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Based on a sample of ð448.1� 2.9Þ × 106 ψð3686Þ events collected with the BESIII detector at BEPCII,
the decays of ψð3686Þ → K−ΛΞ̄þ þ c:c: with Ξ̄þ → Λ̄πþ, Λ̄ → p̄πþ are studied. We investigate the two
excited resonances, Ξð1690Þ− and Ξð1820Þ−, which are each observed with large significance (≫10σ) in
the K−Λ invariant mass distributions. A partial wave analysis is performed, and the spin-parities of
Ξð1690Þ− and Ξð1820Þ− are measured to be 1

2
− and 3

2
−, respectively. The masses, widths, and product

branching fractions of Ξð1690Þ− and Ξð1820Þ− are also measured.
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I. INTRODUCTION

In the quark model [1], hadrons are viewed as
composite objects of constituent spin-1

2
quarks bound

by the strong interaction. Mesons are made of quark-
antiquark (qq̄) pairs and baryons are made of three quarks
(qqq). Within this simple quark model, the qualitative
properties of hadrons and the phenomenology of meson
and baryon spectroscopy are well-explained. The accepted
full theory of the strong interaction is quantum chromo-
dynamics (QCD), a non-Abelian gauge-field theory that
describes the interactions of quarks and gluons and has the
features of asymptotic freedom and confinement of
quarks. The understanding of the quark-gluon structure
of baryons is one of the most important tasks in both
particle and nuclear physics. Since baryons represent the
simplest system in which the three colors of QCD
neutralize into colorless objects and the essential non-
Abelian character of QCD is manifested, systematic study
of baryon spectroscopy can provide critical insights into
the nature of QCD in the confinement domain.
The mass spectra, together with their production and

decay rates, provide the main sources of information to
study their structure. Much experimental work has been
dedicated to the study of baryon spectroscopy. However,
the available experimental information for strange baryons
remains very incomplete. In particular, we are lacking
knowledge of the excited baryon states with two strange
quarks, i.e., Ξ� hyperons, due to their small production
cross sections and the complicated topology of the final

states. Some phenomenological QCD-inspired models
predict more than thirty such kinds of hyperons, however,
only about a dozen total Ξ states have been observed to
date. Among them, only a few are well established with
spin-parity determined. The spin of Ξð1820Þ is determined
to be 3

2
[2] and the corresponding parity is measured to be

negative [3]. Some evidence that the Ξð1690Þ has JP ¼ 1
2
−

was found in a study of Λþ
c → Ξ−πþKþ [4].

In recent years, charmonium data samples with un-
precedented statistics were accumulated by the Beijing
Spectrometer (BESIII [5]) at the Beijing Electron-Positron
Collider (BEPCII [6]), and these provide great opportu-
nities for investigating the light baryons produced in
charmonium decays. In a previous analysis using a
sample of 106 × 106 ψð3686Þ events collected with
BESIII, two hyperons, Ξð1690Þ− and Ξð1820Þ−, were
observed in the K−Λ invariant mass distribution [7].
Now, with four times more ψð3686Þ events collected at
BESIII, we conduct a more extensive study of the decays
ψð3686Þ → K−ΛΞ̄þ þ c:c: In particular, we perform a
partial wave analysis (PWA) to study the properties of
intermediate state Ξ� hyperons.
In this paper, we report a PWA analysis of ψð3686Þ →

K−ΛΞ̄þ þ c:c:, with a sample of ð448.1� 2.9Þ × 106

ψð3686Þ events collected at BESIII. In the following,
the charge conjugate channel is always implied.

II. BESIII DETECTOR

The BESIII detector records symmetric eþe− collisions
provided by the BEPCII storage ring, which operates in the
center-of-mass energy range from 2.0 to 4.95 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 multi-
layer drift chamber (MDC), a plastic scintillator time-
of-flight system (TOF), and a CsI(Tl) electromagnetic
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calorimeter (EMC), which are all enclosed in a super-
conducting 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 identification modules interleaved with steel. The
charged-particle momentum resolution at 1 GeV=c is
0.5%, and the dE=dx resolution 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 of the TOF in the barrel
region is 68 ps while that in the end cap region is 110 ps.

III. DATASETS AND MONTE CARLO SAMPLES

This study uses ð448.1� 2.9Þ × 106 ψð3686Þ events
collected by the BESIII detector at BEPCII in 2009
(ð107.0�0.8Þ×106 events) and 2012 (ð341.1� 2.1Þ×
106 events, taken with 0.9 T magnetic field) [9].
A GEANT4-based [10] Monte Carlo (MC) simulation

software BOOST [11], which includes a geometric and
material description [12] of the BESIII detector, detector
response and digitization models as well as tracking of the
detector running conditions and performance, is used to
generate MC simulated data samples. An exclusive MC
sample for the process ψð3686Þ → K−ΛΞ̄þ, is generated to
optimize the selection criteria and estimate the correspond-
ing selection efficiency. The production of the ψð3686Þ is
simulated by the generator KKMC [13], and the subsequent
decays are generated with BesEvtGen [14,15]. An inclusive
MC sample, consisting of 448 × 106 ψð3686Þ events, is
used to study potential backgrounds. The known decay
modes of the ψð3686Þ are generated by BesEvtGen with
branching fractions set to world average values [16], and
the remaining unknown decay modes are modeled by
LUNDCHARM [17,18].

IV. EVENT SELECTION

Considering the full decay chain of ψð3686Þ → K−ΛΞ̄þ

as reconstructed from the decays Λ → pπ−, Ξ̄þ → Λ̄πþ
and Λ̄ → p̄πþ, there are six charged tracks with low
momentum in the final state, and the detection efficiency
is very low. Therefore a partial reconstruction method is
adopted to obtain higher statistics by not requiring
the prompt Λ from the ψð3686Þ decay. Following the K−

and Ξ̄þ reconstruction, the Λ four-momentum is calculated
from the recoil of the K−Ξ̄þ system.
With the partial reconstruction method, at least four

charged tracks are required. The polar angles θ, defined
with respect to the axis of the MDC, of all charged tracks is
required to satisfy j cos θj < 0.93. For the kaon, the point of
closest approach to the beam line is required to be within
�10 cm in the beam direction and 2 cm in the plane
perpendicular to the beam. Since the Ξ̄þ particle has a
displaced decay vertex, looser requirements are imposed on
the charged tracks from the Ξ̄þ decay: the point of closest

approach to the beam line of is only required to be within
�15 cm in the beam direction and 10 cm in the plane
perpendicular to the beam.
Particle identification (PID) for charged tracks combines

measurements of the energy loss in the MDC (dE=dx)
and the flight time in the TOF to form likelihoods LðhÞ
ðh ¼ p;K; πÞ for each hadron h hypothesis. Tracks
are identified as protons when the proton hypothesis has
the highest likelihood [LðpÞ > LðKÞ and LðpÞ > LðπÞ],
while charged kaons and pions are identified by comparing
the likelihoods for the kaon and pion hypotheses, LðKÞ >
LðπÞ and LðπÞ > LðKÞ, respectively. In this analysis, two
negatively charged tracks are required to be identified as
K− and p̄, and two positively charged tracks as pions.
The candidate Ξ̄þ baryon is reconstructed in two steps. A

p̄πþ pair sharing a common vertex is selected to reconstruct
the Λ̄ candidate via a secondary vertex fit. The Ξ̄þ is then
reconstructed with the Λ̄ candidate and the other πþ by
applying another secondary vertex fit. For events with more
than one Ξ̄þ candidate, the p̄πþ combination with the
minimum jMðp̄πþÞ −MðΛ̄Þj is selected. Here, Mðp̄πþÞ is
the invariant mass of the p̄πþ combination, see Fig. 1(a),
and MðΛ̄Þ is the known mass of Λ taken from the Particle
Data Group (PDG) [16].
A mass window of 1.110GeV=c2<Mðp̄πþÞ<

1.121GeV=c2 is imposed to select Λ̄ candidates as shown
in Fig. 1(a) by the blue dashed arrows. The distribution of
the Ξ̄þ decay length, LðΞ̄þÞ, is shown in Fig. 1(b). The
distribution of the Λ̄πþ invariantmass,MðΛ̄πþÞ, is shown in
Fig. 1(c), after a requirement of LðΞ̄þÞ > 0.5 cm is applied.
The invariant mass MðΛ̄πþÞ is required to satisfy
1.315 GeV=c2 < MðΛ̄πþÞ < 1.330 GeV=c2. The distribu-
tion of the mass recoiling against K− and the reconstructed
Ξ̄þ, RMðK−Ξ̄þÞ, is shown in Fig. 1(d). One can see a clearΛ
baryon signal around 1.115 GeV=c2 and the main back-
ground from Σ0 decays around 1.193 GeV=c2. The require-
ment 1.080 GeV=c2 < RMðK−Ξ̄þÞ < 1.140 GeV=c2 is
imposed to select promptΛ candidates. In total, 1714 events
are selected.
After the above selection, a one-constraint kinematic fit

that constrains the mass of the missing Λ to the PDG value,
is performed to improve the resolution, and no event is
rejected. The distributions of MðK−Ξ̄þÞ, MðΛΞ̄þÞ, and
MðK−ΛÞ are shown in Figs. 2(b)–2(d), respectively. Two
diagonal bands on the Dalitz plot as shown in Fig. 2(a)
correspond to the two structures near 1.7 GeV=c2 and
1.8 GeV=c2 in the MðK−ΛÞ mass spectrum.
To investigate possible background events, the same

analysis is performed to the ψð3686Þ inclusive MC sample,
and nineteen background events are found. A detailed event
type analysis with a generic tool, TopoAna [19], shows that
the main background is from ψð3686Þ → γχc1;c2; χc1;c2 →
nK̄�Λ̄þ c:c: decays plus some other decays with
K−πþπ−p̄ in the final state. A sideband method is used
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FIG. 2. (a) Dalitz plot ofM2ðΛΞ̄þÞ vsM2ðK−Ξ̄þÞ and the distributions of (b)MðK−ΛÞ, (c)MðK−Ξ̄þÞ and (d)MðΛΞ̄þÞ after the final
selection. The crosses represent the data and the histograms represent the background events estimated from the Ξ sidebands.
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FIG. 1. Distribution of Mðp̄πþÞ of Λ̄ candidates (a), decay length of Ξ̄þ candidates (b), and MðΛ̄πþÞ of Ξ̄þ candidates (c). Plot
(d) shows the distribution of RMðK−Ξ̄þÞ: the left peak is Λ, while the right one is Σ0. The crosses represent data and the histograms
represent phase space (PHSP) MC. The dashed arrows show the cut values; for each plot, cuts on the other three quantities are applied.
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in data to estimate the background contribution. The
sideband regions of Ξ̄þ are defined to be (1.3025,
1.3100) and ð1.3350; 1.3425Þ GeV=c2. A total of 104
background events, corresponding to a background level
of 6%, are obtained. No peaking background is observed in
the recoil mass for the Ξ̄þ sideband events. The lower
background level in the MC is attributed to the lack of
simulation of the decays of higher-mass excited states and
to the incomplete description of the decays of the excited
states that are simulated. Additionally, the continuum data
taken at a center-of-mass energy of 3.65 GeV with an
integrated luminosity of 42.6 pb−1 is used to estimate the
background from quantum electrodynamics processes, and
no background event remains.

V. PARTIAL WAVE ANALYSIS

The two-body decay amplitudes in the sequential decay
process ψð3686Þ → Ξ̄þΞ�−

X ;Ξ�−
X → K−Λ are constructed

using the relativistic covariant tensor amplitude formalism
[20], and the maximum likelihood method is used in
the PWA, with the FDC [21] package. Here, Ξ�−

X denotes
an intermediate state such as Ξð1620Þ−, Ξð1690Þ−,
Ξð1830Þ−, etc.

A. Introduction to PWA

The amplitude Aj for the jth possible partial wave in
ψð3686Þ → Ξ̄þΞ�−

X ;Ξ�−
X → K−Λ is described as

Aj ¼ Aj
prod;XðBWÞXAdecay;X; ð1Þ

where Aj
prod;X is the amplitude describing the production

of the intermediate resonance Ξ�−
X , BWX is the Breit-

Wigner propagator of Ξ�−
X , and Adecay;X is the decay

amplitude of Ξ�−
X .

The total differential cross section dσ=dΦ is

dσ
dΦ

¼
�
�
�
�

X

j

cjAj

�
�
�
�

2

; ð2Þ

where σ is the total cross section, Φ is the phase space, and
cj is a complex free parameter to be determined in the fit for
each partial wave Aj.
The probability to observe the event characterized by the

variable ξ is

PðξÞ ¼ ωðξÞϵðξÞ
R
dξωðξÞϵðξÞ ; ð3Þ

where ξ are the four-momenta of the K−, Λ, and Ξ̄þ,
ωðξÞ≡ dσ=dΦ is the probability density for a single event
to populate the PHSP at ξ, and ϵðξÞ is the detection
efficiency to detect one event with ξ. The normalization

integral
R
dξωðξÞϵðξÞ is calculated using the exclusive

signal MC sample.
The likelihood for observing N events in the data

sample is

L ¼ Pðξ1; ξ2;…; ξNÞ ¼
YN

i¼1

PðξiÞ

¼
YN

i¼1

ωðξiÞϵðξiÞR
dξωðξÞϵðξÞ : ð4Þ

Rather than maximizing the likelihood function L, the
quantity − lnL is minimized to obtain best values of the
parameters cj and the masses and widths of the resonances

− lnL ¼ −
XN

i¼1

ln

�
ωðξiÞR

dξωðξÞϵðξÞ
�

−
XN

i¼1

ln ϵðξiÞ; ð5Þ

For a given dataset, the second term is a constant and has
no impact on the determination of the parameters of the
amplitudes or on the change of − lnL. So, in the fit, the
− lnL is defined as

− lnL ¼ −
XN

i¼1

ln

�
ωðξiÞR

dξωðξÞϵðξÞ
�

: ð6Þ

The final log-likelihood value minimized for the data, S,
is the sum of the log-likelihood values of the events in the Ξ
signal region and background events in the Ξ sideband
region with negative weights.

S ¼ − lnLdata þ lnLbg: ð7Þ

The free parameters are optimized by FUMILI [22].
In the minimization procedure, a change in the log-like-
lihood of 0.5 represents one standard deviation for each
parameter.
In this analysis, the Breit-Wigner resonance shape used

for the Ξ� is

BWðsÞ ¼ 1

M2
Ξ� − sKΛ − iMΞ�ΓΞ�

; ð8Þ

where sKΛ is the invariant mass squared of the decay
products of the Ξ�.
Since nucleons have structure, form factorsmodifying the

Breit-Wigner shape are needed to describe them. Different
form factors have been discussed in Refs. [23,24], and the
following ones are used in the fit:

J ¼ 1

2
∶ FNðsKΛÞ ¼

λ41
λ41 þ ðsKΛ −M2

Ξ� Þ2 ; ð9Þ
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J ¼ 3

2
;
5

2
∶ FNðsKΛÞ ¼ e

−jsKΛ−M2
Ξ� j

λ2
2 ; ð10Þ

where J is the spin, and the cutoff parameters λ1 and λ2 are
set to be 2.0 GeV.

B. PWA results

According to the MðK−Ξ̄þÞ, MðΛΞ̄þÞ, and MðK−ΛÞ
spectra, as shown in Fig. 2, no significant enhancement is
observed except the two structures near 1.7 GeV=c2 and
1.8 GeV=c2 in the MðK−ΛÞ spectrum. In the PWA, there
are seven PDG-listed candidate Ξ hyperons, Ξð1620Þ−,
Ξð1690Þ−, Ξð1820Þ−, Ξð1950Þ−, Ξð2030Þ−, Ξð2120Þ− and
Ξð2250Þ−. A coherent non-resonant contribution is also
considered, denoted as non-res, which is described as a
wide intermediate state with certain spin-parity.

1. Nominal fit

In the first step of partial wave analysis, all possible sets
of amplitudes corresponding to the seven PDG-listed
candidate Ξ hyperons are evaluated. The masses and widths
of resonances are fixed to the PDG. The significance for a
resonance is calculated based on the improvement in PWA
quality, ΔS, with the change in degrees of freedom
considered. Only the Ξð1690Þ− and Ξð1820Þ− have sig-
nificances greater than 5σ. The other five Ξ resonances

tested (Ξð1620Þ−, Ξð1950Þ−, Ξð2030Þ−, Ξð2120Þ−, and
Ξð2250Þ−), each with significance less than 5σ, are
excluded from the nominal fit. Each was tried with a
variety of JP values: 1=2�; 3=2�; 5=2�; 7=2�. Their impact
will be considered as a systematic uncertainty. The JP of
Ξð1690Þ and Ξð1820Þ are favored to be 1

2
− and 3

2
−,

respectively.
In the next step, the masses and widths of Ξð1690Þ and

Ξð1820Þ are further optimized. The obtained results are
shown in Table I. The masses and widths of Ξð1690Þ− and
Ξð1820Þ− are consistent with the PDG values within 2.6σ.
The projections on the MðK−Ξ̄þÞ, MðΛΞ̄þÞ, MðK−ΛÞ

spectra after PWA are shown in Fig. 3. They agree
with those of the data. We observe 464� 43 Ξð1690Þ−
events with a mass M ¼ 1685þ3

−3 MeV=c2 and a width
Γ ¼ 81þ10

−9 MeV, and 776� 42 Ξð1820Þ− events with a
mass M ¼ 1821þ2

−3 MeV=c2 and a width Γ ¼ 73þ6
−5 MeV.

Here, the uncertainties are statistical only. The statistical
significances of both structures are greater than 10σ. These
significances as well as the fit fractions are given in Table I.

2. Check of the nominal fit

Different JP assignments for the nominal fit have been
tested as shown in Table II. The likelihood values become
worse with respect to that of the nominal fit.
The other possible non-resonant contributions in the

ΛΞ̄þ and K−Ξ̄þ systems are investigated by replacing 1=2−

non-res → K−Λ in the nominal fit. As shown in Table III,
the likelihood values also become worse.

3. Branching fractions

To determine the detection efficiencies of ψð3686Þ →
Ξð1690Þ−Ξ̄þ and ψð3686Þ → Ξð1820Þ−Ξ̄þ, signal MC
events are generated using the PWA amplitude for each
process. The product branching fraction of ψð3686Þ →
Ξ̄þΞ�−ðΞ�− → K−ΛÞ þ c:c: is calculated with

TABLE I. The optimized mass and width for each resonance,
along with the fit fraction (FF) for each. Here, the uncertainties
are statistical only.

Resonance JP M (MeV=c2) Γ (MeV) σ FF

Ξð1690Þ− 1=2− 1685þ3
−3 81þ10

−9 10.8 29.0

Ξð1820Þ− 3=2− 1821þ2
−3 73þ6

−5 18.3 48.0

Non-res 1=2þ � � � � � � >30 23.0
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FIG. 3. Distributions of (a) MðK−Ξ̄þÞ, (b) MðΛΞ̄þÞ, and (c) MðK−ΛÞ. The crosses represent data and red solid histograms represent
the projection of the PWA result. The different color histograms represent the intensity of each component in the nominal fit. Here,
χ2=nbin demonstrates the goodness of fit in each figure, where nbin is the number of bins in each figure and χ2 is defined as
χ2 ¼ P

nbin
i¼1 ðni − viÞ2=vi, where ni and vi are the numbers of events for the data and the fit projections of the nominal fit in the ith

interval of each figure, respectively.
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Bðψð3686Þ→ Ξ̄þΞ�−þ c:c:Þ ·BðΞ�−→K−ΛÞ
¼ NΞ�

Nψð3686Þ ·BðΞ̄þ→ Λ̄πþÞ ·BðΛ̄→ p̄πþÞ · ϵΞ�
; ð11Þ

where NΞ� is the number of ψð3686Þ → Ξ�−Ξ̄þ þ c:c:
events, Nψð3686Þ ¼ ð448.1� 2.9Þ × 106 is the total number
of ψð3686Þ events [25], and BðΛ̄ → p̄πþÞ and BðΞ̄þ →
Λ̄πþÞ are the corresponding decay branching fractions [16].
The detection efficiency is ϵΞ� ¼ 16.0% for Ξð1690Þ−,
and the corresponding product branching fraction is
ð1.06� 0.10Þ × 10−5. Similarly, the product branching
fraction for Ξð1820Þ− is ð1.78� 0.10Þ × 10−5 with a
detection efficiency ϵΞ� ¼ 14.6%.
Fitting the RMðK−Ξ̄þÞ distribution, shown in Fig. 4,

yields the number of signal events of ψð3686Þ → K−ΛΞ̄þ

asNsig ¼ 1572� 45. The signal is modeled by a signal MC
shape of Λ convolved with a Gaussian function while the
background components from Σ0 and χcJ are described by
the MC shapes, and other background channels are
described with a third order polynomial function. The
branching fraction of this decay is determined to be

Bðψð3686Þ → K−ΛΞ̄þ þ c:c:Þ

¼ Nsig

Nψð3686Þ · BðΞ̄þ → Λ̄πþÞ · BðΛ̄ → p̄πþÞ · ϵ
¼ ð3.60� 0.10Þ × 10−5: ð12Þ

Here, ϵ ¼ 15.3% is the detection efficiency for the final
state. It is studied with the exclusive signal MC events
which are generated using the PWA results obtained in this
analysis. The uncertainty is statistical only.

VI. SYSTEMATIC UNCERTAINTIES

In this analysis, the sources of the systematic uncertainty
are classified into two categories: the uncertainty from
event selection and the uncertainty from the PWA pro-
cedure. The former affects the measurement of branching
fractions, while the latter affects the measurements of
masses and widths of the resonances and the branching
fractions of the intermediate resonances. The different
sources of systematic uncertainty are discussed below.
We begin with the systematic uncertainty from event

selection:
(i) The total number of ψð3686Þ events is obtained by

studying inclusive hadronic ψð3686Þ decays, giving
a total uncertainty of 0.65% [25]. This uncertainty is
taken as a systematic uncertainty for this analysis.

(ii) The uncertainties of kaon tracking and PID effi-
ciencies are estimated using the control sample of
J=ψ → K0

SK
�. The difference between MC and data,

1.0%, is taken as the systematic uncertainty of the
tracking or PID efficiency.

(iii) The Ξ̄þ reconstruction efficiency is studied with the
control sample of J=ψ → Ξ−Ξ̄þ [26]. The difference
between MC and data, 6.6%, is taken as the
systematic uncertainty and it includes the systematic
uncertainties of MDC tracking and PID efficiencies
for the p̄ and both πþ.

(iv) In the fit to the RMðK−Ξ̄þÞ distribution, we consider
three sources of uncertainty: the signal model, the
background model, and the fit range. The signal
model is changed to a double Gaussian function and
the background model is changed to a second-order
polynomial function. In both cases, the change of the
result is taken as the systematic uncertainty. The fit
range is also changed to different values and the
maximum change of the result is taken as the
uncertainty. The total systematic uncertainty from

TABLE II. The checks of different JP assignments. ΔS is the
change of S compared to the nominal fit.

JP Non-res → K−Λ Ξð1690Þ− Ξð1820Þ−

1=2− 53.3 � � � 11.2
1=2þ � � � 29.2 12.6
3=2− 44.9 110.6 � � �
3=2þ 7.7 33.6 13.9

TABLE III. The checks of other possible non-resonant con-
tributions.

Non-res process JP ΔS

Non-res → K−Λ 1=2− 53.3

Non-res → ΛΞ̄þ 0− 43.9
1− 14.8
1þ 22.3

Non-res → K−Ξ̄þ 1=2− 8.8
1=2þ 33.9
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FIG. 4. Fit to the RMðK−Ξ̄þÞ distribution. The crosses are data
and the red curve denotes the best fit. The other curves show the
different fit components listed in the legend.

M. ABLIKIM et al. PHYS. REV. D 109, 072008 (2024)

072008-6



fitting is the sum in quadrature of the three con-
tributions.

The second category is the systematic uncertainty from
the PWA procedure:

(i) In this analysis, the background is estimated from
the Ξ̄þ sideband events in data. We change the
background level by �1σ and redo the PWA fit. We
also change the sideband range by �1σ and redo the
PWA fit. For each variation, we take the difference
as the associated systematic uncertainty.

(ii) We replace the non-res component in the nominal fit
by the other two processes (non-res → ΛΞ̄þ and
non-res → K−Ξ̄þ) and redo the PWA fit. The
differences are taken as the systematic uncertainty.

(iii) Besides Ξð1690Þ− and Ξð1820Þ− in the nominal fit,
each known possible resonance has been included in
the fit. Among them, Ξð1620Þ− is the most signifi-
cant one with a statistical significance of 3σ. The
difference between the fit results with and without
Ξð1620Þ− is taken as the systematic uncertainty due
to possible additional resonances.

(iv) The systematic uncertainty associated with a change
of the parameters λ1 and λ2 is evaluated by fixing λ2

to 2.0 GeV and varying λ1 between 1.5 GeV and
3.0 GeV. The maximum difference to the nominal
result is taken as the systematic uncertainty.

(v) In analysis, the branching fractions are obtained with
the optimized masses and widths of Ξð1690Þ and
Ξð1820Þ. Alternatively, the branching fractions are
obtained with the masses and widths of Ξð1690Þ and
Ξð1820Þ fixed to the PDG values. The resulting
changes in the measurements of branching fraction
are assigned as systematic uncertainties.

(vi) The systematic uncertainty from fit bias is evaluated
by applying nominal analysis procedure to signal
MC samples generated according to the PWA results
from data. The difference between input and output
values is taken as the systematic uncertainty.

The two categories of systematic uncertainties are listed
in Table IV and Table V.

VII. SUMMARY AND DISCUSSION

Based on ð448.1� 2.9Þ × 106 ψð3686Þ events collected
with the BESIII detector at BEPCII in 2009 and 2012, we
report the results of a partial wave analysis of ψð3686Þ →
K−ΛΞ̄þ þ c:c: Two excited hyperons, Ξð1690Þ− and
Ξð1820Þ−, are observed in the MðK−ΛÞ and MðKþΛ̄Þ
spectra. Their masses, widths, spin-parities, and product
branching fractions are measured. The results obtained are
summarized in Tables VI and VII. We note that, whereas
the masses of the Ξð1690Þ− and Ξð1820Þ− are in agreement
with previous measurements, our width values are both
larger than those measurements and only marginally con-
sistent with them. However, our analysis is the first to use a
PWA to include interference effects, and this might help
explain the differences. The spin-parities of Ξð1690Þ− and
Ξð1820Þ− are measured for the first time, which are
consistent with the quark model. This work improves
the knowledge of the excited hyperon spectrum. To

TABLE V. Systematic uncertainties on the measurements of the Ξ� parameters and branching fractions.

Ξð1690Þ Ξð1820Þ
Source ΔMðMeV=c2Þ ΔΓ (MeV) ΔB=Bð%Þ ΔM ðMeV=c2Þ ΔΓ (MeV) ΔB=Bð%Þ
Number of ψð3686Þ events � � � � � � 0.7 � � � � � � 0.7
MDC tracking of K� � � � � � � 1 � � � � � � 1
PID of K� � � � � � � 1 � � � � � � 1
Ξ̄þ reconstruction � � � � � � 6.6 � � � � � � 6.6
Background level 0 3 1.0 1 1 0.9
Background sideband 0 4 0.4 0 1 1.4
Non-res component 11 9 11.3 2 3 15.6
Additional resonances 5 17 14.0 2 2 3.7
Different form factors 0 2 3.0 1 8 1.3
Fit bias 1 3 8.4 0 1 2.4
Resonance parameters of
Ξð1690Þ and Ξð1820Þ

� � � � � � 19.8 � � � � � � 3.2

Total 12 20 29.1 3 9 18.1

TABLE IV. Relative systematic uncertainties (in %) on the
branching fraction measurement of ψð3686Þ → K−ΛΞ̄þ þ c:c:

Source Uncertainty (%)

Number of ψð3686Þ events 0.7
MDC tracking of K− 1.0
PID of K− 1.0
Ξ̄þ reconstruction 6.6
Signal model 0.8
Background shape 0.1
Fit range 0.3
Total 6.8
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understand the internal structure of baryons and test
theoretical predictions, further investigations with higher
statistics are needed.
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