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1 Introduction

The discovery of J/ψ and other charmonium states of cc̄ played important roles in the
development of the theory of the strong interaction in the Standard Model (SM) [1, 2]. These
states can probe a wide range of energy scales in the Quantum Chromodynamics (QCD) from
high-energy to low-energy regions, where the non-perturbative effects become dominant [3].
Experimental study on hadronic decays of charmonium states is a bridge between perturbative
QCD and non-perturbative QCD. Many topics involving strong interaction can be investigated,
such as color octet and singlet contributions, the violation of helicity conservation, and SU(3)
flavor symmetry breaking effects [3, 4]. Since baryons represent the simplest system in which
three colors of quarks neutralize into colorless objects with the essential non-Abelian character
of QCD, a systematic study of baryon spectroscopy can provide critical insights into the
nature of QCD in the confinement domain.

Compared to two-body final states, the theoretical calculation for three-body decays of
charmonium states is more challenging. The decays of charmonium states into three-body
final states are helpful in the search for excited baryon states and threshold enhancements,
and numerous such decay modes have been studied recently [5]. However, the study of baryon
spectroscopy remains incomplete, with many of the states predicted by SU(3) multiplets
yet to be discovered or well-established. Most published measurements of ψ(3686) decays
involve zero or one strange quark [6]. The knowledge of excited baryon states with two
strange quarks, i.e. Ξ∗ hyperons, is particularly limited due to their small production rates
and complicated decay topology. To date, only several states have been observed, and few
of them have well-determined spin and parity. Further searches and detailed investigations
into excited baryons are important to further understand the QCD mechanism.
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In this paper, we report the first observation of the decay ψ(3686) → K−Λ(1520)Ξ̄+ +c.c.,
and the measurement of the product branching fraction B[ψ(3686) → K−Λ(1520)Ξ̄+ + c.c.]×
B[Λ(1520) → pK−], based on (2712.4 ± 14.3) × 106 ψ(3686) events collected with the BESIII
detector [7]. Throughout this paper, the charge conjugation decay mode is always implied.

2 BESIII detector and Monte Carlo simulation

The BESIII detector is a magnetic spectrometer [8, 9] located at the Beijing Electron Positron
Collider (BEPCII) [10], which operates with a peak luminosity of 1.1 × 1033 cm−2 s−1 in
the center-of-mass (CM) energy range from 1.85 to 4.95 GeV. A helium-based multilayer
drift chamber (MDC), a plastic scintillator time-of-flight system (TOF), and a CsI(Tl)
electromagnetic calorimeter (EMC) compose the cylindrical core of the BESIII detector, and
they 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 with resistive plate counter
muon identifier modules interleaved with steel. The acceptance of charged particles and
photons is 93% over a 4π solid angle. The charged-particle momenta resolution at 1.0 GeV/c
is 0.5%, and the specific energy loss (dE/dx) resolution is 6% for the electrons from Bhabha
scattering at 1 GeV. The EMC measures photon energies with a resolution of 2.5%(5%) at
1 GeV in the barrel (end-cap) region. The time resolution of the TOF barrel part is 68 ps,
while that of the end-cap part is 110 ps. The end-cap TOF was upgraded in 2015 with
multi-gap resistive plate chamber technology, providing a time resolution of 60 ps [11–13],
which benefits 85% of the data used in this analysis.

Simulated samples produced with a geant4-based [14] Monte Carlo (MC) package,
which includes the geometric description of the BESIII detector and the detector response, are
used to determine detection efficiency and estimate backgrounds. The simulation models the
beam energy spread and initial state radiation in the e+e− annihilations with the generator
kkmc [15, 16]. The inclusive MC sample includes the production of the ψ(3686) resonance, the
initial-state radiation production of the J/ψ meson, and the continuum processes incorporated
in kkmc [15, 16]. All particle decays are modelled with evtgen [17, 18] using branching
fractions either taken from the Particle Data Group (PDG) [6], when available, or otherwise
estimated with lundcharm [19, 20] for the unknow ones. Final state radiation from charged
final state particles is incorporated using photos [21]. To determine the detection efficiency, a
signal MC sample of ψ(3686) → K−Λ(1520)Ξ̄+, Ξ̄+ → Λ̄π+, Λ̄ → p̄π+, and Λ(1520) → pK−

is generated uniformly in phase-space (PHSP). An inclusive ψ(3686) MC sample, consisting
of 2747× 106 events, is used to estimate potential backgrounds. The data sample collected at
a CM energy of 3.773 GeV, corresponding to an integrated luminosity of 2.93 fb−1, is used
to estimate the continuum background.

3 Event selection

The cascade decay of interest is ψ(3686) → K−Λ(1520)Ξ̄+, Λ(1520) → pK−, where Ξ̄+ →
Λ̄π+, and Λ̄ → p̄π+. In track-level selection, at least six charged tracks are reconstructed
within the polar angle (θ) range of | cos θ| < 0.93, where θ is defined with respect to the
z-axis, which is the symmetry axis of the MDC. Since the bachelor kaon and the two tracks
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Figure 1. The distributions of RM(pK−
1 K

−
2 ) versus M(pK−

1 ) for data events.

from Λ(1520) decay have no secondary vertex, we further require at least three tracks to
originate from the interaction point (IP), i.e. Vr < 1 cm, |Vz| < 10 cm, where Vr and Vz
are the closest approaches of the tracks to the IP in transverse plane and in z coordinate
respectively. For each charged track, particle identification (PID) is performed. At least six
charged particles, pp̄K−K−π+π+, are identified by combining measurements of the dE/dx in
the MDC and the flight time in the TOF to form PID likelihoods for each particle hypothesis.
If there are multiple combinations of pp̄K−K−π+π+, the combination with the largest sum
of PID likelihoods is kept for further analysis. The Ξ̄+ is tagged by the recoil mass of proton
and two kaons, RM(pK−

1 K
−
2 ). Here (and elsewhere), K−

1 denotes the kaon from Λ(1520)
decay, while K−

2 denotes the bachelor. The K1 is assigned by requiring its invariant mass
M(pK−

1 ) to be closer to the mass of Λ(1520).

Figure 1 shows the 2D distribution of the recoil mass of pK−
1 K

−
2 versus the mass of pK−

1
for data events, where the red box denotes the signal region of Ξ̄+ − Λ(1520), while the eight
boxes with the same area around signal region are taken as the 2D sideband. Figure 2(a)
shows the RM(pK−

1 K
−
2 ) distribution of the survived candidate events. A clear Ξ̄+ signal is

observed. We define the recoil mass range 1.31 GeV/c2 < RM(pK−
1 K

−
2 ) < 1.34 GeV/c2 as the

Ξ̄+ signal region, while the sideband regions are defined as 1.242 GeV/c2 < RM(pK−
1 K

−
2 ) <

1.272 GeV/c2 and 1.372 GeV/c2 < RM(pK−
1 K

−
2 ) < 1.402 GeV/c2. Figure 2(b) shows the

M(pK−
1 ) distribution of the events in the Ξ̄+ signal and sideband regions, and a clear

Λ(1520) signal is observed, while no obvious peaking background is found in the Ξ̄+ sideband
events. The Λ(1520) signal region is defined as 1.50 GeV/c2 < M(pK−

1 ) < 1.54 GeV/c2,
while the sideband regions are defined as 1.43 GeV/c2 < M(pK−

1 ) < 1.47 GeV/c2 and
1.57 GeV/c2 < M(pK−

1 ) < 1.61 GeV/c2. The normalization factor (fsideband) of the Ξ̄+ signal
over the sideband regions is determined to be 0.47± 0.01 (0.49± 0.01 for c.c. mode) according
to the areas of the fitted background function between signal and sideband regions, as shown
in figure 2(a). This factor is then used to normalize the number of non-Ξ̄+ background
events estimated from the sideband regions.
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Figure 2. (a) The distribution of RM(pK−
1 K

−
2 ) from data. The red solid and purple dashed arrows

denote the Ξ̄+ signal and sideband regions, respectively; (b) The distribution of M(pK−
1 ) in the Ξ̄+

signal and sideband regions from both data and MC simulation, where the normalization factor has
been applied to the sideband distribution. The red solid and blue dashed arrows denote the Λ(1520)
signal and sideband regions, respectively.
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Figure 3. The distributions of M(pK−
1 ) from the inclusive MC sample and the continuum data. The

red solid line denotes the signal MC. The green-shaded histogram denotes the inclusive MC. The dots
with error bars represent the continuum background.

4 Background study

The inclusive MC sample is used to investigate the potential backgrounds. Figure 3 shows the
distribution of the invariant mass of pK1 for the accepted candidate events from simulated
signal and background samples. Additionally, the events selected from the sample collected
at

√
s = 3.773 GeV are analyzed to investigate the continuum production. No significant

peaking background is found in either the inclusive MC sample or the continuum sample.
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Figure 4. (a,b,c) The distributions of M(Λ(1520)K−), M(Ξ̄+K−), and M(Ξ̄+Λ(1520)) for data and
signal MC events.

5 Intermediate state

To search for the potential intermediate states, we investigate the invariant mass spectra
for all two-body combinations with the events in the Ξ̄+ signal region (1.31 GeV/c2 <

RM(pK−
1 K

−
2 ) < 1.34 GeV/c2) or Λ(1520) signal region (1.50 GeV/c2 < M(pK−

1 ) <

1.54 GeV/c2). Figure 4 shows the distributions of M(Λ(1520)K−), M(Ξ̄+K−), and
M(Ξ̄+Λ(1520)) for data and MC events generated with PHSP model, where the contributions
from the normalized sideband have been added to MC sample. No obvious intermediate
structure is observed in each distribution.

6 Signal yield and branching fraction

In investigating the intermediate states, we require one entry per event, which is likely to distort
the background shape. To avoid this issue, the signal yield for ψ(3686) → K−Λ(1520)Ξ̄+,
Λ(1520) → pK−, is obtained by performing an unbinned maximum likelihood fit to the
combined M(pK−

1 ) and M(pK−
2 ) distributions with dual entries per event. The signal shape

is described by the signal MC shape convolved with a Gaussian function which accounts for
the difference in mass and mass resolution between data and MC simulation. The parameters
of this Gaussian function are free to float in the fit.

The background components consist of the non-Ξ̄+, non-Λ(1520), and continuum back-
grounds. The shape and yield of the non-Ξ̄+ background is fixed in the fit according to
the Ξ̄+ data sidebands after smoothing and normalization. The non-Λ(1520) background
from the four-body process (ψ(3686) → pK−K−Ξ̄+) is described by the MC-simulated shape
with its yield floating in the fit. The shape of the continuum background is taken from the
data distribution at

√
s = 3.773 GeV as described in section 4. To account for the difference

of the production cross sections and integrated luminosities between the two energies, the
continuum background yield is scaled by a factor fc calculated as

fc = L3.686
L3.773

× σ3.686
σ3.773

, (6.1)

where L3.686 = 3877.05pb−1 and L3.773 = 2931.8pb−1 are the integrated luminosities at
3.686 GeV and 3.773 GeV, respectively; σ denotes the production cross section, which is
assumed to be proportional to 1/s. The value of fc is determined to be 1.386.
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from the non-Λ(1520), non-Ξ, and continuum processes, respectively.

We fit to the dataset of the two charge conjugate channels together, which is taken
as the nominal result. The goodness of the fit is χ2/ndf = 108/76, and the statistical
significance of signal is 6.9σ. The significance is determined by comparing the likelihood
difference with or without including Λ(1520) signal contribution, and taking into account
the change in the number of degrees of freedom [22]. Figure 5 shows the fit result for
the sum of two charge conjugate channels, and the fitted number of Λ(1520) signal is 190
± 15stat., where the uncertainty is statistical. The nominal detection efficiency for the
ψ(3686) → K−Λ(1520)Ξ̄+ + c.c. channel is 11.55%, which is obtained as the average of the
detection efficiencies of the two charge conjugate channels.

The product branching fraction B[ψ(3686) → K−Λ(1520)Ξ̄+ + c.c.]×B[Λ(1520) → pK−]
is calculated via

B[ψ(3686) → K−Λ(1520)Ξ̄+ + c.c.] × B[Λ(1520) → pK−]

= Nobs

Nψ(3686)B(Ξ̄+ → Λ̄π+)B(Λ̄ → p̄π+)ϵ
, (6.2)

where Nobs represents the number of observed signal events; Nψ(3686) represents the total
number of ψ(3686) events in data; B(Ξ̄+ → Λ̄π+) and B(Λ̄ → p̄π+) denote the branching
fractions of Ξ̄+ → Λ̄π+ and Λ̄ → p̄π+, respectively, which are taken from PDG [6]; ϵ is the
detection efficiency. Finally, the product branching fraction B[ψ(3686) → K−Λ(1520)Ξ̄+ +
c.c.] × B[Λ(1520) → pK−] is measured to be (9.47 ± 0.75) × 10−7, where the uncertainty
is statistical only.
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7 Systematic uncertainty

The systematic uncertainties in the branching fraction measurement are from the tracking
efficiency, PID efficiency, signal shape, non-Λ(1520) background, continuum background, Ξ
mass window, Ξ sideband, MC imperfection, MC statistics, total number of ψ(3686) events,
and the cited branching fractions. The details are discussed below:

• Tracking efficiency. Based on the control samples J/ψ → K0
SK

±π∓, and J/ψ →
pp̄π+π−, the relative difference of the MDC tracking efficiencies between data and
MC simulation has been estimated in the polar angle and momentum distributions.
The uncertainties related to tracking for kaons, pions, protons, and antiprotons are
estimated to be 0.7%, 1.6%, 0.6%, and 0.5%, respectively.

• PID efficiency. Based on the control samples J/ψ → K0
SK

±π∓, and J/ψ → pp̄π+π−,
the relative difference of the PID efficiencies between data and MC simulation has been
estimated in the polar angle and momentum distributions. The uncertainties related to
PID for kaons, pions, protons, and antiprotons are estimated to be 0.1%, 1.0%, 0.3%,
0.5%, respectively.

• Signal shape. The uncertainty related to the signal shape is estimated by replacing
the MC-simulated shape with an alternative one, in which a Breit-Wigner function
convolved with a double Gaussian is used to model the Λ(1520) and the MC simulated
shape is utilized to describe the wrong pK− combination, with the yield ratio of these
two components fixed to one. The difference of the fitted signal yield with the nominal
one, 5.0%, is assigned as the uncertainty.

• Non-Λ(1520) background. The uncertainty due to the non-Λ(1520) background is
estimated by replacing the background shape from the MC-simulated shape to a
seventh-order polynomial multiplied by an Argus function [23]. The difference of
resulted signal yield with the nominal one is taken as the uncertainty, which is 4.1%.

• Continuum background. The uncertainty due to the event number of continuum
background is estimated to be 1.0%, by varying the continuum background yield in
the fit by one standard deviation, assuming it follows a Poisson distribution. The
uncertainty caused by the continuum background shape is estimated to be 1.2%, by
adjusting the bandwidth scale factor from 0.1 to 5.0, which controls the smoothness of
the Kernel Estimation [24]. By combining them together, the uncertainty related to
the continuum background is taken as 1.6%.

• Ξ mass window. The uncertainty due to the requirement of Ξ mass window is estimated
with the control sample J/ψ → Ξ−Ξ̄+. The relative efficiency of this requirement is
calculated as Nwith

Nwithout
, where Nwith and Nwithout denote the number of events obtained

with and without the Ξ mass window requirement. The difference of this efficiency
between data and MC, 5.1%, is taken as the corresponding uncertainty.

• Ξ sideband. The uncertainty caused by Ξ sideband is estimated by varying the Ξ
sideband region from [mΞ−0.08,mΞ−0.05]∪ [mΞ +0.05,mΞ +0.08] to [mΞ−0.085,mΞ−
0.055] ∪ [mΞ + 0.055,mΞ + 0.085] GeV/c2. The resulted uncertainty is negligible.
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Figure 6. The one-dimensional comparisons of cosθ (a,b,c), and momentum (d,e,f) distributions of
pions, kaons, protons, and antiprotons from data and signal MC samples. Projections of the weighted
result based on the three-dimensional distribution of momentum is also shown (g,h,i), where the dots
with error bars represent the data; the red, and blue solid lines denote the weighted signal MC, and Ξ
sideband respectively and the green solid line is the sum of the two.

• MC imperfection. We check the cosθ and momentum distributions of pions, kaons,
protons, and antiprotons from both data and signal MC samples, which are shown in
figure 6. There are some differences in the momentum distributions. To estimate the
uncertainty caused by MC imperfection, the efficiency is weighted according to the data
momentum distributions where the normalized backgrounds from the Ξ sideband have
been subtracted. The weighted efficiency is calculated via

ϵ̄ =
∑
i,j,k n

MC
i,j,k · ϵi,j,k∑

i,j,k n
truth
i,j,k · ϵi,j,k

, (7.1)

where

ϵi,j,k =
{

(ndata
i,j,k − nsideband

i,j,k · fsideband)/nMC
i,j,k , nMC

i,j,k ̸= 0
1 , nMC

i,j,k = 0 .
(7.2)

Here, nMC
i,j,k, ntruth

i,j,k , ndata
i,j,k , and nsideband

i,j,k refer to the numbers of events in the (i, j, k)-th
bin of MC, MC truth, data, and Ξ sideband samples. The associated uncertainty is
determined to be 4.1%.

• MC statistics. The uncertainty is negligible due to the large generated MC sample.
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Source Uncertainty (%)
Tracking 3.4
PID 1.9
Signal shape 5.0
Non-Λ(1520) background 4.1
Continuum background 1.6
Ξ mass window 5.1
Ξ sideband Negligible
MC imperfection 4.1
MC statistics Negligible
Total number of ψ(3686) events 0.5
Quoted branching fractions 0.8
Total 10.2

Table 1. Systematic uncertainties in the branching fraction measurement.

• Total number of ψ(3686) events. The uncertainty of the total number of ψ(3686) events
is 0.5% [7].

• The quoted branching fractions. The uncertainty due to the quoted branching fraction
Λ → pπ+, is 0.8% according to the PDG [6]. The uncertainty from the branching
fraction of Ξ− → Λπ− is negligible.

All of the systematic uncertainties are summarized in table 1. Adding them in quadrature
results in a total systematic uncertainty of 10.2% in the branching fraction measurement.

Additionally, the signal significance is updated to be 5.0σ after considering the uncer-
tainties related to the signal shape, non-Λ(1520) background, continuum background, and
Ξ mass window.

8 Summary

In summary, using a sample of 2.7 billion ψ(3686) events collected with the BESIII detector,
the decay ψ(3686) → K−Λ(1520)Ξ̄+ + c.c. is observed for the first time with a significance
of 5.0 standard deviations, after considering both statistical and systematic uncertainties.
The product branching fraction B[ψ(3686) → K−Λ(1520)Ξ̄+ + c.c.] × B[Λ(1520) → pK−]
is measured to be (9.47 ± 0.75 ± 0.97) × 10−7, where the first uncertainty is statistical and
the second systematic. With the current sample size, no evidence of excited baryon state
or threshold enhancement is observed. A larger ψ(3686) data sample may help to study
the dynamics of this decay.
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