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Using a data sample of ð2.712� 0.014Þ × 109 ψð3686Þ events collected with the BESIII detector at the
BEPCII collider, we investigate the decays χcJ → ΛΛ̄η0 for J ¼ 0, 1, 2 via the radiative transition
ψð3686Þ → γχcJ . The decays χc0;2 → ΛΛ̄η0 are observed for the first time, with statistical significances
of 6.7σ and 6.4σ, respectively. Evidence for the decay χc1 → ΛΛ̄η0 is found with a statistical signifi-
cance of 3.3σ. The corresponding branching fractions are measured to be Bðχc0 → ΛΛ̄η0Þ ¼
ð7.56� 1.42� 0.90Þ × 10−5, Bðχc1 → ΛΛ̄η0Þ ¼ ð1.54� 0.51� 0.16Þ × 10−5, and Bðχc2 → ΛΛ̄η0Þ ¼
ð3.03� 0.61� 0.29Þ × 10−5, where the first uncertainties are statistical and the second are systematic.
No significant excited Λ baryon states or ΛΛ̄ near-threshold enhancements are observed.

DOI: 10.1103/9kcj-rp8r

I. INTRODUCTION

The χcJðJ ¼ 0; 1; 2Þ mesons are the P-wave spin-triplet
charmonium states in the quark model. Compared with the
extensively studied decays of the S-wave charmonia J=ψ
and ψð3686Þ, the decays of χcJ remain less thoroughly
investigated both experimentally and theoretically. Their
direct production in eþe− annihilation is strongly sup-
pressed since they involve processes with two virtual
photons or neutral currents; to date, only the χc1 state
has been observed at BESIII with a significance of 5.1σ [1]
in these processes. An efficient production mechanism for
the χcJ states is provided by the radiative transitions
ψð3686Þ → γχcJ, whose branching fractions are approx-
imately 10% for each χcJ state. This enables precision
studies of χcJ decays with a large ψð3686Þ data sample.
Decays of χcJ mesons into baryon-antibaryon-meson

(BB̄M) final states offer a unique opportunity to investigate
BB̄ threshold behaviour and excited baryon states in theBM
system, where B and B̄ denote a baryon and its antibaryon,
respectively, and M represents a meson. Recently, evidence
for a resonance Λ� was reported in the invariant-mass
spectrum of ΛðΛ̄Þ and ω in the decay ψð3686Þ → ΛΛ̄ω
[2]. Although ΛΛ̄ mass-threshold enhancements have been
observed in eþe− → ΛΛ̄ϕ [3] and eþe− → ΛΛ̄η [4], sig-
nificant discrepancies in the magnitude of the enhancements
are evident between the two channels. The χcJ → BB̄M

decay channels (χcJ → ΛΛ̄η [5], ΛΛ̄ω [6], ΛΛ̄ϕ [7], and
ΣþΣ̄−η [8]) have been exploited to search for such enhance-
ments, but no conclusive evidence has yet been obtained.
In this paper, we investigate the decays χcJ → ΛΛ̄η0

using a data sample of ð2.712� 0.014Þ × 109 ψð3686Þ
events [9] collected with the BESIII detector. The Λ and Λ̄
baryons are reconstructed via Λ → pπ− and Λ̄ → p̄πþ,
respectively. The η0 meson is reconstructed through two
decay modes: η0 → γπþπ− (mode I) and η0 → ηπþπ− with
η → γγ (mode II). The branching fractions of χcJ → ΛΛ̄η0
are measured for the first time. In addition, possible Λ�

excited states and near-threshold enhancement in the ΛΛ̄
system are investigated.

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 1.84 to 4.95 GeV,
with a peak luminosity of 1.1 × 1033 cm−2 s−1 achieved atffiffiffi
s

p ¼ 3.773 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 time-of-flight system (TOF), and a CsI(Tl) electromagnetic
calorimeter (EMC), which are all enclosed in a supercon-
ducting 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 1GeVin the barrel (end cap) region. The time resolution in
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the plastic scintillatorTOFbarrel region is 68ps,while that in
the end cap region was 110 ps. The end cap TOF systemwas
upgraded in 2015 using multigap resistive plate chamber
technology, providing a time resolution of 60 ps, which
benefits 83% of the data used in this analysis [15].
Monte Carlo (MC) simulated data samples produced

with a GEANT4-based [16] software package, which
includes the geometric description of the BESIII detector
and the detector response, are used to determine detection
efficiencies and to estimate backgrounds. The simulation
models the beam energy spread and initial state radiation
(ISR) in the eþe− annihilations with the generator KKMC

[17]. The inclusive MC sample includes the production of
the ψð3686Þ resonance, the ISR production of the J=ψ , and
the continuum processes incorporated in KKMC [17]. All
particle decays are modeled with EVTGEN [18] using
branching fractions either taken from the Particle Data
Group (PDG) [19], when available, or otherwise estimated
with LUNDCHARM [20]. Final-state radiation from charged
final-state particles is incorporated using the PHOTOS pack-
age [21].
The signal MC events of the ψð3686Þ → γχcJ decays

follow the angular distribution of 1þ λ cos2 θγ , where θγ
denotes the polar angle of the radiative photon, and λ takes
the values 1, −1=3, and 1=13 for J ¼ 0, 1, and 2,
respectively [22]. For subsequent decays, the processes
χcJ → ΛΛ̄η0 are modeled using a phase-space (PHSP)
model. The decay η0 → γπþπ− is implemented via a model
[23] that incorporates the ρ − ω interference effects and the
box anomaly mechanism. The decay η0 → ηπþπ− is gen-
erated according to the Dalitz distribution of the Ref. [24]
with the subsequent decay of η → γγ following a PHSP
model. The processes of Λ → pπ− and Λ̄ → p̄πþ are
generated by the HypWK model [18], which is constructed
for spin-1

2
hyperon and its antihyperon nonleptonic decays

including parity-violation effects.

III. EVENT SELECTION

Candidate events are required to have the final states
pp̄πþπ−πþπ−2γ (mode I) and pp̄πþπ−πþπ−3γ (mode II).
Charged tracks detected in the MDC are required to be
within a polar angle range of ðj cos θj < 0.93Þ, where θ is
defined with respect to the z axis, which is the symmetry
axis of the MDC. At least three positive and three negative
tracks are required for each mode. Λ and Λ̄ candidates
are reconstructed by pairing oppositely charged tracks
with proton and pion mass hypotheses, respectively.
Each pair is subjected to a primary vertex fit followed
by a secondary vertex fit; the latter is applied to reconstruct
long-lived resonances [25]. The optimal combination
is selected by minimizing the mass deviation, defined
as Δ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðMðpπ−Þ −mΛÞ2 þ ðMðp̄πþÞ −mΛ̄Þ2

p
, where

Mðpπ−Þ and Mðp̄πþÞ are the invariant masses of pπ−

and p̄πþ, respectively, and mΛðΛ̄Þ denotes the ΛðΛ̄Þ

nominal mass [19]. Tracks not associated with Λ or Λ̄
are required to originate from the interaction point (IP)
within 10 cm along the z axis and 1 cm in the trans-
verse plane. Exactly two such tracks with zero net charge
are retained and assigned the pion mass hypothesis;
they are subjected to a vertex fit to confirm their common
origin.
Photon candidates are identified from showers in the

EMC. The deposited energy of each shower must be more
than 25 MeV in the barrel region (j cos θj < 0.80) and more
than 50MeV in the end cap region (0.86 < j cos θj < 0.92).
To exclude showers that originate from charged tracks, the
angle subtended by the EMC shower and the position of the
closest charged track at the EMC must be greater than
10 deg as measured from the IP. To suppress electronic
noise and showers unrelated to the event, the difference
between the EMC time and the event start time must be
within [0, 700] ns. At least two (three) photons are required
for mode I (mode II).
To improve mass resolution and suppress background, a

four-constraint (4C) kinematic fit is applied to mode I,
constraining the total 4-momentum of the final-state
particles to that of the colliding beams. When more than
two photon candidates are present, the combination with
the least χ24C is selected, satisfying χ24C < 18. The photon
originating from the η0 decay is identified as the one that
minimizes jMðγπþπ−Þ −mη0 j, where Mðγπþπ−Þ is the
reconstructed invariant mass of γπþπ−, and mη0 is the η0

nomial mass [19]. For mode II, a five-constraint (5C)
kinematic fit is implemented: a 4C kinematic fit together
with an additional constraint on the two photons from the η
candidate to the η nominal mass [19]. When more than
three photon candidates are present, the combination with
the least χ25C is chosen, requiring χ25C < 53. The χ2 require-
ments for both modes are optimized by maximizing the
figure of merit S=

ffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p
, where SðBÞ is the number of

signal (background) events from the normalized signal
(inclusive) MC sample. In addition, the criterion χ24C;nγ <

χ2
4C;ðnþ1Þγ is applied for both modes, where n is the expected

number of photons in the signal process. The ΛðΛ̄Þ signal
region is defined as jMðpπ−Þ −mΛj < 5 MeV=c2

(jMðp̄πþÞ−mΛ̄j<5MeV=c2). The decay length of ΛðΛ̄Þ
candidate, defined as the distance between its production
and decay point, is required to be larger than 0, with a
resolution of the detector of 0.6 cm. The expected decay
length of ΛðΛ̄Þ is 7.9 cm [19]. Figure 1 shows the
distributions of Mðp̄πþÞ versus Mðpπ−Þ for mode I and
mode II for the surviving candidates in the data. The box
outlined by red solid lines is the two-dimensional (2D) ΛΛ̄
signal region, and the boxes outlined by pink and blue
dashed lines are 2D ΛΛ̄ sideband regions. A clear ΛΛ̄ pair
signal is found in the distribution. The events in the 2D ΛΛ̄
sideband regions are used to estimate the non-ΛΛ̄ back-
ground in the 2D ΛΛ̄ signal region.
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For mode I, the directly emitted photon is labeled γ1, and
that from the η0 decay is labeled γ2. After applying the
aforementioned selection criteria, three types of back-
ground processes remain: the Σ0ðΣ̄0Þ-related backgrounds,
the J=ψ-related backgrounds, and the π0-related back-
grounds. To suppress the Σ0ðΣ̄0Þ-related backgrounds,
we require the invariant mass of the Λ=Λ̄ combined
with either photon candidate to satisfy MðΛðΛ̄Þγ1;2Þ >
1.2 GeV=c2. The J=ψ-related backgrounds are mitigated
by excluding events where the recoil mass of the πþπ−
system and γ1γ2 system fall within the J=ψ mass window,
jRMðπþπ−Þ −mJ=ψ j > 10 MeV=c2 and jRMðγ1γ2Þ−
mJ=ψ j > 26 MeV=c2, where the πþπ− from the η0 decay.
The π0-related backgrounds are suppressed by vetoing the
π0 mass region in the γ1γ2 invariant mass distribution,
jMðγ1γ2Þ −mπ0 j > 14 MeV=c2. The η0 signal region is set
to be ½mη0 − 12; mη0 þ 12� MeV=c2, with η0 sideband
regions ½mη0 − 60;mη0 − 36� ∪ ½mη0 þ 36;mη0 þ 60�MeV=c2

used to estimate the non-η0 background in the η0 signal
region. For mode II, the requirement of MðΛðΛ̄ÞγÞ >
1.2 GeV=c2 is used to reject the Σ0ðΣ̄0Þ-related back-
grounds. The η0 signal region is tightened to ½mη0 − 10;
mη0 þ 10� MeV=c2, with the η0 sideband regions set to

be ½mη0 − 50; mη0 − 30� ∪ ½mη0 þ 30; mη0 þ 50� MeV=c2.
Figure 2 shows the distributions of Mðγπþπ−Þ for mode
I and Mðηπþπ−Þ for mode II in data, with the η0 signal and
sideband regions indicated.

IV. BRANCHING FRACTIONS

The branching fractions of χcJ → ΛΛ̄η0 are determined
using a simultaneous unbinned maximum-likelihood fit to
the distributions of the invariant masses of MðΛΛ̄γπþπ−Þ
for mode I and MðΛΛ̄ηπþπ−Þ for mode II. The fit is
performed in both the η0 signal and sideband regions. In the
simultaneous fit, a common branching fraction BðχcJ →
ΛΛ̄η0Þ is shared between the two modes. Furthermore, the
parameters describing the shape of the non-η0 background
in the η0 signal region are determined from and shared with
the shape of the events in the η0 sideband regions. For mode
I, the events in the η0 sideband regions are used to estimate
the non-η0 background in the η0 signal region. The non-ΛΛ̄
background is found to be negligible using the events in the
2D ΛΛ̄ sideband regions in Fig. 1. Figures 3(a) and 3(b)
show the distributions of MðΛΛ̄γπþπ−Þ in the η0 signal

FIG. 1. The scatter plots ofMðp̄πþÞ versusMðpπ−Þ for mode I
and mode II from the survived candidates in data, where the red
solid box is the 2DΛΛ̄ signal region and the pink and blue dashed
boxes are the 2D ΛΛ̄ sideband regions.

FIG. 2. The distributions of Mðγπþπ−Þ for mode I and
Mðηπþπ−Þ for mode II. The pink arrows mark the η0 signal
region, and the two pairs of blue arrows mark the η0 sideband
regions. The dots with error bars are data, the red solid lines are
the fit results, the green dashed lines represent the signal shapes,
and the gray shaded histograms constitute the smooth back-
grounds.
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region and sideband regions, respectively. Peaking back-
grounds in the η0 sideband regions are modeled by three
χcJ → ΛΛ̄γπþπ− PHSP MC shapes plus a second-order
Chebyshev polynomial, as shown in Fig. 3(b). In the η0
signal region, the χcJ signal shapes are described by the
corresponding MC shapes, and the smooth background is
modeled by a first-order Chebyshev polynomial. The non-
η0 background is modeled with the same parametrized
shapes in the η0 sidebands, as presented in the gray shaded
histograms in Figs. 3(a) and 3(b). The normalization factor
between the η0 signal and sideband regions is determined
from a fit to the Mðγπþπ−Þ distribution in Fig. 2 (I), where
the MC shape is used to describe the signal shape, and a
second-order Chebyshev polynomial function is used to
model the background shape. The MC shape refers to the
signal distribution obtained from the MC simulation of the
signal channel, corresponding to a Breit-Wigner function
convolved with the detector resolution. For the PHSP MC
shape, it is obtained from the MC simulation with PHSP
model. The normalization factor is the ratio of background
yields between the η0 signal and sideband regions. An
identical procedure is applied to mode II, as shown in

Figs. 3(c) and 3(d), using MðΛΛ̄ηπþπ−Þ as the observable
and the sideband normalization determined from the
Mðηπþπ−Þ distribution in Fig. 2 (II).
The number of signal events for each decay mode is

expressed by

Nsig
X ¼ Ntot ·Bðψð3686Þ → γχcJÞ ·BðχcJ → ΛΛ̄η0Þ

·BðΛ → pπ−Þ ·BðΛ̄ → p̄πþÞ ·Bðη0 → XÞ · ϵX;
ð1Þ

where X denotes the η0 decay mode(γπþπ− or ηπþπ− with
η → γγ) and ϵX is the corresponding detection efficiency
from a mixed MC sample described below. The branching
fractions of the intermediate decays are taken from the
PDG [19]. The fit projections for both decay modes are
shown in Fig. 3. The statistical significances of the χcJ →
ΛΛ̄η0 signals are 7.8σ, 3.5σ, and 7.6σ for J ¼ 0, 1, and 2,
respectively, determined from the change in log-likelihood
and the number of degrees of freedom with and without the
signal component. The statistical significance does not
include systematic uncertainty. The numerical fit results are
listed in Table I.

(a) (b)

(d)(c)

FIG. 3. Simultaneous fit to theMðΛΛ̄γπþπ−Þ (top) andMðΛΛ̄ηπþπ−Þ (bottom) distributions of the accepted candidate events in the η0
(left) signal and (right) sideband regions. The dots with error bars are the data; the gray shaded histograms constitute the total
contribution from the η0 sideband; and the pink, green, and brown shaded histograms are the peaking background from χc0, χc1, and χc2,
respectively. The solid red lines are the fit results, and the pink, green, and brown dashed lines represent the χc0, χc1, and χc2 signal
shapes, respectively.
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To evaluate the signal efficiency, a mixed MC sample is
generated accounting for possible intermediate states.
In particular, a near-threshold enhancement in the ΛΛ̄
invariant-mass spectrum observed in eþe− → ϕΛΛ̄ [3] is
considered. To evaluate its contribution, we perform a
three-dimensional (3D) unbinned maximum-likelihood
fit to the distributions of MðΛΛ̄Þ, MðΛη0Þ, and MðΛ̄η0Þ.

The mass and width of the ΛΛ̄ enhancement are fixed at
2264 MeV=c2 and 73 MeV, respectively [3]. We denote
this state as Xð2264Þ in the following study. The back-
ground is modeled using events from the η0 sidebands with
fixed shape and normalization. The signal is described as
the sum of the Xð2264Þ-intermediate state and the non-
resonant process, each represented by its respective PHSP

TABLE I. Measured branching fractions for χcJ → ΛΛ̄η0, where the first uncertainties are statistical, the second are systematic, S is the
significance, and RXð2264Þ denotes the ratio of the Xð2264Þ-intermediate to nonresonant contribution.

Decay mode Bð×10−5Þ RXð2264Þ (%) Efficiency (I) (%) Efficiency (II) (%) SðσÞ S include systematic (σ)

χc0 → ΛΛ̄η0 7.56� 1.42� 0.90 41.3 1.68 1.16 7.8 6.7
χc1 → ΛΛ̄η0 1.54� 0.51� 0.16 9.2 3.14 2.13 3.5 3.3
χc2 → ΛΛ̄η0 3.03� 0.61� 0.29 4.8 3.04 2.12 7.6 6.4

FIG. 4. The projections on two-body invariant mass of the 3D fit for each χcJ decay in the corresponding signal region. The dots with
error bars are the data by combining two η0 decay modes, the red solid lines are the fit results, the gray shaded histograms denote the
contributions from the η0 sideband, and the green and blue dashed lines represent the Xð2264Þ-intermediate state process and
nonresonant process, respectively. Events have been required to be within individual χcJ signal regions.
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MC shapes. The PSHP MC shapes of Xð2264Þ-intermedi-
ate and nonresonant are obtained from the MC simulation
of χcJ → Xð2264Þη0ðXð2264Þ → ΛΛ̄Þ and χcJ → ΛΛ̄η0
with PHSP model, respectively. And they are modeled
by the Roofit ROONDKEYSPDF [26]. Because of limited
statistics in each η0 decay mode, the data from both
modes are combined. The region of ½3.390;3.445�GeV=c2
is used for χc0, ½3.495; 3.525� GeV=c2 for χc1, and
½3.540; 3.570� GeV=c2 is used for χc2. Figure 4 shows
the results from the 3D fit. From the best-fit parameters, the
ratio RXð2264Þ of the Xð2264Þ-intermediate to nonresonant
contribution is extracted and used to mix the corresponding
MC samples. The efficiencies obtained from the mixed
samples and the Xð2264Þ fractions are listed in Table I.

V. SYSTEMATIC UNCERTAINTY

The systematic uncertainties in the measurements of
branching fractions are listed in Table II. These uncertain-
ties are categorized into correlated and uncorrelated sources
between the two η0 decay modes. The systematic uncer-
tainties from the tracking for π�, the photon detection, the
Λ reconstruction, the Λ̄ reconstruction, the kinematic fit,
and the signal MC model are the correlated items in each η0
decay mode. The combined correlated uncertainty for the
two decay channels is calculated by

δcorr ¼
Σ2
i¼1ðδi ×Bi × ϵiÞ
Σ2
i¼1ðBi × ϵiÞ

; ð2Þ

where δi, Bi, and ϵi represent the systematic uncertainty,
branching fraction, and detection efficiency for the
channel i, respectively. The systematic uncertainties from
the η0 mass window, the wrong photon combination,

the background veto, and the branching fraction of
η0 → X are uncorrelated items. The average of the two
decay channels is calculated as

δuncorr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Σ2
i¼1ðδi ×Bi × ϵiÞ2

p

Σ2
i¼1ðBi × ϵiÞ

: ð3Þ

The uncertainty arising from the pion tracking is 1.0%
per track with the sample of ψð3686Þ → πþπ−J=ψ , J=ψ →
lþl−ðl ¼ e; μÞ [27], for pions from η0 decays. The
uncertainty of photon detection is 0.5% per photon as
determined by the eþe− → γμþμ− process [28].
The combined efficiency, including tracking for proton/

antiproton and charged pion and reconstruction for Λ and
Λ̄, is studied by the control sample of J=ψ → pK−Λ̄þ c:c.
[29]. The relative efficiency discrepancy between data
and MC simulation in each momentum and j cos θj bin
is defined as Δϵi ¼ ϵdatai

ϵMC
i

− 1. To quantify the systematic

uncertainties, we apply a normalized weighting factor
wi ¼ ϵi

ϵtot
, where ϵi is the MC efficiency in the ith bin

and ϵtot is the total MC efficiency from our signal MC
sample. The differences between data and MC simulation
are subsequently evaluated by Σðwi × ΔϵiÞ, which are
assigned as the corresponding systematic uncertainties.
To evaluate the systematic uncertainty associated with

the η0 mass window, we perform an unbinned maximum
likelihood fit toMðγπþπ−Þ (mode I) andMðηπþπ−Þ (mode
II) distributions in data. The signal shape of η0 is modeled
by an MC simulated shape convolved with a Gaussian
function with fitted parameters. The smooth background is
parametrized by a second-order Chebychev function. Using
the best-fit signal shape parameters, we generate a toy
MC sample to simulate the η0 line shape. The systematic

TABLE II. Relative systematic uncertainties (%) on the branching-fraction measurements. The dash (-) indicates that the source is not
relevant for that decay.

χc0 χc1 χc2

Source Mode I Mode II Mode I Mode II Mode I Mode II

Tracking for π� 2.0 2.0 2.0 2.0 2.0 2.0
Photon detection 1.0 1.5 1.0 1.5 1.0 1.5
Λ reconstruction 3.8 3.8 3.4 3.4 3.2 3.3
Λ̄ reconstruction 0.9 0.9 0.4 0.4 0.2 0.2
η0 mass window 0.6 1.0 0.6 1.0 0.6 1.0
Kinematic fit 5.2 5.3 5.0 4.2 4.8 4.7
Wrong photon 4.0 - 3.4 - 1.4 -
Background veto 1.1 0.1 1.1 0.1 1.2 0.1
Signal MC model 6.1 5.4 7.7 6.2 3.8 2.5
Bðη0 → XÞ 1.4 1.3 1.4 1.3 1.4 1.3
Bðψð3686Þ → γχcJ;Λ → pπ−; Λ̄ → p̄πþÞ 2.8 3.2 2.9
Fit procedure 6.3 8.5 5.7
Total number of ψð3686Þ events 0.5 0.5 0.5

Sum 11.9 10.6 9.7
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uncertainty is the difference in efficiency between the
nominal and toy samples.
The uncertainty associated with the kinematic fit is

estimated by correcting the helix parameters of charged
tracks according to the method described in Ref. [30]. The
difference of the detection efficiencies obtained from MC
samples with and without this correction is assigned as the
uncertainty.
The systematic effect of possible photon mispairing is

investigated with MC truth matching. Events in which the
angle between the generated and reconstructed photon
θmatch < 7° are considered correctly matched; otherwise,
they are counted as mismatched. The fractions of mis-
matched events are 4.0%, 3.4%, and 1.4% for χc0, χc1, and
χc2, respectively. These fractions are assigned as systematic
uncertainties.
The background veto criteria include MðΛðΛ̄ÞγÞ >

1.2 GeV=c2, jRMðπþπ−Þ − mJ=ψ j > 10 MeV=c2,
jRMðγ1γ2Þ −mJ=ψ j > 26 MeV=c2, and jMðγ1γ2Þ−
mπ0 j > 14 MeV=c2. The uncertainty from the requirement
of MðΛðΛ̄ÞγÞ > 1.2 GeV=c2 is estimated by the control

sample of ψð3686Þ → πþπ−J=ψ ; J=ψ → Σ0Σ0. The differ-
ence of the acceptance efficiencies between data and MC

simulation is 0.01% for Σ0, and 0.1% for Σ0, which
are taken as the uncertainties. Similarly, the systematic
uncertainty due to the criterion jRMðπþπ−Þ −mJ=ψ j >
10 MeV=c2 is estimated by the control sample of
ψð3686Þ → πþπ−J=ψ ; J=ψ → ΛΛ̄η, the systematic uncer-
tainty due to the criterion jRMðγ1γ2Þ−mJ=ψ j> 26MeV=c2

is estimated by the control sample of ψð3686Þ → ηJ=ψ ;
η → γγ; J=ψ → ΛΛ̄πþπ−, and the difference of the accep-
tance efficiencies between data and MC simulation is 0.2%
for each control sample, which is taken as the corresponding
uncertainty. For the selection criterion jMðγ1γ2Þ −mπ0 j >
14 MeV=c2, the difference in photon energy resolution
between the data and the MC simulation can shift the
Mðγ1γ2Þ distribution. To quantify the associated uncertainty,
we enlarge the photon energy uncertainty in the recon-
structed error matrix by 4% [31].
The uncertainties of the fit parameters from the 3D fit

will introduce a systematic uncertainty to the efficiency.
This is estimated by generating 1000 parameter sets
following a multivariate Gaussian distribution with the
covariance matrix from the 3D fit. Then, we propagate
these variations into the efficiency calculation. The variance
of the resulting efficiency distribution is adopted as the
systematic uncertainty from the signal MC model.
Systematic uncertainties from branching fractions are

taken from the PDG [19].
For the uncertainty of the signal shape, we modify the

signal shape from the MC simulated shape to
ðBW · E3

γ · fdðEγÞÞ ⊗ Double Gaussian, where BW is a
Breit-Wigner function, with its parameters are fixed at the
values of χcJ from PDG [19], Eγ represents the energy of the

transition photon, and fdðEγÞ is the damping factor [32].
The double-Gaussian function models the detector reso-
lution, whose parameters are derived from the correspond-
ing MC simulation. The uncertainty from the background
shape is evaluated by replacing the first-order Chebyshev
polynomial with a second-order one. The systematic
uncertainty from the η0 sideband regions is shifted by
�2 MeV=c2, and themaximumdifference of final results is
taken as the systematic uncertainty. The normalization
factors between the η0 signal and sideband regions are
determined from the fits to the Mðγπþπ−Þ and Mðηπþπ−Þ
distributions with all the parameters fixed to the best
values. To consider the uncertainty from the η0 sideband
normalization factor, we free the value of the normalization
factors, and the range of sideband scale factor is the
nominal normalization factor �1σ, where σ is the uncer-
tainty of the sideband normalization factor from the fits to
the Mðγπþπ−Þ and Mðηπþπ−Þ distributions. For any
individual systematic uncertainty related to the fit pro-
cedure, the difference in the final results is taken as the
systematic uncertainty. When evaluating these systematic
uncertainties, we also recalculate the statistical signifi-
cance. The smallest statistical significance obtained
from these calculations is taken as the resulting sig-
nificance that incorporates the systematic uncertainties,
as presented in Table I.
The total number of ψð3686Þ events in data is deter-

mined with the inclusive hadronic events to be 2.7124×109

with an uncertainty of 0.5% [9].
The total systematic uncertainties are obtained by adding

all systematic uncertainties in quadrature, assuming they
are independent.

VI. CONCLUSIONS

Using a data sample of ð2.7124� 0.014Þ ×
109 ψð3686Þ events collected with the BESIII detector
at the BEPCII collider, we have studied the decays
χcJ → ΛΛ̄η0 for J ¼ 0, 1, 2 via the radiative transition
ψð3686Þ → γχcJ. The decays χc0;2 → ΛΛ̄η0 are observed
for the first time, and evidence for χc1 → ΛΛ̄η0 is found. The
measured branching fractions and significances are summa-
rized in Table I; they are significantly smaller than those for
χcJ → ΛΛ̄η [5], χcJ → ΛΛ̄ω [6], and χcJ → ΣþΣ̄−η [8],
which have larger PHSP space. No excited baryon states nor
ΛΛ̄ near-threshold enhancement is observed within the
current statistical precision, consistent with previous mea-
surements of χcJ → BB̄M [5–8]. Further experimental stud-
ies of additional χcJ decay channels are essential to elucidate
the properties of χcJ mesons, BB̄ threshold enhancements,
and possible excited baryon states.
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