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Using eþe− collision data corresponding to an integrated luminosity of 44 fb−1 collected with the
BESIII detector at the BEPCII Collider, we report the first measurement of Born cross sections and
effective form factors for eþe− → Σ−Σ̄þ at center-of-mass energies between 3.51 and 4.95 GeV. With a fit
to the

ffiffiffi
s

p
-dependent dressed cross sections, the decay ψð3770Þ → Σ−Σ̄þ is observed for the first time with

a significance of 5.5σ, including systematic uncertainties. The corresponding branching fraction is
determined to have two solutions, ð2.9� 0.3Þ × 10−4 and ð1.1� 0.1Þ × 10−4, where the quoted
uncertainties also include systematic uncertainties. Upper limits at the 90% confidence level on the
product of the branching fraction and the electronic partial width are provided for other possible
charmonium(like) states. The ratios of Born cross sections for the Σ isospin-triplet states are determined
and can be used to test the vector-meson-dominance model.

DOI: 10.1103/m91q-kgbw

Since the discovery of the first charmonium state, J=ψ ,
in 1974 [1,2], numerous charmonium states have been
observed. Above the open-charm threshold, the potential-
quark model [3] predicts six states with masses between 3.7
and 4.7 GeV, corresponding to 1D, 3S, 2D, 4S, 3D, and 5S
configurations [4]. Experimentally, however, an excess of
vector states has been detected in this region. The 3S, 2D,
and 4S states have been identified as ψð4040Þ, ψð4160Þ,
and ψð4415Þ through inclusive hadronic cross sections [5].
In addition, four unconventional states—Yð4230Þ,
Yð4360Þ, Yð4634Þ, and Yð4660Þ—have been observed in
hidden-charm final states by BABAR, Belle [6–14], CLEO
[15], and BESIII [16,17]. These Y states are unlikely to be
pure cc̄ resonances; their overpopulation and the mismatch
between predicted and measured properties make them
prime candidates for exotic hadrons. Proposed explanations
include hybrid, multiquark, or molecular configurations
[4,18–26]. A series of experimental measurements have
been conducted to investigate these hypotheses [27–30],
but no definitive conclusions have been reached yet. These
states provide an ideal laboratory for exploring nonpertur-
bative QCD dynamics, thereby offering important insights
into fundamental aspects of the strong interaction, such as
quark confinement and the role of gluonic fields, and

advancing our understanding of matter at the subatomic
scale.
Hyperon-pair production in eþe− annihilation or char-

monium(like) decays offers a clean final-state topology and
provides direct access to the underlying interaction mech-
anisms, assumed to proceed via one-photon or three-gluon
exchange. Consequently, two-body hyperonic decays of
charmonium(like) states above the open-charm threshold
are a powerful tool for elucidating their nature [18,21,22].
In particular, hybrid models predict charmless decays of
charmoniumlike states [18], while theories that describe
these states as mixtures of conventional charmonium states
also require experimental verification via their possible
decays into light-hadron final states [21,22]. Although
extensive searches have been conducted by BESIII and
Belle, only ψð3770Þ → ΛΛ̄ [31] and ψð3770Þ → Ξ−Ξ̄þ

[32] have been observed so far.
Furthermore, the measured Born cross sections can be

used to determine the hyperon effective form factors (EFFs)
Geffðs2Þ, which are functions of the γ�-baryon-antibaryon
vertex described by two independent electromagnetic form
factors (EMFFs), GE and GM [33,34]. In the timelike
region, the EMFFs can be related to the time evolution of
the internal charge and magnetic distributions of the
hyperon and then offer insight into the internal structure
of hyperon. The vector-meson-dominance (VMD) model
successfully describes hyperon EMFFs [35–37], as dem-
onstrated for Λ [38,39], Σ [40–42], and Ξ [41,42] near
production threshold. As emphasised in Ref. [42], the
study of eþe− → Σ−Σ̄þ Born cross sections and EFFs will
complete the measurement of the Σ isospin triplet [43,44],

*Full author list given at the end of the article.

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 114, L071502 (2026)
Letter

2470-0010=2026=114(7)=L071502(11) L071502-1 Published by the American Physical Society

https://crossmark.crossref.org/dialog/?doi=10.1103/m91q-kgbw&domain=pdf&date_stamp=2026-10-23
https://doi.org/10.1103/m91q-kgbw
https://doi.org/10.1103/m91q-kgbw
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


enabling a comprehensive test of the VMD model and
thereby providing a stringent validation of its applicability.
In this Letter, we present the first measurement of the

Born cross sections and the EFFs for the eþe− → Σ−Σ̄þ

reaction at 52 center-of-mass (c.m.) energies (
ffiffiffi
s

p
) between

3.51 and 4.95 GeV, using a total integrated luminosity of
44 fb−1 collected with the BESIII detector at the BEPCII
collider. Details of BEPCII and BESIII are given in
Refs. [45–51]. The potential resonances are searched
by fitting the

ffiffiffi
s

p
-dependent dressed cross sections of

the eþe− → Σ−Σ̄þ reaction, and the ψð3770Þ → Σ−Σ̄þ
decay is observed, leading to the first observation
of ψð3770Þ → Σ−Σ̄þ.
Signal candidates of eþe− → Σ−Σ̄þ are selected via

Σ− → nπ− and Σ̄þ → n̄πþ, involving one neutron and
one antineutron in the final state. The neutron is not
required in the selection to avoid photon contamination
due to their similar features in the electromagnetic calo-
rimeter (EMC), and only the antineutron is required to be
detected due to its higher energy deposition as antimatter in
the EMC compared to the neutron. Therefore, a partial
reconstruction technique with a missing neutron is
employed in this work. Monte Carlo (MC) simulated data
samples are produced with a Geant4-based [52] software
package, which includes the geometric description of the
BESIII detector and the detector response. They are used to
determine detection efficiencies and estimate backgrounds.
The simulation models the beam energy spread and initial
state radiation (ISR) in the eþe− annihilations with the
generator KKMC [53]. The exclusive MC samples for the
signal process are generated using a phase space (PHSP)
model implemented in the EvtGen event generator [54,55],
with 100,000 events simulated at each energy point. To
examine potential background channels, an inclusive MC
sample of eþe− → hadrons at

ffiffiffi
s

p ¼ 3.773 GeV is ana-
lyzed, which includesDD̄ decays (with quantum coherence
for neutral D modes), non-DD̄ decays of ψð3770Þ, ISR
production of J=ψ and ψð3686Þ, and continuum processes
implemented in KKMC [53].
Charged tracks must be reconstructed in the main drift

chamber (MDC) within the angular region jcos θj < 0.93,
where θ is the polar angle with respect to the symmetry axis
of the MDC (the z axis) in the laboratory frame. The
distance of closest approach to the interaction point must be
less than 30 cm along the z axis and less than 10 cm in the
transverse plane. The number of positive and negative
charged tracks is required to be one. Particle identification
for charged tracks combines the measurements of the
specific ionization energy loss in the MDC (dE=dx) and
the time of flight to form likelihoods LðhÞ (h ¼ p,K, π) for
each hadron (h) hypothesis. Tracks are identified as pions
when the pion hypothesis has the greatest likelihood
ðLðπÞ > LðKÞ&&LðπÞ > LðpÞÞ. The events with only
one πþ and one π− are kept for further analysis. To remove
the cosmic ray background, the difference in the times of

flight between the πþ and π− within the MDC must be
greater than −5 ns.
Antineutrons are reconstructed and identified using

EMC showers. Based on the EMC energy resolution, the
initial requirement on the deposited energy of each shower
is set to be greater than 25 MeV in the barrel region
(jcos θj < 0.80) and 50 MeV in the end-cap region
(0.86 < jcos θj < 0.92). To suppress electronic noise and
showers unrelated to the event, the difference between the
EMC time of the neutral candidate and the event start time
is required to be within [0, 700] ns. The shower with the
highest deposited energy is identified as an antineutron.
Based on MC studies, the requirement for the antineutron
deposited energy is set to be greater than 0.62 GeVat

ffiffiffi
s

p ¼
3.773 GeV and varies for different energy points, to
exclude misidentified neutron events. The remaining mis-
identified neutron events contribute a fraction of below
0.1%, do not form a peaking background, and thus can be
neglected. The second moment of the shower,
Sn̄ ¼

P
i Eir2i =

P
i Ei, is required to exceed 18 cm2, where

Ei is the energy deposited in crystal i, and ri is its distance
from the shower center. The total number of EMC hits
associated with the shower must exceed 16. To reject
radiative backgrounds and showers associated with charged
tracks, the angle between the antineutron candidate shower
and the extrapolated position of the nearest charged track at
the EMC entrance must exceed 15 degrees.
To suppress the background and enhance the mass

resolution, a one-constraint (1C) kinematic fit is employed,
and the goodness of fit, χ21C, has to be less than 60. Energy-
momentum conservation provides four constraints, while
the πþn̄ combination is constrained to the known Σ̄þ mass
[56]. Because the neutron four-momentum is unavailable,
only its mass is constrained; for the antineutron, both
mass and flight direction are constrained. To further
suppress the backgrounds, the signal region on the recoil-
ing mass MRecoil

n̄πþ is required to be within the interval
½1.10; 1.35� GeV=c2. After applying the above event selec-
tion criteria and analyzing the inclusive MC samples atffiffiffi
s

p ¼ 3.773 GeV, the surviving backgrounds are found to
distribute smoothly in the signal region.
To extract the signal yield for the process eþe− → Σ−Σ̄þ,

an extended maximum likelihood fit to the MRecoil
n̄πþ dis-

tribution in the range from 1.1 to 1.35 GeV=c2 is per-
formed for each point of the energy scan. In the fit, the
signal shape of the MRecoil

n̄πþ spectrum is represented by the
simulated MC shape convolved with a Gaussian function to
account for the mass resolution difference between the data
and the MC simulation at

ffiffiffi
s

p ¼ 3.773 GeV. For other
energy points, only the simulated MC shape is applied
in the fit due to the limited statistics. The impact of
using different signal shapes is evaluated as a source of
systematic uncertainty. Backgrounds are described by a
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second-order Chebyshev polynomial. Figure 1 shows the fit
result for the data at

ffiffiffi
s

p ¼ 3.773 GeV.
The Born cross section for the eþe− → Σ−Σ̄þ process at

a given c.m. energy is calculated as

σB ¼ Nobs

L · ð1þ δÞ · 1
j1−Πj2 · ϵ · B

2
Σ−→nπ−

; ð1Þ

where Nobs is the signal yield, L is the integrated lumi-
nosity, (1þ δ) is the ISR correction factor, 1

j1−Πj2 is the

vacuum polarization (VP) correction factor, ϵ is the
detection efficiency, and the BΣ−→nπ− is the corresponding
branching fraction taken from the Particle Data Group
(PDG) [56]. The ISR correction factor is obtained by using
the QED calculation as described in Ref. [57]. The VP
correction factor is calculated according to Ref. [58]. Note
that considering the difference in detection efficiency
between MC and data, a correction for MC efficiency is
employed based on the final states π−, πþ, and n̄, using the
same correction algorithm and factors in Ref. [59], and the
efficiency difference caused by incorporating the n̄ EMC
information in the kinematic fit is also considered. The
efficiencies and ISR correction factors are determined
through an iterative procedure to accurately measure the
Born cross section as proposed in Ref. [60].
The Σ− EFF defined in Ref. [61],

jGeffðsÞj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

3sσB

4πα2Cβ
�

1
2τ þ 1

�
vuut ; ð2Þ

is determined, where α ¼ 1
137

is the fine structure constant,

the variable β ¼
ffiffiffiffiffiffiffiffiffiffi
1 − 1

τ

q
is the velocity, τ ¼ s

4m2
Σ−

with the

invariant mass of Σ− particle, mΣ− [56], and the Coulomb
factor C [62,63] parametrizing the electromagnetic

interaction between the outgoing hyperon and antihyperon.
Figure 2 shows the line shapes of the measured Born cross
sections and EFFs for eþe− → Σ−Σ̄þ, eþe− → ΣþΣ̄− [43],
and eþe− → Σ0Σ̄0 [44]. The cross section ratios for these
three processes are also provided to validate the predictions
based on the VMD model [35–39]. Except for the region
around

ffiffiffi
s

p ¼ 3.773 GeV, where strong interaction contri-
butions may be present, the results at the other energy
points are consistent with the VMD predictions within 1 to
2 standard deviations. The numerical results for each c.m.
energy are summarized in the Supplemental Material [64].
The systematic uncertainty on the measurement of the

Born cross section mainly arises from the integrated
luminosity, branching fractions of the intermediate states,
efficiency correction for pions and n̄, signal and back-
ground parametrizations, physical model, kinematic fit, and
input line shape for the cross section. The uncertainty due
to the integrated luminosity is evaluated in [65–67]. The
uncertainty due to the branching fractions of the inter-
mediate states Σ− → nπ− and Σ̄þ → n̄πþ is taken from the
PDG [56] and found to be negligible. The uncertainties
associated with the correction of the selection efficiency of

FIG. 1. Fit to the MRecoil
n̄πþ distribution at

ffiffiffi
s

p ¼ 3.773 GeV. The
dots with error bars are data, the blue solid line represents the fit
result, the red dashed line is for signal shape, and the green
dashed line stands for the background.

FIG. 2. The Born cross sections (top) and the EFFs (middle) as
a function of the c.m. energy for the eþe− → Σ−Σ̄þ channel, in
comparison to the previous measurements for eþe− → Σ0Σ̄0 [44]
and eþe− → ΣþΣ̄− [43]. The bottom plot shows the ratios of
Born cross sections between the eþe− → Σ−Σ̄þ (this work),
eþe− → Σ0Σ̄0, and eþe− → ΣþΣ̄− processes.

MEASUREMENT OF BORN CROSS SECTIONS FOR … PHYS. REV. D 114, L071502 (2026)

L071502-3



pions and n̄ are evaluated by varying the correction factors
within 1σ, as detailed in Ref. [59]. The uncertainty of the
signal shape for the fit ofMRecoil

n̄πþ is evaluated by combining
all energy points and varying the Gaussian parameters
within a range of 1σ, and the yield difference is taken as the
systematic uncertainty. Moreover, the uncertainty due to the
background shape is estimated through an alternative fit
with a third-order polynomial function. The resulting
difference between the nominal and changed ones is taken
as the systematic uncertainty. The uncertainty for the
dependence on the physical model is assessed by compar-
ing efficiencies obtained with the PHSP generator and with
the angular distribution measured in the high-statistics
control sample of eþe− → Σ−Σ̄þ at

ffiffiffi
s

p ¼ 3.773 GeV.
The measurement of the angular distribution parameter
αΣ− is performed by fitting the cos2 θΣ− distribution with the
function 1þ αΣ− cos2 θΣ− , as detailed in Ref. [59], where
θΣ− is the polar angle of the Σ−. The fitted value is
αΣ− ¼ 0.97� 0.42, with the uncertainty being statistical
only. Here, we vary the measured value of the angular
distribution parameter by �1σ to evaluate the systematic
uncertainty for this source. The uncertainty due to the
kinematic fit includes two parts: the correction of the track
helix parameters and the EMC information of the n̄
incorporated in the fit. The first part is evaluated with or
without the correction, and the second part is estimated by
the same method of efficiency correction for pion and n̄
selection mentioned above. The total systematic uncer-
tainty due to the kinematic fit is calculated by adding both
contributions in quadrature. The input cross section line
shape is determined by the least-squares fit described
below, and its systematic uncertainty consists of two
components: the input line shape parametrization and the
model of the input line shape. For the first component, 200
sets of parameters are sampled according to the parameter
covariance matrix, and the ratio of the fitted Gaussian width
to its mean is taken as the corresponding systematic
uncertainty. For the second component, the systematic
uncertainty is evaluated using the ψð3770Þ fit with the
highest significance described below, by varying the fixed
resonance parameters within 1σ, as described in Ref. [44].
The total value is summed by adding both ones in
quadrature. The systematic uncertainties for the measured
cross section are summarized in the Supplemental Material
[64], and the total systematic uncertainty is calculated by
adding the individual contributions in quadrature.
Resonant contributions to the eþe− → Σ−Σ̄þ reaction are

investigated by fitting the line shape of dressed cross
sections, determined by σdressed ¼ σB=j1 − Πj2, thereby
incorporating the VP effect. The fit is performed using a
least-squares method, χ2 ¼ ΔXTV−1ΔX. This is accom-
plished by taking into account the covariance matrix V and
the vector of residuals ΔX between the measured and fitted
cross sections. The covariance matrix incorporates both the
correlated and uncorrelated uncertainties among different

c.m. energies. The systematic uncertainties associated with
the luminosity, branching fraction, detection efficiency, and
kinematic fit are assumed to be fully correlated among the
c.m. energies, while the other systematic uncertainties are
assumed to be uncorrelated.
Assuming the line shape of cross sections of eþe− →

Σ−Σ̄þ is formed by a continuum contribution plus a
resonance, a fit to the dressed cross sections is applied
with the coherent sum of a power-law (PL) function plus a
Breit-Wigner (BW) function,

σdressedð ffiffiffi
s

p Þ ¼
������c0

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Pð ffiffiffi

s
p Þ

p
ffiffiffi
s

p n þ eiϕBWð ffiffiffi
s

p Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Pð ffiffiffi

s
p Þ

PðMÞ

s ������
2

;

ð3Þ

where BWð ffiffiffi
s

p Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12πΓeeBΓ

p
s−M2þiMΓ , ϕ represents the relative

phase between the BW function and the PL function.
The c0 and n are free fit parameters, and

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Pð ffiffiffi

s
p Þ

p
is the

two-body PHSP factor. The massM and total width Γ of the
assumed resonance are fixed to individual PDG values [56],
and ΓeeB is the product of the electronic partial width and
the branching fraction for the assumed resonance decaying
into the Σ−Σ̄þ final state. The fit results with different
resonance hypotheses are summarized in Table I. Figure 3
shows the fit to the dressed cross section using the PL
function, the ψð3770Þ BW component, and their combi-
nation, where a clear ψð3770Þ signal is observed. The scan
for multiple solutions is also shown.
Multiple solutions arise from the quadratic form of

Eq. (3). They are obtained by scanning the parameter

TABLE I. Fit results for ΓeeB (10−3 eV) and ϕ (rad) with two
solutions. Both statistical and systematic uncertainties are in-
cluded. Here, the χ2=n:d:f indicates the fit quality, and n:d:f:
denotes the number of degrees of freedom, defined as the number
of data points minus the number of fixed parameters.

Parameter Solution I Solution II χ2=n:d:f.

ϕψð3770Þ −2.0� 0.2 2.3� 0.2 50.2=ð52 − 4Þ
ΓeeBψð3770Þ 75.3� 4.5 27.7� 2.8
ϕψð4040Þ 2.9� 0.7 … 46.2=ð52 − 6Þ
ΓeeBψð4040Þ 24.5� 14.6ð< 58.0Þ
ϕψð4160Þ −2.1� 0.1 −2.8� 0.3 46.1=ð52 − 6Þ
ΓeeBψð4160Þ 56.9� 12.5ð< 81.0Þ 9.5� 7.5
ϕψð4230Þ −2.0� 0.1 −2.9� 0.4 45.1=ð52 − 6Þ
ΓeeBψð4230Þ 42.0� 10.7ð< 61.8Þ 5.3� 3.9
ϕψð4360Þ −1.2� 0.4 … 38.3=ð52 − 6Þ
ΓeeBψð4360Þ 56.2� 97.2ð< 121.7Þ
ϕψð4415Þ −1.1� 0.2 … 39.7=ð52 − 6Þ
ΓeeBψð4415Þ 89.7� 20.3ð< 154.0Þ
ϕψð4660Þ −1.3� 0.2 −0.6� 0.6 48.5=ð52 − 6Þ
ΓeeBψð4660Þ 51.4� 26.3ð< 98.1Þ 7.6� 11.3
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space and are summarized in the Supplemental Material
[64]. For the ψð4040Þ, Yð4360Þ, and ψð4415Þ, the two
solutions are nearly identical and consistent within the
present precision, and thus, only one solution is reported.
The decay ψð3770Þ → Σ−Σ̄þ is observed for the first time
with a significance of 5.5σ, obtained by comparing the χ2

values of fits with (χ2 ¼ 20.6) and without (χ2 ¼ 54.3) the
ψð3770Þ resonance, including systematic uncertainties via
the covariance matrix. No significant signals are found for
ψð4040Þ, ψð4160Þ, Yð4230Þ, Yð4360Þ, ψð4415Þ, or
Yð4660Þ. Upper limits of the ΓeeB for these charmonium
(like) states decaying into the Σ−Σ̄þ final state are provided
at the 90% confidence level (CL) using a Bayesian
approach [68]. More details are summarized in the
Supplemental Material [64].
In summary, using 44 fb−1 of eþe− collision data

collected with the BESIII detector at the BEPCII
Collider, we present the first measurement of Born cross
sections and EFFs for the eþe− → Σ−Σ̄þ reaction at 52 c.m.

energies from 3.51 to 4.95 GeV. Fitting the dressed cross
sections with a coherent sum of a continuum and individual
charmonium(like) resonances, we observe ψð3770Þ →
Σ−Σ̄þ for the first time with a significance of 5.5σ,
including systematic uncertainties. The branching fraction
of ψð3770Þ → Σ−Σ̄þ is determined to have two solutions,
ð2.9� 0.3Þ × 10−4 and ð1.1� 0.1Þ × 10−4, both of which
are larger by at least an order of magnitude than the
prediction based on scaling from the electronic width [69].
This tendency is consistent with that observed for its
isospin partners, ΣþΣ̄− [43] and Σ0Σ̄0 [44], suggesting
that the BB̄ production might not originate purely from
electromagnetic processes, but could involve contributions
from charmonium(like) states. Because the measured non-
DD̄ branching fraction of ψð3770Þ is unexpectedly large,
about 15% [70], and remains inconsistent among different
experiments [71], the first observation of a charmless
ψð3770Þ decay into a hyperon pair sheds new light on
the long-standing non-DD̄ puzzle of ψð3770Þ. No signifi-
cant signals are found for ψð4040Þ, ψð4160Þ, Yð4230Þ,
Yð4360Þ, ψð4415Þ, or Yð4660Þ, and 90% CL upper limits
on ΓeeB are reported. These results provide crucial input for
understanding the mechanisms governing vector charmo-
nium(like) decays to BB̄ final states and offer a new probe
of exotic structures above the open-charm threshold. In
addition, the measured ratios of Born cross sections among
the three isospin-related channels Σ−Σ̄þ, ΣþΣ̄−, and Σ0Σ̄0

provide further validation of the VMD model [35–39].
Except for the region around

ffiffiffi
s

p ¼ 3.773 GeV, where
strong-interaction contributions may be present, the results
at the other energy points are consistent with the VMD
predictions within one to two standard deviations.
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