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How Scientists’ Ideas About Matter Have Changed
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Motivation

Structure of nucleons (quarks � gluons)
Constituents of nuclei, neutron stars; fundamental theory of QCD; structure of vacuum
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Motivation

Structure of nuclear matter
Unstable nuclei; connection of QCD and multi-body description of nuclei
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Motivation

Properties of hot and/or dense nuclear matter
Quark-gluon plasma
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Motivation

Nuclear micro-physics of the Universe
Origin of elements; neutron stars; supernova explosions; cosmic rays; gamma-ray sources

6



Motivation

New standard model
Solving the solar and atmospheric neutrino puzzles; neutrino-less double beta decay
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“Microscopy of nucleons”

I Electro-magnetic form-factors
Spatial distribution of charge and magnetization

II Polarizability
Response to external field

III Resonances
Dynamics

IV Parity violation
Proton in the mirror

V Axial structure and spin
What carries the nucleon spin?
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The tool of the trade Electron coincidence experiments
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The tool What do we observe under the “microscope”?
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Why electro-magnetic interaction?
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The source of “light” Super-conducting RF cavities
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“Optical system” Magnetic spectrometers
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I — Electro-magnetic form-factors Spin 0
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I — Analogies: wave diffraction on circular obstacle
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I — Electric and magnetic form-factor of proton (Spin 1/2)
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I — Electric and magnetic form-factor of neutron (Spin 1/2)

� electrically neutral (net charge zero); pion-cloud effects

� need polarized 3He targets
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II — Polarizability Atoms and molecules
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II — Polarizability Proton

A � �p
2!

eikx A0 � �0p
2!0

eik0x

M

T � �e
2
0

M
��0 ��!2 ��0 � �!2 ��0 � k̂

0
���� k̂�

Thomson

� � �� e2
0

3M
hr 2i

� � �para � �dia

21



22



II — Polarizability of proton Real photons
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II — Polarizability of proton Real photons
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II — Polarizability of proton Virtual photons

Electric and magnetic polarizability
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III — Resonances Photo-production of neutral pions
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III — Resonance 
 �N�938�! ��1232�
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III — Resonances 
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III — Resonances Classical picture
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III — Resonances 
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III — Electro-excitation of ��1232� resonance at high Q2
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IV — Parity violation “Nucleon in the mirror”

Interference of electro-magnetic (Vem) and weak (�V �A�weak) interaction
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Intermezzo: axial vector
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IV — Parity violation
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V — Axial structure and spin e� p! e0 � n���
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V — What carries the nucleon spin?

1
2 �

1
2 ����G � Lq�g

�� � 0:2� 0:3 (“spin crisis”)

�G Ü 0:2 ?

Lq�g � ?

“Well! I’ve often seen a cat without a grin,” thought Alice,
“but a grin without a cat! It’s the most curious thing

I ever saw in my life!”
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Never mentioned

� deuteron

� 3H and 3He

� 4He
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