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Using eþe− collision data collected with the BESIII detector at the BEPCII collider at 32 center-of-mass
energies from 3.50 to 4.95 GeV, corresponding to an integrated luminosity of 25 fb−1, we measure the Born
cross section of the eþe− → Σ0Σ̄0 reaction and the effective form factor for the first time. No significant
charmonium(-like) state, i.e., ψð3770Þ, ψð4040Þ, ψð4160Þ, ψð4230Þ, ψð4360Þ, ψð4415Þ, or ψð4660Þ,
decaying into the Σ0Σ̄0 final state is observed by fitting the eþe− → Σ0Σ̄0 dressed cross section. The upper
limits for the product of the branching fraction and the electronic partial width at the 90% confidence level
are provided for each assumed charmonium(-like) state for the first time. In addition, the ratios of the Born
cross section and the effective form factor between the eþe− → Σ0Σ̄0 and the eþe− → ΣþΣ̄− reactions are
provided, which can be used to validate the prediction of the vector meson dominance model.
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The study of the decays of charmonium(-like) states
produced in eþe− annihilations into baryon pairs is a key
element to test quantum chromodynamics (QCD). The
potential model [1] predicts six vector charmonium states
in the energy region from 3.7 to 4.7 GeV, identified as the
1D, 3S, 2D, 4S, 3D, and 5S states [2]. In the past decades,
an abundance of charmonium vector states has been
observed at eþe− colliders above the open-charm thresh-
old. Three conventional charmonium states, i.e., ψð4040Þ,
ψð4160Þ, and ψð4415Þ [3], have been observed in open-
charm final states; more recently, three nonconventional
charmoniumlike states, i.e., ψð4230Þ, ψð4360Þ, and
ψð4660Þ, have been observed in hidden-charm final states
via initial state radiation (ISR) processes at BABAR and
Belle [4–12], or by direct production processes at CLEO
[13] and BESIII [14–16]. These states cannot be classified
as resonances consisting solely of a cc̄ quark pair. The
overpopulation of structures and the discrepancies between
potential model predictions and experimental measure-
ments suggest that some of these structures may be
candidates for exotic states. To explain their nature [17],
many hypotheses including hybrid states [18], multiquark
states [19], and molecular states [20] have been proposed.
However, no definitive conclusion has been drawn.
References [21,22] suggest that these states are regarded
as pure charmonium states if their baryonic decays can be
observed. This situation indicates the imperfect knowledge

of the strong interaction, particularly in its nonperturbative
aspects. For a better understanding, more experimental
information is desired, such as from the study of charmo-
nium(-like) states decaying into BB̄ pairs, where B stands
for a baryon, since they provide clear insights into the
underlying interaction mechanisms due to their straightfor-
ward topology via three gluons process, one virtual photon
process and mixed two gluons and one virtual photon
process [23]. However, the studies of the decays of
charmonium(-like) states above open-charm threshold into
BB̄ pairs are sparse. Experimental studies have been
performed in this energy region by the BESIII experiment
[24–34], and the evidence of only ψð3770Þ → ΛΛ̄ and
ψð3770Þ → Ξ−Ξ̄þ [27,30] processes has been reported,
while no significant BB̄ decays for other vector charmo-
nium(-like) states have been found.
Additionally, the measurement of the electromagnetic

and effective form factors of baryon resonances is impor-
tant to explore their internal composition and electric
charge distribution. According to Ref. [35], the branching
fractions of charmonium(-like) states decaying into BB̄ are
expected to be negligible if the reaction is assumed to be
dominated by the nonresonant electromagnetic contribu-
tion. However, the BESIII experiment [27,30] reported
branching fraction values which are at least 1 order of
magnitude larger than this prediction ð∼10−7Þ based on a
scaling from the electronic branching fraction values using
Eq. (1) in Ref. [35]. The measurement of the cross section
of the eþe− → Σ0Σ̄0 reaction at center-of-mass energies
above the open-charm threshold offers the opportunity to
search for the BB̄ charmless decays of the vector charmo-
nium(-like) states. Moreover, as proposed by Refs. [36,37],
the measured ratios of the Born cross section and the
effective form factor between the eþe− → Σ0Σ̄0 process
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and its isospin partner eþe− → ΣþΣ̄− are important to
validate the predictions based on the vector meson domi-
nance model [38–43].
In this paper, we present the measurements of the Born

cross section and the effective form factor for the reaction
eþe− → Σ0Σ̄0, in the range of c.m. energy (

ffiffiffi
s

p
) from 3.50

to 4.95 GeV using eþe− collision data corresponding to a
total integrated luminosity of 25 fb−1 collected with the
BESIII detector [44] at the BEPCII collider [45]. The
potential resonances are studied by fitting the dressed cross
section of the eþe− → Σ0Σ̄0 reaction. The upper limits of
products of branching fractions and electronic partial
widths at the 90% CL for ψð3770Þ, ψð4040Þ, ψð4160Þ,
ψð4230Þ, ψð4360Þ, ψð4415Þ, or ψð4660Þ decaying into
Σ0Σ̄0 are provided. In addition, the ratios of the Born cross
section and effective form factor between the eþe− →
ΣþΣ̄− and eþe− → Σ0Σ̄0 reactions are obtained.
Candidate events of eþe− → Σ0Σ̄0 are fully recon-

structed, i.e., both the baryon and the antibaryon are
reconstructed through the Σ0 → Λγ and Σ̄0 → Λ̄γ decays,
where Λ → pπ− and Λ̄ → p̄πþ. The detection efficiency is
determined by Monte Carlo (MC) simulations using a
sample of 100,000 events for each c.m. energy point, with a
uniform phase space (PHSP) model by the KKMC generator
[46] including effects of the beam energy spread and ISR
corrections. The Σ0 and Σ̄0 decay chains are simulated with
the PHSP model by the EvtGen generator [47,48]. The
BESIII geometric description and the detector response are
modeled with a Geant4-based software package [49].
Charged tracks are reconstructed in the multilayer drift

chamber (MDC) within the angular region j cos θj < 0.93,
where θ is the polar angle with respect to the z axis in the
laboratory system, which is the MDC symmetry axis. At
least two positive and two negative charged tracks are
required to be reconstructed in the MDC. Particle identi-
fication (PID) for charged tracks combines measurements
of the energy deposited in the MDC (dE=dx) and the flight
time in the TOF to form likelihoods LðhÞðh ¼ p;K; πÞ for
each hadron h hypothesis. Tracks are identified as protons
when the proton hypothesis has the greatest likelihood
(LðpÞ > LðKÞ and LðpÞ > LðπÞ), while charged pions
are identified by requiring that LðπÞ > LðpÞ and
LðπÞ > LðKÞ. Events with at least one proton, one anti-
proton, one positive pion, and one negative pion are kept
for further analyses.
Photons are reconstructed from isolated showers in the

electromagnetic calorimeter (EMC). The energy deposited
in the nearby TOF counter is included to improve the
reconstruction efficiency and energy resolution. The ener-
gies of photons are required to be greater than 25 MeV in
the EMC barrel region (j cos θj < 0.8), and greater than
50 MeV in the EMC end cap (0.86 < j cos θj < 0.92).
Furthermore, the difference between the EMC time and the
event start time is required to be within 0 < t < 700 ns, to
suppress electronic noise and energy deposits unrelated to

the collision events. To eliminate showers from charged
tracks, the opening angle between the position of each
shower in the EMC and any charged track must be greater
than 10 degrees. Events with at least two photons are kept
for further analyses.
The ΛðΛ̄Þ candidates are reconstructed via a secondary

vertex fit by looping over the pπ−ðp̄πþÞ combinations,
where for each candidate the corresponding χ2 value is
required to be less than 500. To suppress background
events, the condition jMpπ−ðp̄πþÞ −mΛðΛ̄Þj ≤ 5 MeV=c2 is
imposed after optimizing the figure-of-merit (FOM =
S0=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
S0 þ B

p
). Here, Mpπ−ðp̄πþÞ is the invariant mass of

the pπ−ðp̄πþÞ combination, mΛðΛ̄Þ is the nominal mass of
the ΛðΛ̄Þ baryon from the Particle Data Group (PDG) [50],
S0 is the number of signal MC events normalized to the real
data, and B is the number of the background events taken
from the inclusive MC sample of generic eþe− → hadron
events.
Afterward, a four-constraint (4C) kinematic fit is applied

to all the ΛΛ̄γγ combinations by ensuring the conservation
of energy and momentum. The ΛΛ̄γγ combination with the
minimum χ24C is retained, with an additional requirement of
χ24C < 100 to further suppress backgrounds. Among the
different combinations of ΛΛ̄γ1γ2, the one with the mini-

mum value of ΔM ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðMΛγ1 −mΣ0Þ2 þ ðMΛ̄γ2 −mΣ̄0Þ2

q
is chosen to identify Σ0Σ̄0 events. Here, MΛγ1ðΛ̄γ2Þ is the
invariant mass of the Λγ1ðΛ̄γ2Þ combination, and mΣ0ðΣ̄0Þ is
the nominal mass of the Σ0ðΣ̄0Þ baryon from the PDG [50].
Figure 1 shows the distribution ofMΛ̄γ versusMΛγ. A clear

FIG. 1. Distribution of MΛ̄γ versus MΛγ of accepted candidates
in data summed over all energies. The red box represents the
signal region, and the green boxes and the blue dashed boxes
represent the selected sideband regions.
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event accumulation around the Σ0 nominal mass can
be distinguished. The ΛγðΛ̄γÞ combination is required
to fall within the mass window jMΛγðΛ̄γÞ −mΣ0ðΣ̄0Þj ≤
15 MeV=c2, determined by the FOM optimization.
After applying the event selection criteria, the remaining

background events mainly come from the process
eþe− → ΛΛ̄ → pp̄πþπ−, which has a final state similar
to the signal one. To evaluate the background yield in the
signal region, eight sideband regions with the same area Bij

(where i ¼ 1, 2 and j ¼ 1, 2, 3, 4) are used for theMΛγ and
MΛ̄γ windows as shown in Fig. 1. The sideband regions are
defined in Table I. The signal yield Nobs for the eþe− →
Σ0Σ̄0 process at each c.m. energy point is calculated by
subtracting the number of background events from the
number of events in the signal region, Nobs ¼ NS − Nbkg,
where NS is the number of events in the signal region, and
Nbkg is the number of background events scaled by the
sideband region, i.e., Nbkg ¼ 1

2

P
4
i¼1NB2i

− 1
4

P
4
j¼1NB1j

.
By using Rolke’s method [51], the uncertainty of Nobs
and its upper limit are calculated. The numerical results are
summarized in the Supplemental Material [52].
The Born cross section for the eþe− → Σ0Σ̄0 process at a

given c.m. energy is calculated by

σB ¼ Nobs

L · ð1þ δÞ · 1
j1−Πj2 · ϵ · B

2
Σ0→Λγ · B

2
Λ→pπ−

; ð1Þ

where L is the integrated luminosity, (1þ δ) is the ISR
correction factor, 1

j1−Πj2 is the vacuum polarization (VP)

correction factor, ϵ is the detection efficiency, BΣ0→Λγ and
BΛ→pπ− are the corresponding PDG branching fractions
[50]. The ISR correction factor is obtained using the QED
calculation as described in Ref. [55]. The VP correction
factor is calculated according to Ref. [56]. The result of the
measured Born cross section for each c.m. energy point is
summarized in the Supplemental Material [52]. Note that
the efficiencies and ISR correction factors are obtained
through an iterative process to accurately measure the Born
cross section as proposed in Ref. [57]. Figure 2 shows the
line shape of the Born cross section together with the

CLEO-c results at
ffiffiffi
s

p ¼ 3.770 and 4.160 GeV [35], and
the BESIII result for eþe− → ΣþΣ̄− [32].
Under the assumption that the dominant process for the

reaction of eþe− → Σ0Σ̄0 is the one-photon exchange, the
effective form factor GeffðsÞ [58] is defined as

GeffðsÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3sσB

4πα2Cβ

�
2m2

Σ0

s þ 1

�
vuuut ; ð2Þ

where α is the fine structure constant, β ¼
ffiffiffiffiffiffiffiffiffiffi
1 − 1

τ

q
is the

velocity with τ ¼ s
4m2

Σ0
, mΣ0 is the mass of Σ0 [50], and the

Coulomb factor C [59,60] parametrizes the electromagnetic
interaction between the outgoing baryon and antibaryon.
For neutral baryons, the Coulomb factor is C ¼ 1. Figure 2

TABLE I. Definitions of the sideband regions.

MγΛ (GeV=c2) MγΛ̄ (GeV=c2)

B11 [1.217, 1.247] [1.217, 1.247]
B12 [1.217, 1.247] [1.137, 1.167]
B13 [1.137, 1.167] [1.137, 1.167]
B14 [1.137, 1.167] [1.217, 1.247]
B21 [1.217, 1.247] [1.177, 1.207]
B22 [1.177, 1.207] [1.137, 1.167]
B23 [1.137, 1.167] [1.177, 1.207]
B24 [1.177, 1.207] [1.217, 1.247]

FIG. 2. Distributions of the Born cross section (upper plots) and
the effective form factor (middle plots) as a function of the c.m.
energy for the eþe− → Σ0Σ̄0 channel, in comparison to the
eþe− → ΣþΣ̄− measurements from BESIII [32] and CLEO-c
[35]. The bottom plot shows the ratio of the Born cross section
and effective form factor between the results of this work and the
BESIII results for Σþ [32], compared to the theoretical predic-
tions [36].
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shows also a comparison of the effective form factor for the
processes eþe− → Σ0Σ̄0 and eþe− → ΣþΣ̄− obtained in
this work and the previous BESIII result for Σþ [32],
together with the CLEO-c result for Σ0 [35].
Systematic uncertainties on the measurement of the Born

cross section mainly originate from the integrated lumi-
nosity, photon and ΛðΛ̄Þ reconstruction, Σ0ðΣ̄0Þ mass
window, background, angular distribution, branching frac-
tions, and input line shape. The luminosity at each c.m.
energy point is measured using Bhabha events, with the
systematic uncertainty of 1.0% [61] below 4.0 GeV, 0.7%
[62] from 4.0 to 4.6 GeV, and 0.5% [63] above 4.6 GeV.
The systematic uncertainty due to the photon
reconstruction is estimated to be 0.5% for each photon
by analyzing the ISR process eþe− → γμþμ−; the total
systematic uncertainty due to photon reconstruction is
considered as 1.0% summing up linearly the contribution
from the two photons. The uncertainty due to the ΛðΛ̄Þ
reconstruction is obtained including the tracking and PID,
the mass window, and the decay length uncertainties. This
is studied using a control sample of J=ψ → pK−Λ̄þ c:c:
with the same method as used in Refs. [64–71] as a result,
the efficiency difference between data and MC simulation
is found to be 1.6% for the Λ reconstruction and 1.3% for
the Λ̄ reconstruction. The total uncertainty is 2.9% by
adding them linearly. The uncertainty due to the Σ0 mass
window is estimated by varying the nominal requirements
by 5 MeV=c2, corresponding to an uncertainty of 1.0%.
The uncertainty associated with the background estimation
is assessed by shifting the sideband region outward or
inward by 5 MeV=c2, by summing up the samples from all
the energy points to reduce the statistical fluctuations. The
maximum deviation, 0.2%, is taken as the systematic
uncertainty for background. The uncertainty due to the
physical model dependence is estimated to be 2.2% by
comparing the efficiency values obtained with the phase
space model and using the real angular distribution, by
incorporating the Σ0 transverse polarization and the spin
correlation based on the control sample ψð3686Þ → Σ0Σ̄0.
The uncertainty for the branching fractions of Λ → pπ−

and Λ̄ → p̄πþ is 1.6%, taken from the PDG [50]. The
uncertainty due to the input line shape of the cross section
when determining the ISR correction and the detection
efficiency consists of two parts. One part is due to the
statistical uncertainty of the input line shape of the cross
section, estimated through an alternative input cross section
line shape based on a simple power-law (PL) function by
varying the central value of the fitted parameters by �1σ.
Another part of uncertainty for the input line shape arises
from the resonance parameters of the assumed charmonium
(-like) states, which are fixed according to the PDG values
[50] in the fit of the cross section, and evaluated by varying
the fixed values of the resonance parameters by 1σ
uncertainty. Then, the ð1þ δÞϵ value for each c.m. energy
point is recalculated, and the largest change by considering

the contribution from the two parts is taken as the
systematic uncertainty. The total systematic uncertainty
due to the input line shape is calculated to be 2.0% by
combining the contributions in quadrature.
The potential resonances in the cross section for the

eþe− → Σ0Σ̄0 reaction are studied by fitting the dressed
cross section, σdressed ¼ σB=j1 − Πj2 (including the VP
effect), using the least-squares method, where
χ2 ¼ ΔXTV−1ΔX. This is done by considering the covari-
ance matrix V and the vector of residuals ΔX between the
measured and fitted cross section. The covariance matrix
incorporates both the correlated and uncorrelated uncer-
tainties across different c.m. energies. The systematic
uncertainties from luminosity, photon reconstruction,
ΛðΛ̄Þ reconstruction, Σ0 mass window, background, and
branching fraction are assumed to be fully correlated
among different c.m. energies, while the other systematic
uncertainties are assumed to be uncorrelated.
Assuming that the cross section of eþe− → Σ0Σ̄0

includes a resonance [i.e., ψð3770Þ, ψð4040Þ, ψð4160Þ,
ψð4230Þ, ψð4360Þ, ψð4415Þ, or ψð4660Þ] plus a contri-
bution from the continuum processes, a fit to the dressed
cross section is applied using the coherent sum of a power-
law function plus a Breit-Wigner (BW) function [26]:

σdressedð ffiffiffi
s

p Þ¼
����c0

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Pð ffiffiffi

s
p Þ

p
ffiffiffi
s

p n þeiϕBWð ffiffiffi
s

p Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Pð ffiffiffi

s
p Þ

PðmÞ

s ����
2

: ð3Þ

Here, ϕ is the relative phase between the BW function

BWð ffiffiffi
s

p Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12πΓeeBΓ

p
s −m2 þ imΓ

ð4Þ

and the PL function, c0 and n are free parameters,
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Pð ffiffiffi

s
p Þ

p
is the two-body PHSP factor, the mass m, and the total
width Γ are fixed to the PDG values [50] of the assumed
resonance, and ΓeeB is the product of the electronic partial
width and the branching fraction for the resonance
decaying into the Σ0Σ̄0 final state. Figure 3 shows the fits
to the dressed cross section under different resonance
assumptions. The fit parameters with the assumption of
no resonance are c0 ¼ 1.8� 0.9 and n ¼ 8.5� 0.4. The
resulting parameters under the different resonance assump-
tions are summarized in Table II, where the parameters of
the PL contributions are omitted for readability.
Considering the systematic uncertainties, the significance
for each resonance is calculated by comparing the change
of χ2=n:d:f (where n.d.f. is the number of degrees of
freedom) with and without the resonance assumption. The
dressed cross section is fitted under different assumptions
of charmonium(-like) states, i.e., ψð3770Þ, ψð4040Þ,
ψð4160Þ, ψð4230Þ, ψð4360Þ, ψð4415Þ, and ψð4660Þ,
one at a time, by using Eq. (3). No obvious signal is
found. The ΓeeB and its upper limit including the
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systematic uncertainty at the 90% CL, computed using a
Bayesian approach [72], are provided. The possible multi-
ple solutions for the resonance parameters in the fit of the
dressed cross section are obtained by scanning ΓeeB and ϕ
in the parameter space, and are provided in the
Supplemental Material [52].
In summary, using eþe− collision data collected by the

BESIII detector at the BEPCII collider corresponding to an
integrated luminosity of 25 fb−1, the Born cross section and
the effective form factor for the eþe− → Σ0Σ̄0 reaction are
measured at 32 c.m. energies ranging from 3.50 to 4.95 GeV
for the first time. Our work provides not only better preci-
sion than the CLEO-c measurement at

ffiffiffi
s

p ¼ 3.770
and 4.160 GeV [35], but also offers measurements at
many points over a wide energy range. A fit to the dressed
cross section of the eþe− → Σ0Σ̄0 reaction is performed
under the assumption of a charmonium(-like) resonance
[i.e., ψð3770Þ, ψð4040Þ, ψð4160Þ, ψð4230Þ, ψð4360Þ,

ψð4415Þ, or ψð4660Þ] plus a continuum contribution. No
significant signal is found. The products of branching
fractions and electronic partial widths for these charmo-
nium(-like) states decaying into the Σ0Σ̄0 final state, as well
as their upper limits at the 90%CL, are provided for the first
time. In addition, the ratios of Born cross section and
effective form factor of the eþe− → Σ0Σ̄0 reaction over
the charged eþe− → ΣþΣ̄− reaction are also provided, and
the obtained results agreewith the naive extrapolation of the
theoretical prediction [36] to higher energies, and thereby
can be used to validate the vector meson dominance model
for these processes [39–43]. These results are important to
study the vector charmonium(-like) states decaying into BB̄
final states, and further investigate the nature of charmonium
(-like) state production above the open-charm threshold.
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