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Introduction Internal Structure of Nucleon

Experiment of Electron Proton Scattering

☞ Phys. Rev. 98 (1955) 217.

Robert Hofstadter

The Nobel Prize
in Physics 1961

The differential cross section of ep scattering
indicates that proton is not charged point-
like particle,
The shape (or internal structure) of proton
might be described by the form factors.

R. Hofstadter and R. McAllister, Phys. Rev.
98 (1955) 217; R .Hofstadter, Rev. Mod.
Phys. 28 (1956) 214; R. Hofstadter,
F. Bumiller and M. R. Yearian, Rev. Mod.
Phys. 30 (1958) 482.
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Introduction Internal Structure of Nucleon

Electromagnetic Form Factors of Proton
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Annihilation

✯ Spin-1
2 baryons: two form factors

✯ Assuming one photon exchange:
M = − 𝑒2

𝑞2 𝑗𝑒𝜇 𝑗
𝜇
𝑝

✯ Hadronic current:
𝑗
𝜇
𝑝 = �̄�(𝑝2)

[
𝛾𝜇𝐹1(𝑞2) + 𝑖𝜅𝜎𝜇𝜈𝑞𝜈

2𝑚𝑝
𝐹2(𝑞2)]𝑢(𝑝1)

✯ Sachs form factors:
𝐺E(𝑞2) = 𝐹1(𝑞2) + 𝜅𝑞2

4𝑚2
𝑝
𝐹2(𝑞2)

𝐺M(𝑞2) = 𝐹1(𝑞2) + 𝜅𝐹2(𝑞2)
✯ Elastic scattering: 𝑒−𝑝 →𝑒−𝑝

Space-Like (SL) region:
𝑞2 ≃ −2𝐸𝑒𝐸

′
𝑒 (1 − cos 𝜃𝑒) < 0

✯ Annihilation: 𝑒+𝑒−↔𝑝𝑝

Time-Like (TL) region:
𝑞2 = 𝑠 = 𝑀2

𝑝 �̄� > 0

𝑘1 𝑘2

𝑝1 𝑝2

√
𝑠

𝜅 is the anomalous magnetic moment
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Introduction Methods

Measure the Form Factors at an 𝑒+𝑒− Collider
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𝑥 ≡ 1 − 𝑞2

𝑠

√
𝑠

√︁
𝑞2

√
𝑠

√︁
𝑞2

Energy Scan Initial State Radiation√
𝑠 discrete fixed

L low at each beam energy high at one beam energy

𝜎
d𝜎pp̄

d cos 𝜃 =
𝜋𝛼2𝛽C

2𝑞2 [|GM |2 (1 + cos2 𝜃) 𝑑𝜎pp̄𝛾
𝑑𝑞2 = 1

𝑠
𝑊 (𝑠, 𝑥)𝜎pp̄(𝑞2)

+ 4𝑚2
p

𝑞2 |GE |2 sin2 𝜃] 𝑊 (𝑠, 𝑥) = 𝛼
𝜋𝑥

(ln 𝑠

𝑚2
𝑒
− 1) (2 − 2𝑥 + 𝑥2)

𝑞2 single at each beam energy from threshold to 𝑠

BESIII, CMD-3, ... BaBar, BESIII, Belle, Belle-II, ...

ISR suppression factor: 𝛼
𝜋
∼ 1

400
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Introduction Methods

Beĳing Electron Positron Collider II (BEPCII)

12 countries

58 institutions

∼ 450 members

16 countries
85 institutions
>600 members

BESIII

e+

e−

LINAC

Forbidden
City

10
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Introduction Methods

BESIII Spectrometer on BEPCIIBESIII detector�

BEAUTY 2016� L.L. Wang� ��

MDC
𝛿p
p < 0.5%, 𝛿 (dE/dx)

dE/dx < 6%

ToF
𝛿t ∼ 70 ps (Barrel),

𝛿t ∼ (110)60 ps (Endcap)

EMC
𝛿E
𝐸

< 2.5%/
√

E,
𝛿d ∼ 0.6

√
E cm

MUC
𝛿z ∼ 5 cm, 𝛿r ∼ 3 cm

BESIII detector: 93% coverage
√

s ∼2.0 (1.8) - 4.965 GeV, L ∼1.0×1033 cm−2s−1 (design)
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Introduction Methods

Electron Positron Annihilation Data at BESIII6 52. Plots of Cross Sections and Related Quantities

R in Light-Flavor, Charm, and Beauty Threshold Regions
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Figure 52.3: R in the light-flavor, charm, and beauty threshold regions. Data errors are total
below 2 GeV and statistical above 2 GeV. The curves are the same as in Fig. 52.2. Note: CLEO data
above Υ (4S) were not fully corrected for radiative effects, and we retain them on the plot only for
illustrative purposes with a normalization factor of 0.8. The full list of references to the original data
and the details of the R ratio extraction from them can be found in [100]. The computer-readable
data are available at http://pdg.lbl.gov/current/xsect/. (Courtesy of the COMPAS (Protvino) and
HEPDATA (Durham) Groups, August 2019.)

21st May, 2020 7:49pm

Scan Data
2.23-3.67 GeV: 14 points ∼110 pb−1

2.00-3.08 GeV: 21 points ∼550 pb−1

1.84-1.97 GeV: 13 points ∼25 pb−1

Scan Data
3.85-4.59 GeV: 104 points ∼800 pb−1

𝐽/𝜓 10 B 𝜓′ 2.7 B

𝜓(3770): 20 fb−1

𝜓(4180): 3.1 fb−1

4230: 1.1 fb−1

𝜓(4415): 1.1 fb−1

4680: 1.6 fb−1

Scan Data (3.51-4.84 GeV): >30 points ∼15 fb−1

Physics Quantities Measured

Differential cross section of 𝑒+𝑒− → BB̄ (spin- 1
2 ):

d𝜎BB̄
d cos 𝜃 =

𝜋𝛼2𝛽C
2𝑞2 [|GM |2(1 + cos2 𝜃) + 4𝑚2

B
𝑞2 |GE |2 sin2 𝜃],

Electromagnetic form factors (EMFFs):
|GE |, |GM | and relateiv phase ΔΦ

(
Im

[
GEG∗

M
] )

,

Effective FF (total cross section):
|Geff | =

√︃
2𝜏 |GM |2+|GE |2

2𝜏+1 ,

Polarization of hyperon is self-analyzing:
P𝑦 = − sin 2𝜃Im[GE (𝑠)G∗

M (𝑠) ]/
√
𝜏

|GE(𝑠) |2 sin2 𝜃/𝜏+|GM(𝑠) |2 (1+cos2 𝜃 ) ,
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Baryon EMFFs Nucleon EMFFs

Proton Electromagnetic Form Factors
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

7
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Table 4
The integrated luminosity (Li ), the number of candidates (Ni ), the estimated e+e− → pp̄π0 background (N bkg

i ), the average over the seven c.m. energy points of the 
selection efficiencies (ε̄i ) and the radiative correction factors ((1 + δi)), the measured e+e− → pp̄ Born cross section (σi ) and the effective FF (|Geff|).

Mpp̄ [GeV/c2] Li [pb−1] Ni N bkg
i ε̄i (1 + δi) σi [pb] |Geff|

1.877 - 1.900 2.11 167 30.8 ± 2.3 0.071 1.21 721 ± 71 ± 26 0.401 ± 0.020 ± 0.007
1.900 - 1.925 2.30 194 52.8 ± 3.0 0.068 1.15 735 ± 77 ± 26 0.320 ± 0.017 ± 0.006
1.925 - 1.950 2.36 223 77.4 ± 3.6 0.069 1.13 787 ± 84 ± 30 0.298 ± 0.016 ± 0.006
1.950 - 1.975 2.41 263 88.8 ± 3.9 0.068 1.12 933 ± 90 ± 34 0.305 ± 0.015 ± 0.006
1.975 - 2.000 2.47 270 113.0 ± 4.4 0.067 1.12 818 ± 90 ± 41 0.275 ± 0.015 ± 0.007
2.000 - 2.025 2.53 269 114.6 ± 4.4 0.067 1.11 796 ± 89 ± 38 0.263 ± 0.015 ± 0.006
2.025 - 2.050 2.59 309 118.9 ± 4.5 0.066 1.11 950 ± 93 ± 38 0.282 ± 0.014 ± 0.006
2.050 - 2.075 2.65 321 123.1 ± 4.6 0.066 1.11 1011 ± 95 ± 41 0.286 ± 0.013 ± 0.006
2.075 - 2.100 2.72 282 112.8 ± 4.4 0.065 1.11 792 ± 86 ± 36 0.251 ± 0.014 ± 0.006
2.100 - 2.125 2.79 264 105.7 ± 4.2 0.066 1.10 762 ± 82 ± 31 0.244 ± 0.013 ± 0.005
2.125 - 2.150 2.85 227 92.7 ± 3.9 0.066 1.10 610 ± 73 ± 25 0.217 ± 0.013 ± 0.004
2.150 - 2.175 2.93 236 92.4 ± 3.9 0.065 1.10 650 ± 74 ± 26 0.224 ± 0.013 ± 0.004
2.175 - 2.200 3.00 178 81.2 ± 3.7 0.066 1.10 427 ± 62 ± 19 0.181 ± 0.013 ± 0.004
2.200 - 2.225 3.08 174 83.7 ± 3.7 0.066 1.10 385 ± 60 ± 17 0.172 ± 0.013 ± 0.004
2.225 - 2.250 3.15 140 65.2 ± 3.3 0.067 1.10 314 ± 52 ± 14 0.155 ± 0.013 ± 0.003
2.250 - 2.275 3.24 152 65.4 ± 3.3 0.068 1.10 359 ± 53 ± 15 0.166 ± 0.012 ± 0.004
2.275 - 2.300 3.32 114 62.1 ± 3.2 0.068 1.09 186 ± 43 ± 11 0.120 ± 0.014 ± 0.003
2.300 - 2.350 6.91 192 105.6 ± 4.2 0.070 1.10 154 ± 27 ± 8 0.110 ± 0.010 ± 0.003
2.350 - 2.400 7.28 157 93.5 ± 3.9 0.072 1.09 107 ± 23 ± 6 0.092 ± 0.010 ± 0.003
2.400 - 2.450 7.69 149 82.1 ± 3.7 0.073 1.09 100 ± 20 ± 8 0.090 ± 0.009 ± 0.003
2.450 - 2.500 8.13 139 66.9 ± 3.3 0.075 1.08 108 ± 19 ± 7 0.094 ± 0.008 ± 0.003
2.500 - 2.550 8.60 126 62.8 ± 3.2 0.076 1.09 90 ± 17 ± 5 0.087 ± 0.008 ± 0.002
2.550 - 2.600 9.12 104 54.0 ± 3.0 0.077 1.08 64 ± 14 ± 3 0.075 ± 0.008 ± 0.002
2.600 - 2.650 9.68 109 52.9 ± 2.9 0.077 1.09 67 ± 13 ± 3 0.077 ± 0.008 ± 0.002
2.650 - 2.700 10.29 75 47.3 ± 2.8 0.078 1.08 31 ± 11 ± 2 0.053 ± 0.009 ± 0.001
2.700 - 2.750 10.97 73 47.4 ± 2.8 0.080 1.07 26 ± 10 ± 2 0.050 ± 0.009 ± 0.002
2.750 - 2.800 11.71 82 48.4 ± 2.8 0.080 1.07 33 ± 10 ± 2 0.056 ± 0.008 ± 0.002
2.800 - 2.850 12.54 70 50.6 ± 2.8 0.080 1.08 18 ± 9 ± 1 0.042 ± 0.011 ± 0.002
2.850 - 2.900 13.45 92 47.5 ± 2.7 0.080 1.06 30 ± 8 ± 3 0.056 ± 0.007 ± 0.002
2.900 - 2.950 14.47 69 49.9 ± 2.8 0.081 1.07 18 ± 8 ± 1 0.044 ± 0.010 ± 0.002
2.950 - 3.000 15.62 71 49.3 ± 2.8 0.082 1.06 19 ± 7 ± 1 0.045 ± 0.008 ± 0.001

The systematic uncertainties include contributions from three 
main sources: the number of cos θp intervals in the fit, the 4C-
kinematic fit and the uncertainty of the e+e− → pp̄π0 background 
estimation. The contribution from the number of cos θp intervals is 
evaluated by using cos θp distributions with eight intervals instead 
of ten. The variations of the fit results are taken as systematic 
uncertainties. They increase from about 5% in the region below 
2.1 GeV/c2 to 33% at 3.0 GeV/c2. The systematic uncertainties due 
to the 4C-kinematic fit and the background estimation are deter-
mined using the same methods as described in Section 5. The 
uncertainties from the 4C-kinematic fit and background estimation 
are found to be less than 7% in all Mpp̄ intervals. Other contri-
butions to the Rem systematic uncertainty are negligible, when 
compared to the size of the total uncertainty. The systematic un-
certainties are added in quadrature.

Fig. 7 shows the results for Rem from this analysis (red points), 
together with the results from previous measurements. Both sta-
tistical and systematic uncertainties are included. 

7. Summary

Using seven data sets with a total integrated luminosity of 
7.5 fb−1 collected by the BESIII experiment at 

√
s between 3.773 

and 4.600 GeV, the ratio of the proton electromagnetic FF abso-
lute values, the Born cross section for the process e+e− → pp̄ and 
the effective FF of the proton are measured from the pp̄ threshold 
to 3.0 GeV/c2 through the ISR process e+e− → pp̄γ . This mea-
surement confirms an enhancement of the ratio of FFs in the Mpp̄

region below 2.2 GeV/c2 previously observed by BABAR and BESIII 
and differs from the behavior reported by PS170 [19]. Close to the 
threshold, the observed ratio is compatible with unity within the 
uncertainties. The results on the Born cross section for the process 
e+e− → pp̄ and the proton effective FF presented in this work are 
in a good agreement with the measurements from the previous 

Fig. 7. Results for Rem from this work (BESIII (LA-ISR), red solid dots) as a func-
tion of the momentum transfer squared, q2, together with the results from previous 
experiments: BABAR [23], PS170 [19], CMD-3 [15], and BESIII [14,17,25]. Both sta-
tistical and systematic uncertainties are included in all the results.

experiments [5–23,25]. In particular, we reproduce the structures 
seen in the BABAR and previous BESIII measurements of the pro-
ton effective FF. The origin of these oscillating structures can be 
attributed to an interference effect involving rescattering processes 
in the final state [44] or to independent resonant structures, as in 
Ref. [45]. Our points below 1.950 GeV/c2 show a slightly smaller 
cross section than the BaBar measurements, nevertheless the two 
measurements are consistent with each other within their uncer-
tainties. The precision of the measurements obtained in this work 
is comparable to or lower than that achieved in previous BESIII 
studies [14,17,25] using the direct annihilation and SA-ISR pro-
cesses which benefit from higher statistics. The analysis described 
here shows the possibility to use the LA-ISR technique at BESIII 
to perform independent and complementary measurements of the 
proton FFs down to the production threshold. Larger samples that 

9

Proton EMFFs have been measured through both direct annihilation and ISR return
methods: PLB 817 (2021) 136328, PRL 124 (2020) 042001 and PRD 99 (2019) 092002,

Wide 𝑞2 region from the 𝑝𝑝 threshold up to 14 GeV2,

Most precise measurements on the ratio
(
| GE
GM

|
)

at 2.125 GeV with direct annihilation,

Measurements of proton EMFFs below 4 GeV2 through ISR-tagged method.

☞ Phys. Lett. B 817 (2021) 136328

direct annihilation
2.00 - 3.08 GeV

ISR return
th. - 3.8 GeV

(by data at
√
𝑠 ≥ 3.773 GeV)
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Baryon EMFFs Nucleon EMFFs

Neutron Electromagnetic Form Factors

☞ Phys. Rev. Lett. 130 (2023) 151905

First measurements for |GE | and |GM |
of neutron in TL region

☞ Nat. Phys. 17 (2021) 1200

High precision of the neutron EMFFs measurements in
a wide 𝑞2 region,
Very difficult to select the pure neutral final states,
First time ever to extract the individual |GE | and |GM |
of neutron in TL region,
Direct annihilation with data at

√
𝑠 = 2.0 - 3.08 GeV.
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Baryon EMFFs Nucleon EMFFs

Nucleon Pair Production through the 𝑒+𝑒− Annihilation

☞ Nat. Phys. 17 (2021) 1200

The coupling strength of 𝛾∗𝑝𝑝 and 𝛾∗𝑛�̄� is varied with different
√
𝑠, which is differed from any

naïve prediction models,
Oscillation of residual |Geff | observed in neutron with a phase orthogonal to that of proton.
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Baryon EMFFs Hyperon EMFFs

From Nucleon to Hyperon

Difficult to measure the hyperons EMFFs in the
Space-Like region due to the unstable of hyperon
either as target or beam,
Access their EMFFs in the TL region via pair
production of hyperons in the 𝑒+𝑒− annihilation,
Advantage: self-analyzing of the polarization of
hyperons,

P𝑦 = − sin 2𝜃Im[GE (𝑠)G∗
M (𝑠)]/√𝜏

|GE(𝑠) |2 sin2 𝜃/𝜏+|GM(𝑠) |2 (1+cos2 𝜃 ) ,

Extract the relative phase between GE and GM of
the hyperons,
The threshold is accessible benefited the decay of
the hyperons.

Nuov Cim A 109 (1996) 241

Phys. Rev. D 99 (2019) 056008
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Baryon EMFFs Hyperon EMFFs

EMFFs of Λ Hyperon at BESIII

☞ Phys. Rev. Lett. 123 (2019) 122003 ☞ Phys. Rev. D 107 (2023) 072005☞ Phys. Rev. D 97 (2018) 032013

The EMFFs of Λ hyperon are studied through direct annihilation
and ISR (tagged) methods at BESIII,
The cross sections (effectiv FF) are measured in a wide 𝑞2 range,
The ratio and relative phase of Λ EMFFs at

√
𝑠 = 2.396 GeV:

| GE
GM

| = 0.96 ± 0.14 ± 0.02, ΔΦ = 37◦ ± 12◦ ± 6◦.

direct annihilation
2.2324 - 3.08 GeV
ISR (tagged) return

th. - 3.0 GeV
(by data at

√
𝑠 ≥ 3.773 GeV)
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Baryon EMFFs Hyperon EMFFs

EMFFs of Σ Hyperon at BESIII

☞ Phys. Lett. B 814 (2021) 136110 ☞ Phys. Lett. B 831 (2022) 137187 ☞ Phys. Rev. D 109 (2023) 034029

Isospin triplet of strange hyperons: Σ− (𝑑𝑑𝑠), Σ+(𝑢𝑢𝑠) and Σ0(𝑢𝑑𝑠),
EMFFs of all the three hyperons are measured via direct annihilation,
An ISR measurement is also performed for the Σ+ EMFFs study,
Cross section for the isospin triplet roughly: (9.7± 1.3) : (3.3± 0.7) : 1.

direct annihilation for Σ± and Σ0

2.3864 - 3.02 GeV
ISR (untagged) return for Σ+

th. - 3.0 GeV
(by data at

√
𝑠 ≥ 3.773 GeV)
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Determine the Σ+(𝑢𝑢𝑠) EMFFs Completely

W(𝜉) ∝ F0(𝜉) + 𝛼F5(𝜉)
+𝛼1𝛼2

[
F1(𝜉) +

√
1 − 𝛼2cos(ΔΦ)F2(𝜉) + 𝛼𝐹6(𝜉)

]
+
√

1 − 𝛼2sin(ΔΦ) [−𝛼1F3(𝜉) + 𝛼2F4(𝜉)]

☞ Phys. Rev. Lett. 132 (2024) 081904

Joint angular distribution in the reaction
of 𝑒+𝑒− → Σ+Σ̄− (→ 𝑝𝜋0𝑝𝜋0),
Unpolarized, correlated and polarized,
Determine the ratio and relative phase
of Σ+ EMFFs for the first time.
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Baryon EMFFs Hyperon EMFFs

Cross Section and Effective FF of Ξ Hyperon – Two Valence 𝑠-Quarks

☞ Phys. Lett. B 820 (2021) 136557 ☞ Phys. Rev. D 103 (2021) 012005

Cross sections of 𝑒+𝑒− → ΞΞ̄ are
measured via direct annihilation with
data at

√
𝑠 = 2.644 - 3.08 GeV,

Limited statistics for the points close
to the threshold,

The ratio of Born cross section and
effective FF (Geff) of the two channels
are within 1𝜎 of the expectation of
isospin symmetry.
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EMFFs of Ω Hyperon – Three Valence 𝑠-Quarks
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☞ Phys. Rev. D 107 (2023) 052003Hyperon Ω: three valence 𝑠-quarks and spin-3
2 baryon,

Four FFs to describe the 𝛾∗Ω−Ω̄+ vertex, electric charge (|GE0 |), magnetic dipole (|GM1 |)),
electric quadrupole (|GE2 |)), and magnetic octupole (|GM3 |)),
Upper limits of effective FF are obtained from the measurements of 𝑒+𝑒− → Ω−Ω̄+ with
data at

√
𝑠=3.49 - 3.67 GeV.
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EMFFs of the Lightest Charmed Baryon Λ𝑐

☞ Phys. Rev. Lett. 131 (2023) 191901

☞ Phys. Rev. D 109 (2024) L071104

𝑓 (cos 𝜃) ∝ (1 + 𝛼Λ𝑐
cos2 𝜃)

Cross section, FFs (|GE |, |GM |) and their ratio ( GE
GM

) of charmed baryon
Λ𝑐 are extracted with data at

√
𝑠 = 4.64 - 4.95 GeV,

Oscillation of energy-depended ratio is observed for the first time,

Measurement on 𝑒+𝑒− → Λ+
𝑐Λ̄𝑐 (2595)−

(
Λ̄𝑐 (2625)−

)
+ 𝑐.𝑐. is

performed, final states have different spin combinations: 1
2

1
2 and 1

2
3
2 ,

Sign of the angular parameter 𝛼Λ𝑐
is flipped between two very close

energies for Λ̄𝑐 (2625)−.
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The Status of the Baryons EMFFs

Many measure-
ments available

Difficult to
measure

No data available

Upper limits
only

☞ Natl. Sci. Rev., 2021, Vol. 8, nwab187

Channel Status ExperimentsScan ISR
𝑝𝑝 ★★★★ ★★★ BESIII, BABAR, CMD-3
𝑛�̄� ★★★ ✗ BESIII, SND
ΛΛ̄ ★★★ ★★ BESIII, BABAR, CLEO-c
ΣΣ̄ ★★★ ★★ BESIII, BABAR, CLEO-c
ΞΞ̄ ★★ ✗ BESIII, CLEO-c
ΩΩ̄ ★ ✗ BESIII, CLEO-c
Λ𝑐Λ̄𝑐 ★★ ★ BESIII, Belle II
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Summary

Summary and Outlook

BESIII is collecting the world largest 𝑒+𝑒− collision data in the 𝜏 − 𝑐ℎ𝑎𝑟𝑚 region,
Electromagnetic form factors are studied for nucleons, hyperons, charmed-hyperon,
Many fruitful physics results are obtained for the EMFFs through direct annihilation
and ISR return Methods,
Full picture of the hyperon EMFFs can be determined by the benefit of their
self-analyzing polarization (relative phase of EMFFs),
Results as strong inputs to understand the structure of baryons: threshold effect,
coupling strength (𝛾∗NN̄, 𝛾∗ΣΣ̄) and oscillation behavior of residual effective FF,

Current results are still limited by the low statistics for most of the measurements,
More results from BESIII are expected soon, including low energy data (below 2
GeV) and 20 fb−1 𝜓(3770) data for ISR analyses.
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Early Cross Section and Effective FF in Time-Like Region
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Cross section of 𝑒+𝑒−→𝑝𝑝

𝜎 =
4𝜋𝛼2𝛽C

3𝑞2 ( |GM |2 + 1
2𝜏 |GE |2)

Effective FF of proton

|𝐺eff | =
√︃

2𝜏 |GM |2+|GE |2
2𝜏+1

☞ PRD 91 (2015) 112004
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Early Measurements of the Proton FFs in Time-Like Region

where R ¼ jGE=GMj is the ratio of the electric to magnetic

FFs, and Nnorm ¼ 2πα2βL
4s ½1.94þ 5.04 m2

p

s R2�GMðsÞ2 is the
overall normalization factor. Both R and Nnorm (GMðsÞ)
can be extracted directly by fitting the cos θp distributions
with Eq. (7). The polar angular distributions cos θp are
shown in Fig. 6 for

ffiffiffi
s

p ¼ 2232.4 and 2400.0 MeV, as
well as for a combined data sample with subdata samples
at

ffiffiffi
s

p ¼ 3050.0, 3060.0 and 3080.0 MeV. The distribu-
tions are corrected with the detection efficiencies in
different cos θp bins which are evaluated by MC simu-
lation samples. The distributions are fitted with Eq. (7),
and the fit results are also shown in Fig. 6. The fit results
as well as the corresponding qualities of fit, χ2=ndf, are
summarized in Table IV. The corresponding ratios R ¼
jGE=GMj are shown in Fig. 7, and the results from the
previous experiments are also presented in the same plot
for comparison.
The systematic uncertainties of the jGE=GMj ratio and

jGMj measurements are mainly from background con-
tamination, the difference of detection efficiency between
data and MC, and the different fit range of cos θp. The
small background contamination as listed in Table II is

not considered in the nominal fit. An alternative fit

with background subtraction is performed, where the

background contamination is estimated by the two-
dimensional sideband method, and the differences are
considered as the systematic uncertainties related to
background contamination. In the fit, the detection
efficiency is evaluated with the MC simulation. An
alternative fit with corrected detection efficiency which
takes into account the differences in tracking, PID and
E=p selection efficiency between data and MC is
performed, and the resulting differences are taken as
the systematic uncertainties. Fits with ranges ½−0.8; 0.6�
and ½−0.7; 0.7� in cos θp are performed, and the largest
differences to the nominal values are taken as the
uncertainties. Table V summarizes the related systematic
uncertainties for the jGE=GMj and jGMj measurements.
The overall systematic uncertainties are obtained by
summing all three systematic uncertainties in quadrature.
As a cross-check, a different method, named the

method of moments (MM) [38], is applied to extract
the jGE=GMj ratio, where the weighted factors in front of
GE and GM may be used to evaluate the electric or
magnetic FF from moments of the angular distribution

pθcos
-0.8 -0.6 -0.4 -0.2 -0.0 0.2 0.4 0.6 0.8

E
ve

nt
s 

/ (
 0

.2
 )

0

20

40

60

80

100

120

(a)

pθcos
-0.8 -0.6 -0.4 -0.2 -0.0 0.2 0.4 0.6 0.8

E
ve

nt
s 

/ (
 0

.2
 )

0

10

20

30

40

50

60

(b)

pθcos
-0.8 -0.6 -0.4 -0.2 -0.0 0.2 0.4 0.6 0.8

E
ve

nt
s 

/ (
 0

.2
 )

0

10

20

30

40

50

60

70

(c)

FIG. 6 (color online). Efficiency-corrected distributions of cos θp and fit results for data at c.m. energies (a) 2232.4, (b) 2400.0 MeV
and (c) a combined sample with c.m. energy at 3050.0, 3060.0 and 3080.0 MeV. The dots with error bars represent data. The solid line
(black) represents the overall fit result. The dot-dashed line (in red) shows the contribution of the magnetic FF and the dashed line (in
blue) of the electric FF.

TABLE IV. Summary of the ratio of the electric to magnetic FFs jGE=GMj, and the magnetic FF jGMj by fitting on
the distribution of cos θp and method of moments at different c.m. energies. For the method of fitting on cos θp, the
statistical and systematic uncertainties are quoted for jGE=GMj and jGMj, and the fitting quality χ2=ndf is presented.
Only the statistical uncertainty is shown for the method of moments.ffiffiffi
s

p
(MeV) jGE=GMj jGMj ð×10−2Þ χ2=ndf

Fit on cos θp
2232.4 0.87� 0.24� 0.05 18.42� 5.09� 0.98 1.04
2400.0 0.91� 0.38� 0.12 11.30� 4.73� 1.53 0.74
(3050.0, 3080.0) 0.95� 0.45� 0.21 3.61� 1.71� 0.82 0.61

Method of moments
2232.4 0.83� 0.24 18.60� 5.38 � � �
2400.0 0.85� 0.37 11.52� 5.01 � � �
(3050.0, 3080.0) 0.88� 0.46 3.34� 1.72 � � �

M. ABLIKIM et al. PHYSICAL REVIEW D 91, 112004 (2015)

112004-10

☞ PRD 91 (2015) 112004
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