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The Born cross section of the process eþe− → ΛΛ̄ is measured at 33 center-of-mass energies between
3.51 and 4.60 GeV using data corresponding to the total integrated luminosity of 20.0 fb−1 collected with
the BESIII detector at the BEPCII collider. Describing the energy dependence of the cross section requires a
contribution from the ψð3770Þ → ΛΛ̄ decay, which is fitted with a significance of 4.6 − 4.9σ including the
systematic uncertainty. The lower bound on its branching fraction is 2.4 × 10−6 at the 90% confidence level
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(C.L.), at least an order of magnitude larger than expected from predictions using a scaling based on
observed electronic widths. This result indicates the importance of effects from vector charmonium(like)
states when interpreting data in terms of e.g., electromagnetic structure observables. The data do not allow
for definite conclusions on the interplay with other vector charmonium(like) states, and we set 90% C.L.
upper limits for the products of their electronic widths and the branching fractions.

DOI: 10.1103/PhysRevD.104.L091104

Two-body baryonic decays of vector (JPC ¼ 1−−) char-
monium(like) resonances provide a testing ground of
predictions from quantum chromodynamics [1,2]. The
ψð3770Þ vector meson is believed to be a conventional
cc̄ state located above the open-charm threshold and is
expected to decay into a DD̄ meson pair with a branching
fraction of at least 99% [3]. However, the decay modes to
light quark systems would be considerably enhanced if the
ψð3770Þ would include gluonic or light quark and anti-
quark constituents [4]. In 2003, the BES collaboration
observed the first non-DD̄ decay of ψð3770Þ into J=ψπþπ−
[5]. Subsequently, the CLEO collaboration confirmed the
observation and found more non-DD̄ decays of ψð3770Þ
[6–8] and the first decay into light-quark hadrons
ψð3770Þ → ϕη [9].
The production of light quark baryon-antibaryon (BB̄)

final states leads to relatively simple topologies. In an early
study, the BESIII collaboration found evidence for the
interference effect in eþe− → pp̄ in the vicinity of ψð3770Þ
[10]. However, the data did not allow to uncover the
mechanism of ψð3770Þ charmless decays. Thus, the exper-
imental study of eþe− → BB̄ will be a good search-ground
for clarifying the nature of the charmless decays and even
non-DD̄ decays of ψð3770Þ [11–13].
In the past two decades, several vector states were

observed at energies between 3.7 and 4.7 GeV at various
eþe− colliders. Four charmonium(like) states predicted by
potential models [1] ψð3770Þ, ψð4040Þ, ψð4160Þ and
ψð4415Þ have been observed as enhancements in the
inclusive hadronic cross section [14,15]. In addition, new
states such as Yð4230Þ, Yð4260Þ, Yð4360Þ, Xð4390Þ, and
Yð4660Þ, were reported using the initial state radiation (ISR)
processes eþe− → γISRπ

þπ−J=ψðψð3686ÞÞ at the BABAR
[16–19] and Belle [20–24] experiments, or in energy-scan
experiments at the CLEO-c [25] and BESIII [26–31] experi-
ments. Up to now, no evidence for decay modes into light-
quark baryon-antibaryon pairs of these charmonium(like)
states has been found. The overpopulation of vector char-
monium(like) resonances with respect to predictions from
potential models, and the difficulty in describing the proper-
ties of these states make them attractive candidates for exotic
states [32]. In addition, knowledge of the vector charmo-
nium(like) coupling to the BB̄ final states is crucial for
understanding the electromagnetic structure of the bary-
ons. In Refs. [33,34], the timelike electromagnetic form
factors for the ground-state octet baryons were determined

based on the CLEO-c data. They assumed that the branch-
ing fractions ofψð3770Þ to theBB̄ final states scalewith the
decay widths into a pair of electrons (electronic decay
widths) when comparing to the ψð3686Þ state, e.g., one
estimates a negligible branching fraction Bðψð3770Þ →
ΛΛ̄Þ ≈ 5 × 10−7.
In this paper, we present a measurement of the Born cross

section for the eþe− → ΛΛ̄ process using data correspond-
ing to a total integrated luminosity of 20.0 fb−1 [35–37]
collected at center-of-mass (c.m.) energies

ffiffiffi
s

p
between 3.51

and 4.60GeVwith theBESIII detector [38,39] at theBEPCII
collider [40]. We extract the Λ effective form factor and
report an evidence of the ψð3770Þ → ΛΛ̄ process by fitting
the eþe− → ΛΛ̄ dressed cross section.
Candidates for eþe− → ΛΛ̄ events are reconstructed

using the Λ → pπ− and Λ̄ → p̄πþ decay modes. The
detection efficiency is determined by Monte Carlo (MC)
simulations. A sample of 100,000 events is simulated for
each of the 33 c.m. energy points. The production process
is simulated by the KKMC generator [41,42] that includes
corrections for ISR effects. TheΛ and Λ̄ decays are handled
by the EVTGEN [43] program. The response of the BESIII
detector is modeled with MC simulations using a frame-
work based on GEANT 4 [44,45].
Tracks of charged particles are reconstructed in the

multilayer drift chamber with a helical fit requiring a good
quality [46]. These tracks should be within j cos θj < 0.93,
where θ is the polar angle with respect to the eþ beam
direction. Events with two successfully reconstructed neg-
atively charged and two positively charged particles are kept
for further analysis.
To reconstruct ΛðΛ̄Þ candidates, we apply a secondary

vertex fit [47] to all pairs of positive and negative charged
particles. The corresponding χ2 value is required to be less
than 500. The track combination with minimum jMpπ− −
mΛj2 þ jMp̄πþ −mΛj2 is selected, where Mpπ−ðMp̄πþÞ is
the invariant mass of the pπ−ðp̄πþÞ pair, and mΛ is the
world-average Λ mass value from the Particle Data Group
(PDG) [14]. To further suppress background from non-Λ
processes, the Λ decay length is required to be larger than
zero, where the observed negative decay lengths are caused
by the limited detector resolution. Here the misreconstruc-
tion ratio for Λ particle is found to be less than 1% based on
the study of MC simulation.
To further suppress the background and to improve the

mass resolution, a four-constraint (4C) kinematic fit
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imposing energy-momentum conservation is applied for the
ΛΛ̄ hypothesis. The χ24C of the fit is required to be less than
200, which can improve the resolutions of signals signifi-
cantly in addition to suppressing backgrounds for a soft π0

and radiated photons event. Figure 1 shows thedistributionof
Mpπ− versus Mp̄πþ of the accepted candidates from all data
samples. Clear peaks around the Λ known mass can be
discerned. The invariant massMpπ− is required to be within
5 MeV=c2 of the known ΛðΛ̄Þ mass (signal region marked
by S). After applying the above selection criteria, the
survived background events are mainly from non-ΛðΛ̄Þ
events, such as eþe− → πþπ−pp̄. The background yield
in the signal region is estimated using four sideband regions
Bi, where i ¼ 1, 2, 3, 4, each with the same area as the signal
region. The regions are shown in Fig. 1, and the exact ranges
are given in the Supplemental Material [35]. The signal yield
Nobs for eþe− → ΛΛ̄ events at each energy point can then be
extracted by subtracting the number of events in the sideband
regions from the number of events in the signal region, NS:
Nobs ¼ NS − 1

4

P
4
i¼1NBi

, and they are listed in Table I.
The ISR corrected (“dressed”) cross section σdr for the

process eþe− → ΛΛ̄ is defined as

σdrðsÞ ¼ Nobs

Lð1þ δÞϵB2ðΛ → pπ−Þ ; ð1Þ

where L is the integrated luminosity at given c.m. energyffiffiffi
s

p
, (1þ δ) is the ISR correction factor [42,49], ϵ is the

detection efficiency, and the branching fraction BðΛ →
pπ−Þ ¼ ð63.9� 0.5Þ% is taken from PDG. The ISR
correction factor is obtained using the calculation described
in Ref. [50], where the dressed cross sections are adopted as
initial input and are iterated to obtain a stable result. The
dressed cross section is related to the Born cross section via

the vacuum polarization factor 1
j1−Πj2 [51] as σdr¼σB=

j1−Πj2 (further details are provided in the Supplemental
Material [35]).
Systematic uncertainties on the cross section measure-

ment mainly come from the luminosity measurement,

1.10 1.12 1.14

)2 (GeV/c-πpM

1.10
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1.14

)2
 (

G
eV

/c
+ πp

M

S

3B 4B

1B 2B

FIG. 1. Distribution of Mpπ− versus Mp̄πþ of the accepted
candidates from all data samples, where the red box shows the
signal region, and the green boxes denote the selected sideband
regions.

TABLE I. The signal yield Nobs and Born cross sections σB

obtained at the 33 c.m. energy points. The values in the brackets
represent the upper limit at 90% C.L. calculated with a profile
likelihood method [48] taking into account the systematic
uncertainty. The first and second uncertainties for σB are
statistical and systematic, respectively.ffiffiffi
s

p
(GeV) Nobs σB (fb)

3.5100 61.0þ7.8
−7.8 1020þ130

−130 � 44

3.5146 5.0þ2.8
−2.2 (<9.7) 820þ460

−360 � 35 (<1600)

3.5815 13.0þ4.3
−3.7 1030þ340

−290 � 44

3.6500 3.0þ2.3
−1.9 (<6.8) 470þ360

−230 � 20 (<1000)

3.6702 10.0þ3.8
−3.2 790þ370

−250 � 34

3.7730 261.0þ16.2
−16.2 530þ33

−33 � 22

3.8077 2.0þ2.3
−1.3 (<5.3) 230þ260

−150 � 10 (<610)

3.8675 1.0þ1.8
−0.6 (<3.7) 52þ94

−31 � 2 (<190)

3.8715 1.7þ2.3
−0.6 (<5.3) 88þ120

−47 � 4 (<270)
3.8962 1.0þ1.8

−0.6 (<3.7) 110þ200
−68 � 5 (<420)

4.0076 13.0þ4.3
−3.7 160þ54

−46 � 7

4.1301 6.0þ3.3
−2.7 (<10.0) 120þ65

−53 � 5 (<200)

4.1585 7.7þ3.3
−2.7 (<13.7) 120þ52

−43 � 5 (<220)

4.1783 18.0þ5.3
−4.2 40þ12

−9 � 2

4.1893 0.5þ1.8
−0.5 (<3.7) 7þ24

−7 � 1 (<50)
4.1996 3.7þ2.8

−1.7 (<8.3) 56þ42
−26 � 2 (<130)

4.2097 1.0þ1.8
−0.6 (<3.7) 16þ29

−10 � 1 (<59)

4.2188 0.7þ1.8
−0.6 (<3.7) 11þ29

−10 � 1 (<59)
4.2263 16.7þ4.4

−3.8 120þ32
−30 � 5

4.2358 4.5þ2.8
−2.3 (<9.7) 66þ41

−34 � 3 (<140)

4.2439 2.7þ2.3
−1.8 (<6.8) 34þ29

−23 � 2 (<85)
4.2580 6.0þ3.3

−2.2 (<11.0) 48þ26
−18 � 2 (<88)

4.2669 2.0þ2.3
−1.3 (<5.3) 25þ29

−16 � 1 (<66)

4.2778 1.0þ1.8
−0.6 (<3.7) 40þ72

−24 � 2 (<150)
4.2889 7.0þ3.3

−2.7 (<12.4) 98þ46
−38 � 4 (<170)

4.3128 4.7þ2.8
−2.2 (<9.7) 65þ39

−31 � 3 (<130)

4.3379 2.7þ2.3
−1.8 (<6.8) 35þ43

−24 � 2 (<89)
4.3583 3.7þ2.8

−1.7 (<8.3) 51þ39
−24 � 2 (<110)

4.3776 1.2þ2.3
−1.0 (<5.3) 15þ29

−13 � 1 (<67)

4.3980 0.0þ0.8
−0.0 (<2.0) 0þ11

−0 � 1 (<27)

4.4156 2.5þ2.3
−1.7 (<6.8) 16þ15

−11 � 1 (<45)
4.4370 5.0þ2.8

−2.2 (<9.7) 59þ33
−26 � 3 (<120)

4.5995 0.7þ1.8
−0.8 (<3.7) 9þ23

−8 � 1 (<47)
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the Λ reconstruction, the 4C kinematic fit, the branching
fraction for the decay Λ → pπ−, the line-shape description,
and the physical model dependence. The uncertainty due to
the vacuum polarization is negligible. The integrated
luminosity is measured by eþe− → ðγÞeþe− events with
a similar method to Ref. [36] with an uncertainty of 1.0%.
The systematic uncertainty of the ΛðΛ̄Þ reconstruction
incorporating the tracking, the mass window of ΛðΛ̄Þ,
and the decay length of ΛðΛ̄Þ is studied using a control
sample of ψð3686Þ → ΛΛ̄ decay (∼20000 events) with the
same method as introduced in Refs. [52–58]. The signal
MC sample is simulated using a DIY model [43] imple-
menting the joint angular distribution from Refs. [59,60].
The efficiency difference between data and MC simulation
is found to be 0.5% for the Λ reconstruction and 1.5% for
the Λ̄ reconstruction. The uncertainty from the 4C kin-
ematic fit is studied using the control sample of ψð3686Þ →
ΛΛ̄ decays with and without performing a 4C kinematic fit.
The relative change of 1.0% is assigned as the systematic
uncertainty. The uncertainty of the branching fraction for
Λ → pπ− from the PDG [14] is 0.8%, and is propagated to
the final result. The uncertainty from the line-shape
description is estimated with an alternative input cross
section line shape based on a simple power-law function.
The change of the efficiency, 2.6%, is taken as the
systematic uncertainty. The uncertainty due to the physical
model dependence is estimated to be 2.5% by comparing
the efficiencies between phase space and the DIY model
incorporating the Λ transverse polarization and spin corre-
lation based on the control sample of ψð3770Þ → ΛΛ̄
decays. Assuming all sources are independent, the total
systematic uncertainty on the cross section measurement is
determined to be 4.3% by adding these sources in quad-
rature. The correlations for the different points are negli-
gible due to the limited statistics.
The extracted Born cross sections at each energy point

are listed in Table I and shown in Fig. 2 (top) together with
the CLEO-c results at 3.770 and 4.160 GeV [33,34]. Our
results are significantly lower than those of CLEO at both
energy points. Figure 2 (bottom) shows the extracted
energy dependence of the Λ effective form factor GeffðsÞ
defined as [61]

GeffðsÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3sτσB

2πα2βð2τ þ 1Þ

s
; ð2Þ

where α is the fine-structure constant, β ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiðτ − 1Þ=τp
is

the Λ velocity and τ ¼ s=ð4m2
ΛÞ.

The dressed cross section for the continuum eþe− → ΛΛ̄
process is expected to have an asymptotic power-law
behavior ∝ s−n with the exponent n ≈ 10 [61–63]. A
least-χ2 fit including statistical and systematic uncertainties
to the power-law distribution describes the data points
reasonably well, as shown with the dashed line in Fig. 3.

The fitted value of the exponent n is not close to 10 within
the uncertainty of 1σ, as shown in the column “Fit I” in
Table II. A fit with the coherent sum of the power-law
function and a Breit-Wigner (BW) function,

σdrðsÞ ¼
���� ffiffiffiffiffi

σ0
p �

Mffiffiffi
s

p
�

n
þ eiϕBWðsÞ

����2; ð3Þ
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FIG. 2. The measured Born cross section (top) and Λ effective
form factor (bottom) for eþe− → ΛΛ̄ as a function of the c.m.
energy, where the uncertainties include the statistical and sys-
tematic ones.
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FIG. 3. The dressed cross section of the process eþe− → ΛΛ̄ is
represented by the dots with error bars that include statistical and
systematic uncertainties. The red dashed line represents the fit
with the power-law function only, while the solid blue line is for
the fit with the power-law function and the ψð3770Þ resonance.
The bottom panel shows the pull distribution for the fit with the
resonance.

M. ABLIKIM et al. PHYS. REV. D 104, L091104 (2021)

L091104-6



is applied, whereM is the ψð3770Þ mass, σ0 is the value of
the continuum cross section at ψð3770Þ and ϕ is the relative
phase between the continuum and the resonance. The BW
function is

BWðsÞ¼
ffiffiffiffiffiffi
σψ

p MΓ
s−M2þ iMΓ

with σψ ¼
12πðℏcÞ2ΓeeB

ΓM2
; ð4Þ

where Γ and Γee are the total and the electronic width of the
ψð3770Þ resonance, respectively, and B denotes the branch-
ing fraction to ΛΛ̄. The solid line in Fig. 3 and the column
“Fit II” in Table II shows the result of the fit with two
solutions, where the mass and width of ψð3770Þ are fixed
according to the PDG values [14], and σ0, n, ϕ and σψ
parameters are free. The improvement of the χ2 value gives
a significance of 4.6 − 4.9σ for the hypothesis with the
ψð3770Þ resonance including the systematic uncertainty.

The correlation coefficient between the resonance cross
section σψ and the phase ϕ is almost equal to one. In Fit II,
two solutions are expected according to mathematical
calculation [64,65], but fits give the consistent results
within the uncertainty of 1σ due to statistics limitation.
Figure 4 shows the contour of B and ϕ on the distribution of
χ2 values for each set of parameters. Our results can be
summarized by giving 90% C.L. intervals 24 < σψ <
1800 fb and 2.4 × 10−6 < B < 1.8 × 10−4. This represents
the first evidence of the decay ψð3770Þ → ΛΛ̄. This result
is larger by at least an order of magnitude than the
prediction based on a scaling from the electronic branching
fraction value. This implies that the ψð3770Þ resonance
needs to be considered when interpreting the CLEO-c data.
Note that the systematic uncertainties due to beam energy,
mass and width of the ψð3770Þ resonance have been
considered by varying the known value within one standard
deviation, and they turn out to be negligible.
Finally, we have included an additional charmonium

(like) state [i.e. ψð4040Þ, ψð4160Þ, Yð4260Þ, or ψð4415Þ]
in the fit, one at a time. It turns out that the exponent and
significance for the ψð3770Þ state are consistent with a
single resonance assumption. Since the significance of each
mentioned state is smaller than 3σ, we quote upper limits at
the 90% C.L. for the ΓeeB products: < 5.5 × 10−3 eV for
ψð4040Þ, < 0.7 × 10−3 eV for ψð4160Þ, < 0.8 × 10−3 eV
for Yð4260Þ and < 1.8 × 10−3 eV for ψð4415Þ including
the systematic uncertainty. These results provide important
information to understand the nature of charmonium(like)
states above the open charm threshold. In particular, this
concerns their coupling to the BB̄ final states and insight
into the puzzle of large non-DD̄ component of ψð3770Þ.
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