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Electromagnetic form factors are fundamental properties of the baryons, which connect to charge,
current distributions and provide a crucial testing ground for models of the baryons’ internal
structure and dynamics. BESIII detector records symmetric 𝑒+𝑒− collisions in the 𝜏−charm
region, which is an ideal platform to study the baryon electromagnetic form factors. There are
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Λ, Σ and Ξ, as well as the charmed baryon Λ𝑐.
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1. Introduction

Electromagnetic form factors (EMFFs), which parametrize the inner structure of hadrons, are
fundamental observables for understanding the strong interaction. EMFFs can be measured in
different kinematic regions by (i) lepton elastic scattering for space-like (SL) region of negative 𝑞2,
(ii) annihilation interactions for time-like (TL) region of positive 𝑞2. For a spin−1/2 baryon (𝐵), the
Born differential cross section in the approximation of the one-photon exchange process 𝑒+𝑒− → 𝐵𝐵̄

is parametrized in terms of electric and magnetic form factors, 𝐺𝐸 and 𝐺𝑀 , by [1]:

𝑑𝜎𝐵𝐵̄

𝑑 cos 𝜃
=

𝜋𝛼2𝐶𝛽

2𝑞2

(
(1 + cos2 𝜃) |𝐺𝑀 |2 + 1

𝜏
|𝐺𝐸 |2 sin2 𝜃

)
, 𝜏 =

𝑞2

4𝑚2
𝐵

, (1)

where 𝑞2 is the four-momentum transfer squared, 𝜃 is the polar angle in the center-of-mass frame,
𝑚2

𝐵
is the baryon mass and 𝛽 =

√︁
(1−4𝑚2

𝐵
/𝑞2). The Coulomb enhancement factor, 𝐶, accounts for

the electromagnetic interaction between the outgoing baryons. The effective form factors 𝐺eff can
be calculated from the total cross section under the assumption of |𝐺𝐸 | = |𝐺𝑀 |. According to the
optical theorem, TL form factor is in complex form, which leads to transversely polarized baryon
even the beams are unpolarized [2, 3]. Thus, a complete knowledge of EMFFs includes the relative
phase ΔΦ between 𝐺𝐸 and 𝐺𝑀 . The nonzero ΔΦ shows a dependence of the polarization on the
scattering angle [4, 5]:

𝑝𝑦 = −
sin 2𝜃Im[GE · G∗

M]/
√
𝜏

|𝐺𝐸 |2 sin2 𝜃

𝜏
+ |𝐺𝑀 |2(1 + cos2 𝜃)

. (2)

In experiment, the TL form factors can be measured by two methods, (i) energy scan method at
discrete center-of-mass (c.m.) energies (

√
𝑠), leaving gaps without information, with the advantage

of lower background and good energy resolution; (ii) initial state radiation (ISR) method at a
fixed c.m. energy with the advantages of continuous measurements, from threshold to

√
𝑠, and

systematic uncertainty study in a coherent way, but under the limitation of data luminosity and
higher background. These methods complement each other and provide comprehensive data for the
study of baryon EMFFs.

BESIII has collected large data samples in the 𝜏−charm region. Both energy scan method and
ISR method can be used to do precise measurements to help understand the properties of baryons.

2. EMFFs of nucleons

Proton and neutron are the fundamental building blocks of the atomic nucleus. Their EMFFs
measurements are straightforward to describe the complex internal structure, leading to the under-
standing of the quantum chromodynamics (QCD) at low momentum transfer.

Born cross section (𝜎𝑝 𝑝̄), |𝐺eff | and form factor ratio |𝐺𝐸/𝐺𝑀 | of proton have been measured
with high accuracy by using two techniques. Energy scan method is used in two datasets, c.m.
energies from 2.2324 to 3.6710 GeV with the luminosity of 156.9 pb−1 [6] and 2.0000 to 3.0800
GeV with the luminosity of 688.5 pb−1 [7]. According to the angular distributions, |𝐺𝐸/𝐺𝑀 | is
determined with the precision of 3.5% at

√
𝑠 = 2.1250 GeV. What’s more, |𝐺𝑀 | is measured for the

first time over a wide range of energies with uncertainties of 1.6% to 3.9% and |𝐺𝐸 | is obtained for
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• Τ𝐺𝐸 𝐺𝑀 are determined with high accuracy, 𝛿 Τ𝐺𝐸 𝐺𝑀 ∼ 3.5% at 2.125 GeV (most precise)

• |𝐺𝑀| is measured for the first time over a wide range of energies with uncertainties of 1.6% to 3.9%

• 𝐺𝐸 is obtained for the first time

Proton EMFFs 
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Figure 1: Form factor ratio |𝐺𝐸/𝐺𝑀 |, |𝐺𝑀 | and |𝐺𝐸 | of proton as a function of c.m. energy.

the first time, which are shown in Fig. 1. Using several data sets with a total luminosity of 7.5 fb−1 at√
𝑠 = 3.773−4.600 GeV, the cross sections and |𝐺eff | are measured from 𝑝𝑝 threshold to 3.0 GeV/𝑐2

or from 2.0 to 3.8 GeV/𝑐2 through the ISR process, where ISR photon emits at large angle (LA) [8]
or small angle (SA) [9], respectively. Among them, BESIII results are consistent with the previous
measurements shown in Fig. 2. The most precise ones are obtained at

√
𝑠 = 2.1250 GeV with

𝛿𝜎𝑝 𝑝̄ ∼ 3.0% and 𝛿 |𝐺eff | ∼ 1.5%. Periodic oscillations are found at the proton effective form
BESIII Collaboration Physics Letters B 817 (2021) 136328

Fig. 4. The cross section for the process e+e− → pp̄ (a) and the effective FF of the proton (b) measured in this work (red points), together with the results from previous 
experiments including statistical and systematic uncertainties: BESIII [14,17,25], BABAR [23,24], E835 [20,21], Fenice [9–11], PS170 [19], E760 [18], DM1 [6], DM2 [7,8], 
BES [13], CLEO [12], ADONE73 [5], and CMD-3 [15]. The blue dashed curve shows the parameterization from Ref. [41] based on Eq. (11).

Table 2
Summary of the systematic uncertainty contributions (in 
%) to the measurement of the Born cross section for the 
process e+e− → pp̄. The contributions from the tracking 
and PID efficiencies, E/p requirement, radiative correc-
tions and luminosity are uniform over the considered 
pp̄ mass range. The systematic uncertainty due to the 
4C kinematic fit and background subtraction depends on 
the pp̄ mass interval. The systematic uncertainties are 
added in quadrature (last raw of the table).

Source Uncertainty (%)

Tracking efficiency 2
PID efficiency 2
E/p 1
Luminosity 1
Radiative corrections 1 - 4
4C kinematic fit 1 - 4
Background subtraction 1 - 8

Sum (cross section) 4 - 9

the determined born cross section with and without this modi-
fication is taken as the systematic uncertainty. To determine the 
uncertainty from the background estimation, the number of back-
ground events obtained in Section 4 is varied by one standard 
deviation and the fit results after subtraction of the modified back-
ground are compared with the nominal values. The radiative cor-
rection factor (1 + δ) is calculated in PHOKHARA generator with 
a theoretical uncertainty of 1%. The uncertainty from the energy 
dependence of the Born cross section used for the (1 + δ) calcula-
tion is determined by varying the line shape of the cross section 
from PHOKHARA event generator within the errors of the mea-
sured cross section. The systematic uncertainties listed above are 
added in quadrature and are summarized in Table 2. 

In Table 4, the obtained values of the Born cross section for the 
process e+e− → pp̄ and the effective FF of the proton are listed in-
cluding the statistical and systematic uncertainties. Figs. 4a and 4b
show the results from this analysis for the e+e− → pp̄ cross sec-
tion and the proton effective FF, respectively, together with results 
from previous experiments.

The data on the TL effective FF are best reproduced by the func-
tion proposed in Ref. [41],

|Geff| = A
(1 + q2/m2

a)[1 − q2/q2
0]2

, q2
0 = 0.71 (GeV/c)2, (11)

where A = 7.7 and m2
a = 14.8 (GeV/c)2 are the fit parameters ob-

tained previously in Ref. [44]. This function is illustrated in Fig. 4b 
by the blue dashed curve and reproduces the behavior of the effec-
tive FF over the full q2 range. However, the measurements indicate 

Fig. 5. The effective FF of the proton, after subtraction of the smooth function de-
scribed by Eq. (11), as a function of the relative momentum p. The data are from 
the present analysis (red points) and previous measurements of BESIII [17,25] and 
BABAR [23,24] including statistical and systematic uncertainties. The black dashed 
curve shows the parameterization from Ref. [43] based on Eq. (12).

oscillating structures which are clearly seen when the residuals 
are plotted as a function of the relative momentum p of the final 
proton and antiproton [43]. Fig. 5 shows the values of the proton 
effective FF as a function of p after subtraction of the smooth func-
tion described by Eq. (11). The black curve in Fig. 5 describes the 
periodic oscillations and has the form [43]

F p = Aosc exp(−Bosc p) cos(Cosc p + Dosc), (12)

where Aosc = 0.05, Bosc = 0.7 (GeV/c)−1, Cosc = 5.5 (GeV/c)−1 and 
Dosc = 0.0 have been obtained from a fit to the BABAR data [44].

6. Ratio of proton form factors

The ratio of the electric and magnetic FFs Rem is determined by 
analyzing the distribution of cos θp

dN

d cos θp
= A[FM(cos θp, Mpp̄)+

R2
em

2τ
FE(cos θp, Mpp̄)].

(13)

where N is the number of selected e+e− → pp̄γ candidates after 
e+e− → pp̄π0 background subtraction. The shapes of the mag-
netic contribution FM(cos θp, Mpp̄) and the electric contribution 
FE(cos θp, Mpp̄) are determined from the MC simulation, which in-
cludes the radiative corrections. The distributions obtained for FM
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(c)

Figure 2: Born cross sections for the process 𝑒+𝑒− → 𝑝𝑝 (a), |𝐺eff | of the proton (b) and the effective form
factor after subtraction of the smooth function dependent on the relative momentum 𝑝 (c) at BESIII, together
with the results from previous experiments.

factor as a function of 𝑝 after subtraction of the smooth function proposed in Ref. [10]:

|𝐺eff | =
A

(1 + 𝑞2/𝑚2
𝑎) (1 − 𝑞2/𝑞2

0)2
, 𝑞2

0 = 0.71 GeV/c2. (3)
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samples, we test the ratio of the cross sections, as shown in Fig. 3a. 
It is found that Rnp is smaller than 1 at all energies, in contrast to the 
results obtained by the FENICE experiment. Our result shows that 
the photon–proton interaction is stronger than the corresponding 
photon–neutron interaction, as expected by most theoretical pre-
dictions, and clarifies the photon–nucleon interaction puzzle that 
has persisted for over 20 years.

The values for ∣G∣ obtained in this analysis are used to search 
for a neutron counterpart to the oscillatory behaviour that was 
observed for protons13. In fact, as shown in Fig. 3b, after subtracting 
the well-established dipole formula GD(q2) ≡ GD, that is,

Gosc(q2) = |G| − GD, GD(q2) =
An

(1− q2
0.71 (GeV2) )

2 , (5)

where An = 3.5 ± 0.1 is a normalization factor; the data exhibit a 
similar behaviour. The Gosc(q2) ≡ Gosc values for both neutron and 
proton can be simultaneously fitted by the function Fosc of the rela-
tive momentum p (proposed in ref. 22) with a common momentum 
frequency C.

Fn,posc = An,p exp (−Bn,pp) cos (Cp+ Dn,p
) , p ≡

√

E2 −m2
n,p,

E ≡

q2
2mn,p

−mn,p

(6)

Here A is the normalization; B, the inverse oscillation damping; 
and D, the phase. The fit yields C = (5.55 ± 0.28) GeV−1 and a phase 
difference of ΔD = ∣Dp − Dn∣ = (125 ± 12)° with a goodness of fit χ2/
dof = 50/47 and a statistical significance of over 5σ with respect to a 
null oscillation hypothesis, where dof is degrees of freedom, and Dp 
and Dn are the phase parameters from simultaneous fit for the pro-
ton and neutron, respectively. The periodic structure of ∣G∣ for the 
proton demonstrates a deviation from a modified dipole behaviour. 
We observe a corresponding behaviour with a similar frequency 
for the neutron, but with a large phase difference. The results imply 
that there are some not yet understood intrinsic dynamics that are 
responsible for almost orthogonal oscillations. Possible explana-
tions for this oscillation are interference effects from final-state 
re-scattering23 or the influence of a resonant structure24. Theoretical 
investigations as well as more experimental data might help illumi-
nate the origin of this oscillation of the electromagnetic structure 
observables of the nucleon.

The results provide an enhanced insight into the fundamen-
tal properties of the neutron. The results can be used to constrain 
parameterizations of the generalized part in the distribution that are 
closely related to the neutron spin25 and are related to the neutron 
mass according to the Feynman–Hellmann theorem26. Furthermore, 
the extracted form factors can be directly translated into the neu-
tron radius in the Breit frame27, and—when combined with lep-
ton scattering results—provide a useful input to the controversy 

Table 1 | Summary of results for the Born cross section σB and effective form factor ∣G∣
√
s (GeV) Lint (pb−1) σB (pb) ∣G∣ (×10−2)

√
s (GeV) Lint (pb−1) σB (pb) ∣G∣ (×10−2)

2.0000 10.10 386 ± 55 ± 37 19.0 ± 1.3 ± 0.9 2.3864 22.5 87.0 ± 8.0 ± 6.0 8.4 ± 0.4 ± 0.3

2.0500 3.34 256 ± 67 ± 16 14.8 ± 1.9 ± 0.5 2.3960 66.9 98.0 ± 5.0 ± 6.0 8.9 ± 0.2 ± 0.3

2.1000 12.20 207 ± 24 ± 19 13.0 ± 0.8 ± 0.6 2.6454 67.7 22.0 ± 2.0 ± 2.0 4.5 ± 0.2 ± 0.2

2.1250 108.00 145 ± 6 ± 12 10.8 ± 0.2 ± 0.4 2.9000 105.0 8.5 ± 1.1 ± 0.7 3.0 ± 0.2 ± 0.1

2.1500 2.84 149 ± 38 ± 12 10.9 ± 1.4 ± 0.4 2.9500 15.9 7.7 ± 2.9 ± 1.0 2.9 ± 0.5 ± 0.2

2.1750 10.60 99 ± 16 ± 8 8.8 ± 0.7 ± 0.4 2.9810 16.1 8.6 ± 2.9 ± 1.0 3.1 ± 0.5 ± 0.2

2.2000 13.70 83 ± 12 ± 6 8.1 ± 0.6 ± 0.3 3.0000 15.9 8.6 ± 3.4 ± 1.4 3.1 ± 0.6 ± 0.2

2.2324 11.90 88 ± 13 ± 7 8.3 ± 0.6 ± 0.3 3.0200 17.3 8.0 ± 2.8 ± 1.0 3.0 ± 0.5 ± 0.2

2.3094 21.10 93 ± 9 ± 7 8.6 ± 0.4 ± 0.3 3.0800 126.0 3.9 ± 0.7 ± 0.5 2.1 ± 0.2 ± 0.1

The first error is statistical and the second one, systematic. Here 
√

s represents the c.m. energy and Lint, the integrated luminosity.
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Fig. 2 | Results for the Born cross section σB and corresponding form factor ∣G∣ of the neutron. a,b, Born cross section σB (a) and effective form factor ∣G∣ 
(b) with respect to the c.m. energy. The black solid circles are the BESIII results from this analysis. Existing results from DM2 (ref. 9), FENICE10, and two 
SND32,33 experiments are shown as green squares, green downward triangles, and orange and blue upward triangles, respectively. The red dashed line 
indicates the production threshold for the signal process. For all the data points, the total uncertainty (quadratic sum of statistical and systematic errors, 
corresponding to a 68.3% confidence level of a normal distribution) is plotted.
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surrounding the neutron charge radius7,8. A detailed knowledge 
of the electromagnetic structure of the neutron is needed for the 
understanding of many fundamental processes. For example, the 
distribution of neutrons in nuclei and their internal structure plays 
a major role in the calculations of neutron-star radii28. A possible 
quantum chromodynamics phase transition from nuclear matter 
to quark–gluon plasma involves the neutron structure, and anni-
hilation reactions play a major role in the simulation of measure-
ments29,30. The observation of the light curve and gravitational-wave 
signals of a nearby neutron-star merger (as observed recently by 
gravitational-wave detectors) allows the identification of different 
contributions to this violent process in terms of nuclear physics, 
nucleon structure and general relativity31.
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Fig. 3 | Results for the Rnp ratio and form factor ∣G∣ deviation from the dipole law with respect to 
√
s. a, The Rnp ratio is shown using the results from this 

analysis and the existing data of the proton20 (black circles) together with the results from the FENICE experiment10 (green downward triangles). The red 
fine-dashed and grey wide-dashed lines are two predictions from ref. 11 and ref. 12, respectively. b, Fit to the deviation of the effective form factor ∣G∣ of the 
nucleon from the dipole law. The black circles show the results from this work, while the blue downward triangles indicate the results for the proton from 
the BaBar experiment13. The orange wide-dashed and blue fine-dashed lines are the fit results with a common momentum frequency C to the neutron and 
proton data obtained using equation (6), respectively. For all the data points, the total uncertainty (quadratic sum of statistical and systematic errors, 
corresponding to a 68.3% confidence level of a normal distribution) is plotted.
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c

Figure 3: Born cross sections for the process 𝑒+𝑒− → 𝑛𝑛̄ (a), corresponding |𝐺eff | of neutron (b) and the
form factor deviation from the dipole law (c) with respect to the c.m. energy.

Neutron and anti-neutron pairs produced in 𝑒+𝑒− annihilation for
√
𝑠 between 2.00 and 3.08 GeV

is studied by BESIII, where the datasets represent the first high-luminosity off-resonance energy
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scan. A precise measurement of Born cross sections and |𝐺eff | are achieved, which are shown in
Fig. 3. For

√
𝑠 = 2.00, 2.10 and 2.40 GeV, the precision is improved over previous measurements

from the FENICE and DM2 experiments by factors of about three, two and six, respectively [11].
Oscillation of reduced-|𝐺eff | is observed in neutron with a phase orthogonal to the proton. Values
of |𝐺𝐸 |, |𝐺𝑀 | and |𝐺𝐸/𝐺𝑀 | are extracted at five c.m. energy intervals in the TL region. Compared
with the FENICE results [12], the results for |𝐺𝑀 | from BESIII [13] are smaller by a factor of
∼ 2 − 3 in the range of

√
𝑠 = 2.00 − 2.50 GeV, as shown in Fig. 4. The measured |𝐺𝐸 | and |𝐺𝑀 |

can be used to test various models, such as a parametrization obtained from the pQCD, a modified
dipole model (MD), a vector meson dominance model (VMD) and a model based on dispersion
relations (DR), to provide a more comprehensive picture of the neutron structure. DR model gives
the best consistency.

systematic uncertainties during fitting angular distributions
is taken as a systematic uncertainty. In total, three catego-
ries are used to determine the final results of Rem and jGMj
by taking into account correlations of systematic uncer-
tainties at different bins. The uncertainties of jGEj are
propagated from uncertainties of Rem, jGMj and their
correlations. Table I lists the total systematic uncertainties.
In conclusion, values of jGEj, jGMj, and Rem have been

extracted at five c.m. energy intervals in the TL region. The
results for Rem are close to unity considering systematic
uncertainties in a wide range of q2.
Compared with the FENICE results, the values for jGMj

from this work are smaller by a factor of ∼2–3 in the range
of

ffiffiffi
s

p ¼ 2.0–2.5 GeV, as shown in Figs. 4(a) and 4(b). The
measured jGEj and jGMj can be used to test various models
to provide a more comprehensive picture of the nucleon
structure. Among models such as a parametrization
obtained from the pQCD [37], a modified dipole model
based on the quark counting rule and analytical extension
(MD) [38], a vector meson dominance model (VMD) [39],
and a model based on dispersion relations (DR) [40–42],
our results show the best agreement with the DR-based
model (long-dashed line). Note that the MD parametriza-
tion (dot-dashed line) is re-analyzed with the experimental
results from this work. The free parameters of the DR-
based model are optimized by a fit to the TL jGMj data,
which are extracted for the neutron under the hypothesis
that jGEj ¼ jGMj. The free parameters of the MDmodel are
optimized with a fit to the TL effective FFs. The pQCD

based parametrization was initially developed for jGEj and
jGMj, legitimizing the use of these models also for a
comparison with jGEj. In contrast, the VMDmodel predicts
different values for jGEj and jGMj.
The EMFFs derived from data of unpolarized experi-

ments empirically scale likeGE;M ∼ ð−q2Þ−2 [44] in case of
q2 → −∞ in the SL region. It is interesting to check
whether the TL form factors show any asymptotic behavior.
Our results show jGn

E;Mj ∼ ðq2Þ−2 in the TL region. It is
important to test the analyticity of EMFFs as a direct
consequence of micro causality and unitarity. As stated in
the Phragmèn-Lindelöf (P-L) theorem [45], EMFFs in the
TL region can be extended to any direction of the q2

complex plane. As a result, the numerical values of
EMFFs should approach each other for jq2j → ∞, i.e.,

RE;M ≡ jGTL
E;Mðq2Þ=GSL

E;Mð−q2Þj !jq2j→∞
1. Figures 4(c) and

4(d) show that the TL jGEj (jGMj) has no intersections with
the SL GE (GM), using an extrapolation with current fitting
parameters for the neutron. The measured ratios are RE ¼
5.18� 1.18 for the electric form factors and RM ¼ 1.72�
0.14 for the magnetic form factors. The related fitting
results are listed in Table II.
In summary, we have separated jGEj from jGMj for the

neutron within a wide range of q2 from 4 to 9 GeV2 with
relative uncertainty around 12% for the modulus of the
magnetic form factor. This is comparable in accuracy to
results from electron scattering in a similar SL region of
four-momentum transfer. In the future, further efforts will
be made not only at electron accelerators [46,47] but also at
electron-positron [48] and proton-antiproton colliders [49]
to obtain a global picture of all data in the TL and SL
regions which will further deepen our understanding of the
nucleon structure.

The BESIII Collaboration thanks the staff of BEPCII and
the IHEP computing center for their strong support. This
work is supported in part by theNational KeyR&DProgram
of China under Contracts No. 2020YFA0406400,

TABLE II. Fitting results with dipole function corresponding to
Figs. 4(c) and 4(d).

jGEj
� � � TL (q2 > 4M2

n) SL (q2 < 0)

Formula ½A=ð1 − q2=0.71Þ2� ½Aτ=ð1þ BτÞ�½1=ð1 − q2=0.71Þ2�
Parameters A ¼ 3.39� 0.43 A ¼ 1.42� 0.08, B ¼ 2.17� 0.39
χ2=ndf 0.4=4 25=36

jGM j
� � � TL (q2 > 4M2

n) SL (q2 < 0)

Formula ½A=ð1 − q2=0.71Þ2� ½A=ð1 − q2=0.71Þ2�
Parameters A ¼ 3.27� 0.28 A ¼ 1.899� 0.008
χ2=ndf 8.8=4 82=31

FIG. 4. Results for the separated form factors of the neutron.
(a) Electric and (b) Magnetic form factors as a function of

ffiffiffi
s

p
from this work are shown together with results from the FENICE
experiment [20] extracted under the hypothesis jGEj ¼ 0 (blue
rectangles) and four different parametrizations [37,40,43]. The
vertical red dotted line indicates the production threshold.
(c) Electric and (d) Magnetic form factors as a function of
jq2j from this work shown together with results from the world
data of SL ones. The fit to TL (SL) data is represented with a red
(blue) line and a gray band (95% C.I.). The related fitting results
are listed in Table II.
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Figure 4: Electric (a) and Magnetic (b) form factors of neutron as a function of c.m. energy together with
FENICE results and four different parametrizations.

3. EMFFs of hyperons

Compared to nucleons, it is difficult to study EMFFs of hyperons in SL due to the difficulty
in stable and high-quality hyperon beams. In 𝑒+𝑒− machines, hyperons pair can be produced in
the annihilation process above their production threshold. The cross section can be obtained very
close to threshold with finite phase space of final states. With hyperon weak decay to baryon and
pseudo-scalar meson, the polarization of hyperon can be measured by the angular distribution, so
does the relative phase between 𝐺𝐸 and 𝐺𝑀 .

σðsÞ ¼ c0 · βðsÞ · C
ð ffiffiffi

s
p

− c1Þ10
; ð10Þ

where c0 and c1 are free parameters and the Coulomb
correction factor is C ¼ 1 for neutral baryons. The fit result
is shown as the blue dashed line in Fig. 7, with c0 ¼
ð1.07� 0.74Þ × 103 pb · GeV10, c1 ¼ 1.27� 0.08 GeV,
and the fit quality χ2=d:o:f: ¼ 19.06=14.
In Fig. 7, the pQCD prediction does not describe the

anomalous enhancement well near threshold. Therefore,
inspired by the results of cross section measurements
of eþe− → nn̄ and eþe− → pp̄ [3,5], it is assumed that
there is a step near the threshold for the eþe− → ΛΛ̄ cross
section, the threshold enhancement effect. By taking into
account the strong interaction near the threshold instead of
using the formula of Eq. (10), which contains the Coulomb
factor, the cross section can be expressed as [3]

σðsÞ ¼ ea0π2α3

s
h
1 − e−

παs
β

ih
1þ

� ffiffi
s

p
−2mΛ
a1

�
a2
i ; ð11Þ

where a0, a1, and a2 are three free parameters. The symbol
αs represents the strong running coupling constant and is
parametrized as

αs ¼
�

1

αsðm2
ZÞ

þ 7

4π
ln

�
s
m2

Z

��
−1
; ð12Þ

where mZ ¼ 91.1876 GeV=c2 [47] is the mass of Z boson
and αsðm2

ZÞ ¼ 0.11856. This fit has χ2=d:o:f: ¼ 9.83=13,
with a0 ¼ 19.5� 0.16, a1 ¼ 0.17� 0.04 GeV, and a2 ¼
1.98� 0.34, and the fit result is shown as the red solid line
in Fig. 7.

VII. STUDY OF THE J=ψ → ΛΛ̄ DECAY

The branching fraction of J=ψ → ΛΛ̄, BðJ=ψ → ΛΛ̄Þ, is
determined via the ISR process eþe− → γJ=ψ → γΛΛ̄ atffiffiffi
s

p ¼ 3.773 and 4.178 GeV. After integrating over the
photon polar angle, the cross section for ISR production of
a narrow resonance (vector meson V), such as J=ψ ,
decaying into the final state f is given by [53]

σðsÞ ¼ 12π2ΓðV → eþe−ÞBðV → fÞ
mVs

Wðs; x0Þ; ð13Þ

where mV and ΓðV → eþe−Þ are the mass and electronic
width of the vector meson V, x0 ¼ 1 −m2

V=s, BðV → fÞ is
the branching fraction of V → f, andWðs; x0Þ is calculated
by Eq. (3). If the cross section is measured, the branching
fraction can be calculated by Eq. (13). The cross section can
also be written as
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FIG. 7. The cross section for the eþe− → ΛΛ̄ process from this
analysis (black dots with error bars) with comparison to previous
works (see the legend in the figure) [6–9]. Both statistical and
systematic uncertainties are included. The blue dashed line is the
fit result using Eq. (10), and the red solid line is the fit result using
Eq. (11). The vertical dashed line is the production threshold for
eþe− → ΛΛ̄. The χ distributions of the two fits are shown in the
bottom panel, where the blue and red triangles represent the
results of Eqs. (10) and (11), respectively.

TABLE V. The cross section (σ) of the whole dataset. Nsig is the
total number of signal events, ε̄ is the average detection efficiency
of 12 energy points weighted by the effective ISR luminosity, and
L is the total effective ISR luminosity. The uncertainties for Nsig

are statistical. For σ, the first uncertainties are statistical, and the
second are systematic.

MΛΛ̄ (GeV=c2) Nsig ε̄ L (pb−1) σ (pb)

2.231–2.250 24.1� 5.5 0.061 3.95 245� 56� 14

2.25–2.27 30.3þ5.7
−5.9 0.062 4.24 283þ53

−55 � 15

2.27–2.29 19.5� 5.2 0.062 4.32 179� 48� 13

2.29–2.31 20.7� 5.0 0.061 4.41 190� 46� 11

2.31–2.34 23.5þ5.4
−5.5 0.059 6.78 144þ32.7

−33.5 � 9.8

2.34–2.37 20.8þ5.3
−5.4 0.058 6.99 126.6þ32.1

−32.9 � 7.5

2.37–2.40 27.6þ5.9
−6.1 0.057 7.20 165þ35

−37 � 11

2.40–2.44 22.7þ5.4
−5.5 0.057 9.95 98.1þ23.2

−23.7 � 5.6

2.44–2.48 18.5þ4.9
−5.1 0.058 10.37 75.2þ19.7

−20.8 � 4.5

2.48–2.52 10.2þ4.2
−4.3 0.059 10.82 38.9þ15.9

−16.5 � 3.7

2.52–2.56 14.7� 4.5 0.061 11.30 52.4� 16.0� 4.3
2.56–2.60 15.9þ4.3

−4.6 0.063 11.80 52.1þ14.0
−14.9 � 3.1

2.60–2.70 21.2þ4.9
−5.2 0.066 31.96 24.6þ5.7

−6.0 � 1.6

2.70–2.80 9.4� 4.1 0.070 35.96 9.1� 4.0� 2.6
2.80–2.90 11.9þ3.9

−4.1 0.072 40.76 9.9þ3.3
−3.4 � 0.7

2.90–3.00 14.5þ4.3
−4.5 0.073 46.59 10.5þ3.1

−3.2 � 0.8
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(a)

After applying all event selection criteria, 555 event
candidates remain in our data sample.
The background channels are identified by performing

inclusive qq̄ simulations. The main contribution are events
from Δþþp̄π−ðΔ̄−−pπþÞ and nonresonant pp̄πþπ− pro-
duction, i.e., reactions with similar topology as eþe− →
ΛΛ̄ (Λ → pπ−, Λ̄ → p̄πþ). The contamination is found
to be on the percent level. A two-dimensional sideband
study provides an independent, data-driven method to
quantify the background contribution from events with
misidentified Λ=Λ̄. The Λ=Λ̄ sideband regions are
defined within 1.097 < Mðpπ−=p̄πþÞ < 1.109 GeV=c2

and 1.123 < Mðpπ−=p̄πþÞ < 1.135 GeV=c2 for events
with a Λ̄=Λ candidate. The number of background events
is determined to be 14� 4, corresponding to a background
level of 2.5%.
In our analysis, we extract the parameters η and ΔΦ by

applying a multidimensional event-by-event maximum
log-likelihood fit in MINUIT [26]. The multidimensional
approach takes the reconstruction efficiency into account
in a model-independent way. The results from the fit are
η ¼ 0.12� 0.14, giving R ¼ 0.96� 0.14, and ΔΦ ¼
37°� 12°, where the uncertainties are statistical. The
correlation coefficient between η and ΔΦ is 0.17. The Λ
angular distribution and the polarization, multiplied with
the constant αΛ, as a function of the scattering angle are
shown in Fig. 3. The characteristic dependence of the
polarization on cos θ is a consequence of the nonzero
phase.
A thorough investigation of possible sources of system-

atic uncertainties has been performed. The uncertainties
from the luminosity measurement, tracking, and back-
ground are found to be negligible. The non-negligible
contributions from the angular fit range (for R), from

requirements on χ24C (for ΔΦ), and requirements on the
invariant mass are summarized in Table I. The total
systematic uncertainty is about 7 times smaller than the
statistical for R and about 2 times smaller for ΔΦ.
The formalism presented in Eq. (3) assumes the one-

photon exchange to be dominant in the production mecha-
nism. A significant contribution of two-photon exchange of
the lowest order results in an additional term κ cos θ sin2 θ
in Eq. (3) due to interference of the one- and two-photon
amplitudes [27]. This would give rise to a nonzero
asymmetry in the Λ angular distribution [28]:

A ¼ Nðcos θ > 0Þ − Nðcos θ < 0Þ
Nðcos θ > 0Þ þ Nðcos θ < 0Þ ; ð5Þ

where A is related to κ according to

A ¼ 3

4

κ

3þ η
: ð6Þ

In this work, the asymmetry is measured to be A ¼
0.001� 0.037 and indicates a negligible contribution
from two-photon exchange with respect to the statistical
precision.
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FIG. 3. (a) The acceptance corrected Λ scattering angle distribution. The experimental distribution (points) is normalized to yield
A ¼ 1 obtained fitting Aþ B cos2 θ to the data. The red line is 1þ η cos2 θ with η ¼ 0.12 and the band corresponds to the statistical
uncertainty. (b) The product of αΛ and Λ polarization Py as a function of the scattering angle. The dots are the data, the red line the
polarization corresponding to theΔΦ and η obtained in the maximum log-likelihood fit described in the text. The data in these plots have
been efficiency corrected using a multidimensional method using MC simulations with parameters determined from the maximum log-
likelihood fit.

TABLE I. Systematic uncertainties in R and ΔΦ.

Source R (%) ΔΦ (%)

χ24C cut � � � 14
Mass window of pπ 0.1 5.5
Different range of cos θ 2.0 � � �
Total 2.0 15

PHYSICAL REVIEW LETTERS 123, 122003 (2019)

122003-6

Figure 5: Cross section for the process 𝑒+𝑒− → ΛΛ̄ (a), together with the results from previous works.
The accepted corrected Λ scattering angle distribution (b) and the product of 𝛼Λ and Λ polarization 𝑝𝑦 as a
function of the scattering angle (c).

Cross sections of 𝑒+𝑒− → ΛΛ̄ are measured at BESIII by two methods near threshold. Energy
scan method is used at

√
𝑠 = 2.2324 (1 MeV above threshold), 2.4000, 2.8000 and 3.0800 GeV[14].
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ISR method is used at
√
𝑠 = 3.773−4.258 GeV with a total luminosity of 11.9 fb−1 and cross sections

from threshold to 3.0 GeV/𝑐2 are obtained [15]. Nonzero cross section near threshold is observed
shown in Fig. 5, which is consistent with BaBar results [16]. A complete measurement of Λ EMFFs
is studied at 2.3960 GeV, 66.9 pb−1. An event of the reaction 𝑒+𝑒− → Λ(→ 𝑝𝜋−)Λ̄(→ 𝑝𝜋+) is
formalized by joint angular distribution:

𝑊 (𝜉) = T0 + 𝜂T5 − 𝛼2
Λ

[
T1 +

√︃
1 − 𝜂2 cos(ΔΦ)T2 + 𝜂T6

]
+ 𝛼Λ

√︃
1 − 𝜂2 sin(ΔΦ) (T3 − T4), (4)

which contains three parts, unpolarized, correlated and polarized part. Using this fully differential
angular description of the final state particles, both |𝐺𝐸/𝐺𝑀 |, equal to 0.96 ± 0.14 ± 0.02, and
relative phase, ΔΦ = 37◦ ±12◦ ±6◦, are extracted [17], shown in Fig. 5. The nonzero relative phase
confirms the complex form of EMFFs.
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different c.m. energies, defined around 2.3960 GeV in steps
of 1 MeV, that is, 2.3950, 2.3970, and 2.3980 GeV, and
choose the one that gives the best description of the data in
the fit procedure. For the Σ̄− momentum calibration, ten
MC samples are generated, with different scale factors for
the three-momentum of antiproton in each sample. The
scale factors are defined in steps of 0.001 from 1.040 to
1.049, and we choose the one giving the best description of
the data in the fit procedure. The differences between the
updated and nominal results are taken as the systematic
uncertainties. In Table II, the individual uncertainties are
assumed to be uncorrelated and are added in quadrature.
In summary, the process eþe− → ΣþΣ̄− is studied at

2.3960, 2.6454, and 2.9000 GeV. Using a joint angular
distribution analysis, the final results for jGE=GMj, the
relative phase ΔΦ, and sinΔΦ are summarized in Table I
and plotted in Fig. 3, where the relative phase of the Σþ
hyperon is measured for the first time in a wide four-
momentum transfer range.
The precision of jGE=GMj is improved compared with

the previous measurement [26] at 2.6454 and 2.9000 GeV.
Since only the sine value of ΔΦ can be extracted at
2.3960 GeV, the two solutions are plotted as shown in
Fig. 3(b), and there is a significant discrepancy between our
experimental result for ΔΦ and the theoretical predictions
from the ȲY potential model [34]. On the other hand, in
Fig. 3(b), ΔΦ is less than zero at 2.3960 GeV and greater
than zero at 2.6454 GeV, which implies that there may be at
least one ΔΦ ¼ 0° between these two energy points. Such
an evolution will be important input for understanding its
asymptotic behavior [35] and the dynamics of baryons.
Moreover, the fact that the relative phase is still increasing
at 2.9000 GeV indicates that the asymptotic threshold has
not yet been reached.
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FIG. 3. Results for jGE=GMj (a) and the relative phase ΔΦ (b) from this work (purple dots). The yellow squares in (a) denote the
previous results from BESIII [26]. The open circle in (b) represents the second solution of ΔΦ at 2.3960 GeV. The vertical dashed lines
indicate the production threshold for eþe− → ΣþΣ̄−, where jGE=GMj ¼ 1 and ΔΦ ¼ 0° by definition.

PHYSICAL REVIEW LETTERS 132, 081904 (2024)

081904-5

Figure 6: Cross section for the process 𝑒+𝑒− → Σ±Σ̄∓/Σ0Σ̄0 (left), results for |𝐺𝐸/𝐺𝑀 | (middle) and the
relative phase ΔΦ (right) of Σ+ as a function of c.m. energy

For Σ hyperons, Born cross sections of isospin triplets, Σ+, Σ− and Σ0, are measured from
threshold to 3.02 GeV/𝑐2 via energy scan method [18, 19], shown in Fig. 6. The cross sections
can be well described by pQCD-motivated functions. An asymmetry in cross section is observed,
9.7±1.3 : 3.3±0.7 : 1, which may relate with valence quark. Via ISR technique using data with an
integrated luminosity of 11.9 fb−1, collected at

√
𝑠 = 3.773−4.258 GeV, the process 𝑒+𝑒− → Σ+Σ̄−

is studied from threshold to 3.04 GeV/𝑐2 [20]. No significant threshold effect is observed. A
complete measurement of Σ+ EMFFs is studied at

√
𝑠 = 2.3960, 2.6454 and 2.9000 GeV in Fig. 6,

with the polarization significance of 2.2 𝜎, 3.6 𝜎 and 4.1 𝜎, respectively [21]. For the first time, the
phase of the hyperon electromagnetic form factors is explored in a wide range of four-momentum
transfer.
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Cross Section of 𝒆+𝒆− → 𝚵ഥ𝚵
• Born cross section of 𝑒+𝑒− → Ξ− തΞ+, Ξ0 തΞ0 are measured from threshold to 3.08 GeV

➢ No significant threshold effect is observed

➢ The ratio of Born cross sections and |𝐺eff| for both modes is within 1𝜎 of the expectation of isospin symmetry 

Ξ− തΞ+: PRD 103, 012005 (2021)
Ξ0 തΞ0: PLB 820, 136557 (2021)

Figure 7: Cross sections and |𝐺eff | for Ξ− and Ξ0 (left) and ratio of them between Ξ doublets (right).
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Born cross sections of Ξ isospin doublets, Ξ− and Ξ0, are measured from threshold to
3.0800 GeV/𝑐2 [22, 23]. No significant threshold effect is observed, shown in Fig. 7. The ra-
tio of Born cross sections and |𝐺eff | for both modes is within 1 𝜎 of the expectation of isospin
symmetry.

As the charm analog of proton, the Λ𝑐 hadron can shed new light on baryon structure. Mea-
surements of cross section and |𝐺𝐸/𝐺𝑀 | with high accuracy are performed at

√
𝑠 = 4.5745 −

4.9509 GeV [24, 25]. Enhanced cross section near threshold is observed, 236 ± 11 ± 46 pb at√
𝑠 = 4.5745 GeV, 1.6 MeV above threshold. Flat behavior around 4.63 GeV may indicate no en-

hancement around the𝑌 (4630) resonance shown in Fig. 8, which is different from Belle results [26].
No oscillatory behavior is discerned in |𝐺eff | Spectrum of Λ+

𝑐, in constrast to the case for proton
and neutron. An oscillation behavior is observed in the energy dependence of |𝐺𝐸/𝐺𝑀 |.

• Measurements of cross section and |𝐺𝐸/𝐺𝑀| with high accuracy are performed, 4.5745 − 4.9509 GeV

• Enhanced cross section near threshold: 236 ± 11 ± 46 pb at 4.5745 GeV (1.6 MeV above threshold)

• Flat cross sections around 4.63 GeV are obtained ⇒ indicate no enhancement around the 𝑌(4630)

resonance, which is different from Belle

• No oscillatory behavior is discerned in |𝐺eff| spectrum of Λ𝑐
+, in contrast to the case for proton and

neutron

• An oscillation behavior is observed in the energy dependence of |𝐺𝐸/𝐺𝑀|

15

Cross Section of 𝒆+𝒆− → 𝚲𝐜
+ഥ𝚲𝒄

−

PRL 131, 191901 (2023); PRL 120, 132001 (2018)

Figure 8: Cross section for the process 𝑒+𝑒− → Λ+
𝑐Λ̄

−
𝑐 (left), together with the results from Belle and the

|𝐺𝐸/𝐺𝑀 | of Λ+
𝑐 (right) as a function of c.m. energy.

4. Summary

There are fruitful physics results of baryon EMFFs obtained from 𝑒+𝑒− colliders, vis energy
scan and ISR techniques, part of which are summarized in Fig. 9. Conventional parametrization of
EMFFs is facing challenge from experimental observations, like threshold enhancement, oscillation
behavior in reduced form factors and |𝐺𝐸/𝐺𝑀 |. Using the property of short life and weak decay of
hyperons, relative phase of EMFFs gives rise to polarization of final baryons, and play an important
role in distinguishing various theoretical models. More results from BESIII are on the way.

• Fruitful physics results of EMFFs from 𝑒+𝑒− colliders, via energy scan and ISR methods.

• Conventional parameterization of EMFFs is facing challenge from experimental observations
(threshold effect, oscillation in reduced FFs and |𝐺𝐸/𝐺𝑀| ratio).

• Relative phase of EMFFs gives rise to polarization of final baryons, and will play an
important role in distinguishing various theoretical models.

• More results from BESIII are on the way.

Summary

Thank you!

16

Figure 9: Summary of the cross sections of baryons updated from Ref. [27].
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