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Using ð27.12� 0.14Þ × 108 ψð3686Þ events collected with the BESIII detector, we present the first
observation of the decays χcJ → ΛΛ̄ω, where J ¼ 0, 1, 2, with statistical significances of 11.7σ, 11.2σ,
and 11.8σ. The branching fractions of these decays are determined to be Bðχc0 → ΛΛ̄ωÞ ¼
ð2.37� 0.22� 0.25Þ × 10−4, Bðχc1 → ΛΛ̄ωÞ ¼ ð1.01� 0.10� 0.11Þ × 10−4, and Bðχc2 → ΛΛ̄ωÞ ¼
ð1.40� 0.13� 0.17Þ × 10−4, where the first uncertainties are statistical and the second are systematic.
We observe no clear intermediate structures.
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I. INTRODUCTION

Decays of charmonium states offer insight into the
behavior of confinement in QCD [1]. Charmonium is
unique in this regard since the charm quark mass scale
resides between the perturbative and nonperturbative
regions of QCD. To date, only a limited number of studies
have been performed on the decays χcJ → BB̄M (where B
represents a baryon and M denotes a meson), such as the
decay χcJ → ΛΛ̄η [2]. Hence, further studies are still highly
desirable to improve our understanding of the properties of
the χcJ states and the dynamics of their decays.
In previous studies of charmonium and bottomonium

decays, several unanticipated enhancements with respect to
phase space Monte Carlo (MC) have been observed near
the mass threshold of baryon antibaryon pairs [3–5].
Theoretical models, such as the quark-pair creation model,
the one-boson exchange model, the 3P0 model, and the
Bonn meson-exchange model, have been used to interpret
these enhancements [6,7]. Searching for BB̄mass threshold
enhancements in χcJ → BB̄M decays will improve our
understanding of the underlying dynamics of charmonium
decays. At the same time, we can search for potential
excited baryon states in the BM and B̄M invariant mass
spectra, and search for new structures in the BB̄ invariant
mass spectrum.
In addition, BESIII previously reported evidence for an

excited Λ state in the decay ψð3686Þ → ΛΛ̄ω [8]. Thus, it
is natural to extend the previous work to search for potential
Λ excited states in χcJ decays. The fact that the χcJ mesons

have different spin parity than the ψð3686Þ offers additional
opportunities to investigate a ΛΛ̄ mass threshold enhance-
ment and possible excited states of the Λ. In this paper, we
report the first observation of χcJ → ΛΛ̄ω, and search for a
ΛΛ̄ mass threshold enhancement and possible excited
states of the Λ. This is based on ð27.12� 0.14Þ × 108

ψð3686Þ events [9] collected with the BESIII detector.

II. BESIII DETECTOR AND MONTE CARLO
SIMULATION

The BESIII detector [10] records symmetric eþe−
collisions provided by the BEPCII storage ring [11] 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 [12–14]. 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 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 in the TOF barrel region is
68 ps, while that in the end cap region was 110 ps. The end
cap TOF system was upgraded in 2015 using multigap
resistive plate chamber technology, providing a time
resolution of 60 ps, which benefits 86% of the data used
in this analysis [15].
Simulated data samples produced with a GEANT4-

based [16] MC package, which includes the geometric
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description of the BESIII detector and the detector
response, are used to optimize event selection criteria,
determine detection efficiencies, and estimate backgrounds.
The simulation models the beam energy spread and initial
state radiation (ISR) in the eþe− annihilations with the
generator KKMC [17]. The inclusive MC sample includes
the production of the ψð3686Þ resonance, the ISR produc-
tion of the J=ψ resonance, and the continuum processes
incorporated in KKMC. All particle decays are modeled with
EVTGEN [18] using branching fractions either taken from
the Particle Data Group (PDG) [19], whenever available, or
otherwise estimated with LUNDCHARM [20]. In this analy-
sis, we also use the BODY3 [21] model to generate
signal MC events with intermediate structures taken into
consideration.

III. EVENT SELECTION

The ΛðΛ̄Þ candidates are reconstructed via ΛðΛ̄Þ →
pπ−ðp̄πþÞ, and the ω candidate is reconstructed via
ω → πþπ−π0. We also detect the radiative photon from
the decay ψð3686Þ → γχcJ. Thus, all final state particles are
reconstructed in the chain ψð3686Þ→γχcJ with χcJ→ΛΛ̄ω.
Candidate events must contain at least three positively

charged tracks and three negatively charged tracks.
Furthermore, the polar angle of each track measured in
the MDC is required to satisfy jcos θj < 0.93, where θ
denotes the polar angle defined with respect to the z axis,
which is the symmetry axis of the MDC. The dE=dx
information in the MDC, together with the time of flight in
the TOF detector are combined to identify the type of
particle (PID). For this purpose, confidence levels for pion,
proton, and kaon hypotheses are calculated, and tracks are

assigned to the hypothesis with the highest confidence
level. Since the ΛðΛ̄Þ has a relatively long lifetime, we
require the decay length of theΛðΛ̄Þ to be greater than zero,
where the decay length represents the distance between the
interaction point (IP) to the decay position of theΛðΛ̄Þ. 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 [22].
Only the best combination with the smallest ΔM ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðMðpπ−Þ −mðΛÞÞ2 þ ðMðp̄πþÞ −mðΛ̄ÞÞ2

p
is retained,

where Mðpπ−ÞðMðp̄πþÞÞ is the invariant mass of the
pπ−ðp̄πþÞ system, and mðΛÞðmðΛ̄ÞÞ is the nominal mass
of the ΛðΛ̄Þ [19]. The πþ and π− candidates from the ω are
selected from the set of pions not assigned to the ΛðΛ̄Þ.
Furthermore, the distance of closest approach to the IP must
be less than 10 cm along the z-axis, and less than 1 cm in
the transverse plane.
Good photons are selected using clusters in the EMC

with the following requirements: (1) In the barrel region of
the EMC ðjcos θj < 0.80Þ, the deposited energy must be
greater than 25 MeV, while in the end cap regions
ð0.86 < jcos θj < 0.92Þ, the deposited energy must be
greater than 50 MeV. (2) In order to suppress electronic
noise, beam related background, and cosmic rays, the
difference between the EMC time and the event start time
is required to be less than 700 ns. (3) The total number of
photons is required to be at least 3.
In order to further suppress background and improve the

resolution, a five-constraint (5C) kinematic fit (four con-
straints for the 4-momentum and one for the π0 mass) is
applied to all combinations of the final state candidates.
Only the combination having the minimal χ25C is retained

TABLE I. Mass veto windows for different background sources, where m(X) is the nominal mass of the X particle
from PDG.

Veto Mass window

χcJ → Σ�−Σ̄�0πþ þ c:c: jMðΛ̄π0Þ −Mðp̄πþÞ þmðΛÞ −mðΣ̄�0Þj > 50 MeV=c2 and
jMðΛπ−Þ −Mðpπ−Þ þmðΛÞ −mðΣ�−Þj > 50 MeV=c2

jMðΛ̄πþÞ −Mðp̄πþÞ þmðΛÞ −mðΣ̄�þÞj > 50 MeV=c2 and
jMðΛπ0Þ −Mðpπ−Þ þmðΛÞ −mðΣ�0Þj > 50 MeV=c2

χcJ → Ξ̄þΞ−π0 jMðΛ̄πþÞ −Mðp̄πþÞ þmðΛÞ −mðΞ̄þÞj > 25 MeV=c2 and
jMðΛπ−Þ −Mðpπ−Þ þmðΛÞ −mðΞ−Þj > 25 MeV=c2

χcJ → Ξ−Ξ̄0πþ þ c:c: jMðΛ̄πþÞ −Mðp̄πþÞ þmðΛÞ −mðΞ̄þÞj > 6 MeV=c2 and
jMðΛπ0Þ −Mðpπ−Þ þmðΛÞ −mðΞ0Þj > 4 MeV=c2

jMðΛ̄π0Þ −Mðp̄πþÞ þmðΛÞ −MðΞ̄0Þj > 9 MeV=c2 and
jMðΛπ−Þ −Mðpπ−Þ þmðΛÞ −mðΞ−Þj > 10 MeV=c2

J=ψ jMðΛΛ̄πþπ−Þ −mðJ=ψÞj > 40 MeV=c2

jRMðπþπ−Þ −mðJ=ψÞj > 3 MeV=c2

ψð3686Þ → ωΣ0Σ̄0 jMðΛγE1Þ −Mðpπ−Þ þmðΛÞ −mðΣ0Þj > 9 MeV=c2

jMðΛ̄γE1Þ −Mðp̄πþÞ þmðΛÞ −mðΣ̄0Þj > 10 MeV=c2
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for further analysis. A figure of merit optimization is
performed for the selection on χ25C, which is based on
maximizing the Sffiffiffiffiffiffiffi

SþB
p value [S denotes the signal yield from

the signal MC sample, and B denotes the background yield
from the inclusive MC sample normalized to the integrated
luminosity of data (≈3208.53 pb−1)]. The optimized χ25C
selection criterion is found to be 30.
The combinatorial backgrounds, mainly composed of

χcJ → Σ�Σ̄�π, are vetoed by imposing additional selection
criteria, as listed in Table I. The resolution has been
subtracted in the selection criteria. The multiple photon
background channels are suppressed by requiring
χ2signal < χ2bkg, where χ

2
signal denotes the χ

2 under the hypoth-

esis of χcJ → ΛΛ̄ω, while χ2bkg denotes the χ2 under the

hypothesis of ψð3686Þ → πþπ−J=ψ or ψð3686Þ → ΛΛ̄ω.
To veto χcJ → Σ�−Σ�0πþ and their charge conjugate

channels, we require MðΛ̄π0Þ and MðΛπ−Þ to be outside
the Σ̄�0 and Σ�− signal windows. The same criteria are
imposed on their charge conjugate channel. To veto
χcJ → Ξ̄þΞ−π0, we require MðΛ̄πþÞ and MðΛπ−Þ to be
outside the Ξ̄þ and Ξ− signal windows. To veto
χcJ → Ξ−Ξ̄0πþ, we require MðΛπ−Þ and MðΛ̄π0Þ to be
outside the Ξ− and Ξ̄0 signal windows, and the same criteria
are imposed on their charge conjugate channel. To veto
backgrounds containing J=ψ , we require the invariant mass
MðΛΛ̄πþπ−Þ and the recoil mass RMðπþπ−Þ to be outside
the J=ψ signal windows. To veto ψð3686Þ → ωΣ0Σ̄0, we
require MðΛγE1Þ and MðΛ̄γE1Þ to be outside the Σ0 and Σ̄0

signal windows. Here, the ΛγE1 denotes the combination of
Λ and the photon from ψð3686Þ radiative decay. The
rejection requirements are illustrated in Fig. 1.
Other potential background events are investigated by

analyzing the ψð3686Þ inclusive MC sample, with the
TOPOANA package [23]. Only a few events survive the event
selection. Analyzing the specific background MC samples
for the survived events mentioned above, which include
χcJ→Σ�0Σ̄�þπ−, χcJ→Σ�−Σ̄�0πþ, χcJ → Σ�þΣ̄�−π0, χcJ →
Ξ0Ξ̄þπ−, χcJ → Ξ−Ξ̄þπ0, χcJ → Ξ−Ξ̄0πþ, χcJ → ρ0Σ0Σ̄0,
χcJ → ρþΛΣ̄�−, χcJ → Σ0Σ̄0ω, χcJ → Σ�0Σ̄�−πþ, χcJ →
Σ�−Σ̄�þπ0, χc0 → Σ�þΛ̄ρ−, χcJ → Σ�þΣ̄�0π−, we find that
the contamination rate of these possible peaking back-
ground is less than 1%, and thus can be safely ignored. We
impose the same event selection criteria for the continuum
data taken at

ffiffiffi
s

p ¼ 3.650 GeV. After all the selection
criteria, only one event survives. Therefore, the continuum
contribution is also negligible.
The distributions of Mðp̄πþÞ versus Mðpπ−Þ and

Mðπþπ−π0Þ after applying all the selection criteria are
illustrated in Fig. 2. The ΛðΛ̄Þ signal mass window of
MðpπÞ is chosen as 8 MeV=c2 around the nominalΛmass,
and the one-dimensional sideband region is set to be
½1.0887; 1.1047� GeV=c2 and ½1.1267; 1.1427� GeV=c2.
The eight squares with equal areas around the signal region

are taken as two-dimensional (2D) sideband regions, called
ΛΛ̄ sideband 1 or 2 regions. The ω signal mass window is
taken as Mðπþπ−π0Þ∈ ½0.756; 0.810� GeV=c2.

IV. SIGNAL YIELD EXTRACTION

The signal yields of χcJ decays are extracted by perform-
ing a simultaneous fit to the MðΛΛ̄πþπ−π0Þ distributions,
withMπþπ−π0 in the ω signal and sideband regions, and with
Mpπ− and Mp̄πþ in the ΛΛ̄ signal region. This choice is
because the number of χcJ events in the ω sideband region
is of the same order as in the ω signal region. The ω
sideband region is chosen as ½0.693; 0.747� GeV=c2
and ½0.819; 0.873� GeV=c2.

FIG. 1. Row 1: veto χcJ → Σ�−Σ̄�0πþ þ c:c: events. Row 2:
veto χcJ → Ξ̄þΞ0π− events. Row 3: veto χcJ → Ξ−Ξ̄0πþ events.
Row 4: veto J=ψ events. Line 5: Veto χcJ → Ξ̄þΞ−π0 events.
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For the fit to the events in the ω signal region, as shown
in Fig. 3, the probability density functions of the χcJ signals
are modeled by individual simulated signal shapes con-
volved with a Gaussian resolution function which describes
the resolution difference between data and MC simulation.
The parameters of the Gaussian function are shared
between the ω signal and sideband region. The combina-
torial background is described by a second-order
Chebyshev polynomial function [see Fig. 3 (left)]. The
non-ω background is constrained by the simultaneous fit to
the events in the ω sideband region. In the fit to the ω
sideband region, Fig. 3 (right), the χcJ shape convolved
with a Gaussian resolution function is taken from the
simulated χcJ → ΛΛ̄πþπ−π0 channel, and the combinato-
rial background is described by a second-order Chebyshev
polynomial function. To determine the scale factor between
the ω signal and sideband regions, fω, a fit is performed on
the Mðπþπ−π0Þ distribution, with results shown in Fig. 2
(right), in which a simulated signal MC shape convolved
with a Gaussian function is used to model the ω signal and
a polynomial function is used to describe the combinatorial
background. The fω is determined to be 0.530, which is the
ratio between the numbers of background events in the ω
signal and sideband regions.
For the above two fits, we have also examined the

potential non-ΛΛ̄ background by using events with one
correctΛðΛ̄Þ and onewrong Λ̄ðΛÞ [marked by the four pink
boxes in Fig. 1 (left)], and with wrong Λ and wrong Λ̄
[marked by the four green boxes in Fig. 1 (left)].We find that
this kind of background is negligible in the ω signal region,
while it is about 6.3% in theω sideband region. This is due to
the presence of numerous combinatorial background decays
from the χcJ that do not includeΛðΛ̄Þ and ω. Therefore, this
kind of background,which is dominated by theΛΛ̄ sideband
region 1 contribution, is fixed in the fit as shown in Fig. 3
(right), after normalizing by a factor, fΛΛ̄, of 0.5.

The final fit results are shown in Fig. 3. From these fits,
we obtain the signal yields for χc0;1;2 → ΛΛ̄ω to be 316�
30; 202� 20 and 251� 23, with statistical significances of
11.7σ, 11.2σ, and 11.8σ, respectively. For each χcJ signal,
the statistical significance is calculated with and without
including the signal in the fit and considering the change of
log-likelihood and taking into account the number of
degrees of freedom.
The branching fractions of χcJ → ΛΛ̄ω are calculated by

BðχcJ →ΛΛ̄ωÞ ¼ Nfit

Nψð3686Þ ·Bðψð3686Þ→ γχcJÞ ·
Q

iBi · ε
;

ð1Þ

where Nfit is the fitted signal yield of χcJ; Nψð3686Þ is the
total number of ψð3686Þ events; Bðψð3686Þ → γχcJÞ (for
J ¼ 0, 1, 2) are the branching fractions of ψð3696Þ → γχcJ;Q

i Bi is the product of branching fractions of the decays of
daughter particles, including BrðΛ→pπ−Þ¼ð63.9�0.5Þ%,
BrðΛ̄→ p̄πþÞ¼ð63.9�0.5Þ%, Brðπ0 → γγÞ ¼ ð98.823�
0.034Þ% and Brðω → πþπ−π0Þ ¼ ð89.2� 0.7Þ% which
are taken from the PDG, while ϵ denotes the detection
efficiencies. The details of the fitted signal yields, detection
efficiencies, statistical significances, and obtained branch-
ing fractions are shown in Table II.
To investigate possible intermediate structures, we

examine the MðΛΛ̄Þ, MðΛωÞ, and MðΛ̄ωÞ mass distribu-
tions from data with background subtracted. No obvious
structures are observed with the current statistics. To take
into account the slight differences between data and the
PHSP signal MC sample, we develop a data-driven
BODY3 model. The Dalitz plot of M2

Λω versus M2
Λ̄ω

obtained from data is taken as input for the BODY3 model,
which is corrected for backgrounds and efficiencies. The
data-MC comparison is shown in Fig. 4.

V. SYSTEMATIC UNCERTAINTIES

The relative systematic uncertainties are from the fol-
lowing sources: tracking and PID efficiencies; the
reconstruction efficiency of photons; the reconstruction
efficiency of the ΛðΛ̄Þ; the wrong combination background
(WCB) of the ΛðΛ̄Þ; the 5C kinematic fit; the mass window
selection; the fitting method; the scale factor between the ω
signal and sideband regions; modeling the intermediate
states; the quoted branching fractions; and the total number
of ψð3686Þ events. They are discussed below:

(i) Tracking efficiency. The systematic uncertainty due
to pion tracking is estimated using the control
sample of J=ψ → K0

SK
�π∓. It is estimated to be

1.0% per pion [24].
(ii) PID for pion. The systematic uncertainty due to the

PID efficiency is estimated to be 1.0% for each
pion [24]. We only use PID for the two pions from

FIG. 2. The distributions of (left) Mðp̄πþÞ vs Mðpπ−Þ and
(right) Mðπþπ−π0Þ of the accepted candidates. In the left figure,
the central red box represents the ΛΛ̄ signal region, the green
boxes are the ΛΛ̄ sideband region 2, and pink boxes are the ΛΛ̄
sideband region 1. In the right figure, the red dashed line
represents the fitted ω signal, and the blue dashed line denotes
the combinatorial background. The gray line is the total fit. The
red arrows denote the ω signal region, while the blue arrows
denote the ω sideband regions.
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the ω. Thus, the systematic uncertainty due to pion
PID is assigned as 2.0%.

(iii) Photon reconstruction. The systematic uncertainty
due to photon reconstruction is estimated with the

control sample of J=ψ → πþπ−π0, and is estimated
to be 0.5% for each photon [25]. There are three
photons in the final states, so the total systematic
uncertainty due to photon reconstruction is assigned
as 1.5%.

(iv) Λ=Λ̄ reconstruction. The reconstruction efficiency
of ΛðΛ̄Þ including tracking and reconstruction is
estimated by using the control sample of J=ψ →
Λ̄πþΣ− þ c:c: [26], in which the signal MC is
reweighted within each bin of p and jcosθj, where
the p denotes the momentum of Λ. So, the uncer-
tainties are different due to the different p and jcosθj
distributions of Λ decays from χc0;1;2. The system-
atic uncertainties of Λ reconstruction are assigned as

FIG. 3. Simultaneous fit to the MΛΛ̄πþπ−π0 distributions in the ω signal (left) and sideband (right) regions. The first row represents the
fit on a logarithmic scale, while the second row shows the normal scale. In the left figures, the red dashed line is the signal, and the green
dashed line is the background contribution constrained by the fit to the ω sideband. Additionally, the blue dashed line is the
combinatorial background. The gray line is the total fit. In the right figures, the green line is from the simulated χcJ → ΛΛ̄πþπ−π0 shape,
and the red histogram is the fixed contribution from the non-ΛΛ̄ background estimated by the ΛΛ̄ sideband region of data.

TABLE II. Fitted signal yields (Nfit), detection efficiencies (ϵ),
statistical significance, and the obtained branching fractions (B).
The first and second uncertainties are statistical and systematic,
respectively.

Decay Nfit Significance ϵð%Þ Bð10−4Þ
χc0 → ΛΛ̄ω 316� 30 11.7σ 1.38 2.37� 0.22� 0.25
χc1 → ΛΛ̄ω 202� 20 11.2σ 2.09 1.01� 0.10� 0.11
χc2 → ΛΛ̄ω 251� 23 11.8σ 1.92 1.40� 0.13� 0.17
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2.5%, 2.7%, and 2.9% for χc0;1;2, and those of Λ̄
reconstruction are assigned as 2.2%, 2.4%, and 2.7%
for χc0;1;2, respectively.

(v) WCB of ΛðΛ̄Þ. The potential impact of WCB in the
reconstruction of ΛðΛ̄Þ is investigated by matching
the angles of the MC generated and reconstructed
track momenta for the Λ. Events with angle
differences greater than 3° are considered as mis-
matched backgrounds. Any possible bias related to

WCB is examined by comparing the signal yields
with and without the WCB component included in
the fit. The differences on the branching fractions
are taken as the systematic uncertainties, which
are 1.3%, 0.7%, and 0.4% for χc0;1;2 → ΛΛ̄ω,
respectively.

(vi) 5C kinematic fit. The systematic uncertainty asso-
ciated with the 5C kinematic fit is assigned as the
difference between the efficiencies before and after

FIG. 4. Comparisons ofMðΛ̄ω=ΛωÞ andMðΛΛ̄Þ of (top) χc0, (middle) χc1, and (bottom) χc2, between the data and individual BODY3
signal MC samples after all event selection criteria have been applied.
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the helix correction [27], which are 3.1%, 3.2%, and
2.9% for χc0;1;2 → ΛΛ̄ω, respectively.

(vii) Mass window. To estimate the systematic uncertain-
ties due to the mass windows of Λ, Λ̄, and ω, we use
the smearing method. From the simultaneous fit, the
parameters of the Gaussian function which is used to
compensate the resolution difference between data
andMC simulation are obtained. Then, we smear the
simulated signal with the Gaussian function with
these obtained parameters, and the difference be-
tween the efficiencies before and after smearing the
Gaussian resolution function is taken as the system-
atic uncertainty. For the mass windows of Λ and Λ̄,
the systematic uncertainties are negligible for all
signal decays. For the mass window of ω, the
systematic uncertainties are 0.1% and 0.8% for
χc0;1 → ΛΛ̄ω, respectively, and that of χc2 → ΛΛ̄ω
is negligible.

(viii) Mass vetoes. To estimate the systematic uncertain-
ties for each mass veto, we examine the branching
fractions after enlarging or shrinking the veto region.
For different background vetoes, we vary the cor-
responding mass windows seven times with a step of
1, 2, or 4 MeV=c2. For each case, the deviation
between the alternative and nominal fits is defined as
ζ ¼ jBnominal−Btestjffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

jσ2B;nominal−σ
2
B;testj

p , where B denotes the branching

fractions of χcJ → ΛΛ̄ω and σ denotes its statistical
uncertainty. If ζ is less than 2.0, the associated
systematic uncertainty is negligible according to the
Barlow test [28]. Otherwise, its relative difference is
assigned as the systematic uncertainty.

(ix) Fit range. The systematic uncertainties due to the fit
range are examined by enlarging and shrinking the
fit range seven times, with a 4 MeV=c2 change per
step, and the Barlow test is performed as above. The
systematic uncertainties are negligible for χc0;1, and
0.9% is obtained for the χc2 decay.

(x) Signal shape. The systematic uncertainty arising
from the signal shape is evaluated by comparing the
fitted results obtained from two distinct simulated
signal MC samples. In one sample, the Λ=Λ̄ is
generated using the PHSP generator, while in the
other, it is generated with the HYPWK generator [29].
The differences in the measured branching frac-
tions are taken as the systematic uncertainties, which
are 1.5%, 5.5%, and 0.2% for χc0;1;2 → ΛΛ̄ω,
respectively.

(xi) Background shape. The systematic uncertainty due
to the background shape is estimated by replacing
the second-order Chebyshev polynomial function
with a first or third-order Chebyshev polynomial
function. The largest differences in the measured
branching fractions are taken as the systematic

uncertainties, which are 0.8%, 0.3%, and 0.1% for
χc0;1;2 → ΛΛ̄ω, respectively.

(xii) Scale factor fω. The fω directly affects the fitted
signal yields. The associated systematic uncertainty is
estimated by changing theω sideband region by�1σ,
where σ denotes the mass resolution of the ω. The
largest deviations of the branching fractions are taken
as the systematic uncertainties,which are 0.5%, 2.4%,
and 1.6% for χc0;1;2 → ΛΛ̄ω, respectively.

(xiii) Scale factor fΛΛ̄. The fΛΛ̄ also affects the fitted
signal yields. The associated systematic uncertainty
is estimated by changing the fΛΛ̄ from 0.5 to the
fitted value 0.53. The deviations of the branching
fractions are taken as the systematic uncertainties,
which are 0.3%, 0.1%, and 0.2% for χc0;1;2 → ΛΛ̄ω,
respectively.

(xiv) Background level of BODY3 model. Additionally, the
background events in sideband region also impacts
the background level for the BODY3 model. The
changes in signal efficiencies are considered as
corresponding systematic uncertainties after adjusting
the number of events in the sideband region by �1σ,
which serves as the input for the BODY3 generator.
The systematic uncertainties are assigned as 2.5%,
0.3%, and 1.7% for χc0;1;2 → ΛΛ̄ω, respectively.

(xv) Binning effect of BODY3 model. To estimate the
systematic uncertainty associated with the binning
effect of the BODY3 model, we change the number
of bins by �25%. In each case, the Dalitz plot is
obtained by reweighting the PHSP MC sample using
the data subtracted background in the ω and 2D ΛΛ̄
sidebands, and the largest differences of signal
efficiencies are taken as the systematic uncertainties,
which are 0.5%, 1.0%, and 4.4% for χc0;1;2 → ΛΛ̄ω,
respectively.

(xvi) Quoted branching fractions. The branching fractions
ofψð3686Þ→γχcJ,Λ→pπ−, Λ̄→ p̄πþ,ω→πþπ−π0,
and π0 → γγ are quoted from the PDG. Their corre-
sponding uncertainties are taken to calculate the
systematic uncertainties, which are 2.7%, 3.0%, and
2.7% for χc0;1;2 → ΛΛ̄ω, respectively.

(xvii) Total number of ψð3686Þ events. The uncertainty of
the total number of ψð3686Þ events, which is
determined with the inclusive hadronic ψð3686Þ
decays, is assigned as 0.5% [9].

All sources of systematic uncertainty and their contri-
butions are summarized in Table III. Under the assumption
that the systematic uncertainties of reconstructions and
quoted branching fractions for the Λ are correlated with
those of the Λ̄, and all other systematic uncertainties are
independent, the total systematic uncertainty for each
signal decay is obtained by adding all uncertainties in
quadrature, excluding those that are correlated.
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VI. CONCLUSIONS

The decays χcJ → ΛΛ̄ω (J ¼ 0, 1, 2) are observed for
the first time with statistical significances of 11.7σ, 11.2σ,
and 11.8σ, using ð27.12� 0.14Þ × 108 ψð3686Þ events
collected by the BESIII detector. Their branching frac-
tions are determined to be Bðχc0 → ΛΛ̄ωÞ ¼ ð2.37�
0.22� 0.25Þ × 10−4, Bðχc1 → ΛΛ̄ωÞ ¼ ð1.01� 0.10�
0.11Þ × 10−4 and Bðχc2 → ΛΛ̄ωÞ ¼ ð1.40� 0.13� 0.17Þ×
10−4, where the first and second uncertainties are statistical
and systematic, respectively. The analysis improves our
understanding of the properties of χcJ particles. With the
current statistics, no deviations are observed between the
data and PHSP MC samples for theMðΛΛ̄Þ andMðΛω=Λ̄ωÞ
distributions, which means no threshold enhancement or
intermediate states are observed. The analysis aids in the

exploration for potential excited baryon states in the
Λω ðΛ̄ωÞ invariant mass spectra and the search for uniden-
tified structures in the ΛΛ̄ invariant mass spectrum.
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TABLE III. The relative systematic uncertainties (in percent) in
the measurements of the branching fractions of the χcJ → ΛΛ̄ω
decays.

Source χc0 χc1 χc2

Tracking for π� 2.0 2.0 2.0
π� PID 2.0 2.0 2.0
Photon reconstruction 1.5 1.5 1.5
Λ reconstruction 2.5 2.7 2.9
Λ̄ reconstruction 2.2 2.4 2.7
WCB of ΛðΛ̄Þ 3.6 1.4 1.1
5C kinematic fit 3.1 3.2 2.9
Λ signal region � � � � � � � � �
Λ̄ signal region � � � � � � � � �
ω signal region 0.1 0.8 � � �
Veto J=ψðΛΛπþπ−Þ � � � � � � � � �
Veto J=ψðπþπ−recÞ 5.1 3.2 1.8
Veto γΛ � � � � � � 1.6
Veto γΛ̄ � � � � � � 4.2
Veto ΞþΞ− � � � 1.2 � � �
Veto Ξ−Ξ̄0 0.9 � � � 1.0
Veto Ξ̄þΞ0 2.4 � � � � � �
Veto Σ̄þΣ0 � � � � � � � � �
Veto Σ−Σ̄0 1.5 2.0 6.0
Fit range 0.7 � � � 0.5
Signal shape 1.5 5.5 0.2
Background shape 0.8 0.3 0.1
Scale factor fω 0.5 2.4 1.6
Scale factor fΛΛ̄ 0.3 0.1 0.2
Background level of BODY3 model 2.5 0.3 1.7
Binning effect of BODY3 model 0.5 1.0 4.4
Quoted branching fractions 2.7 3.0 2.7
Total number of ψð3686Þ events 0.5 0.5 0.5

Total 10.4 10.6 12.0
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