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Using data samples with a total integrated luminosity of approximately 18 fb−1 collected by the BESIII
detector operating at the Beijing Electron-Positron Collider II, the process eþe− → ΛΛ̄η is studied at
center-of-mass energies between 3.5106 and 4.6988 GeV. The Born cross section for the process eþe− →
ΛΛ̄η is measured. No significant structure is observed in the Born cross section line shape. An
enhancement near the ΛΛ̄ mass threshold is observed for the first time in the process. The structure
can be described by an S-wave Breit-Wigner function. Neglecting contribution of excited Λ states and
potential interferences, the mass and width are determined to be ð2356� 7� 15Þ MeV=c2 and
ð304� 28� 54Þ MeV, respectively, where the first uncertainties are statistical and the second are
systematic.

DOI: 10.1103/PhysRevD.107.112001

I. INTRODUCTION

In 2005, the BABAR Collaboration reported a structure,
the Yð4260Þ, with a mass around 4.26 GeV=c2 in the
πþπ−J=ψ final state via the initial-state radiation (ISR)
process eþe− → γISRπ

þπ−J=ψ [1]. The observation was
confirmed by the CLEO [2] and Belle [3] Collaborations.
Given its strong coupling into the charmonium state, it must
contain a charm-anticharm quark pair, because of the strong
suppression of the heavy quark-antiquark pair creation
within quantum chromodynamics [4]. Because the Yð4260Þ
can be produced by a virtual photon from eþe− annihila-
tion, it is a vector state with the spin parity JPC of 1−−.
Above the DD̄ threshold, the four vector charmonium
states [ψð3770Þ, ψð4040Þ, ψð4160Þ, and ψð4415Þ] pre-
dicted by the potential model [5] have been established [6].
Moreover, the traditional charmonium states dominantly
couple to the ground-state open-charm meson pairs instead
of hidden charm states [6]. Therefore, the Yð4260Þ
cannot be explained as a traditional charmonium state. A
more precise measurement performed by the BESIII
Collaboration shows the Yð4260Þ contains two structures,
Yð4220Þ and Yð4330Þ [7]. Later, more states with similar
properties were observed [8,9]. These Y states, named ψ
states in the Particle Data Group (PDG) [6], are good
candidates for exotic states, such as glueballs, compact

tetraquarks, hybrids, hadrocharmonia, etc. [4]. Some of
these interpretations, however, are disfavored by experi-
ment [10]. Light hadron final states of Y decays, such as
π0pp̄ [11], K0

SK
�π∓ [12], K0

SK
�π∓π0ðηÞ [13], ηϕπþπ−

[14], Ξ−Ξ̄þ [15], 2ðpp̄Þ [16], ΛΛ̄ [17], and ωπ0 [18], have
been searched for but not yet discovered. Searching for new
decay modes of Y states, for instance, Y → ΛΛ̄η, can add
more information to our understanding of their inner
structure.
Enhancements near the baryon-antibaryon mass thresh-

old have been observed in low-energy pp̄ collisions,
charmonium decays, and B meson decays. Using PS185
low-energy pp̄ collision data, a structure near the ΛΛ̄
threshold was observed with a partial wave analysis of
pp̄ → ΛΛ̄ [19]. In charmonium decays, enhancements are
observed in pp̄ final states of the processes J=ψ → γpp̄
[20]. In B meson decays, enhancements were found in the
processes B0 → ΛΛ̄K0ðK�0Þ [21], B0 → pΛ̄π− [22], Bþ →
pp̄πþ; B0 → pp̄K0 [23], Bþ → ΛΛ̄Kþ [24], Bþð0Þ →
pp̄K�þð0Þ [25], B0 → D̄�0pp̄; D̄0pp̄ [26], B0 → pΛ̄Dð�Þ−

[27], B0
ðsÞ → pp̄hþh0− [28], Bþ → pΛ̄KþK− [29], B0 →

pp̄π0 [30], Bþ → pp̄μþνμ [31], etc. Strikingly, there is no
corresponding enhancement observed in ψð2SÞ → γpp̄
[32], ψð2SÞ → pp̄π0 [33], ϒð1SÞ → γpp̄ [34], J=ψ →
ωpp̄ [35], ψð2SÞ → pp̄η [36], J=ψ ;ψð2SÞ → pp̄ϕ
[37,38], J=ψ ;ψð2SÞ → ηΣþΣ̄− [39], ψð2SÞ → ΛΛ̄ηðπ0Þ
[40], ψð2SÞ → ΛΛ̄ω [41], Bþ → pp̄Kþ [42], B̄0 →
D0ΛΛ̄ [43], B → pp̄ππ [44] B0

s → J=ψpp̄ [45], and B− →
J=ψΛp̄ [46] decays. Many theory models have been
proposed for the interpretation of these enhancements,
including a gluonic mechanism [47], a fragmentation
mechanism [47], baryonia [48], multiquark states [49],
and final-state interactions [50]. Searching for enhance-
ments with different quantum numbers in different reac-
tions can provide more constraints on these models.
In this article, we report a study of the reaction eþe− →

ΛΛ̄η with a partial reconstruction technique, based on the
data recorded at center-of-mass energies from 3.5106 to
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4.6988 GeV. The Born cross sections are measured, and
possible resonances are searched for by fitting the energy-
dependent distribution of the Born cross sections. In
addition, a threshold enhancement is observed in the ΛΛ̄
mass spectrum. The mass and width of the structure are
determined by a fit with an S-wave Breit-Wigner function,
and the angular distribution of the structure is studied.

II. DETECTOR AND DATA SAMPLES

The BESIII detector [51] records symmetric eþe− colli-
sions provided by the Beijing Electron-Positron Collider II
(BEPCII) storage ring [52], which operates in the center-of-
mass energy range from 2.00 to 4.95 GeV. 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 aCsI(Tl) electromagnetic calorimeter (EMC), which are
all enclosed in a superconducting solenoidal magnet provid-
ing a 1.0 T magnetic field. The solenoid is supported by an
octagonal flux-return yokewith resistive plate countermuon
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 scatter-
ing. TheEMCmeasures photon energieswith a resolution of
2.5% (5%) at 1 GeV in the barrel (end cap) region. The
time resolution in the TOF barrel region is 68 ps, while that
in the end cap region is 110 ps. The end cap TOF systemwas
upgraded in 2015 using multigap resistive plate chamber
technology, providing a time resolution of 60 ps [53].
Simulated data samples produced with GEANT4-based

[54] Monte Carlo (MC) software, which includes the geo-
metric description of the BESIII detector and the detector
response, are used to determine detection efficiencies and to
estimate background contributions. The simulation includes
the beam energy spread and ISR in the eþe− annihilations
modeled with the generator KKMC [55]. The inclusive MC
sample includes the production of open-charm processes,
the ISR production of vector charmonium(like) states, and
the continuum processes incorporated in KKMC [55]. All
particle decays are modeled with EVTGEN [56] using
branching fractions either taken from the PDG [6], when
available, or otherwise estimated with LUNDCHARM [57].
Final-state radiation from charged final-state particles is
incorporated using PHOTOS [58]. At each energy point, we
generate a signal MC sample of three-body process eþe− →
ΛΛ̄ηwith η → γγ using a uniformly distributed phase space
(PHSP) model. The MC sample for the study of threshold
enhancement is discussed in Sec. V.

III. EVENT SELECTION

The signal candidates of the process eþe− → ΛΛ̄η are
selected with a partial reconstruction technique, to achieve
higher efficiency. This technique requires that only the Λ
(Λ̄) baryon and η meson are reconstructed, inferring the Λ̄

(Λ) from energy-momentum conservation. Thanks to the
partial reconstruction technique, the efficiency is improved
by about a factor of 2 compared to the full reconstruction.
TheΛ (Λ̄) candidates and the η candidates are reconstructed
with pπ− (p̄πþ) and γγ decay modes, respectively.
Charged tracks detected in the MDC are required

to be within a polar angle (θ) range of j cos θj < 0.93,
where θ is defined with respect to the z axis, the
symmetry axis of the MDC. The distance of the closest
approach to the interaction point (IP) along the z axis must
be less than 20 cm. Particle identification (PID) for
charged tracks combines measurements of dE=dx
in the MDC and the flight time in the TOF to form
likelihoods for each hadron (pion, kaon, and proton)
hypothesis. Tracks are identified as protons (pions) when
the proton (pion) hypothesis has the largest likelihood.
Proton and pion track pairs with opposite charges are
constrained to originate from a common vertex to form the
Λ (Λ̄) candidates by a vertex fit [59]. The obtained χ2 in
the fit, denoted as χ2vtx, are kept for further analysis.
The decay length of the Λ (Λ̄) candidate is required
to be greater than twice the vertex resolution away from
the IP.
Photon candidates are identified using 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
identified as antiprotons, the angle subtended by the EMC
shower and the position of the closest charged track at the
EMCmust be greater than 20° as measured from the IP. The
angle is required to be greater than 10° for other types of
charged tracks. To suppress electronic noise and showers
unrelated to the event, the difference between the EMC
time and the event start time is required to be within [0,
700] ns. To remove fake photons from neutron-antineutron
annihilations, E3×3=E5×5 and the lateral moment [60]
describing the shape of electromagnetic showers are
required to be greater than 0.85 and less than 0.4,
respectively, where E3×3 ðE5×5Þ is the total energy depos-
ited in the 3 × 3 (5 × 5) crystals around the seed of the
shower [61]. Photon pairs are used to reconstruct η → γγ
decays.
To suppress the background and improve the momentum

resolution, a one-constraint (1C) kinematic fit [62] under
the hypothesis eþe− → γγpπ−p̄πþ is performed with the
recoil mass against γγpπ− (γγp̄πþ) constrained to the
known mass of Λ, MΛ [6]. There is more than half
of events with multiple reconstructed γγpπ− (γγp̄πþ)
candidates in the data. The candidate with the smallest
χ2vtx þ χ21C is kept, where χ2vtx and χ21C are the χ2

of the vertex fit and 1C kinematic fit, respectively.
We require χ2vtx < 20 and the χ21C < 10. After the
above selection criteria are applied, the invariant mass
of the pπ− (p̄πþ) combination is required to satisfy
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1.112 GeV=c2 < Mpπ−ðp̄πþÞ < 1.120 GeV=c2. A study
with the inclusive MC sample using TopoAna [63] shows
that the main background contributions are from processes
with Σ0 (Σ̄0) baryons in the final states. Figure 1 shows the
distribution for invariant mass of the Λ and photon with
lower energy γL from the data. An obvious Σ0 peak is
observed. In order to suppress background from Σ0 → ΛγL
(Σ̄0 → Λ̄γL) decays, the invariant mass of the reconstructed
Λ (Λ̄) and the selected photon with lower energy MΛγL
(MΛ̄γL) is required to be outside the Σ0 (Σ̄0) mass region of
½1.113; 1:273� GeV=c2. A study of the Mγγ distribution
with the inclusive MC indicates small peaking background
contributions from the processes eþe− → ηΣ0Λ̄þ c:c: and
eþe− → Σ0Σ̄0η near the η peak in the Mγγ distribution.
However, the process eþe− → ηΣ0Λ̄þ c:c: is suppressed
because of isospin violation. Due to the two extra photons
in the final state, the eþe− → Σ0Σ̄0η process is also sup-
pressed by the 1C kinematic fit.

IV. CROSS SECTION MEASUREMENT

The Born cross section of the process eþe− → ΛΛ̄η with
contributions from intermediate states at each center-of-
mass energy is calculated as

σBorn ¼ Nsig

LintBεð1þ δÞð1þ δvÞ ; ð1Þ

where Nsig is the signal yield, Lint is the integrated
luminosity measured using large-angle Bhabha events
[64–66], B is the product of the branching fractions
of η → γγ and Λ → pπ− (Λ̄ → p̄πþ) decays from the
PDG [6], ε is the reconstruction efficiency determined
by MC simulation, (1þ δ) is the ISR correction factor, and
ð1þ δvÞ is the vacuum polarization factor [67].

The signal yield is determined by an unbinned
maximum-likelihood fit to the Mγγ spectrum at each
energy point. The background is modeled by a linear
function. The signal is described by an MC-simulated
shape convolved with a Gaussian function which is used
to compensate for the differences in resolution between
the MC simulation and the data. The means of the
Gaussian functions at different energy points are free.
The widths of the Gaussian functions cannot be con-
strained by data samples with low luminosities. Therefore,
they are fixed to a common value obtained from the fit
of the largest data sample taken at

ffiffiffi
s

p ¼ 3.7730 GeV.
Figure 2 shows the fit results for the data atffiffiffi
s

p ¼ 4.1784 GeV. The number of signal events in the
η signal region (0.521 < Mγγ < 0.572 GeV=c2) for each
energy point is determined by integrating the fitted signal
shape in the signal region and is summarized in Table I.
The contribution of peaking background mentioned in
Sec. III is estimated to be 1.34% at

ffiffiffi
s

p ¼ 4.1784 GeV by
adding the shape derived from the MC simulation of the
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FIG. 1. Distributions of MΛγL from data in the η signal region
(black points with error bars) and the sidebands (blue histogram)
at 4.178 GeV, where the η signal region and sidebands are defined
in Sec. IV. The dashed red arrows denote the Σ0 mass region.
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FIG. 2. Fits to the invariant mass spectra of γγ for the events
surviving the selection criteria at (a)
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p ¼ 3.7730 and
(b)
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p ¼ 4.1784 GeV. The black points with error bars are
data. The solid blue, dashed red, and dashed green lines
correspond to the fit result, signal, and background, respectively.
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two processes to the nominal fit model. The effect of the
peaking background events on the determination of signal
yields will be discussed in Sec. VI.
As shown in Fig. 3, evident discrepancies between the

background-subtracted data and PHSP MC simulation are
seen, where the background contributions are subtracted
using the events from the η sidebands, defined as 0.368 <
Mγγ < 0.470 and 0.622 < Mγγ < 0.724 GeV=c2. To esti-
mate the reconstruction efficiencies, the PHSPMC samples
are weighted according to the background-subtracted data
distributions of MΛΛ̄, MΛη, and MΛ̄η shown in Fig. 3.
Because of limited sample sizes, we cannot determine the
exact two-dimensional weighting factors from the eþe− →
ΛΛ̄η Dalitz distributions of data. We take the weight for
each two-dimensional distribution as the product of the
one-dimensional distributions. The distributions of MΛΛ̄,
MΛη, and MΛ̄η are treated as independent. Because of this
approximation, all combinations of invariant masses among

Λ, Λ̄, and η are taken into account to make the MC
simulation consistent with data. Therefore, the weighting
factor is calculated as the average of the three two-
dimensional distributions

wi¼fm;n;ogðMΛΛ̄;MΛη;MΛ̄ηÞ

¼ 1

3

Ndata
MΛΛ̄

ðmÞ
NMC

MΛΛ̄
ðmÞ

Ndata
MΛη

ðnÞ
NMC

MΛη
ðnÞ þ

1

3

Ndata
MΛΛ̄

ðmÞ
NMC

MΛΛ̄
ðmÞ

Ndata
MΛ̄η

ðoÞ
NMC

MΛ̄η
ðoÞ

þ 1

3

Ndata
MΛη

ðnÞ
NMC

MΛη
ðnÞ

Ndata
MΛ̄η

ðoÞ
NMC

MΛ̄η
ðoÞ ; ð2Þ

where wi is the weight for event i corresponding to bins m,
n, and o of the MΛΛ̄, MΛ̄η and MΛ̄η distributions and

Ndata=MC
MΛΛ̄

ðmÞ, Ndata=MC
MΛη

ðnÞ, and Ndata=MC
MΛ̄η

ðoÞ are numbers of

events in bins m, n, and o of the MΛΛ̄, MΛ̄η and MΛ̄η

TABLE I. Born cross sections at the 31 energy points for the process eþe− → ΛΛ̄η, where
ffiffiffi
s

p
[65,66,68] is the center-of-mass energy,

Lint is the integrated luminosity [64–66], signal yield is the number of signal events in the signal region where the uncertainty is
statistical only, ε is the reconstruction efficiency after the ISR correction where the uncertainty is from the limited data sample sizes,
(1þ δ) and ð1þ δvÞ are the ISR correction factor and vacuum polarization factor, respectively, and σ is the Born cross section where the
first uncertainty is statistical and the second is systematic.
ffiffiffi
s

p
(GeV) Lint (pb−1) Signal yield ε (%) (1þ δ) (1þ δv) σ (pb)

3.5106 458.7 80.3� 11.0 15.6� 0.2 0.864 1.045 3.13� 0.43� 0.18
3.7730 2916.9 378.9� 24.1 18.4� 0.1 0.948 1.059 1.77� 0.11� 0.10
3.8720 219.2 15.8� 5.1 17.4� 0.8 0.991 1.050 1.00� 0.32� 0.07
4.0076 482.0 64.1� 9.0 18.8� 0.5 0.979 1.046 1.77� 0.25� 0.11
4.1285 401.5 36.4� 7.0 18.0� 0.5 1.054 1.053 1.17� 0.23� 0.08
4.1574 408.7 37.1� 7.0 19.6� 0.6 1.057 1.054 1.09� 0.21� 0.07
4.1784 3189.0 277.4� 19.5 20.2� 0.3 1.054 1.055 1.00� 0.07� 0.06
4.1888 570.0 39.8� 7.5 19.0� 0.6 1.083 1.057 0.82� 0.15� 0.06
4.1989 526.0 63.2� 8.8 20.0� 0.5 1.055 1.057 1.38� 0.19� 0.09
4.2092 517.1 42.9� 7.7 19.1� 0.6 1.039 1.057 1.00� 0.18� 0.06
4.2187 569.2 47.0� 7.8 17.7� 0.6 1.097 1.057 1.06� 0.17� 0.07
4.2263 1100.9 80.6� 10.3 20.7� 0.5 1.048 1.057 0.81� 0.10� 0.05
4.2357 530.3 41.5� 7.5 20.3� 0.7 1.060 1.055 0.89� 0.16� 0.06
4.2438 538.1 48.6� 8.0 20.0� 0.7 1.085 1.056 1.01� 0.17� 0.07
4.2580 828.4 58.7� 8.9 19.9� 0.6 1.060 1.054 0.79� 0.12� 0.05
4.2668 531.1 39.1� 7.4 19.1� 0.9 1.029 1.053 0.91� 0.17� 0.07
4.2879 502.4 46.9� 7.5 20.9� 0.6 1.000 1.053 1.05� 0.17� 0.07
4.3121 501.2 40.0� 7.3 18.6� 0.7 1.026 1.052 1.04� 0.19� 0.07
4.3374 505.0 44.6� 7.4 20.0� 0.6 1.020 1.051 1.06� 0.17� 0.07
4.3583 543.9 53.6� 7.8 20.3� 0.6 1.058 1.051 1.11� 0.16� 0.07
4.3774 522.7 27.1� 6.0 20.4� 0.8 1.114 1.051 0.58� 0.13� 0.04
4.3964 507.8 25.2� 5.9 17.7� 0.9 1.141 1.052 0.58� 0.13� 0.05
4.4156 1090.7 72.1� 9.8 20.5� 0.6 1.092 1.053 0.72� 0.10� 0.05
4.4400 569.9 36.5� 7.0 19.7� 0.7 0.943 1.055 0.81� 0.15� 0.08
4.4671 111.1 13.4� 3.9 23.0� 1.3 0.913 1.055 1.36� 0.39� 0.14
4.5995 586.9 36.4� 6.7 21.3� 0.9 1.122 1.055 0.61� 0.11� 0.05
4.6280 521.5 31.5� 6.3 18.5� 0.8 1.133 1.055 0.69� 0.14� 0.05
4.6612 529.6 31.6� 6.1 20.3� 1.0 1.119 1.056 0.48� 0.12� 0.04
4.6409 552.4 22.9� 5.5 17.1� 0.8 1.205 1.056 0.63� 0.12� 0.05
4.6819 1669.3 74.0� 9.6 17.2� 0.7 1.258 1.056 0.49� 0.06� 0.04
4.6988 536.5 23.1� 5.5 19.2� 1.0 1.188 1.056 0.45� 0.11� 0.04
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distributions in data and PHSP MC sample. The weighted
MC sample is iteratively weighted twice in the same way to
achieve better agreement between data and MC simulation.
As shown in Fig. 3, the distributions of the weighted PHSP
MC sample (filled histograms) are consistent with the
background-subtracted data (black points). The efficiencies
from the weighted PHSP MC samples are calculated as

εwtd ¼
PNrec

i¼1 w
iðMΛΛ̄;MΛη;MΛ̄ηÞPNgen

j¼1 w
jðMΛΛ̄;MΛη;MΛ̄ηÞ

; ð3Þ

whereNrec andNgen are the numbers of reconstructed events
and generated events, respectively, and wiðjÞðMΛΛ̄;
MΛη;MΛ̄ηÞ is the weighting factor for event i (j).
In Eq. (2), data are used in the calculation of the

weighting factor. The statistical uncertainties of the num-
bers of data events in the intervals of the background-
subtracted data distributions propagate to the weighting
factor and contribute to the uncertainty of the efficiency
[see Eq. (3)] which will be considered in Sec. VI.
To evaluate ε after the ISR correction and (1þ δ), an

iterative procedure is performed [69]. The initial value of ε
for the initial line shape is obtained by the weighted PHSP
MC sample. The initial value of (1þ δ) is determined by
KKMC with the line shape assumed to be flat. The locally
weighted scatterplot smoothing (LOWESS) method [70] is
used to smooth the line shape. The iterative procedure is
repeated until the ratio of the measured cross section to the
corresponding value from previous iteration is consistent
with one within the statistical uncertainty. Table I summa-
rizes the ε values after ISR correction and (1þ δ) for each
energy point.

Table I also summarizes the measured Born cross
sections at the 31 energy points. To search for possible
resonances decaying into ΛΛ̄η, the least-squares method is
used to perform the fit of the Born cross sections with both
statistical and systematic uncertainties taken into account,
ignoring the correlation between the different energy
points. The continuum production of eþe− → ΛΛ̄η can
be well described by a power-law function σcon ¼ C=sλ

[71]. Figure 4 shows the fit to the Born cross section. The fit
with the power-law function yields the goodness of fit
χ2=ndf ¼ 29.9=29, where ndf denotes the number of
degrees of freedom. The corresponding p value is 0.418.
The fitted parameters C and λ are ð4.0� 2.5Þ ×
103 GeV2λ pb and 2.9� 0.2, respectively.

V. STUDY OF ΛΛ̄ MASS THRESHOLD
ENHANCEMENT

As shown in Fig. 5, examinations of the Dalitz plots of
the process eþe− → ΛΛ̄η indicate that the threshold
enhancement in ΛΛ̄ mass spectra is the dominant compo-
nent. The enhancement can also be observed near the ΛΛ̄
mass threshold as shown in Fig. 6. This structure cannot be
described by the PHSP MC simulation. To confirm the
existence of the structure, we study the ΛΛ̄ invariant mass
spectra of the events in which the Λ, Λ̄, and η are all
reconstructed. The threshold enhancement can also be
observed but it is not as significant as that observed
with the partial reconstruction technique. In addition, a
small peak from the process eþe− → J=ψη → ΛΛ̄η at
3.1 GeV=c2 can be seen in Fig. 6. Currently, the peak
around 2.8 GeV=c2 cannot be taken into account because
the significance for the structure is low and there is no
well-established resonance decaying into ΛΛ̄ with mass
around 2.8 GeV=c2 in the PDG [6].
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FIG. 3. Distributions of (a)MΛΛ̄, (b)MΛη, and (c)MΛ̄η obtained
from events within the η signal region at

ffiffiffi
s

p ¼ 4.1784 GeV.
The black points with error bars are background-subtracted data.
The solid (red) histograms and filled (blue) histograms denote the
PHSP MC and weighted PHSP MC sample, respectively.
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FIG. 4. Measured Born cross sections of the process eþe− →
ΛΛ̄η at
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s

p
from 3.5106 to 4.6988 GeV indicated by the black

points with error bars (combined statistical and systematic
uncertainties). The dashed blue line is the fit result.
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To determine the mass and width of the enhancement, a
simultaneous unbinned maximum-likelihood fit is per-
formed to the ΛΛ̄ invariant mass spectra of the data
samples at the 31 energy points. The enhancement is
modeled by a Breit-Wigner function with mass-dependent
width of the following form [72]:

dN=dMΛΛ̄ ∝ εðMΛΛ̄ÞðpXÞ2lXηþ1f2lXηððRpXÞ2ÞjBWðMΛΛ̄Þj2

× ðpΛÞ2lΛΛ̄þ1f2lΛΛ̄ððRpΛÞ2Þ; ð4Þ

where X denotes the threshold enhancement, the mass-
dependent reconstruction efficiency εðMΛΛ̄Þ is determined
by the MC simulation, pX is the momentum of X in the
eþe− center-of-mass system, lXη is the orbital angular
momentum between X and η, and flðzÞ is the Blatt-
Weisskopf barrier factor [73] with f0ðzÞ ¼ 1 and
f1ðzÞ ¼ 1ffiffiffiffiffiffi

1þz
p , where l is the orbital angular momentum.

The barrier radius factor R is assumed to be 1.0 ðGeV=cÞ−1
since it is poorly known for baryons. The Breit-Wigner
amplitude is defined as

BW ∝
1

M2
X −M2

ΛΛ̄ − iMXΓ
; ð5Þ

whereMX is the mass of X. The mass-dependent width Γ is
written as

Γ ¼ ΓX

�
pΛ

pX
Λ

�
2lΛΛ̄þ1 MX

MΛΛ̄

f2lΛΛ̄ððRpΛÞ2Þ
f2lΛΛ̄ððRpX

ΛÞ2Þ
; ð6Þ

where ΓX is the width of X, pΛ is the momentum ofΛ in the
rest frame of X, pX

Λ is the momentum when MΛΛ̄ ¼ MX,
and lΛΛ̄ is the orbital angular momentum between Λ and Λ̄.
In the simultaneous fit, MX and ΓX are the common
parameters. Based on the conservation of angular momen-
tum, parity, and charge conjugation, the possible quantum
numbers of the enhancement are listed in Table II, which
summarizes the possible combinations of lΛΛ̄ and lXη. We
assume the structure has JPC equal to 1−− and lΛΛ̄ equal to
0 since the enhancement is near the ΛΛ̄ mass threshold.
We use MC simulations of the process eþe− → ΛΛ̄η to

determine εðMΛΛ̄Þ, where the mass distribution of the ΛΛ̄
system follows a Breit-Wigner function with a relatively
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FIG. 6. Sum of the simultaneous fits to theMΛΛ̄ distributions at
the 31 energy points. The black points with error bars are data.
The solid blue curve shows the total fit. The dashed red line is the
enhancement. The dash-dotted cyan line shows PHSP compo-
nent. The long dashed-dotted green line denotes the background
component.

TABLE II. Possible quantum numbers of X considering con-
servation of angular momenta, parity, and charge conjugation,
where SΛΛ̄ is the total spin of ΛΛ̄ system.

SΛΛ̄=lΛΛ̄ of ΛΛ̄ JPC of X lXη
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0=1 1þ− 2
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1=2 1−− 1
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FIG. 5. Dalitz plots of M2
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p ¼ 3.7730 GeV and (b)
ffiffiffi
s

p ¼ 4.1784 GeV.
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largewidth so that theMΛΛ̄ distribution is uniformwithin the
allowed region. The quantum numbers are configured
according to the assumption in the previous paragraph.
Figure 7 shows εðMΛΛ̄Þ as a function of MΛΛ̄ atffiffiffi
s

p ¼ 4.1784 GeV with MΛΛ̄ < 3.5 GeV=c2. We parame-
trize εðMΛΛ̄Þ by a sixth-order polynomial function. Because
of the detector resolution, the reconstructed distributions
exceed the allowed region. As a result, the efficiency cannot
be determined correctly in the range ofMΛΛ̄ > 3.5 GeV=c2,
which is not included in the parametrization. Instead, the
efficiency in this region, which is far away from the
threshold enhancement, is estimated by a flat extrapolation
assuming the efficiency is constant in the region.

The events from the nonresonant process eþe− → ΛΛ̄η
are described by shapes derived from the PHSP MC
samples. The background events are modeled by the
formula [74]

fðMΛΛ̄Þ ∝ ðMΛΛ̄ −MminÞlðMmax −MΛΛ̄Þh; ð7Þ

whereMmin ¼ 2MΛ is the minimum allowedMΛΛ̄,Mmax ¼ffiffiffi
s

p
−Mη is the maximum allowed MΛΛ̄ calculated with

center-of-mass energy
ffiffiffi
s

p
and known mass of η, Mη [6],

and l and h are determined by fitting the MΛΛ̄ spectra of
events from the η sidebands. The magnitudes of the
background shapes are fixed to the number of the fitted
background events within the η signal region.
Figure 6 shows the sum of the simultaneous fit to the

MΛΛ̄ spectra at the 31 energy points. The mass and width of
X obtained from the fit are ð2356� 7Þ MeV=c2 and
ð304� 28Þ MeV, respectively, where the uncertainties
are statistical only. In the fit, the excited Λ states are not
included because they are not significant in the data (Fig. 5)
and are not well established [6]. Recently, an improved
measurement of Λð1670Þ via the ψð2SÞ → ΛΛ̄η decay has
been reported by the BESIII Collaboration [40]. The effect
of the Λð1670Þ on the determination of mass and width will
be discussed in Sec. VI B for the estimation of systematic
uncertainties. Because of the limited sample sizes, the
potential interferences among the threshold enhancement,
excited Λ states, and three-body PHSP component are
neglected. The combined statistical signal significance is
greater than 10σ, which is determined by the difference of
likelihood values between the fit with and without the
model for the enhancement [75].
In the determination of mass and width of X, lXη is

assumed to be one. The cos θ distributions of η candidates
should follow the distribution of ð1þ cos2 θÞ when
lXη ¼ 1. Therefore, the angular distributions of X decays
are studied to verify this assumption. We perform a
simultaneous unbinned maximum-likelihood fit to the
cos θ distributions at the 31 center-of-mass energies. The
cos θ distributions of X decays are modeled by the function
εðcos θÞð1þ α cos2 θÞ, where the parameter α is free and
taken as a common parameter. The reconstruction effi-
ciency εðcos θÞ is parametrized by a fourth-order poly-
nomial function. The fourth-order polynomial function for
the data taken at 4.1784 GeV is shown in Fig. 8. The shape
of the PHSP process is modeled by the MC simulations.
The background contributions are described by the shapes
derived from the η sidebands. In the fit, the numbers of
events for the three components are fixed to the values
obtained from the simultaneous fit to theMΛΛ̄ distributions.
Figure 9 shows the sum of the simultaneous fit to the
distributions of cos θ. The parameter α is determined
to be 0.8� 0.3, which is consistent with our assumption
of α ¼ 1 considering the statistical uncertainty.
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FIG. 7. Fit to the mass-dependent efficiency εðMΛΛ̄Þ (the black
points) at

ffiffiffi
s

p ¼ 4.1784 GeV. The red line in the region MΛΛ̄ <
3.5 GeV=c2 represents the fit result which is a sixth-order
polynomial function. The red line in the region MΛΛ̄ >
3.5 GeV=c2 is the extrapolation. The efficiency is obtained from
the distribution of the reconstructed value of MΛΛ̄ divided by the
distribution of the generated value of MΛΛ̄.
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p ¼ 4.1784 GeV. The red line represents the fit result which
is a fourth-order polynomial function. The efficiency is obtained
from the MC simulation.
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VI. SYSTEMATIC UNCERTAINTIES

A. Born cross section measurement

According toEq. (1), the uncertainties on the cross section
measurement are associated with the luminosity, branching
fractions, reconstruction efficiency, fit procedure, ISR cor-
rection, and vacuum polarization factor. The uncertainty of
the reconstruction efficiency includes contributions from the
Λ reconstruction, PID of the pion, photon reconstruction,
shower requirements, Σ0 mass window, and weighting
procedure (limited data sample sizes, binning of data
distributions, η mass window, and η sidebands). The
uncertainty of the fit procedure incorporates the fit range,
background shape, peaking background, and signal shape.
To reduce the effect of statistical uncertainty due to limited
sample sizes, we take the samples at 3.7730 and 4.1784GeV
(the two samples with the highest luminosities) to estimate
the uncertainties from the Λ reconstruction, Σ0 mass
window, weighting of PHSP MC samples (except for the
limited data sample size), and fit procedure.
(1) Luminosity.—The uncertainties from the integrated

luminosities measured using the large-angle Bhabha
events are assigned to be 1.0% [64–66].

(2) Branching fractions.—The systematic uncertainty
due to the branching fractions Bðη → γγÞ and
BðΛ → pπ−Þ are 0.5% and 0.8%, respectively, taken
from the PDG [6].

(3) Λ reconstruction.—The systematic uncertainty from
the Λ (Λ̄) reconstruction efficiency is estimated with
the equation [76]

������
Σi

Ni
εDatai

− Σi
Ni
εMC
i

Σi
Ni

εMC
i

������; ð8Þ

where Ni is the number of data events in the interval
i with background subtracted using the η sidebands
and εDatai and εMC

i are the efficiencies of Λ ðΛ̄Þ
reconstruction for the data and MC simulations,
respectively, in interval i of the two-dimensional
(momentum and cos θ) distributions. The efficien-
cies are determined by a control sample of J=ψ →
p̄KþΛþ c:c: [77]. It takes the tracking of proton
and pion, PID of proton, mass window for Λ ðΛ̄Þ
candidates, and the requirement on the decay length
into account. The uncertainty is estimated to
be 2.8%.

(4) PID of pion.—The uncertainty introduced by the
PID of the pion is estimated to be 1.0% by a control
sample of eþe− → KþK−πþπ− [78].

(5) Photon reconstruction.—A systematic uncertainty
of 1.0% [79] is assigned to the photon reconstruction
efficiency. Hence, 2.0% is taken as the systematic
uncertainty for two photons.

(6) Shower requirements.—The uncertainty associated
with the requirements on the lateral moment and
E3×3=E5×5 is 0.8% [80].

(7) Σ0 mass window.—The requirement MΛγLðΛ̄γLÞ ∉½1.113; 1.273� GeV=c2 is applied to suppress the
background processes with Σ0 ðΣ̄0Þ in the final state.
By changing the width of the nominal mass window
by �25 MeV=c2, the corresponding uncertainty is
estimated to be 1.2%.

(8) Weighting procedure.—Using the MΛΛ̄, MΛη, and
MΛ̄η distributions from the data events, the PHSP
MC is weighted to determine the reconstruction
efficiency.
(a) Limited data sample size.—To estimate the

uncertainties caused by the statistical fluctuation
of the background-subtracted data distributions,
we first produce a series of MΛΛ̄, MΛη, and MΛ̄η
distributions for each energy point by sampling
over the three background-subtracted data dis-
tributions with Poisson functions. The means of
the Poisson functions are the number of events in
the intervals of the three background-subtracted
data distributions. The PHSP MC samples are
then weighted by the generated MΛΛ̄, MΛη, and
MΛ̄η distributions. The means and standard
deviations of the resulting efficiency distribu-
tions are taken as efficiencies and corresponding
uncertainties from limited data sample sizes,
respectively.

(b) Binning of data distributions.—The widths of
intervals in theMΛΛ̄,MΛη, andMΛ̄η distributions
are changed by a factor of 2 of nominal width to
estimated corresponding uncertainties. The re-
sulting relative difference in the efficiency is
assigned as corresponding uncertainty, which
is 0.6%.
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FIG. 9. Sum of the simultaneous fits to the cos θ distributions of
η candidates at the 31 energy points. The black points with error
bars are the data. The solid blue line shows the total fit. The dashed
red line shows the X component, and the dashed cyan line denotes
the PHSP component. The dashed green line is the background.
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(c) η mass window.—The width of the η mass
window is varied by �16 MeV=c2 (twice the
resolution of the invariant mass of the η candi-
dates) to estimate the corresponding uncertainty,
which is 1.0%.

(d) η sidebands.—To estimate the uncertainty due to
the sidebands, their distances to the signal region
are varied by �8 MeV=c2. The corresponding
uncertainty is found to be negligible.

(9) Fit procedure.—The signal yield is determined by an
unbinned maximum-likelihood fit to the Mγγ spec-
trum. The following aspects are considered when
evaluating the systematic uncertainties associated
with the fit procedure.
(a) Fit range.—The ranges of fits to the Mγγ dis-

tributions are varied by �100 MeV=c2. The
resulting relative difference in the signal yield
is taken as the corresponding uncertainty. The
uncertainty is taken as 0.9%.

(b) Background shape.—The nominal background
shape, a linear function, is replaced by a second-
order Chebychev polynomial. The estimated
uncertainty is 1.6%.

(c) Peak background.—For the peaking back-
ground from the processes eþe− → ηΣ0Λ̄þ
c:c: and eþe− → ηΣ0Σ̄0, we add the shapes of
the two processes obtained from the MC sim-
ulations to the nominal model. The correspond-
ing uncertainty is estimated to be 2.9%.

(d) Signal shape.—For the signal shape, we set the
fixed width of the Gaussian function to be free in
the nominal fit. The corresponding uncertainty
is estimated to be 0.5%.

(10) ISR correction.—For uncertainties from ISR correc-
tion factors, we replace the smoothing method
LOWESS [70] by the power-law function C=sλ,
where the parameters C and λ are determined by
fitting the measured Born cross section. The relative
changes with respect to the nominal cross sections
are assigned as the systematic uncertainties sum-
marized in Table III.

(11) Vacuum polarization factor.—The uncertainty in-
troduced by the vacuum polarization factor is less
than 0.1% [67], which is negligible compared to
other sources of uncertainties.

Table IV summarizes the uncertainties for all the
samples.

B. Mass and width of the threshold enhancement

The mass and width of the threshold enhancement in the
ΛΛ̄ mass spectra are determined by the simultaneous
unbinned maximum-likelihood fit. The uncertainties asso-
ciated with the mass and width are assigned as follows.
(1) Description of the threshold enhancement.—In the

simultaneous fit to theMΛΛ̄ distributions, the barrier

radius is assumed to be 1.0. To determine the
uncertainties from the assumption, the simultaneous
fit is repeated with the barrier radius being free,
which results in a mass difference of 1 MeV=c2 and
a width difference of 4 MeV. The uncertainties due
to the parametrization of efficiency curves εðmΛΛ̄Þ
are estimated by replacing the sixth-order polyno-
mial function with a seventh-order polynomial
function. The resulting differences in the mass
and width are negligible.

(2) Background shape.—The uncertainties related to the
background description are estimated by changing
Eq. (7) to the shapes of histograms obtained from
events in η sidebands of the data. A fit under the

TABLE III. Relative uncertainties (%) from ISR correction in
the measurement of the Born cross section.
ffiffiffi
s

p
(GeV) Uncertainty

ffiffiffi
s

p
(GeV) Uncertainty

3.5106 0.1 4.2879 1.4
3.7730 0.3 4.3121 1.7
3.8720 1.4 4.3374 0.9
4.0076 0.5 4.3583 1.7
4.1285 2.1 4.3774 3.4
4.1574 2.3 4.3964 4.5
4.1784 3.0 4.4156 2.4
4.1888 2.4 4.4400 8.2
4.1989 1.4 4.4671 6.2
4.2092 0.8 4.5995 5.6
4.2187 0.7 4.6280 2.6
4.2263 1.2 4.6612 2.0
4.2357 1.0 4.6409 2.8
4.2438 1.2 4.6819 3.4
4.2580 1.2 4.6988 3.9
4.2668 3.8

TABLE IV. Systematic uncertainties in the measurement of the
Born cross section.

Source Uncertainty

Luminosity 1.0%
Bðη → γγÞ and BðΛ → pπ−Þ 0.9%
Λ reconstruction 2.8%
PID of pion 1.0%
Photon reconstruction 2.0%
Shower requirements 0.8%
Σ0 mass window 1.2%
Limited data sample size See Table I
Binning of data distributions 0.6%
η mass window 1.0%
η sidebands Negligible
Fit range 0.9%
Background shape 1.6%
Peaking background 2.9%
Signal shape 0.5%
ISR correction See Table III
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scenario yields a mass difference of 5 MeV=c2 and a
width difference of 11 MeV.

(3) eþe− → J=ψη → ΛΛ̄η.—In the ΛΛ̄ mass spectrum
shown in Fig. 3, there is a small peak at the J=ψ
mass from the process eþe− → J=ψη → ΛΛ̄η. To
estimate the effect of this process on the determi-
nation of mass and width of the threshold enhance-
ment, we add the shape obtained from the MC
simulation of eþe− → J=ψη → ΛΛ̄η to the nominal
fit model. The differences in the mass and width are
1 MeV=c2 and 1 MeV, respectively.

(4) eþe− → Λð1670ÞΛ̄þ c:c: → ΛΛ̄η.—To consider
the effect of the excited Λ state Λð1670Þ on the
measurement of mass and width, we add the shape of
the process obtained from the MC simulation to the
nominal model. The resulting differences in mass
and width, which are 11 MeV=c2 and 48 MeV,
respectively, to the nominal results are assigned as
corresponding uncertainties.

(5) Σ0 mass window, η mass window, and η side-
bands.—The Σ0 mass window, η mass window,
and η sidebands are altered as mentioned in
Sec. VI A, to estimate corresponding uncertainties.
The maximum differences in mass are 3, 9, and
0.1 MeV=c2, and the maximum differences in width
are 10, 20, and 1 MeV, which are assigned as
corresponding systematic uncertainties.

After adding these uncertainties in quadrature, the total
systematic uncertainties on the mass and width of the
enhancement are determined to be 15 MeV=c2 and 54MeV,
respectively.

VII. SUMMARY

Based on the 31 data samples taken at the center-of-mass
energies from 3.51 to 4.70 GeV, we measure the Born cross
section of the process eþe− → ΛΛ̄η, as shown in Table I.
No significant structure is observed in the line shape of the
Born cross section, which can be described by a power-law
function C=sλ with C ¼ ð4.0� 2.5Þ × 103 GeV2λ pb
and λ ¼ 2.9� 0.2.
Further, a clear enhancement above pure phase space is

observed near the ΛΛ̄ mass threshold. The contributions of
the excited Λ are neglected in the study ofMΛΛ̄ distribution
since they are not significant in the data and are not well
established [6]. Because of the limited data sample sizes,
the potential interferences among the structure, excited Λ
states, and phase space process are also not considered. A
simultaneous fit to the ΛΛ̄ mass spectra, assuming
JPC ¼ 1−−, yields a mass of ð2356� 7� 15Þ MeV=c2

and width of ð304� 28� 54Þ MeV for the structure. The
first uncertainties are statistical and the second are sys-
tematic. The statistical signal significance of the structure is
larger than 10σ over the hypothesis of the pure contribution
from the PHSP process of eþe− → ΛΛ̄η. The cos θ

distributions of the structure can be described by a function
of ð1þ α cos2 θÞ. A simultaneous fit to the cos θ distribu-
tions gives α ¼ 0.8� 0.3 which is consistent with our
assumption of α ¼ 1, where the uncertainty is statistical
only. In the PDG, there is no well-established resonance
matching the structure in terms of the resonance parame-
ters. Avector hexaquark state decaying intoΛΛ̄ is proposed
with a mass of 2200 MeV=c2 and a width of 32 MeV [81].
The mass is close to our measurement but the width of the
hexaquark state is much narrower than the width of the
observed structure. In the framework of QCD sum rules, an
investigation of light baryonium states indicates that there
exist possible light baryonium states, including the ΛΛ̄
state with JPC of 1−− [82]. The mass for the ΛΛ̄ state is
evaluated to be 2.34� 0.12 GeV=c2, which is consistent
with our measurement. For the structure withM ¼ 2290�
20 MeV=c2 and Γ ¼ 275� 35 MeV observed with a
partial wave analysis of PS185 data [19], the width is
consistent with our result within the uncertainties, while
the mass difference is greater than 2σ. For the recently
observed near-threshold enhancement in the process
eþe− → ϕΛΛ̄ [72], its C parity is opposite to the
enhancement in our analysis. The measured values of
mass and width are ð2262� 4� 28Þ MeV=c2 and
ð72� 5� 43Þ MeV, respectively, which are smaller than
the mass and width of our measurements. A future larger
data sample [83] and theories incorporating a partial wave
analysis could lead to a better understanding of the
observed structure.
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