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‣ Energy-recovery mode 
for high-intensity 
(MAGIX)

‣ External-beam mode 
for high polarisation 
(P2)

‣ Beam dump 
experiment 
(DarkMESA)

Multi-purpose facility low-energy precision physics experiments

Mainz Energy-recovering 
Superconducting Accelerator 
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PVES

PV-Asymmetry

‣ External-beam mode for 
high polarisation (P2)

‣ Beam current 150 µA
‣ Polarisation > 85%
‣ High precision polarimetry

…the “Chronicles of MESA”
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The chronicles of  MESA: 
Precision, perplexities 

and uncertain tales



…did somebody already mentioned 
neutron-skin to you?

The neutron skin measures how 
much neutrons stick out past 

protons
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…did somebody already mentioned 
neutron-skin to you?

The neutron skin measures how 
much neutrons stick out past 

protons

Symmetry energy favours moving 
them to the surface 

Surface tension favours spherical 
drop of uniform equilibrium 

density
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Equation Of State

3/12

symmetry energy

slope parameter

curvature parameter

…

The spoiler: reality!

The symmetry energy

Equation of state (EOS) of asymmetric matter

E(⇢,↵) = E(⇢,↵ = 0) + S(⇢) ↵2 + . . . ↵ =
N � Z

A

Neutron rich matter properties strongly dependent on symmetry energy

Taylor expansion around nuclear saturation density ⇢0 (' 0.15 fm�1):

S(⇢) = J + L
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We can constrain L with the neutron skin.
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does not. Then, we have to conclude that a 3% accuracy in
APV sets modest constraints on L, implying that some of
the expectations that this measurement will constrain L
precisely may have to be revised to some extent. To narrow
down L, though demanding more experimental effort, a
!1% measurement of APV should be sought ultimately in
PREX. Our approach can support it to yield a new accuracy
near !!rnp ! 0:02 fm and !L! 10 MeV, well below any
previous constraint. Moreover, PREX is unique in that the
central value of !rnp and L follows from a probe largely
free of strong force uncertainties.

In summary, PREX ought to be instrumental to pave the
way for electroweak studies of neutron densities in heavy
nuclei [9,10,26]. To accurately extract the neutron radius
and skin of 208Pb from the experiment requires a precise
connection between the parity-violating asymmetry APV

and these properties. We investigated parity-violating elec-
tron scattering in nuclear models constrained by available
laboratory data to support this extraction without specific
assumptions on the shape of the nucleon densities. We
demonstrated a linear correlation, universal in the mean
field framework, between APV and!rnp that has very small
scatter. Because of its high quality, it will not spoil the
experimental accuracy even in improved measurements of
APV. With a 1% measurement of APV it can allow one to
constrain the slope L of the symmetry energy to near a
novel 10 MeV level. A mostly model-independent deter-
mination of !rnp of 208Pb and L should have enduring
impact on a variety of fields, including atomic parity
nonconservation and low-energy tests of the standard
model [8,9,32].

We thank G. Colò, A. Polls, P. Schuck, and E. Vives
for valuable discussions, H. Liang for the densities of
the RHF-PK and PC-PK models, and K. Kumar for infor-
mation on PREX kinematics. Work supported by the
Consolider Ingenio Programme CPAN CSD2007 00042

and Grants No. FIS2008-01661 from MEC and FEDER,
No. 2009SGR-1289 from Generalitat de Catalunya, and
No. N N202 231137 from Polish MNiSW.
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FIG. 3 (color online). Neutron skin of 208Pb against slope
of the symmetry energy. The linear fit is !rnp ¼ 0:101þ
0:001 47L. A sample test constraint from a 3% accuracy in
APV is drawn.
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method  
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The answer to the ultimate question

The stairway to heaven 

What powers a star? 

A Gravitational energy B  Chemical energy 
C Radioactivity         D  Nuclear energy      

What do these data points have in common?
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M. Thiel, CS, J. Piekarewicz, C. Horowitz, M. Vanderaeghen

J. Phys. G: Nucl. Part. Phys. 46 093003
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The stairway to heaven 
(or the highway to hell, depending on your level of optimism)

Collective 
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PVES

PV-Asymmetry

Hadronic 
Probes

Cross-section

EM Probes

Photoproduction of mesons off nuclei - Overview

breakup (quasi-free)
πo

N
γ

γ + A → πo + A′ + N + ...

dσ
dΩ ∝

∑

|A|2 × ...

& nuclear effects & FSI & ...

in-medium properties of
mesons & resonances
meson - nucleon
interaction (FSI)...

coherent

γ

πo

A, q⃗ γ + A → πo + A

dσ
dΩ ∝ |

∑

A|2 × F2(q2) × ...

& nuclear effects & FSI & ...

nuclear form factors
∆ in-medium properties....
spin/iso-spin filters
meson - nucleus
bound states...

incoherent

γ

πo

γ′

A, q⃗ γ + A → πo + A⋆

→ πo + A + γ

transition form factors
∆ in-medium properties....
spin/iso-spin selection

(Personal selection)
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Collective 
Excitation

Resonance 
Strength

The stairway to heaven 
(or the highway to hell, depending on your level of optimism)

Theo. uncertainties (a.u)
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Probes

Cross-section

EM Probes

Photoproduction of mesons off nuclei - Overview
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(Personal selection)
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The shortest road …
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Non-PV e-scattering 
Electron scattering γ exchange provides Rp through nucleus FFs

PV e-scattering 
Electron also exchange Z, which is parity violating and primarily couples to 
neutron

  

    
 

    

 

   

   

PVES

PV-Asymmetry

The weak interaction in a nutshell
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PVES

PV-Asymmetry

The weak interaction in a nutshell

𝛔 ∝

e e

A A

γ

e e

A A

Z0+

𝛔 ∝ 𝓜𝛄
𝟐

+ 𝟐 𝓜𝛄𝓜𝐙𝟎 + 𝓜𝐙𝟎
𝟐

① ② ③
          normalized to ①:  𝛔 ∝     𝟏       +      𝟏𝟎−𝟓        +  𝟏𝟎−𝟏𝟎

① pure EM interaction
② interference term

③ pure weak interaction



Parity violation in electron scattering

Parity-violating electron scattering Krishna Kumar, J-C School Lecture 1,  Sep 30 2010

A Classic Paper

27

Parity-violating electron scattering Krishna Kumar, J-C School Lecture 1,  Sep 30 2010

Parity Violation in 
Electron Scattering?

28

Parity-violating electron scattering Krishna Kumar, J-C School Lecture 1,  Sep 30 2010

Parity Violation in 
Electron Scattering?

Neutron β Decay
Electron-proton

Weak Scattering

28
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PVeS: How to ….

Parity-violating electron scattering Krishna Kumar, J-C School Lecture 1,  Sep 30 2010

Observable Parity-
Violating Asymmetry

•One of the incident beams longitudinally polarized
•Change sign of longitudinal polarization
•Measure fractional rate difference

€ 

10
−4
⋅Q

2APV ~ (GeV2)

29

‣ One of the incident beams longitudinally polarised  

‣ Change sign of longitudinal polarisation 

‣ Measure fractional rate difference
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Parity-violating electron scattering Krishna Kumar, J-C School Lecture 1,  Sep 30 2010

Parity Violation in 
Electron Scattering?

Neutron β Decay
Electron-proton

Weak Scattering

Parity-violating

θ

E

E’

€ 

Q
2

= 4E ′ E sin
2 θ

2

4-momentum transfer
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Parity-violating electron scattering Krishna Kumar, J-C School Lecture 1,  Sep 30 2010

Observable Parity-
Violating Asymmetry

•One of the incident beams longitudinally polarized
•Change sign of longitudinal polarization
•Measure fractional rate difference

€ 
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−4
⋅Q

2APV ~ (GeV2)

29

Q2 ≈ 0.1 -1 GeV2 → APV ≤ 10-6 - 10-4  
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1 sec in 32 years!
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PVES

PV-Asymmetry

Niklaus Berger – PRISMA September 2015 – Slide 34

Parity violating electron scattering

Proton Target

Electron beam

Detector

PVeS: How to ….

1.1.3 Step 3: Determine Weak Form Factor

Determine FW (Q2) using:

APV =
GFQ2

4⇡↵
p
2
· QW

A
· FW (Q2)

Fch(Q2)

Where:

• GF is the Fermi constant: 1.1663787⇥ 10�5 GeV�2

• ↵ is the fine-structure constant: 1/137.035999084

• A is the mass number of 208Pb: 208

• Fch(Q2) is the charge form factor (provided)

1.1.4 Step 4: Extract Neutron Skin Thickness

Use the linear approximation:

Rnp = a · FW (Q2) + b

Where a and b are given constants.

1.2 Error Analysis Exercise

1.2.1 Step 1: Create a Flow Diagram

Create a flow diagram of the analysis procedure.

1.2.2 Step 2: Identify Error Sources

For each step, identify potential sources of uncertainty.

1.2.3 Step 3: Quantify Uncertainties

Assign numerical values to each source of uncertainty.

1.2.4 Step 4: Propagate Errors

Propagate errors from each step to the final neutron skin thickness calcula-
tion.

1.2.5 Step 5: Final Result

Present the final result for the neutron skin thickness with properly calculated
uncertainty.

2
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PV-Asymmetry

Krishna S. Kumar Physics with Parity-Violating Electron Scattering

Anatomy of a Parity Experiment

!7

C.Y. Prescott, et al.
The E122 Experiment at the Stanford Linear Accelerator CenterNiklaus Berger – PRISMA September 2015 – Slide 34

Parity violating electron scattering

Proton Target

Electron beam

Detector

N"N"

N"

2"

..so where is hell?
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Niklaus Berger – PRISMA September 2015 – Slide 34

Parity violating electron scattering

Proton Target

Electron beam

Detector

P. Souder and K. Paschke, Front. Phys. 11(1), 111301 (2016)

Welcome to Hell!
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Niklaus Berger – PRISMA September 2015 – Slide 34

Parity violating electron scattering

Proton Target

Electron beam

Detector

P. Souder and K. Paschke, Front. Phys. 11(1), 111301 (2016)

Welcome to Hell!
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Proton Target

Electron beam

Detector

P. Souder and K. Paschke, Front. Phys. 11(1), 111301 (2016)

Welcome to Hell!
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PV-Asymmetry

P. Souder and K. Paschke, Front. Phys. 11(1), 111301 (2016)

Welcome to Hell!
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APV (208Pb) ≈ 550 ppb

…. need a few N=1018 e-

→ close to 1011 electrons/s



  

    
 

    

 

   

   

PV-Asymmetry

‣ External-beam mode for 
high polarisation (P2)

‣ Beam current 150 µA
‣ Polarisation > 85%
‣ High precision polarimetry

…the “Chronicles of MESA”
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…precision, perplexities and uncertain 
tales
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The stairway to heaven 
(or the highway to hell, depending on your level of optimism)
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PV-Asymmetry

Welcome to Hell!
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…. need a few N=1018 e-

→ close to 1011 electrons/s

…but statistics is not everything! !



Typical corrections:  
‣ Helicity correlated corrections 
‣ Background Asymmetry 
‣ Beam polarisation 
‣ EM radiative corrections 

…if you are going through hell keep going!

Blinding factors

Raw Asymmetries  
(Ameas)

Unblind

Q2

Phys. Asymmetries  
(Aphys)

I think we need to talk about blind analyses!
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MREX challenges: 4x statistics has a price!
Solenoid geometry

9

Fig. Tracks of elastically scattered electrons in P2 solenoid

Need to match momentum transfer while maximizing signal from elastic line

ShieldingMagnet Yoke

Cherenkov-detector
crystals

Fig. PREX spectrometer setup
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Match momentum transfer while maximising signal 
from elastic line
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Full Monte-Carlo simulation
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• Initially created for P2

• Geant4 framework

• Full experimental setup

• Energy deposition

• Secondary particles

• Target background

• Vertex generator

• Scattered electrons generator

• Detector response Fig. Radial dependence of the photoelectron rate in Cherenkov detector from 
different particles

Solenoid geometry

9

Fig. Tracks of elastically scattered electrons in P2 solenoid

Need to match momentum transfer while maximizing signal from elastic line

ShieldingMagnet Yoke

Cherenkov-detector
crystals

Fig. PREX spectrometer setup

‣Solenoid geometry leads to excitation energy 
acceptance of around 25 MeV 
‣Each non-elastic contribution has its own 
asymmetry 
‣Target background and secondary produced 
particles changes the measured asymmetry

…precision, perplexities and uncertain 
talesNikita Kozyrev (PhD-JGU) 



‣Need to reduce uncertainty 
from inelastic 
‣ Moving target would help but 
also change Q2 

Add conical shielding

Additional shielding

12
Fig. Tracks of elastically scattered electrons in P2 solenoid with 

additional shielding

• Need a way to reduce 
uncertainty from inelastic 
contribution

• Moving target backwards can 
help, but need to stick to the 
same Q2

Additional conical 
shielding next to target

extra
shielding
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Elastic line Excited states Multipole resonances

GDR• Solenoid geometry leads to excitation 
energy acceptance of around 25 MeV

• Each non-elastic contribution has its 
own asymmetry 

• Target background and secondary 
produced particles changes the 
measured asymmetry

Non-elastic contributions
Physical Review C, 1977, 15(1)

Fig. Spectra of e-208Pb scattering at 150 MeV and 30°

Fig. Quasielastic electron scattering on nucleus

Inelastic contributions
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Additional shielding

12
Fig. Tracks of elastically scattered electrons in P2 solenoid with 

additional shielding

• Need a way to reduce 
uncertainty from inelastic 
contribution

• Moving target backwards can 
help, but need to stick to the 
same Q2

Additional conical 
shielding next to target

extra
shielding
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Nikita Kozyrev (PhD-JGU) 



Uncertainty from asymmetry correction
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Uncertainty from asymmetry correction
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Define uncertainty from 
different contributions

Extract final uncertainty 
from each contribution

Nikita Kozyrev (PhD-JGU) 



1 General information
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Figure 9: Timeline of the different experiments at MESA, with corresponding experimental setups on
the left and CRC project codes on the right.

In Fig. 9, the planned schedule of the different experiments in the different projects described
above is shown.
On the experimental side, we have tuned the physics program for the first funding period (FP1)
of this CRC to perform the commissioning of the MESA experiments, taking initial data, and to
complement this program with experiments at MAMI, BESIII, and PSI, which are fully opera-
tional and where data taking will take place from the beginning of FP1.
These experiments will go hand in hand with a dedicated theory program, which will both aim
at guiding the further MESA experimental program and at interpreting the existing data from
the experiments at MAMI, BESIII and PSI.
We illustrate the above strategy by the main objectives of FP1 in the different projects:

• For the parity-violation program in Project B01 we foresee the commissioning of the MESA
beamline, the hydrogen target, the magnetic P2 spectrometer, the data acquisition electron-
ics, as well as the silicon tracking detector. Later on, with the commissioned P2 apparatus
and MESA accelerator, a first measurement of the parity-violating asymmetry on hydrogen at
backward angles with �A/A ⇡ 10% will be performed. This will provide a precise value of
the axial form factor of the nucleon at low momentum transfer. Furthermore, towards the end
of FP1, a pilot measurement of the parity-violating asymmetry will be performed at 155 MeV
beam energy, with about 10 % of the full statistics, which corresponds to the same precision
on sin2 ✓W as the published result from the Qweak Collaboration [20].

• In order to interpret the planned forward-angle measurement in Project B01, the comple-
mentary theory effort in Project B02 will combine renormalization group analyses with non-
perturbative lattice QCD simulations to obtain a purely theory-driven prediction for sin2 ✓W .
Moreover, the effect of strange and axial form factors of the proton in the parity-violating
asymmetry will be quantified. In order to guide further experimental activities at MESA, it is
also foreseen to perform preparatory work on precision predictions of the weak charges of
nuclei including 12C, 48Ca and 208Pb (Project N01) within the SM.
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± 0.03 fm on the extraction of the neutron skin 
(65 days BOT)

Chuck Horowitz

5/17

: Figure Of Merit

±0.03 fm determination of neutron-skin thickness (      60 days)
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(assuming 1% systematics - PREX experience)

…we got slightly delayed ….





All methods are model-
dependent; some are so clingy 

they miss the neutron skin 
altogether



All methods are model-
dependent; some are so clingy 

they miss the neutron skin 
altogether

Examples

July 8-19, 2019 NNPSS 27

The speed of light vs. year

Just a coincidence that there are 
several measurements in a row that 
have close to the same central values?

Even with such large uncertainties?

Credit: D. Armstrong 

A lesson from the past: 
it’s time to blind the 

analysts!
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