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Baryon Electromagnetic Form Factors (EMFFs)

Time-like (TL) FFs ComplexSpace-like (SL) FFs Real

SL: Elastic Scattering Process

(𝑞2 < 0)

TL: Annihilation Process

(𝑞2 > 0)

 Hadrons are not point-like particles

 EM FFs explore the internal structure and dynamics of baryon

 At low 𝑞2: EMFFs are related to charge and magnetization distribution inside the baryon

 At high 𝑞2: EMFFs improve our understanding of QCD and test its scaling

o Electromagnetic vertex of nucleon:

𝐹1 and 𝐹2 are the Dirac and Pauli FFs 

o Sachs FFs: combination 

of Dirac and Pauli FFs
• 𝑮𝑬 𝒒𝟐 = 𝐹1 𝑞2 +

𝑞2

4𝑚𝑁
2 𝐹2 𝑞2 , 𝑮𝑴 𝒒𝟐 = 𝐹1 𝑞2 + 𝐹2 𝑞2

Nobel Prize in 1961

Rev. Mod. Phys. 30, 482 (1958)

Reveals the internal structure 

inside the nucleon

Robert Hofstadter



Experimental Access to the EMFFs of the Baryon in the TL Region
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Direct Annihilation Initial State Radiation

Direct Scan Initial State Radiation

𝐸𝑏𝑒𝑎𝑚 Discrete Fixed 

𝐿𝑖𝑛𝑡 Low Integrated Luminosity High Integrated Luminosity

𝜎 𝑑𝜎𝑁 ഥ𝑁

𝑑cos𝜃
=
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2𝑞2
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2 1 + cos2 𝜃 +
4𝑚𝑁

2

𝑞2
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2 sin2 𝜃]

𝐶 =
𝜋𝛼

𝛽

1

1−exp(
𝜋𝛼

𝛽
)

for charged baryons, 1 for neutral pairs

𝑑𝜎𝑁ഥ𝑁𝛾

𝑑𝑞2𝑑𝑐𝑜𝑠𝜃𝛾
=

1

𝑠
𝑊 𝑠, 𝑥, 𝜃𝛾 𝜎𝑁ഥ𝑁𝛾 𝑠 (where 𝑠 = 𝑞2)

𝑊 𝑠, 𝑥, 𝜃𝛾 =
𝛼

𝜋𝑥
2 − 2𝑥 −

𝑥2

sin2 𝜃𝛾
−

𝑥2

2
, (

𝛼

𝜋
∼

1

400
supression)

𝑞2 Single at each 𝐸𝑏𝑒𝑎𝑚 , 𝑞2 = 4𝐸𝑏𝑒𝑎𝑚
2 Continuous (from threshold 𝑀𝑁ഥ𝑁

2 to 4𝐸𝑏𝑒𝑎𝑚
2 )

Investigation Methods used at BESIII

 For Low Statistics: Angular distribution (𝜃) is not available, 𝑮𝒆𝒇𝒇 is the combination of the 𝑮𝑬 and 𝑮𝑴

(If we assume 𝑮𝑬 = 𝑮𝑴)



BEPC-II Collider
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Beijing Electron Spectrometer III (BESIII)
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The BESIII Data Set
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 BESIII Physics Program

 Charm physics, Light hadrons, Charmonium spectroscopy, ... , Form factors measurement

Data taken until 2016

Access by ISR method

World’s largest data sets

for 𝑱/𝝍, 𝝍 𝟐𝑺 ,𝝍 𝟑𝟕𝟕𝟎 , …, 

Baryon FFs

from energy scan data

𝒆+𝒆− → 𝑩ഥ𝑩
(2.0 – 3.8) GeV (𝐿𝑑𝑎𝑡𝑎 ∼669 pb-1)

Proton FFs

from resonance data

𝒆+𝒆− → 𝜸𝒑ഥ𝒑
above 𝜓(3770) (𝐿𝑑𝑎𝑡𝑎 ∼7.5 fb-1)



Status: Proton EM Form Factors 
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Proton EMFFs Measured with BESIII Data
 Three different analyses to analyze proton EMFFs  at BESIII

Direct process 𝑒+𝑒− → 𝑝 ҧ𝑝 (energy-scan technique)

 Data sets 2.000 - 3.080 GeV (669 pb-1)

 Large statistics, the most precise measurement for the proton TL EMFFs 

 Relative better uncertainty of the ratio of EMFFs (or individual FFs) 

 Difficult to access the 𝒑ഥ𝒑 threshold 

 ISR process 𝑒+𝑒− → 𝑝 ҧ𝑝𝛾𝐼𝑆𝑅 (ISR technique)

 Data sets 3.773 - 4.600 GeV (7.5 fb-1) 

 Two independent analyses: 𝛾-tagged Large Angle (LA) and 𝛾-untagged small Angle (SA) ISR

ISR Tagged (LA):

o Low statistics due to the suppression factor of 
𝛼

𝜋
∼

1

400
o Only way to access the 𝑝 ҧ𝑝 threshold at 𝑒+𝑒−collider experiment 
o Full proton angular distribution, better precision of the ratio 𝑅𝑒𝑚 = 𝐺𝐸 /|𝐺𝑀| of EMFFs

ISR Untagged (SA):
o Production threshold region is not accessible (limited detector acceptance), but higher 

statistics
o Large 𝑝 ҧ𝑝 invariant mass range from 2.0 to 3.8 GeV/𝑐2
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photon

Tagged

Untagged



Proton: Born Cross Section of 𝒆+𝒆− → 𝒑ഥ𝒑 and |𝑮𝒆𝒇𝒇|
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Direct process with Scan Data:

 𝑠 = 2.232 - 3.671 GeV, 157 pb-1, PRD 91 (2015), 112004

 𝑠 = 2.000 - 3.080 GeV, 669 pb-1, PRL 124 (2020), 042001

 Most precise measurement, i.e. at 𝑠 = 2.125 GeV,
𝛿𝜎stat.

𝜎
∼0.45% 

 ISR process 𝒆+𝒆− → 𝒑ഥ𝒑 𝜸𝑰𝑺𝑹

 Tagged→LA-ISR: 𝑞2 = 1.876 - 3.000 GeV/𝑐2, 

PLB 817 (2021), 136328

 Untagged→SA-ISR: 𝑞2 = 2.000 - 3.800 GeV/𝑐2,  

PRD 99 (2019), 092002 

PLB 817 (2021) 136328



Oscillation Structure of Effective FFs

 Periodic behavior in 𝐹𝑝 observed by BaBar experiment, confirmed by BESIII experiment

 Oscillating behavior observed in reduced form factor 𝐹𝑝 as function of relative momentum 𝑝 between 
proton and antiproton

 The oscillations can be extracted from the |𝐺𝑒𝑓𝑓|as 𝑭𝒑 = |𝑮𝒑| − 𝐺𝐷
mod
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PLB 817 (2021), 136328

 Possible Explanations (discussion ongoing)

• Interference effects from final state re-scattering at 

moderate kinetic energies*?

• Resonant structure in data (𝝓 𝟏𝟎𝟐𝟎 , 𝚫 𝟏𝟐𝟑𝟐 ,…)**?  

*Phys.Rev.C 103 (2021) 3, 035203, PRL 114 (2015) 232301 

** Phys.Rev.D 92 (2015) 3, 034018

Modified dipole function that reproduce the EFFs behavior 

Phys. Lett. B 504, 291 (2001)



Ratio of Proton EMFFs and Individual EM FFs
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PRL 124 (2020) 042001

 |𝑅𝑒𝑚| ratio from the study of 𝑐𝑜𝑠𝜃𝑝distribution, with high accuracy

 |𝐺𝐸| and |𝐺𝑀| measured for the first time in the TL region

 Significant improvement of the precision for |𝐺𝑀| and 𝑅𝑒𝑚 = 𝐺𝐸 /

|𝐺𝑀|with BESIII results

 Before: proton FFs 𝑅𝑒𝑚 results inconsistent between Babar and 

PS170 experiments

 At 𝑠 = 2.125 GeV, 𝛿 𝑅𝑒𝑚 / 𝑅𝑒𝑚 ∼ 3.4%

 EMFFs ratio of BESIII results favors BaBar result 

 Nucleon’s FSI as explanation of the steep deviation from 1

PLB 817 (2021) 136328



Status: Neutron EM Form Factors 
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 Why is so important to study the process?

 Only few data available (inconsistencies/𝑅𝑛𝑝 > 1 for FENICE)

 Comparison with proton FF

 Comparison time-like region↔ space-like region



Neutron: Measurement of EMFFs  
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 Study of the process 𝑒+𝑒− → 𝑛ത𝑛

 Data set collected between 2.000 and 3.080 GeV at 18 different

center of mass energies, (647.9 pb-1)

 Very challenging reconstruction of pure neutral channel without 

hadronic calorimeter at BESIII 

 Only EMC and/or TOF information

 Sophisticated background suppression
Nature Phys. 17, 1200–1204 (2021)

 Maximize the reconstruction efficiency and produce 

statistically independent samples

→Most energetic shower in EMC associated with anti-neutron



Born Cross Section of 𝑒+𝑒− → 𝑛ത𝑛

 Agree with FENICE and SND at 2.0 GeV

 Systematically lower above 2.0 GeV, differ by 2σ with FENICE around 2.4 GeV

 𝐸 > 2.4GeV (𝑅𝑛𝑝 ∼ 1 as isospin symmetry prediction)

 𝐸 < 2.4GeV (𝑅𝑛𝑝 ∼
𝑞𝑑

𝑞𝑢

2
∼ 0.25 as quark charges model)
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 EM Interaction?

→photon-proton stronger than the corresponding photon-neutron interaction 

Nature Phys. 17, 1200–1204 (2021)



Neutron Effective FFs and Oscillation Structure

 |G| effective FF is measured over a wide range with 
unprecedented precision

 Oscillation structure is observed  Fit 𝐺𝑜𝑠𝑐 simultaneously 
with common momentum frequency 𝐶, a relative phase 
difference of Δ𝐷 = 𝐷𝑝 − 𝐷𝑛 = 123 ± 12 o
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Nature Phys. 17, 1200–1204 (2021)

 Fit to the deviation of the effective FF

|G| of the nucleon from the dipole law



Status: Hyperon EMFFs at BESIII
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 What happens if

we replace one of the light

quarks in the proton with

one - or many - heavier

quark(s)?

→Further insight into nucleon structure can be obtained by studying hyperons



Hyperon Pair Production
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 Study of the processes 𝑒+𝑒− → Σ+ തΣ− and 𝑒+𝑒− → Σ− തΣ+

 CM energies from 2.3864 – 3.0200 GeV, (330 pb-1)

 Nonzero cross section is observed near threshold but with no 

significant enhancement

 Cross sections near threshold disagree with the point-like 

expectations as has been seen for the proton 

 First time measurement for the cross section in the off-resonance 

region, provide precision experimental input for understanding 

baryonic structure

Phys. Lett. B (2021) 814, 136110

Which is inconsistent with predictions from various 

models, Phys. Rept. 112, 173 (1984), Rev. Mod. Phys. 65, 1199 

(1993), Z. Phys. Phys. C 42, 569 (1989), Phys. Rev. Lett.91, 232003 
(2003), Phys. Rept. 409, 1 (2005), Phys. Rev. D 101, 014014 (2020) 

 Ratio |𝐺𝐸/𝐺𝑀|of Σ+ is determined for the first time with study 

of angular distribution at three high-statistic points

 |𝐺𝐸/𝐺𝑀| = 1.83 ± 0.26 is significant higher than 1 near 

threshold, similar to those of proton, Λ,…

 For higher CM energies is consistent with 1

Scan Method



Hyperon Pair Production
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 Study of the processes 𝑒+𝑒− → Σ0തΣ0

 CM energies from 2.3864 – 3.0200 GeV, (329 pb-1)

 Near threshold  Novel method is applied at 2.3864 and 2.3960 GeV

 No significant threshold effect is observed similar to those of 𝑒+𝑒− → Σ± തΣ∓

 Single-tag baryon technique is applied at CM energies from  2.3960 – 3.0200 GeV

 Measured results are in good agreement with Babar, but precision is improved significantly 

 Asymmetry of the effective FFs of Σ −triplet is observed 

 |𝐺𝑒𝑓𝑓| result provide experimental inputs → 𝑌ത𝑌 potential model, and understanding of di-quark correlation

Scan Method

Phys. Lett. B 831 (2022) 137187



Measurement of 𝝈𝑩 𝒆+𝒆− → 𝚵ഥ𝚵 near threshold
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Phys. Rev. D 103, 012005(2021)

Phys. Lett. B 820 (2021), 136557

Scan Method First study for ΞതΞ production near threshold 
CM energies from 2.644 – 3.080 GeV, (360 pb-1)

 No obvious ΞതΞ threshold enhancement is observed 

 Born cross sections ratio for both neutral and charge modes agrees with the expectation of isospin symmetry 



Summary

 BESIII can precisely measure the baryon FFs

 Both direct and ISR processes of Nucleon EMFFs are finished at BESIII, and provide complementary results

 Precision of nucleon EMFFs in the TL region are improved significantly

 Periodic structures have been observed in effective FF |𝑮| of both proton and neutron 

 Precision of nucleon EMFFs, especially the ratio or individual FFs, is still not good for the threshold region (𝒒𝟐 ∼ 𝟐. 𝟎 GeV/c2)

 ISR process (LA) offers a unique way to access the 𝑁 ഥ𝑁 threshold region, and to obtain full angular distribution 
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Stay tuned for new result!!THANK YOU!

Hyperon pair production (𝚺ഥ𝚺, 𝚵ഥ𝚵) are studied near the production threshold, no 

obvious threshold enhancement is observed but clear jump has been observed in 

𝜎ΛഥΛ, 𝜎Λ𝑐+ഥΛ𝑐+ at BESIII  (PRD 97, 032013, 2018, PRL 120, 132001 (2018))

|𝐆𝐄/𝐆𝐌|of Σ+ is measured for the first time with a study of the angular distribution, 

it could provide guidance for the nucleons

Large data sets accumulated at BESIII in future, investigation for nucleon EMFFs, 

and other baryon EMFFs

https://doi.org/10.1093/nsr/nwab187
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