.7

Total 8.0 8.1
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Signal shape and background shape: To estimate the
uncertainty due to the choice of signal shape, the MC-
simulated shape convolved with a Gaussian function is
replaced by a simple MC shape and the resulting
differences in the branching fraction is assigned as the
systematic uncertainty. In the case of the background shape,
the second-order Chebychev polynomial used for the
baseline result is replaced by a first-order or third-order
Chebychev polynomial. The largest change of branching
fraction is taken as the systematic uncertainty.
Fit range: The uncertainty associated with this source is

estimated by varying the fit range as ð0.89; 1.01Þ GeV=c2,
ð0.89; 0.99Þ GeV=c2, ð0.91; 1.01Þ GeV=c2 and ð0.91;
0.99Þ GeV=c2, and the maximum resulting difference is
assigned as the systematic uncertainty.

VI. SUMMARY

The decay ψð3686Þ → ΛΛ̄η0 with the subsequent decay
modes η0 → γπþπ− (Mode I) and η0 → ηπþπ− (Mode II) is
observed for the first time, using a data sample of ð27.12�
0.14Þ × 108 ψð3686Þ events. The corresponding branching
fractions aremeasuredbe ð6.59� 1.15ðstatÞ � 0.53ðsysÞÞ ×
10−6 and ð8.25� 1.18ðstatÞ � 0.67ðsysÞÞ × 10−6, respec-
tively. The combined branching fraction is Bðψð3686Þ →
ΛΛ̄η0Þ ¼ ð7.34� 0.94ðstatÞ � 0.43ðsysÞÞ × 10−6.
We have also searched for possible excited Λ states and

the enhancement near the ΛΛ̄ production, but no evident
structure is observed. In the future, a super τ charm factory
will collect more data and searches for excited hyperon
states will become possible [38].
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