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Syllabus
1. Introduction to strong interactions in the perturbative and non-perturbative regimes. 
2. Hadrons and Nuclei 
3. Electron and neutrino scattering experiments on hadrons and nuclei: form factors, 
    elastic and inelastic scattering, resonances, deep inelastic physics. 
4. Experimental methods and facilities with focus on MAMI and MESA at JGU Mainz. 
5. Dark Matter 
6. Search for dark matter with "intensity frontier" experiments, in particular, electron scattering 
    experiments. 
7. Search for dark matter with “direct detection” experiments with focus on argon. 
8. Nuclear astrophysics and nuclear reactions of astrophysical relevance (in the Big Bang and 
stars). 
9.   Experiments for measuring astrophysical reactions with accelerators. 
10. Discussion of a relevant published scientific paper on one of the topics discussed 
      during the course.
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Electron Scattering
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Point-like charged object: 
Rutherford cross section

Extended charged object, 
spin-less

Extended charged object, 
spin 1/2: Mott cross section

F (q) =

Z
d3r ⇢(r) exp (iq · r)

The form factor is the Fourier Transform of the charge distribution
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Electron Scattering

Robert Hofstadter (1915-1990) 
1961 Physics Nobel Prize

Stanford Linear Accelerator 
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Electron Scattering: Kinematics

II

⇒

⇒ Space-like photon

Energy transfer

Momentum transfer
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Fourier Transform with spherical symmetry

—> Only the radial (x) part contains the physics.

Nucleus

Sphere

x

ρ

<latexit sha1_base64="Zueh2Uis3qVWxI1q8Vq6gKBGJaY="></latexit>

F (q2) =

Z
dxx2⇢(x)

Z
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Examples

Common procedure: ansatz for charge distribution and then fit to the data its FF.
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Examples
FF
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The Charge Radius
Considering the low-q limit (you don’t “see” the details..)

The FF is just the charge at 1st order

1st correction proportional to RMS radius

hr2i =
Z

d3r r2⇢(r) =

= 4⇡

Z
dr r4⇢(r)
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The Charge Radius

The RMS radius can be extracted from the data measuring 
the form factor at low-q and derive it wrt q2. <latexit sha1_base64="tIV8jVDPdQc95usbwHAKt/YE8VM=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxov2ANpTNdtIu3Wzi7kYooT/BiwdFvPqLvPlv3LY5aPXBwOO9GWbmBYng2rjul1NYWl5ZXSuulzY2t7Z3yrt7TR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWMrqd+6xGV5rG8N+ME/YgOJA85o8ZKdw+Xbq9ccavuDOQv8XJSgRz1Xvmz249ZGqE0TFCtO56bGD+jynAmcFLqphoTykZ0gB1LJY1Q+9ns1Ak5skqfhLGyJQ2ZqT8nMhppPY4C2xlRM9SL3lT8z+ukJrzwMy6T1KBk80VhKoiJyfRv0ucKmRFjSyhT3N5K2JAqyoxNp2RD8BZf/kuaJ1XvrOrenlZqV3kcRTiAQzgGD86hBjdQhwYwGMATvMCrI5xn5815n7cWnHxmH37B+fgGzW+New==</latexit>

q = 0

R � r0A
1/3For nuclei: 

This prediction (liquid drop model) is not followed by exotic nuclei  
(e.g. “halo nuclei” far from the stability valley).

r0 = 1� 1.25fmwith
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Nucleon Form Factors
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Kinematics

EM current

Hadronic current
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Dynamics
Born invariant transition amplitude (1st order)

photon propagator

Hadronic “form factor”:

There are three 4-vectors involved, so it depends from 3 structures proportional to them. 
In the case of on-shell particles, energy and momentum are linked, so we can choose that they depend only from Q2. 
From current conservation:

and this implies

Since only two structures are independent, we can parameterise the hadronic FF as

where F1 is the Dirac FF and F2 the Pauli FF.
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Dynamics
Using the derived invariant structures for calculating the cross section

Where the Mott cross section (Rutherford scattering with spin 1/2) is

Introducing the linear combinations Electric Form Factor

Magnetic Form Factor
(also called Sachs Form Factors)

ep Cross section
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Form Factors
Advantages of defining the Sachs Form Factors: 
1)Eliminate the mixing term F1F2 from the cross section. CS depends only on the squares  

of the Sachs FFs. 
2)Physical interpretation: at Q2=0, GE is the electric charge and GM the magnetic moment.

FFs are a fundamental strong-interaction property of nucleons. How to measure them? 
Traditional method: Rosenbluth Separation.  
Other methods: Polarisation, Model Fitting, … 
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Rosenbluth Separation

<latexit sha1_base64="BIfUHlVU7c1a6PJgRvc3Ixz3fq4=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cq9gPaUDbbTbt0kw27E6WE/gwvHhTx6q/x5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8HoZuq3Hrk2QsUPOE64H9FBLELBKFqp070XgyFSrdVTr1xxq+4MZJl4OalAjnqv/NXtK5ZGPEYmqTEdz03Qz6hGwSSflLqp4QllIzrgHUtjGnHjZ7OTJ+TEKn0SKm0rRjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvmZiJMUeczmi8JUElRk+j/pC80ZyrEllGlhbyVsSDVlaFMq2RC8xZeXSfOs6l1U3bvzSu06j6MIR3AMp+DBJdTgFurQAAYKnuEV3hx0Xpx352PeWnDymUP4A+fzB5LBkXI=</latexit>)

Linear in : 
Measure at constant Q2 and varying . 
GE is the slope and GM the intercept of 
a linear fit to the data.

ϵ
ϵ
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Polarisation Method

Use a polarised electron beam and 
measure the recoil polarisation 
components of the proton.

The transverse and longitudinal 
polarisation components are relative 
to the momentum transfer in the 
scattering plane.
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Reaction plane
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First “crisis”: polarisation data

Unexpected! Rosenbluth data almost 
flat, while polarisation data shows linear 
decrease: 
- Rosenbluth separation very sensitive to 
radiative corrections. GE difficult to 
obtain. 
- In particular two-photon exchange very 
important and - dependent. 
- Polarisation data less sensitive to two-
photon exchange.

ϵ
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Experimental Results

For the neutron, results are more consistent 
given the absence of charge.
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Two-photon exchange

Polarisation data

Corrected
Rosenbluth
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Second “crisis”: muonic atoms Pohl et al. ,Nature 466 213 (2010)

CODATA (2002): 0.8750 ± 0.0068 fm

CREMA: 0.84184 ± 0.00067 fm

2010: CREMA muonic atoms measurement
2011: : Most precise ep scattering (MAMI)
2017: MPI Munich atomic spectra. agrees with muons
2019: York atomic spectroscopy exp. agrees with muons
2018: CODATA revises to 0.8414 ± 0.0019 fm
2019: JLab result consistent with muonic hydrogen
Other muonic atoms results coming..
Disp. Relations Fits to scattering data OK with lower R.
MUSE @ PSI coming up.
Story towards an end?
What was exactly the problem with electron scattering?
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Polarizabilities
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Polarizabilities
Electric Polarizability Magnetic Polarizability

How to apply an electric/magnetic field to a nucleon? Use photons! 
How large would be such a field? For a 100 MeV photon: 

 <latexit sha1_base64="hkhUrEI6bgWtevuDImJx3xoBz3k="></latexit>

E =
V

d
=

100MV

10�15
⇡ 1023V/m

Quite large. But nucleons are strongly-interacting systems and thus very “stiff”: we need large 
fields to see an effect.
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Polarizabilities

How to calculate them? 

Expand the interaction Hamiltonian in incident photon energy: 

0th order: mass and charge 

1st order: magnetic moment 

2nd order: scalar polarizabilities (analog to classical ones) 

3rd order: spin (or vector) polarizabilities.  

<latexit sha1_base64="Q9rSi0Idf9jfS/hSwJAmVvbGqGc="></latexit>

H
(2) = �4⇡


1

2
↵E1E

2 +
1

2
�M1H

2

�

More difficult to visualise. A classical analog might be the induced 
precession of the nucleon spin.
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Polarizabilities

<latexit sha1_base64="mhkCvMpBoBZzZvFBCJAr+Pm54rc=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxgv2AJpTNdtsu3WTD7kSooX/DiwdFvPpnvPlv3LY5aOuDgcd7M8zMCxMpDLrut1NYWV1b3yhulra2d3b3yvsHTaNSzXiDKal0O6SGSxHzBgqUvJ1oTqNQ8lY4up36rUeujVDxA44THkR0EIu+YBSt5D9d+0wZH4ccabdccavuDGSZeDmpQI56t/zl9xRLIx4jk9SYjucmGGRUo2CST0p+anhC2YgOeMfSmEbcBNns5gk5sUqP9JW2FSOZqb8nMhoZM45C2xlRHJpFbyr+53VS7F8FmYiTFHnM5ov6qSSoyDQA0hOaM5RjSyjTwt5K2JBqytDGVLIheIsvL5PmWdW7qLr355XaTR5HEY7gGE7Bg0uowR3UoQEMEniGV3hzUufFeXc+5q0FJ585hD9wPn8AJKmRwQ==</latexit>

z = cos ✓

Low Energy Expansion (LEX)

The (sum and difference of) polarizabilities can 
be extracted from precise measurements of 
unpolarised cross sections and asymmetries. 
The difference (at low E) between Born and LEX 
quantifies the polarisability effect.
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Polarizabilities

EPJ A49, 13 (2013)

Baldin Sum Rule:



Luca Doria, JGU Mainz Advanced Subatomic Physics 27

Polarizabilities: Polarised Cross Sections
Unpolarized target

Polarized beam and target:

Unpolarized target

Target polarised in y 
direction and un 
polarized beam

Direction of the photon polarisation wrt scattering plane.

Proton polarisation axis

Circularly polarized 
photon and polarized 
target

+ 3 double polarizations 
with linearly polarised 
photon and target.
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Generalised Polarizabilities

Photon  

Charge/Magnetization 

Polarizability

Electron  
(virtual photon: E,q) 

Form factor 

Generalised 
Polarizabilities

Fourier Transform 

Charge/Magnetization 
space distributions 

Polarizabilities  
space distributions
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Generalised Polarizabilities

Virtual Real
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Generalised Polarizabilities

Rosenbluth-like Separation:

5-fold cross section (coincidence detection of e and p)
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Generalised Polarizabilities
Structure functions

Unpolarized measurement

Polarization needed
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Generalised Polarizabilities

Evolution of electric and magnetic 
polarizabilities with q (FF=space distribution)

6 Independent structure functions: 
2 generalised polarizabilities 
4 “spin” generalised polarizabilities.



Luca Doria, JGU Mainz Advanced Subatomic Physics 33

Generalised Polarizabilities: Experimental results
Real photon point
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Resonances
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Resonances
1952: First hint of the DELTA resonance in pion-nucleon scattering 
1964: Resonances important for the quark model 
2010: Lattice QCD reproduces the barion spectrum 
2015+ : Resonances relevant for QGP physics

Anderson, H.L.; Fermi, E.; Long, E.A.; Nagle, 
"Total cross-sections of positive pions in hydrogen". 
Physical Review. 85 (5): 936 (1952).

pπ−

pπ+

Total cross section
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The Delta resonance

Proton  ResonanceΔ++

u u u u u d 
Relevant for the quark model: 
- Charge +2 = 2/3+2/3+2/3 
- Spin 3/2: alignment of 3 1/2 spins 
- Pauli principle: new quantum number should exist: color.
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The Roper resonance
Discovered in 1963 
Looks like a proton but 50% heavier: mass value unexplained. 
First radial excitation of the proton,  but mass hard to explain with 3 valence quarks. 
Emerging picture: quark core + meson cloud which reduces the core mass

Original paper: 
Roper, L. D., R. M. Wright, and B. T. Feld, 1965, Phys. Rev. 138, B190.

JLAb Data 

n  π+

p  π0
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Resonances

“Roper”

Δ
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Resonances in photo/electron production

e−

e−

Detector

Detector

Missing mass reconstruction


