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Based on a sample of 448.1 × 106 ψð3686Þ events collected with the BESIII detector, a study of
ψð3686Þ → ΛΛ̄π0 and ψð3686Þ → ΛΛ̄η is performed. Evidence of the isospin-violating decay
ψð3686Þ → ΛΛ̄π0 is found for the first time with a statistical significance of 3.7σ, the branching
fraction Bðψð3686Þ → ΛΛ̄π0Þ is measured to be ð1.42� 0.39� 0.59Þ × 10−6, and its corresponding
upper limit is determined to be 2.47 × 10−6 at 90% confidence level. A partial wave analysis of
ψð3686Þ → ΛΛ̄η shows that the peak around Λη invariant mass threshold favors a Λ� resonance with
mass and width in agreement with the Λð1670Þ. The branching fraction of the ψð3686Þ → ΛΛ̄η is
measured to be ð2.34� 0.18� 0.52Þ × 10−5. The first uncertainties are statistical and the second are
systematic.

DOI: 10.1103/PhysRevD.106.072006

I. INTRODUCTION

The ψð3686Þ is the first radial excitation of the isospin
singlet cc̄ vector state, and its decays involving baryon pairs
not only provide an opportunity to study the baryon structure,
but also offer a unique place to investigate SU(3) flavor
symmetry breaking effects. Using a sample of 107 million
ψð3686Þ events collected in 2009, BESIII published a
study investigating the reactions of ψð3686Þ → ΛΛ̄π0 and
ψð3686Þ → ΛΛ̄η [1]. However, no significant signal for
ψð3686Þ → ΛΛ̄π0was seen, due to suppression from isospin
conservation, and an upper limit of Bðψð3686Þ→ΛΛ̄π0Þ<
2.9×10−6 was reported at the 90% confidence level
(CL). Based on roughly 60 events, the first branching
fraction measurement of ψð3686Þ → ΛΛ̄η was obtained:
Bðψð3686Þ→ ΛΛ̄ηÞ ¼ ð2.47� 0.34� 0.19Þ× 10−5.
In 2012, another sample of ψð3686Þ events was collected

at the BESIII detector [2]. The total data set of 448 million
ψð3686Þ events, corresponding to a four-fold increase of
2009 data, allows for an in-depth investigation on the
decays ψð3686Þ → ΛΛ̄π0 and ψð3686Þ → ΛΛ̄η, and
searches for intermediate Λ� states in the Λπ0 and Λη
mass spectra. In addition, these branching fractions may
also be used to test the “12%” rule [3–5], which predicts
that the ratio of branching fractions of ψð3686Þ and J=ψ
decays into the same light hadron final states is around
12%. In this paper, the charge-conjugate process is always
implied unless explicitly mentioned.

II. DETECTOR AND MONTE CARLO SAMPLES

The BESIII detector [6] records symmetric eþe− colli-
sions provided by the BEPCII storage ring [7], in the
center-of-mass energy range from 2.0 GeV to 4.95 GeV,
with a peak luminosity of 1 × 1033 cm−2 s−1 achieved at

ffiffiffi
s

p ¼ 3.77 GeV. BESIII has collected large data samples
in this energy region [8]. 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 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. The solenoid is supported by an octagonal
flux-return yoke equipped with resistive plate counter
muon identification modules interleaved with steel. The
charged-particle momentum resolution at 1 GeV=c is
0.5%, and the resolution of the specific energy loss
dE=dx in the MDC is 6% for 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 in the TOF barrel region is
68 ps, while that in the end cap region is 110 ps.
Simulated data samples produced with a GEANT4-based

[9] Monte Carlo (MC) package, which includes the geo-
metric description of the BESIII detector and the detector
response, are used to optimize the event selection criteria,
determine detection efficiencies and estimate backgrounds.
The simulation models the beam energy spread and initial
state radiation (ISR) in eþe− annihilationswith the generator
KKMC [10,11]. The inclusiveMC sample aims to include all
possible processes involving the production of the J=ψ and
ψð3686Þ resonances, and the continuum processes incorpo-
rated in KKMC [10,11]. The known decay modes are
modeled with EVTGEN [12,13] using branching fractions
taken from the Particle Data Group (PDG) [14], and the
remaining unknown charmonium decays are modeled with
LUNDCHARM [15,16]. Final state radiation (FSR) from
charged particles is incorporated using PHOTOS [17].
Signal MC samples of ψð3686Þ → ΛΛ̄π0 decays are gen-
erated with uniform phase space (PHSP), while ψð3686Þ →
ΛΛ̄η decays are generated according to the results of the
partial wave analysis reported later in this paper.

III. EVENT SELECTION

The processes ψð3686Þ → ΛΛ̄π0 and ψð3686Þ → ΛΛ̄η
are reconstructed with Λ → pπ−, Λ̄ → p̄πþ, π0 → γγ, and
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η → γγ. Since the final state for both channels is
pp̄πþπ−γγ, the number of charged tracks is required to
be four with net charge zero. Each track must satisfy
jcos θj < 0.93, where θ is the polar angle of the track
measured by the MDC with respect to the direction of the
positron beam.
Each of the photon candidates is required to have an

energy deposit in the EMC of at least 25 MeV in the barrel
ðjcosθj<0.80Þ or 50MeV in the end caps ð0.86< jcosθj<
0.92Þ. To eliminate showers from charged tracks, the angle
between the position of each shower in the EMC and any
charged track must be greater than 10 degrees. To suppress
electronic noise and showers unrelated to the event, the
EMC time difference from the event start time is required to
be within [0, 700] ns. At least two photon candidates are
required.
The Λ and Λ̄ candidates are reconstructed by combining

pairs of oppositely charged tracks with pion and proton
mass hypotheses, fulfilling a secondary vertex constraint
[18]. Events with at least one pπ−ðΛÞ and one p̄πþðΛ̄Þ
candidate are selected. In the case of multiple ΛΛ̄ pair
candidates, the one with the minimum value of χ2svtxðΛÞ þ
χ2svtxðΛ̄Þ is chosen, where χ2svtxðΛÞ and χ2svtxðΛ̄Þ are the fit
qualities of the secondary vertex fits for Λ and Λ̄,
respectively. To improve the momentum and energy res-
olution and to reduce background contributions, a four-
constraint (4C) energy-momentum conservation kinematic
fit is applied to the event candidates under the hypothesis of
ΛΛ̄γγ (i.e., not considering the γγ mass), and the corre-
sponding χ24C is required to be less than 40. For events
with more than two photon candidates, the combination
with the best fit quality is selected from all possible
combinations. To reject possible background contributions
from ψð3686Þ → ΛΛ̄γ and ψð3686Þ → ΛΛ̄γγγ, we further
require that the χ2 of the 4C fit for the ψð3686Þ → ΛΛ̄γγ
assignment is smaller than those of ΛΛ̄γ and ΛΛ̄γγγ. The
final pπ− and p̄πþ mass distributions in two progresses are
shown in Figs. 1(a) and 1(b), respectively, where clear Λ
and Λ̄ signals are visible.

We require that the invariant mass of pπ−ðp̄πþÞ should
be in the mass region of Λ, 1.111< Mðpπ−; p̄πþÞ <
1.121 GeV=c2. To remove the background events from
ψð3686Þ → π0ðηÞJ=ψ , J=ψ → ΛΛ̄, events with the invari-
ant mass of ΛΛ̄ in the J=ψ mass region, 3.087 <
MðΛΛ̄Þ < 3.107 GeV=c2, are rejected. In order to suppress
possible background events from ψð3686Þ → πþπ−J=ψ
with J=ψ → pp̄π0ðηÞ, we reject events with 3.087 <
Mrecðπþπ−Þ < 3.107 GeV=c2, where Mrecðπþπ−Þ is the
mass recoiling against the πþπ−. No requirements on the
γγ invariant mass are imposed since this is the variable
which will be used to extract the signal yields.
In the case of ψð3686Þ → ΛΛ̄π0, additional requirements

are applied to further reduce the contamination from back-
ground. The χ24C is required to be less than 15, to further
suppress background events with one or more than two
photons in the final states. The veto cut MðΛΛ̄Þ <
3.4 GeV=c2 is applied in order to suppress background
fromψð3686Þ→Σ0Σ̄0. Twoother veto cuts,Mðpπ0; p̄π0Þ <
1.17 GeV=c2 and Mðpπ0; p̄π0Þ > 1.2 GeV=c2, are applied
in order to suppress background from ψð3686Þ → ΛΣ̄−πþ.
The invariant masses MðγlowΛÞ and MðγlowΛ̄Þ are both
required to be outside of ð1.183; 1.203Þ GeV=c2 to suppress
the ψð3686Þ → ΛΣ̄0π0 background, where γlow represents
the less energetic candidate photon.

IV. BACKGROUND STUDY

To investigate the possible background contributions,
the same selection criteria are applied to an inclusive MC
sample of 506 million ψð3686Þ events. A topological
analysis of the surviving events is performed with the
generic tool TopoAna [19], and the results indicate that the
background peaking at the π0 invariant mass mainly
comes from ψð3686Þ → ΛΣ̄0π0, while the other back-
ground sources present a flat distribution. Thus, a PHSP
MC sample of ψð3686Þ → ΛΣ̄0π0 þ c:c: is generated,
giving a background estimate of 20.4� 1.9 events, by
using a branching fraction of ð1.54� 0.04� 0.13Þ × 10−4
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FIG. 1. The distributions of (a) Mðpπ−Þ and (b) Mðp̄πþÞ. Dots with error bars represent data, the blue histograms are normalized
signal MC. The mass window requirement of the ΛðΛ̄Þ is shown with the red arrows.
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obtained from Bðψð3686Þ → ΛΣ̄−πþÞ with isospin sym-
metry considerations.
To estimate the background from eþe− continuum

processes, the same procedure is performed on data taken
at

ffiffiffi
s

p ¼ 3.773 GeV, with an integrated luminosity of
2.92 fb−1 [20]. The background events are extracted by
fitting the Mγγ mass distribution, normalized to the
ψð3686Þ data taking into account the luminosity and
energy-dependent cross section of the quantum electrody-
namics (QED) processes. The normalization factor f is
calculated as

f ¼ Nψð3686Þ
Nψð3770Þ

¼ Lψð3686Þ
Lψð3770Þ

·
σψð3686Þ
σψð3770Þ

·
ϵψð3686Þ
ϵψð3770Þ

;

where N, L, σ, and ϵ refer to the number of observed
events, integrated luminosity of data, cross section, and
detection efficiency at the two center of mass energies,
respectively. The details on the cross section values can be
found in Ref. [21]. The detection efficiency ratio
ϵψð3686Þ=ϵψð3770Þ has been determined by Monte Carlo
simulations. After normalization, the background contri-
butions from eþe− → ΛΛ̄π0 and eþe− → ΛΛ̄η at
3.686 GeV are determined to be 13.2� 1.7 and 19.1�
2.0 events, respectively.
Due to the identical event topology, these background

events are indistinguishable from signal events and are
subtracted directly by fixing their magnitudes in the fit
when extracting signal yields. Here we assume that the
interference between ψð3686Þ decay and continuum proc-
ess is negligible.

V. ANALYSIS OF ψð3686Þ → ΛΛ̄π0

The ψð3686Þ → ΛΛ̄π0 signal yield is obtained from an
extended unbinned maximum likelihood fit to the γγ
invariant mass distribution. The total probability density
function consists of a signal and various background
contributions. The signal component is modeled with the
MC simulated signal shape convolved with a Gaussian
function to account for a possible difference in the mass
resolution between data and MC simulation. The back-
ground events from eþe− annihilations are described by the
shape obtained from the data taken at

ffiffiffi
s

p ¼ 3.773 GeV,
while the peaking background from ψð3686Þ → ΛΣ̄0π0 is
modeled with the MC simulation shape. In the fit, the
contributions of these two background sources are fixed to
the values discussed above. In addition, the nonpeaking
background is parametrized by a first-order Chebychev
function.
From the fit, shown in Fig. 2, we estimate 23.0� 6.3

ΛΛ̄π0 events with a statistical significance of 3.7σ which is
evaluated by comparing the likelihood values with and
without the π0 signal included in the fit. The detection

efficiency obtained fromMC simulation events is 9.0% and
these results are summarized in Table III.

VI. ANALYSIS OF ψð3686Þ → ΛΛ̄η

The distribution of MðγγÞ in the η mass region is shown
in Fig. 3. A fit to the η signal with the MC simulated signal
shape convolved with a Gaussian function is performed,
and the background contribution is described by the shape
obtained from the continuum data plus a first order
Chebychev function. The fitting results are shown in
Fig. 3, with a total of 218� 17 ΛΛ̄η signal events.
To investigate possible intermediate states, MðγγÞ is

required to be in the η range ð0.525; 0.560Þ GeV=c2. The
resultant Dalitz plot of the 252 selected ψð3686Þ → ΛΛ̄η
candidates, shown in Fig. 4, exhibits two visible clusters of
events around 2.8ðGeV=c2Þ2 in M2ðηΛÞ and M2ðηΛ̄Þ,
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FIG. 2. The distribution of MðγγÞ in the π0 region. Dots with
error bars are data, the black solid curve is the fit result, the red
solid curve represents the signal, the blue dashed curve is the
nonpeaking background, the orange dash-dotted solid curve is
ψð3686Þ → ΛΣ̄0π0, and the green long-dashed curve is the
continuum background.
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FIG. 3. The distribution of MðγγÞ in the η mass region. Dots
with error bars are data, the black solid curve is the fit result, the
red solid curve represents the signal, the blue dashed curve is
the nonpeaking background, and the green dash-dotted curve is
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indicating possible intermediate excited baryons. The
invariant mass distributions ofMðηΛÞ andMðηΛ̄Þ presented
in Figs. 5(a) and 5(b) show the corresponding structures.
The η sidebands, 0.470GeV=c2<MðγγÞ< 0.505GeV=c2

and 0.580 GeV=c2 < MðγγÞ < 0.615 GeV=c2, are used
to estimate the number of background events; the
obtained distributions, shown as shaded histograms in
Figs. 5(a)–5(c), indicate that the structures are not from
background events.
Using the Feynman diagram calculation package [22], a

partial wave analysis (PWA) is performed based on an
unbinned maximum likelihood fit. In the global fit, reso-
nances are described by a relativistic Breit-Wigner propa-
gator, with the mass and width as free parameters,

BWðsÞ ¼ 1

M2
Λ� − s − iMΛ�ΓΛ�

; ð1Þ

where s is the squared invariant mass.
To describe the Λη and Λ̄η mass spectra, all kinemat-

ically-allowed resonances of Λ� and Σ� listed in the PDG
[14] are considered. Only components with a statistical
significance larger than 5σ are kept in the baseline solution.
PWA results indicate that the Λð1670Þ plus the nonresonant

contribution could provide a good description of data, as
illustrated in Figs. 5 and 6. The fitted mass and width of
Λð1670Þ, ð1672� 5Þ MeV=c2 and ð38� 10Þ MeV, are
also in agreement with the world average values; a total of
116� 28ψð3686Þ → Λð1670ÞΛ̄ candidate events are mea-
sured (based on the PWA amplitude “fit fraction”), and the
detection efficiency is determined to be 12.5% by using a
PWA-weighted MC sample. The measured yield and
detection efficiency are summarized in Table III. The
hypothesis of a Λð1690Þ state instead of Λð1670Þ in the
model has been tested, leading to a reasonable description
of the data, but with a sightly worse fit quality and with
resonance parameters not consistent with the PDG values;
it has thus been rejected.
To obtain the detection efficiency of ψð3686Þ → ΛΛ̄η, a

MC sample is generated in accordance with the above
PWA results. The corrected detection efficiency, 12.9%,
and the number of signal events, 218� 17 are presented in
Table III.

VII. SYSTEMATIC UNCERTAINTIES

In this analysis, the systematic uncertainties on the
branching fractions mainly come from the following
sources:

(i) Λ reconstruction
The efficiency of ΛðΛ̄Þ reconstruction is

studied using the control sample of ψð3686Þ →
ΛΛ̄ decays, and a correction factor of 0.980�
0.011 [23] is applied to the efficiencies obtained
from MC simulation. The uncertainty of the correc-
tion factor, 1.1%, which includes the uncertainties of
MDC tracking and ΛðΛ̄Þ reconstruction, is consid-
ered as the uncertainty of the efficiency of ΛðΛ̄Þ
reconstruction.

(ii) Photon detection
The photon detection efficiency has been studied

using a high-purity control sample of J=ψ → ρ0π0

[24]. The difference between the detection efficien-
cies of data and MC is around 1% per photon. Thus,
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FIG. 4. The Dalitz plot of M2ðηΛÞ versus M2ðηΛ̄Þ.
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FIG. 5. The distributions of (a) MðηΛÞ, (b) MðηΛ̄Þ, and (c) MðΛΛ̄Þ. Dots with error bars represent data, the blue histograms are the
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2% is assigned as the total systematic uncertainty for
the detection of the two photons.

(iii) Kinematic fit
The uncertainty associated with the 4C kinematic

fit comes from the inconsistency between data and
MC simulation in the fit. This difference is reduced
by correcting the track helix parameters of the
MC simulation, with parameters from [25,26].
Following the method described in Ref. [27], we
obtain the systematic uncertainties of the 4C kin-
ematic fit as 3.8% and 1.8% for ψð3686Þ → ΛΛ̄π0
and ψð3686Þ → ΛΛ̄η, respectively.

(iv) Mass window requirements
The systematic uncertainties related to each indi-

vidual mass window requirement are estimated by
varying the size of the mass window by one standard
deviation of the corresponding mass resolution. For
the mass window of MðΛΛ̄Þ < 3.4 GeV=c2, the
uncertainty is estimated by decreasing the required
mass threshold by 10 MeV=c2. The largest variation
of branching fraction for each mass requirement is
considered as the related systematic uncertainty.

(v) Signal shape
In order to estimate the systematic uncertainty due

to the signal shape, alternative fits are performed to
determine the yields of signal events; the MC shape
is replaced with a Breit-Wigner function convolved
with a Gaussian function or a single Gaussian
function, by varying the fits of the invariant mass
distributions by either contracting, expanding or
shifting the fit range by �10 MeV. The maximum
differences with the nominal results are assigned as
the corresponding systematic uncertainties.

(vi) Background uncertainty
To estimate the uncertainty of the nonpeaking

background shape in the fit to MðγγÞ, we performed
alternative fits by replacing the first-order Cheby-
chev function with a second-order Chebychev func-
tion for ψð3686Þ data. The maximum changes of
2.0% and 3.5% are considered as systematic un-
certainties. The uncertainties of background from
continuum events and the decay ψð3686Þ → Λ̄Σ0π0

are propagated from the statistical uncertainties
quoted in Sec. IV.

(vii) Interference between ψð3686Þ and continuum
amplitudes
To estimate the effect from interference of the

continuum amplitude with the resonance amplitude,
we use the method from Ref. [28]. The maximum
impact from interference term with respect to the
resonance term is defined as rmax

R ,

rmax
R ¼ 4

ℏc
AB; A ¼

ffiffiffiffiffiffiffiffiffiffiffi
σfcðsÞ
Bf

s
; ð2Þ

whereℏc is the conversion constant, σfcðsÞ is the cross
section of the continuum process measured from
data, Bf is the branching fraction of ψð3686Þ →
ΛΛ̄π0 and ψð3686Þ → ΛΛ̄η that we measured in this
paper and the factor B is constant depending on the
resonance parameters quoted from Ref. [28]. The
rmax
R , 40.3% and 20.6% of ψð3686Þ → ΛΛ̄π0 and
ψð3686Þ → ΛΛ̄η, are taken as the uncertainty of
interference, respectively. Since the Λð1670ÞΛ̄ can-
not be studied well in continuum with our current
statistics, no systematic is provided for this final state.

(viii) Physics model
To have a good description of data from

ψð3686Þ → ΛΛ̄η, an event generator based on the
PWA results is developed to determine the
detection efficiency. We vary the default configu-
ration to a setup either with only the Λð1690Þ or
with a combination of Λð1670Þ and Λð1690Þ, and
consider the largest change in the detection effi-
ciency as systematic uncertainty of the physical
model. For ψð3686Þ → ΛΛ̄π0, we use PHSP as the
nominal event generator. The change in detection
efficiency using an alternative model within the
allowed phase space of the Λπ0 system resonances
is assigned as systematic uncertainty for the
ΛΛ̄π0 model.

(ix) Intermediate decays
The uncertainties of the quoted decay branching

fractions for the intermediate particles from PDG
[14] are taken as systematic uncertainties.

(x) Number of ψð3686Þ events
The number of ψð3686Þ events is determined

from an analysis of inclusive hadronic ψð3686Þ
decays. The uncertainty of the number of
ψð3686Þ events, 0.6% [2], is taken as systematic
uncertainty.

In addition, the systematic uncertainties associated with
the PWA, which contribute to the measurement of the
Λð1670Þ mass and width and of the corresponding pro-
duction branching fraction, are described below.

(i) Additional resonances
To investigate the impact on the PWA results from

other possible components, the analysis has been
performed including additional possible states [e.g.,
Λð1690Þ]. The changes of the mass, width, and fitted
fraction of Λð1670Þ are considered as systematic
uncertainties, and the largest one was chosen.

(ii) Background uncertainty
In the ψð3686Þ → ΛΛ̄η decays, the background

level is quite low, and the events from the η side-
bands are considered in the PWA. To estimate the
uncertainty, the scale factor of background events
from η sidebands has been varied by �50%, and the
largest variation of the results is assigned as sys-
tematic uncertainty.
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(iii) PHSP parametrization
In the partial wave analysis, PHSP is parametrized

as a resonance with an extremely large width,
and fixed values of spin and parity. The contribution
to the systematic uncertainty is estimated by replac-
ing the spin parity of 1

2
− with 1

2
þ, 3

2
−, or 3

2
þ. The

largest resulting difference is taken as systematic
uncertainty.

All the systematic uncertainty sources and values are
summarized in Tables I and II, respectively, for the
ψð3686Þ → ΛΛ̄π0 and ψð3686Þ → ΛΛ̄η decays, where
the total uncertainties are given by the quadratic sum,
assuming statistical independence of all the contributions.
The distinction between additive and multiplicative sources
of systematic uncertainties are indicated in the table.

VIII. RESULTS

The branching fractions of the decays of interest are
calculated as

Bðψð3686Þ → ΛΛ̄XÞ

¼ Nobs
X

Nψð3686Þ · B2ðΛ → pπ−Þ · BðX → γγÞ · ϵ ; ð3Þ

where X is π0 or η, Nobs
X is the number of signal candidates,

Nψð3686Þ is the number of ψð3686Þ events determined with
inclusive hadronic events, ϵ is the detection efficiency
obtained from the MC simulation. BðΛ→pπ−Þ, Bðπ0→γγÞ
and Bðη → γγÞ are the corresponding branching fractions
from PDG [14]. Using the numbers given in Table III, the
branching fractions of ψð3686Þ → ΛΛ̄π0 and ψð3686Þ →
ΛΛ̄η are measured to be Bðψð3686Þ → ΛΛ̄π0Þ ¼ ð1.42�
0.39� 0.59Þ × 10−6 and Bðψð3686Þ → ΛΛ̄ηÞ ¼ ð2.34 �
0.18� 0.52Þ × 10−5, respectively, where the first uncer-
tainties are statistical and the second systematic.
Based on the PWA results, it was found that

the evident structure around the Λη mass threshold
could be described by the Λð1670Þ. The mass and width
are determined to be M ¼ ð1672� 5� 6Þ MeV=c2 and

TABLE I. The systematic uncertainties for the (product) branching fractions of ψð3686Þ → ΛΛ̄π0, ψð3686Þ → ΛΛ̄η and
ψð3686Þ → ΛΛ̄ð1670Þ. All values are given in percent.

Source ψð3686Þ → ΛΛ̄π0 ψð3686Þ → ΛΛ̄η ψð3686Þ → ΛΛ̄ð1670Þ
ΛðΛ̄Þ reconstruction 1.1b 1.1 1.1

Photon detection 2.0b 2.0 2.0
Kinematic fit 3.8b 1.8 1.8
Mass window requirements 7.1b 5.1 5.1
Signal shape 0.9a 1.2 � � �
Nonpeaking background 2.0a 3.5 � � �
Peaking background 7.3a 1.0 � � �
Interference between ψð3686Þ and continuum amplitudes 40.3a 20.6 � � �
Physics model 1.4b 3.4 � � �
BðΛ → pπÞ 0.8b 0.8 0.8

Bðπ0ðηÞ → γγÞ 0.03b 0.5 0.5

Number of ψð3686Þ events 0.6b 0.6 0.6
PWA additional resonances � � � � � � 34.2
PWA background � � � � � � 12.9
PWA PHSP parametrization � � � � � � 30.6

Total 41.9 22.1 48.0
aAdditive.
bMultiplicative.

TABLE II. Summary of the systematic uncertainty sources
contributing to the mass (ΔM) and width (ΔΓ) of Λð1670Þ.
Source ΔMðMeV=c2Þ ΔΓðMeVÞ
PWA Additional resonances 6 12
PWA Background 2 2
PWA PHSP parametrization 1 14

Total 6 19

TABLE III. Summary of the signal yields and detection
efficiencies for each decay mode.

Decay modes Nobs ϵð%Þ
ψð3686Þ → ΛΛ̄π0 23.0� 6.3 9.0
ψð3686Þ → ΛΛ̄η 218� 17 12.9
ψð3686Þ → Λð1670ÞΛ̄ 116� 28 12.5
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Γ ¼ ð38� 10� 19Þ MeV, which are consistent with
those in PDG [14]. The corresponding product branching
fraction is calculated to be Bðψð3686Þ → Λð1670ÞΛ̄Þ×
BðΛð1670Þ → ΛηÞ ¼ ð1.29� 0.31� 0.62Þ × 10−5, where
the first uncertainty is statistical and the second is
systematic.
Due to the limited statistical significance of the

ψð3686Þ → ΛΛ̄π0 signal (3.7σ), the upper limit of this
branching fraction has been determined. We repeat the
maximum-likelihood fits by varying the signal shape,
nonpeaking background, peaking background as well as
interference between ψð3686Þ and continuum amplitudes,
and take the most conservative upper limit among different
choices. To incorporate the multiplicative systematic uncer-
tainties in the calculation of the upper limit, the likelihood
distribution is smeared by a Gaussian function with a mean
of zero and a width equal to σϵ as shown below [29,30]

L0ðn0Þ ∝
Z

∞

0

L

�
n
ϵ

ϵ0

�
exp

�
−ðϵ − ϵ0Þ2

2σ2ϵ

�
dϵ; ð4Þ

where LðnÞ is the likelihood distribution as a function
of the yield n, ϵ0 is the detection efficiency and σϵ is
the multiplicative systematic uncertainty. Figure 7 shows
the likelihood function without and with incorporating the
systematic uncertainties. The upper limit on the number of
ψð3686Þ → ΛΛ̄π0 events, N0

UL, is determined to be 40,
and the corresponding upper limit of the branching fraction
is obtained to be ψð3686Þ → ΛΛ̄π0 < 2.47 × 10−6 at the
90% CL.

IX. SUMMARY

Using a sample of 448.1 × 106ψð3686Þ events collected
with BESIII detector at the peak of ψð3686Þ, we performed
a study of ψð3686Þ → ΛΛ̄π0 and ψð3686Þ → ΛΛ̄η.
Evidence of the isospin symmetry breaking decay

of ψð3686Þ → ΛΛ̄π0 is observed with a statistical
significance of 3.7σ, and the corresponding branching
fraction is measured to be Bðψð3686Þ → ΛΛ̄π0Þ ¼
ð1.42� 0.39� 0.59Þ × 10−6 for the first time. The
corresponding upper limit at the 90% CL is set to
be Bðψð3686Þ → ΛΛ̄π0Þ < 2.47 × 10−6.
In the case of ψð3686Þ → ΛΛ̄η, a PWA is performed to

investigate the observed structure around ΛηðΛ̄ηÞ. This
structure can be described by a Λð1670Þ with M ¼
ð1672� 5� 6Þ MeV=c2 and Γ ¼ ð38� 10� 19Þ MeV,
which are in good agreement with those reported
by PDG [14]. The corresponding product branching frac-
tion is calculated to be Bðψð3686Þ → Λð1670ÞΛ̄Þ×
BðΛð1670Þ → ΛηÞ ¼ ð1.29� 0.31� 0.62Þ × 10−5. With
the detection efficiency obtained from the weighted
MC sample in accordance with the PWA results, the
branching fraction of ψð3686Þ → ΛΛ̄η is measured to
be Bðψð3686Þ → ΛΛ̄ηÞ ¼ ð2.34� 0.18� 0.52Þ × 10−5.
Compared with the branching fraction of J=ψ → ΛΛ̄π0

and J=ψ → ΛΛ̄η [1], the ratio between the branching
fractions of ψð3686Þ and J=ψ decaying to the same
hadronic final state is defined as Qh. Taking PHSP factors
into account, the ratio of ΛΛ̄π0 and ΛΛ̄η, Qhðπ0Þ and
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FIG. 6. The distributions of (a) cos θ between Λ and Λ̄ in the center-of-mass system (CMS) of ηΛ, (b) cos θ between Λ and Λ̄ in CMS
of ηΛ̄ and (c) cos θ between η and Λ in CMS of ΛΛ̄. The dots with error bars represent data, the blue histograms are the sum of the PWA
results and η sidebands, and the green shaded histograms are the background events from η sidebands.
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FIG. 7. The normalized likelihood distributions. The results
obtained with and without incorporating the systematic uncer-
tainties are shown in blue dots and black dots, respectively. The
arrow is the position of the upper limit on the signal yields at
90% CL.
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QhðηÞ, are calculated to be ð1.4� 0.7Þ% and ð2.3� 0.6Þ%,
respectively, both contradicting the 12% rule significantly.
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