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Proton Form Factor and Proton Radius 
 
Search for a Dark Photon 
 
Parity Violating Electron Scattering 
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New (Infra) Structures in Mainz 
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Structures 

Location Institutes Facilities Physics Group-
Applications 

Mainz IKP 
(University) 

MAMI (Mainz) 
MESA (Mainz) 
BES-III (Beijing) 

Nucleon/Meson 
Structure and 
Spectroscopy 
Particle Physics 
 

CRC1044 
PRISMA 

Mainz HIM (new) 
GSI/
University 

FAIR-accelerator 
GSI-accelerator 
BES-III (Beijing) 
 

Hadron Physics 
Particle Physics 

PRISMA 

Darmstadt GSI 
(National 
Lab.) 

FAIR-accelerator Nuclear Physics 
Atomic Physics 
Hadron Physics 
 

Frank Maas – LATTICE 2013 
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Structures in Mainz 

Frank Maas – LATTICE 2013 
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First Institute of this kind in Germany 

•  Founded in 2009 as joint institution of GSI and JGU Mainz 

•  Participation of JGU Institutes of Physics, Nuclear Physics, Nucl. Chemistry 

•  Budget (5.5 M€ p.a.) from Helmholtz Association + same amount from JGU 

•  6 Research sections: 
  - EMP (Electromagnetic processes at PANDA) 
  - SPECF (Spectroscopy and Flavour at PADA) 
  - MAM (Atomic Physics with antiprotons) 
  - SHE (Synthesis of Superheavy Elements) 
  - ACID (Accelerator Technology) 
  - Theory Floor (QCD Lattice and QCD Phenomenology) 

 High Performance Cluster HIMster 

•   HIM: committed to GSI/FAIR physics 
New	
  research	
  building	
  on	
  JGU	
  campus:	
  28M€	
  +	
  8M€	
  
(financed	
  by	
  	
  state	
  of	
  RLP	
  and	
  federal	
  state)	
  

Helmholtz-Institute Mainz 
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Helmholtz-Institute Mainz (start of constr. 2013) 
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CRC-1044: The Low-Energy Frontier of the SM 

Novel concept of CRC1044:  
Hadron physics (= The Low-Energy Frontier of the Standard Model) 
plays a central and connecting role in interpretation of  
measurements at the precision frontier of the Standard Model  

Particle physics 

Atomic physics 

Astro(particle) physics 

Strong interactions 

Hadron structure 

Hadron spectroscopy  

Hadrons and Nuclei Quarks and Gluons 

sin2θW 
(g-2)µ 

RE 
Proton charge 
radius 
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CRC-­‐1044:	
  The	
  Low-­‐Energy	
  FronWer	
  of	
  the	
  SM	
  

Novel concept of CRC1044:  
Hadron physics (= The Low-Energy Frontier of the Standard Model) 
plays a central and connecting role in interpretation of  
measurements at the precision frontier of the Standard Model  

Hadrons and Nuclei Quarks and Gluons 

BES-III @ BEPC-II 
e+e− Collider 

MAMI 
e− Fixed Target 

Space like measurements  Time like measurements  

sin2θW 
(g-2)µ 

RE 
Proton charge 
radius 
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The PRISMA† Excellence Cluster 

†Precision Physics, Fundamental Interactions and Structure of Matter 

Ø  Institute for Nuclear Physics 
Ø  Institute for Physics 
Ø  Institute for Nuclear 
Chemistry 
Ø  Institute for Mathematics 
Ø  Helmholtz Institute Mainz 

Participating Institutes:  Nuclear Physics 

 Nuclear Chemistry 

Physics, Mathematics 

Ø  Electron	
  accelerator	
  MAMI	
  
	
  

Ø 	
  TRIGA	
  research	
  reactor	
  

Local	
  research	
  infrastructure:	
  
Ø 	
  High-­‐Performance	
  Cluster	
  
	
  	
  	
  	
  	
  WILSON	
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The PRISMA† Excellence Cluster 

 
 
 

UCNs at  
TRIGA 

Atom & Ion  
Traps MESA, MAMI ATLAS 

XENON IceCube 

Symmetry Tests 
New Forces 

Hadronic Properties 
Dark Sector 

New Particle Searches 
Flavour Sector, Dark Matter 

Particle 
Astrophysics 

Energy 
1011 TeV 1 TeV 1 MeV 10-23 eV 

BES-III, NA62 
PANDA 

1 GeV 
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A:   Fundamental Interactions 
 
B:   Origin of Mass and Physics beyond  
         the Standard Model 
 
C:   Structure of Matter 
 
D:   Theoretical Concepts &  
       Mathematical Foundations 

Research Areas: 
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Time-like Proton Form Factor (at FAIR) 

Frank Maas – LATTICE 2013 
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FAIR Facility Darmstadt 

GSI today 

FAIR 

- antiprotons 
- rare isotopes 
- heavy ion beams 
- plasma physics 

PANDA Experiment 

Frank Maas – LATTICE 2013 
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Nuclear Physics 
  Hypernuclei: Production of double Λ-hypernuclei 
!  γ-spectroscopy of hypernuclei, YY interaction 
  Hadrons in Nuclear Medium  

Hadron Structure 
  Generalized Parton Distributions 

!  Formfactors and structure functions, Lq   
  Timelike Nucleon Formfactors 
  Drell-Yan Process 

Hadron Spectroscopy 
  Experimental Goals: mass, width & quantum numbers JPC of resonances 
  Charm Hadrons: charmonia, D-mesons, charm baryons 

! Understand new XYZ states, Ds(2317) and others 
  Exotic QCD States: glueballs, hybrids, multi-quarks 
 Spectroscopy with Antiprotons:  

Production of states of all quantum numbers 
Resonance scanning with high resolution 

PANDA Physics Program 

Frank Maas – LATTICE 2013 
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Hadron Dynamics (spectroscopy)  

Revolution: 
X,Y,Z – states: not understood, 
   new form of matter 
 
Narrow, above open charm decay 
 
Decays not from two quark meson 

Frank Maas – LATTICE 2013 
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Hadron Structure (Nucleon Form Factors) 

-  Hot Topics in Form Factor Research (Radius, Threshold, Large Q2, Unphys. Region) 
-  Time Like Domain: Hadronic processes 106 times larger 

Frank Maas – LATTICE 2013 
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Detector Requirements from Physics Case 

High luminosity and hadronic cross 
sections 
 
High rate capability, 2 · 107 s-1 interactions  
 
High data rate 
 
High degree of radiation resistance 

 
Cross section for electromagnetic 
Processes 

Frank Maas – LATTICE 2013 
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Detector Requirements from Physics Case 

4π acceptance 
 
Momentum resolution: 1% 

central tracker in magnetic field 
 
Photon detection: 1 MeV - 10 GeV 

high dynamic range 
good energy resolution  

 
Particle identification: γ, e, µ, π, K, p 

Cherenkov detector 
time of flight, dE/dx, muon counter 

 
Displaced vertex info 

cτ = 317 µm for D± 

γβ ≈ 2 
 

Frank Maas – LATTICE 2013 
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PANDA Detector 

Frank Maas – LATTICE 2013 
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Particle Identification in PANDA 

Frank Maas – LATTICE 2013 
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PANDA 2fb-1

Time Like Electromagnetic Form Factors  in PANDA 

Frank Maas – LATTICE 2013 
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Proton Radius (at MAMI) 

Frank Maas – LATTICE 2013 
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Proton Radius Puzzle 
 

Measurements with  
Electrons  
(Scattering and Hydrogen) 

Muonic Hydrogen  
Spectroscopy 
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HIGH	
  Intensity	
  	
  	
  	
  	
  (max.	
  100	
  µA)	
  
HIGH	
  Resolu9on	
  	
  	
  	
  (σE<0.100MeV)	
  
HIGH	
  Polariza9on	
  	
  	
  (ca.	
  80%	
  Polariza<on)	
  
HIGH	
  Reliability	
  

MAMI-­‐C:	
  	
  
since	
  2007	
  in	
  rou<ne	
  opera<on	
  
à	
  Beam	
  energy	
  Eγmax	
  =	
  1.604	
  GeV	
  

The Mainz Microtron MAMI (Operated by IKP Mainz) 

Frank Maas – LATTICE 2013 
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A1: Electron-Scattering 
3 magnetic Spectrometer   

Δp/p<	
  10-­‐4	
  FWHM	
  

A2: Photonen-Excitation 
²  Tagged Bremsstrahl.-Photons  
²  4π-Setup: Crystal Ball, TAPS 

A4: Parity violation in elastic ep scattering  
Single-Spin-Asymmetry <10-5 

²  PbF2 Calorimeter  

Instrumentation at MAMI 

Frank Maas – LATTICE 2013 
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Ø  Successful installation of beam line chicane for 
     0° operation of KAOS 
•      Elementary kaon production     
•      Start of hypernuclei programme 
      (missing mass & π decay spectroscopy) 

Ø 	
  High-­‐precision	
  determina<on	
  of	
  the	
  electric	
  and	
  magne<c	
  proton	
  form	
  factors	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  à	
  	
  Super-­‐Rosenblugh	
  fit	
  à	
  extracWon	
  of	
  proton	
  radius	
  to	
  ~1%	
  precision	
  

Q2/GeV2       

                                                            Q2/GeV2 

   

Selected Highlights at MAMI: Proton Radius 

Frank Maas – LATTICE 2013 
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New Measurement of Proton Radius 
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New Measurement of Proton Radius 
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Search for a Dark Photon 
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“Dark Photon” 

Ø   “Dark Photons”: 
§  Gauge bosons of additional U(1) gauge groups in SM 

extensions 
§  Couple to heavy fermions in dark matter models – 

“messengers”  
§  Dark photon masses in MeV range can explain astrophysical 

anomalies  
Ø   Kinetic mixing mechanism couples dark sector to SM fermions 

ε=g’/g 

Ø   Dark photons may explain the tension in aµ 
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Ø 	
  Search	
  for	
  a	
  new	
  massive	
  force	
  carrier	
  of	
  extra	
  U(1)d	
  :	
  Dark	
  Photon	
  

Mi
xin

g P
ar

am
ete

r  
 �2

Dark Photon Mass   m� ’  (MeV/c2)

10-7

10-6

10-5

10-4

 10  100

(g-2)µ(g-2)e  vs.  �
BaBar

A1
-2

01
1

e+e��� µ+µ�

|(g-2)µ|< 2�

E774

KLOE

AP
EX

Exclusion	
  range	
  from	
  
MAMI	
  /	
  A1	
  spectrometers	
  	
  
during	
  4-­‐day	
  pilot	
  run	
  
A1/MAMI	
  
Merkel	
  et	
  al.	
  PRL	
  2011	
  

14	
  days	
  run	
  	
  
preliminary	
  

•   Future: Low mass region <50 MeV/c2  and small dark photon coupling ε2 

Selected Highlights at MAMI: Search for Dark Photon 

• 	
  	
  Could	
  explain	
  large	
  number	
  of	
  astrophysical	
  anomalies	
  	
  
• 	
  	
  Could	
  explain	
  deviaWon	
  of	
  3.6σ	
  btw.	
  SM	
  value	
  and	
  direct	
  measurement	
  	
  of	
  (g-­‐2)μ	
  	
  	
  
	
  

Frank Maas – LATTICE 2013 
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Mainz Energy-recovering  
Superconducting Accelerator (MESA) 
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“A must-do facility … for the price of an experiment” 
                (W.J. Marciano, 2011 MESA workshop)      

Mainz Energy-recovering  
Superconducting Accelerator (MESA) 

Design: Ralf Eichhorn 
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Ø  Production of dark photons in 𝑒𝑝 scattering 

Experimental	
  searches	
  for	
  Dark	
  Photons	
  

Ø  First results (exclusion limits): A1 spectrometer @ MAMI 

Ø  Flagship experiment at MESA: Very thin hydrogen target, large current 
[Merkel et al. , 2011] 

Ø  Other efforts: APEX experiment / DarkLight Proposal @ JLab 

Ø   A’ -> l+ l-, search for sharp peak in invariant mass distribution 
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Mainz	
  Energy-­‐Recovering	
  	
  Superconduc<ng	
  Accelerator	
  
High-­‐Intensity	
  Electron	
  Accelerator:	
  200	
  MeV	
  @	
  >1	
  mA	
  current	
  

Ø 	
  Loca<on:	
  exis<ng	
  halls	
  of	
  Ins<tute	
  (former	
  A4	
  hall)	
  	
  	
  

Ø 	
  Challenging	
  accelerator	
  project	
  
	
  à	
  superconducWng	
  technology	
  (50	
  MeV	
  gain)	
  
	
  à	
  Energy-­‐Recovering	
  (ERL)	
  technology	
  

Ø 	
  Fron<er	
  experiments	
  	
  
§ 	
  Precision	
  measurement	
  of	
  sin2ΘW	
  
	
  	
  	
  	
  à	
  extracted	
  beam	
  mode	
  
§ 	
  	
  Search	
  for	
  the	
  Dark	
  Photon	
  
	
  	
  	
  	
  à	
  ERL	
  mode	
  
§ 	
  	
  FronWer	
  projects	
  in	
  ParWcle,	
  Hadron,	
  Nuclear	
  Physics	
  ….	
  
	
  	
  

Accelerator MESA: key initiative in PRISMA 

Frank Maas – LATTICE 2013 
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Experimental	
  searches	
  for	
  Dark	
  Photons	
  at	
  MAMI	
  

Data taken Displaced vertex: future Experiment 

Frank Maas – LATTICE 2013 
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Experimental	
  searches	
  for	
  Dark	
  Photons	
  with	
  MESA	
  

Frank Maas – LATTICE 2013 
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Parity violating electron scattering 
 a) strangeness in the nucleon 
 b) weak charge of the proton for a precise  
  determination of sin2(θW)eff 
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p

e

γ

p'

e'

Elastic Electron Proton Scattering: Born  
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Electroweak Elastic Electron Proton Scattering: Born  

p

e

Ζ0

p'

e'

weak%vector%charge
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p

e

 

p'

e' e

p

Z0

p'

e'

Parity Violating Asymmetry in Elastic Scattering 
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Ø 	
  Measurement	
  of	
  parity-­‐viola<ng	
  
	
  	
  	
  	
  cross	
  sec<on	
  asymmetry	
  @	
  Q2=0.62	
  GeV2	
  

	
  	
  	
  	
  	
  à	
  EM	
  strangeness	
  	
  form	
  factors	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
   	
  	
  	
  (preliminary)	
  	
  

Ø 	
  Recent	
  measurement	
  @	
  Q2=0.1	
  GeV2	
  

	
  	
  	
  	
  à	
  extrapolaWon	
  to	
  Q2	
  à	
  0	
  

Gs
E + 0.62 ·Gs

M = 0.042± 0.029

A4	
  experiment	
  has	
  successfully	
  completed	
  physics	
  programme	
  
à 	
  Prepara<on	
  for	
  a	
  new	
  experiment	
  P2	
  to	
  measure	
  sin2θW	
  at	
  	
  
	
  	
  	
  	
  	
  low	
  Q2	
  with	
  unprecedented	
  precision	
  
à	
  Project	
  within	
  CRC-­‐1044	
  (personnel)	
  and	
  PRISMA	
  (MESA	
  accel.)	
  

A4	
  
preliminary	
  

Selected Highlights at MAMI: Parity Violation 

Frank Maas – LATTICE 2013 
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The sin2 θW - mHiggs Connection 
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The sin2 θW - mHiggs Connection 

P2

Projection for 
project P1

Projection for 
project P2

Expectation 
from LHC
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The sin2 θW - mHiggs Connection 

P2

Projection for 
project P1

Projection for 
project P2

Expectation 
from LHC
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Semi-Leptonic Electroweak Couplings 

A

V

V

A

SOLID

APV

Qweak
semi-leptonic 
measurements

Sensitivity to new physics: 
Λnew ≃ 6.4 TeV (P2@MESA)
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Determination of sin2 θW(µ)  
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Ø   𝛾𝑍 box graph contributions obtained by modelling hadronic effects:  box graph contributions obtained by modelling hadronic effects: 

[Gorchstein, Horowitz & Ramsey-Musolf 
2011] 

Ø Hadronic uncertainties 
suppressed at lower 
energies 

Ø Planned experiment:  
P2 @ MESA 

Dominant theoretical uncertainty:  

 𝛾𝑍 box graphs,   ​⊡↓𝛾𝑍   box graphs,   ​⊡↓𝛾𝑍  

Sensitive to hadronic effects 

 

Hadron Structure Contributions vanish at low Q 
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2

p

e
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e'

σ ≈ +

2e

p

Z0

p'
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p
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p'

e' e

p

Z0

p'

e'*
2Re

V-A coupling:
parity-violating 

cross section asymmetry ALR

longitudinally pol. electrons
unpolarised protons

Method: Parity-Violating Electron-Proton Scattering 
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Statistics: Parity-Violating Electron-Proton Scattering 

A"="
N+"&"N&

N+"+"N&
δA"="1/N1/2

Example:"A"="10&6"""Goal:"10%"measurement
δA"="10&7"""&>""N"="1014"events



58 Frank Maas – LATTICE 2013 

High Statistics: Counting Technique 

Count&sca*ered&electrons:
0&pile0up&(double&count&losses)
0&Background&Asymmetry
0&Very&Fast&Coun>ng&(MHz)
0&Measure&TOF&or&Energy
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High Statistics: Counting Technique 

Measure'Flux'of'Sca/ered'electrons:
4'no'pile4up'(double'count'losses)
4'sensi:ve'to'small'electr.'fields.
4'no'separa:on'of'phys.'process
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“False” Asymmetries 

dY

+

-
  

  

Target

Dete
kto

r

r

Aexp%=%APV%+%Afθ
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“False” Asymmetries 
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Fluctuation of Beam Parameters (Past) 
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Parity-Violating Asymmetry in Electron-Proton Scattering 

A

LR

=
s(e ")�s(e #)
s(e ")+s(e #) =� G

F

Q

2

4
p

2pa
(Q

W

�F(Q2))

Q

W

= 1�4sin2 q
W

(µ)

F(Q2) = F

EM

(Q2)+F

Axial

(Q2)+F

Strange

(Q2)

weak charge

hadron structure
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Experimental Parameters 

EBeam 200 MeV

Q2/θe 0.0048 GeV2/20°

Time/current/target 10000h/150µA/60cm

Aphys -20.25 ppb

ΔAtot 0.34 ppb (1.7 %)

ΔAstat 0.25 ppb

ΔAsys 0.19 ppb (0.9%)

Polarization (85 ± 0.5) %

Rate 0.44 1012 Hz

Δsin2 θW stat 2.8 10-4

Δsin2 θW tot 3.6 10-4 (0.15 %)

High rates: 440 GHz, polarization precision: 0.5 %
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Method: Parity-Violating Electron-Proton Scattering 

QWeak = 1- 4 sin2 θW (Tree Level) 
QWeak = 0.075 
QWeak = ρ‘ (1- 4 κ‘ sin2 θW)  (Radiative Corrections) 
QWeak = 0.0718   (4% modification) 
Δ QWeak / QWeak = 4 Δ sin2 θW /QWeak 
sin2 θW = 0.2311 
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Sensitivity to new Physics 

Example: supersymmetric Standard Model extensions

MOLLER (ee)
JLab, 11 GeV

QWeak (ep) JLab, 1,165 GeV

P2 (ep) Mainz, 137 MeV
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Sensitivity to new Physics 
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Sensitivity to new Physics 
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Sensitivity to new Physics 
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Sensitivity to new Physics Sensitivity to new Physics 
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Sensitivity to new Physics 

Λnew ≃ [√2 GF ΔQW]−½ = 246.22 GeV⁄√ΔQW 
 
Λnew ≃ 3.4 TeV (E158@SLAC, published)       
Λnew ≃ 4.6 TeV (Qweak@JLab, finished, under analysis)                                                          
Λnew ≃ 2.5 TeV (SOLID@JLab, planned) 
Λnew ≃ 7.5 TeV (MOLLER@JLab, planned) 
    
  Λnew ≃ 6.4 TeV (P2@MESA, planned) 
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Method: Parity-Violating Electron-Proton Scattering 
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MESA as low energy electron accelerator facility	
  
 

Frank Maas – LATTICE 2013 
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Summary: Perspectives are Excellent 

Location Institutes Facilities Physics Group-
Applications 

Mainz IKP 
(University) 

MAMI 
MESA (new) 

Nucleon/Meson 
Structure and 
Spectroscopy 

CRC1044 (new) 
PRISMA (new) 

Mainz HIM (new) 
IKP 
(University) 

FAIR-accelerator 
(new) 
GSI-accelerator 
MESA (new) 

Hadron Physics 
Particle Physics 

PRISMA (new) 
 

Darmstadt GSI 
(National 
Lab.) 

FAIR-accelerator 
(new) 
 

Nuclear Physics 
Atomic Physics 
Hadron Physics 

Bonn HISKP 
IP 
(University) 

ELSA Nucleon/Meson 
Spectroscopy 
 

Frank Maas – LATTICE 2013 
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Summary: Perspectives are Excellent 

Frank Maas – LATTICE 2013 

Mainz has evolved to one of the main physics centers  
 in hadron and particle physics in Germany 
 
“Low energy frontier” comprises a sensitive test of the  
   standard model complementary to LHC 
 
MAMI and MESA: Key facilities for low energy  
    precision hadron and particle physics 
 
Could only show a small collection of the full program 
 
 


