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Motivation

Major components of 

visible matter

Key of understanding 

the strong interaction 
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1896 β radiation, Henri 
Becquerel, Marie/Pierre Curie

1919 discovery of the proton, 
Ernest Rutherford

1932 discovery of the neutron, 
James Chadwick

Before Discovery of the Neutron
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Discovery of the Neutron (1932)
James Chadwick - Wikipedia

Sir Ernest Rutherford's laboratory

early technique

https://www.nature.com/articles/129312a0.pdf

《Possible existence of a Neutron》

https://en.wikipedia.org/wiki/James_Chadwick
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与诺贝尔奖失之交臂

当时，正在柏林大学攻读博士学
位的王淦昌就铍辐射现象向导师
Meitner表达了自己的看法，还提
出了进一步的实验方案。可惜的
是，王先生的方案被导师屡次否
决，而该方案与之后Chadwick所
采用的实验方案正相同！后来，
Meitner为此特意向王先生表达了
歉意。

王淦昌先生，1907-1998，核物理学家、中国科学院院士。
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Electron Scattering (1950s)
Hofstadter R. etc.,  “electron scattering and nuclear structure” Rev. Mod. Phys. 28, 214–254 (1956)

Robert Hofstadter - Biographical (nobelprize.org)

Over a period of time lasting at least two thousand
years, Man has puzzled over and sought an
understanding of the composition of matter. …
Indeed this structure may be quite complex, so that
the elegant idea of elementarity must be abandoned.

https://www.nobelprize.org/prizes/physics/1961/hofstadter/biographical/
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• A parameterized function depending on the momentum transfer q2.
• Imaging the nucleon structure using the electromagnetic probe q2.

Electromagnetic Form Factor

Point-like scattered by point-like The structured scattered by point-like

|F(q)|2≡1

Spin=0 Spin=½ |F(q)|2dσ/dΩMott

Hofstadter R. etc., Rev. Mod. Phys. 28, 214–254 (1956)
Prog.Part.Nucl.Phys.59:694-764,2007

Simplest observable

𝐺! = 𝐹" + 𝜏𝐹#
𝐺$ = 𝐹" + 𝐹#
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Developments

Laboratoire de l’Acc´elerateur 
Lin´eaire in Orsay (1956)Cambridge Electron Accelerator (1962)

Electron-Synchrotron 
at Bonn (1963)

Stanford Linear Accelerator 
Center (1962) BaBar

Deutsches Elektronen-
Synchrotron (1959)

Electron accelerators at CEA-Saclay (1945)

Nationaal Instituut voor Kernfysica 
en Hoge Energie Fysica (1975)

Continuous Electron 
Beam Accelerator 
Facility (CEBAF) of 
the Jefferson Lab 

DAΦNE, KLOE, FENICE

Cornell High Energy 
Synchrotron Source 
(1999) CESR (1979)
CLEO

Beijing Electron-positron Collider (1988)

Japan Proton Accelerator
Research Complex

High Energy Accelerator Research
Organization (1997) in Tsukuba

The Mainz Microtron MAMI
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Experiments

q2<0

Scattering experiment

Livingston, M. S., & Shurcliff, W. A. (1961). The Cambridge 
Electron Accelerator. Science, 134(3486), 1186–1193. 
http://www.jstor.org/stable/1707819

q2>0

Annihilation experiment



第一届粤港澳核物理论坛 · 珠海 10

Space-like versus Time-like

Dispersion relation

𝐺&,((−∞) = 𝐺&,( ∞

Borrowed from Prof. Olsen’s talk.
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The γ*-Nucleon Coupling Puzzle (1998)

well investigated

Nucl. Phys. B 517, 3 (1998).
Phys. Rev. D 90, 112007 (2014).
EPJ Web Conf. 212, 07007 (2019).

A puzzle for over 20 years

rarely investigated



第一届粤港澳核物理论坛 · 珠海 12

Precision Era

was out
Borrowed from Prof. Olsen’s talk.

does BESIII address something new ?
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BEPCII is a high luminosity collider.

The BEPCII Collider
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The BESIII Experiment

Babar

Nucl. Instrum. Meth. A 614, 345 (2010)

A precision frontier experiment under 
running in tau-charm energy region.

MDC TOF EMC MUC SC

Wire chamber Scintillator CsI crystal RPC

𝜎)*~130 𝜇𝑚
+!
,
< 0.5% at 1 GeV/c

Barrel 𝜎-~80 𝑝𝑠
Endcap 𝜎-~110 𝑝𝑠

+"
(
< 2.5% at 1GeV

𝜎./~6 mm
𝜎)*~ 1.5 cm 1.0 T

1.5 T
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Access to Time-like Form Factor

Energy scan Initial-state-radiation
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Taking Data

688 pb-1 R-scan data and 10 billion J/Ψ data.

Sampling 22 energies, 688 pb-1                                              7 energies 7460 pb-1
2.0 GeV 2.05 … 3.02 3.08 3.773 … ... … 4.60

Borrowed from Prof. Li Hai-bo’s talk.
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Taking Data
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3. 
Translation
σ to |G|

1. 
Experimental 
Cross-section

2. 
Theoretical 

Cross-section

How to Measure ?
Hunt  … Assumption

This talk demonstrates 
effective form factor |G|.
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1. 重建 2. 粒子鉴别

3. 事例分类

4. 校准 5. 模拟效率

What are Challenges ?

Tough work 3 years+

We develop a package for the neutral 
reconstruction, and verify it using 
𝑒!𝑒" → 𝛾𝛾.

We use time-of-flight to identify 
photon/neutron  with 𝑒!𝑒" → 𝛾𝛾 and 
J/Ψ → 𝜋!𝜋"𝜋# → 𝜋!𝜋"𝛾𝛾.

We calibrate detection efficiency using 
J/Ψ → pπ𝑛/+𝑛 taking advantage of 10 
billion J/Ψ.

We calibrate trigger efficiency using 
𝑒!𝑒" → 𝑝�̅�.

We try three solutions to minimize the 
statistical errors and verify each solution 
using J/Ψ → 𝑛+𝑛.
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Three Categories

Category A

(EMC + TOF)01+TOF1

Category B

(EMC + TOF)#$+EMC$ +MUC

Category C

EMC$% + EMC% +MUC
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Feeling the Challenge

e+e- -> e+e-, 86119032

e+e- -> γγ, 4116357

e+e- -> qqbar, 2979057

e+e- -> mu+mu-, 1055682

e+e- -> nnbar, ?

beam related, cosimic rays 
and others, 513498589

464 SIGNAL IN 607802167 EVENTS AT ECM=2.396 GEV

百万里挑一
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Results of Three Categories

i = A, B, C

We combine 3 categories to get the best measurement.

Nature Physics volume 17, pages1200–1204 (2021)
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Cross-sections and Form Factors

ü 1st highlight of the results: most precise in the time-like region.  

ü The precision improved > a factor of ~30 over previous results.

(a) Cross-section (b) Effective Form Factor

Nature Physics volume 17, pages1200–1204 (2021)



第一届粤港澳核物理论坛 · 珠海 25

ü 2nd highlight of the results: precise ratios in 2.0~3.08 GeV.

ü Clearly clarifying the photo-nucleon interaction puzzle.

Cross-section Ratios

PRL. 124 (2020) no.4, 042001

[8]: Phys. Rev. D 99, no. 1, 014510 (2019); [10]: Z. Phys. C 52, 631 (1991).; [11]: Phys. Rept. 112, 173420 (1984)

Nature Physics volume 17, pages1200–1204 (2021)



第一届粤港澳核物理论坛 · 珠海 26

ü 3rd highlight of the results: oscillation around the dipole law.

ü A phase shift around (125±12)° is observed.

Oscillation in the Form Factors

PRC 93, 035201 (2016).
PRL 114, 232301 (2015).
PRD 92, 198 034018 (2015).

𝐺&
' =

1

1 + 𝑞(
𝑚)
(

𝐹'

(1 − 𝑞(
0.71)

(

𝐺&* =
𝐹*

(1 − 𝑞(
0.71)

(

Nobody predicted this 
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Charge density distribution (Fourier 
transformation), or time-space revolution 
(generalized Fourier transformation).  

Understanding the Form Factor
Physics Reports 550–551 (2015) 1–103

proton
Semi-classical:

Generalized:

𝑮𝑫
𝒑 =

𝟏

（𝟏 + 𝒒𝟐
𝒎𝒂
𝟐）

×
𝑭𝒑

(𝟏 − 𝒒𝟐
𝟎. 𝟕𝟏)

𝟐

𝐹 𝑓(𝑥) ⊗ 𝑔(𝑥) = 𝐹 𝑓 𝑥 ∗ 𝐹[𝑔(𝑥)]
𝑮𝑫𝒏 = 𝟏×

𝑭𝒏

(𝟏 − 𝒒𝟐
𝟎. 𝟕𝟏)

𝟐
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Quark-antiquark creation and transition to 
nucleon, and effective coupling

Understanding the Form Factor

σ+!+"→-!-" ∝ α. σ+!+"→/0/ ∝ α. G .

𝛼 𝛼 𝛼 𝛼 ’

𝑒1 = G .𝑒

𝑒% 𝑞& → 4𝑀'
& ~0.47~

1
2𝑒 for the proton

𝑒% 𝑞& → 4𝑀(
& ~0.25 ~

1
4
𝑒 for the neutron
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Understanding the Form Factor

N = p, n, Λ, Σ ...

Leading order

Unique access to non-stable baryons 
in the TL region at BESIII.

Γ" = 𝛾" 𝐹# 𝑞$ +
𝑖𝜅𝜎"%𝑞%
2𝑀&

𝐹$(𝑞$)
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A Story of the Nucleon Picture

A point 
particle

Before 1936 

A structured 
particle
1950s

3 valence 
quark model

1964

Spin crisis
1988

valence quark 
+ sea quark + 

gluon 
revolution

recent

Charge radius 
puzzle
2020

The 
interaction 

puzzle
2021

But the story 
has no ending

BESIII achieved a mile stone in understanding the neutron.
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From Idea to Fruit

3. Data analysis，
publication
2016-2021

2. Taking data 
2012-2015

1. Proposal and 
data-taking plan
Before 2012

Carrying out a typical research @BESIII

𝒊 𝐻 𝒇 𝟐 → 𝑴𝒆𝒂𝒔𝒖𝒓𝒎𝒆𝒏𝒕
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For the neutron time-like form factor, BESIII collaboration
1. released novel results with the best precision so far.
2. clarified the interaction puzzle persistent for over 20 years.
3. observed an oscillating behavior similar to the one in the 

proton.

Summary

Thanks for your attention

Acknowledgement to the owners because some pictures 
are borrowed from the internet without prior information.
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Appendix
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The Proton Time-like Form Factor

PRL 124, 042001 (2020) 
PRD 99, 092002 (2019)
PRD 91, 112004 (2015)  

Most precise measurements in the time-like region

The Proton
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1st Precise Separation GE from GM

Precision: |GE| 2-94%, |GM| 1.5-9%
the precision comparable to the one in spacelike region

𝑑𝜎''̅
𝑑𝛺

=
4𝜋𝛼)*$ 𝛽𝐶
3𝑞$

[ G+ $ 1 + 𝑐𝑜𝑠$ 𝜃 +
4𝑀,

$

𝑞$
G- $ 𝑠𝑖𝑛$ 𝜃]

PRL 124, 042001 (2020) 

The Proton
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Confirmation

Oscillation exists and needs more understanding.

G
os
c

𝑮𝑫
𝒑 =

𝟏

（𝟏 + 𝒒𝟐
𝒎𝒂
𝟐）

𝑭𝒑

(𝟏 − 𝒒𝟐
𝟎. 𝟕𝟏)

𝟐

The Proton
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Periodic Interference Structures

𝑝 ≡ 𝐸$ −𝑀$, 𝐸 ≡
𝑞$

2𝑀
−𝑀

PRL 114 (2015) no.23, 232301

𝐺.
' =

1

(1 + 𝑞$
𝑚/
$)

𝐴'

(1 − 𝑞$
0.71)

$

𝐹012 = 𝐴𝑒3&' 𝑐𝑜𝑠(𝐶𝑝 + 𝐷)

Nobody predicted this 

BaBar Data

The Proton


