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Electron scattering powerful tool for probing nuclear 
structure and interactions

e−

e− • Convenient to… 
…produce electron beams 
…detect scattered electrons


• Nuclear structure measurements frequently 
interpreted in Born approximation 


• Study fundamental interactions with processes 
beyond one-photon exchange
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Mainz Microtron (MAMI)
• Beam energy up to 1.5 GeV


• Currents up to 20 A (polarized), 
100 A (unpolarized)


• Complementary experimental halls:


• High-resolution spectrometers  
(A1)


• Tagged real photon beams  
(A2)


• Parity violation  
(A4)

μ
μ
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Mainz Energy-recovery 
Superconducting Accelerator 
(MESA) 
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Accelerating

Braking

 
Fig. 1: Step one of an ERL – acceleration 

In the first step of an ERL, electrons from the injector are accelerated (Fig. 1). The electron 
beam is then conducted to the experimental area where the synchrotron radiation is extracted.  

 
Fig. 2: Step two of an ERL – deceleration 

In the second stage of the ERL, the electron beam is directed back to the accelerating structure 
but with a phase change of 180 degrees. Thus the electrons are decelerated instead of accelerated, and 
after the deceleration they are extracted at low energy and dumped (Fig. 2). 

 
Fig. 3: Alternative layout of an ERL – acceleration and deceleration over several turns 

An alternative way of operating the ERL is to run acceleration over several turns, using the 
same accelerating structure more than once (Fig. 3). In the final (outermost) turn the generation of 
synchrotron radiation takes place and the electrons arrive in the subsequent turns in the decelerating 
phase. Thus passing the same orbits in reverse order until they are slowed down to the injection energy 
and can be dumped. 

The energy recovery in this process takes place in the accelerating structure. The energy taken 
from the electron beam in the decelerating phase is ‘stored’ in the accelerating structure and can be 

Linac 

injection 

S. WERIN

228

Electron accelerated 
in linac
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MESA

• In energy-recovery mode:


• Energy up to 105 MeV


• Currents over 1000 Aμ



7

MESA

• In energy-recovery mode:


• Energy up to 105 MeV


• Currents over 1000 Aμ



7

MESA

• In energy-recovery mode:


• Energy up to 105 MeV


• Currents over 1000 Aμ

• In extracted-beam mode:


• Energy up to 155 MeV


• Current up to 150 A 


• Polarization up to 80%

μ



7

MESA

• In energy-recovery mode:


• Energy up to 105 MeV


• Currents over 1000 Aμ

• In extracted-beam mode:


• Energy up to 155 MeV


• Current up to 150 A 


• Polarization up to 80%

μ



7

MESA

• MAGIX:


• Proton form factors


• Astrophysical S-factor


• P2:


• Proton weak charge/ 


• Neutron skin thickness


• Both: two-photon exchange

sin2 θW
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MAinz Gas Injection Target EXperiment (MAGIX)

• High-intensity ERL beam allows  
(and requires) diffuse targets!


• Primary target: hypersonic gas jet 


• Competitive luminosity (1035 cm-2 s-1)


• Negligible energy loss, multiple 
scattering, target window background
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MAGIX spectrometers
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Proton form factors

( dσ
dΩ ) = ( dσ

dΩ )
Mott

⋅
1

ε(1 + τ) (εG2
E(Q2) + τG2

M(Q2)), τ =
Q2

4M2
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Proton form factors

• Reduced uncertainty from 
internal gas target


• Significant improvement at 
low 


• Particular impact on , 
magnetic radius

Q2

GM

( dσ
dΩ ) = ( dσ

dΩ )
Mott

⋅
1

ε(1 + τ) (εG2
E(Q2) + τG2

M(Q2)), τ =
Q2

4M2
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Astrophysical S-factor

•  factor due to nuclear structure


• 12C( , )16O of high astrophysical relevance


• Measure time-reversed process in electro-
disintegration of of 16O

S(ECM)

α γ

σ(ECM) =
1

e−2πηS(ECM)
, η ∝ Z1Z2
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MESA

• MAGIX:


• Proton form factors


• Astrophysical S-factor


• P2:


• Proton weak charge/ 


• Neutron skin thickness


• Both: two-photon exchange

sin2 θW
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Parity-violating electron scattering (PVES)

<latexit sha1_base64="G4vzAKUfqBvuBoSMSn1cPbS+Hlo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXgnoMevGYgHlAsoTZSW8yZnZ2mZkVQsgXePGgiFc/yZt/4yTZgyYWNBRV3XR3BYng2rjut5NbW9/Y3MpvF3Z29/YPiodHTR2nimGDxSJW7YBqFFxiw3AjsJ0opFEgsBWM7mZ+6wmV5rF8MOME/YgOJA85o8ZK9YteseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhjT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwse1flSr1Sqt5mceThBE7hHDy4hircQw0awADhGV7hzXl0Xpx352PRmnOymWP4A+fzB3RzjLg=</latexit>
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Parity-violating electron scattering (PVES)
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+

• Interference between  and  exchange leads to parity-violating asymmetryγ Z

γ Z
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+

• Interference between  and  exchange leads to parity-violating asymmetryγ Z

• Typically order parts per million or less
• Sensitive to variety of physics depending on target, kinematics
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PVES	has	become	a	precision	tool

Kent Paschke October 13, 2016DNP 2016 - Vancouver, B.C. 11

•Beyond	Standard	Model	Searches	
•Strange	quark	form	factors	
•Neutron	skin	of	a	heavy	nucleus	
•Nucleon	partonic	structure

Interplay	between	probing	hadron	structure	
and	electroweak	physics

photocathodes,	polarimetry,	high	power	cryotargets,	
nanometer	beam	stability,	precision	beam	diagnos.cs,	

low	noise	electronics,	radia.on	hard	detectors

• sub-part	per	billion	sta.s.cal	reach	
and	systema.c	control	
•0.5%	normaliza.on	control

For	future	program:

• History of PVES: continuous 
improvement in accelerator 
and detector technology


• State of the art: sub-ppb 
statistical reach and control 
of systematics
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Standard model tests with P2
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Standard model tests with P2

• Is the weak mixing angle 
consistent with SM calculations?

14 10. Electroweak Model and Constraints on New Physics

Figure 10.2: Scale dependence of the weak mixing angle defined in the MS scheme [39,83] (for the
scale dependence in a mass-dependent renormalization scheme, see Ref. [82]). The minimum of the
curve corresponds to µ = MW , below which we switch to an e�ective theory with the W

± bosons
integrated out, and where the —-function for ‚s 2(µ) changes sign. At MW and each fermion mass
there are also discontinuities arising from scheme dependent matching terms, which are necessary to
ensure that the various e�ective field theories within a given loop order describe the same physics.
However, in the MS scheme these are very small numerically and barely visible in the figure provided
one decouples quarks at µ = ‚mq( ‚mq). The width of the curve exceeds the theory uncertainty from
strong interaction e�ects which at low energies is at the level of ±2 ◊ 10≠5 [39]. The Tevatron and
LHC measurements are strongly dominated by invariant masses of the final-state di-lepton pair of
O(MZ) and can thus be considered as additional Z pole data points. For clarity we displayed the
Tevatron and LHC points horizontally to the left and right, respectively.

in the nuclear weak charges QW (Z, N), where Z and N are the numbers of protons and neutrons
in the nucleus. In terms of the nucleon vector couplings,
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where the numerically small adjustments are discussed in Ref. [13] and include the result of the
“Z-box correction from Ref. [176].

E.g., QW (133
78Cs) is extracted by measuring experimentally the ratio of the parity violating

amplitude, EPNC, to the Stark vector transition polarizability, —, and by calculating theoretically

11th August, 2022

MOLLERP2@MESA
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• Larger impact of BSM physics at  
low Q2

• Constrain BSM physics through 
effective models  sensitive to mass 
scales up to 50 TeV!

→
Λ ≈
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“Z-box correction from Ref. [176].

E.g., QW (133
78Cs) is extracted by measuring experimentally the ratio of the parity violating

amplitude, EPNC, to the Stark vector transition polarizability, —, and by calculating theoretically

11th August, 2022

MOLLERP2@MESA

P2:  at MOLLER precision!Qweak
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Neutron skin measurements with MREX
• Where do neutrons go in neutron-rich 

nuclei?

• Parity violation in elastic  scatteringeA

APV ≈
GFQ2 |QW |

4 2παZ

FW(Q2)
Fch(Q2)

• Sensitive to RMS neutron radius , 
neutron skin thickness 

Rn

Rn − Rp

• Two measurements at JLab by PREX/
CREX: 

• 208Pb: constrain nuclear EOS
• 48Ca: bridge between calculations of 

light and heavy nuclei

Adhikari et al. (PREX collab.), PRL 126, 172502 (2021)

Adhikari et al. (CREX collab.), PRL 129, 042501 (2022)

MREX to carry out similar 208Pb 
measurement with half the uncertainty!
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Emergence of saturation density?

• PREX claims extraction of 
interior baryon density of 
lead…from one data point 
sensitive to RMS radius


• Possible to measure multiple 
 point(s) at MESAQ2
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P2 spectrometer
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PVES has unique demands for detectors
• Insensitive to low-energy background 

 Pure Cherenkov detector

• Accommodate 100+ GHz event rates to achieve required statistics 

 Radiation-hard material 
 Integrate signal from many simultaneous events (no “counting”) 

→
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PVES has unique demands for detectors
• Insensitive to low-energy background 

 Pure Cherenkov detector

• Accommodate 100+ GHz event rates to achieve required statistics 

 Radiation-hard material 
 Integrate signal from many simultaneous events (no “counting”) 

→

→
→

fused silica

PMT

integrator

ADC

electron flux

CherenkovIntegrating quartz 
Cherenkov detectors
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P2 detector ring

45
0m

m

Light tight vinyl foil

Highly UV-reflective 
aluminium

Spectrosil 2000

PMT
82 detectors
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MESA

• MAGIX:


• Proton form factors


• Astrophysical S-factor


• P2:


• Proton weak charge/ 


• Neutron skin thickness


• Both: two-photon exchange

sin2 θW
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Standard QED radiative corrections

Hard TPE

TPE can be measured through an asymmetry

between e+p and e�p scattering.

M = + +O(↵3)

� ⇡ |M|2 =

�������

�������

2

± 2Re





 +O(↵4)

�e+p
�e�p

⇡ 1+
4Re{M2�M1�}

|M1� |
2

9

Excited hadronic 
states, GPDs…?
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states, GPDs…?

• TPE is a background to PVES 
(single-spin asymmetry)
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Excited hadronic 
states, GPDs…?

Unpolarized measurements

Polarized 
measurements

figure from Arrington et al. PRC 76, 035205 (2007)

• TPE is a background to PVES 
(single-spin asymmetry)

• TPE is favored hypothesis for proton 
form factor ratio discrepancy



• Beam- or target-normal SSA:


• Multiple measurements of beam-normal SSA  
in  and  scattering disagree with theoryep eA

Single-spin asymmetries  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• Possible SSA measurements at MESA:
• Background measurements for P2
• Gas jet target? (Avoid matter effects for 

outgoing electron)
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Summary

• MESA is a cutting-edge electron accelerator 
being built at JGU Mainz

• MAGIX: proton structure, astrophysical 
processes, few-body systems

• P2: high-precision weak mixing angle, 
neutron skin thicknesses

• Currently under construction… 
set to begin 2025!


