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Introduction

MAMI-B 
3 cascaded Racetrak Microtrons 
E=180-883 MeV 
Max beam current 100 uA c.w.

MAMI-C (since 2007) 
Harmonic Double-sided Microtron 
E= 1.5 GeV 

A2 Collaboration 
Experiments with real photons 

A1 Collaboration 
3-spectrometer setup 
Experiments with electrons 
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MAMI-C (since 2007) 
Harmonic Double-sided Microtron 
E= 1.5 GeV 

A2 Collaboration 
Experiments with real photons 

A1 Collaboration 
3-spectrometer setup 
Experiments with electrons 

Existing Halls cleared for MESA 

New MESA Hall and Building 

Existing High-power Beam Dump 
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MESA
Mainz Energy-Recovering Superconducting Accelerator

MAGIX P2
Superconducting Cavities: 
9-cell ,1.3 GHz  
12.5 MeV/m gain  
XFEL-TESLA type 
Modified Rossendorf-type Modules 
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MESA
Mainz Energy-Recovering Superconducting Accelerator

MAGIX P2
Superconducting Cavities: 
9-cell ,1.3 GHz  
12.5 MeV/m gain  
XFEL-TESLA type 
Modified Rossendorf-type Modules 

Available Space for an 
additional experiment
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Harald Merkel, Bled 2017 2/33

Energy Recovery Linac - Idea

Radio Frequency 

RF-Cavity

Recirculation:   l = n · λ  

Injection External Beam

Wave length  λ   

Recirculating Linear Accelerator ! increase beam energy

Energy Recovery Linac
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Energy Recovery Linac - Idea

Radio Frequency 

RF-Cavity

Recirculation:   l = n · λ  

Target

Injection Beam Dump

Wave length  λ   

Recirculating Linear Accelerator ! increase beam energy

Last return path: l = (m+ 1
2)l ! Phase shift

Energy feed back to cavities ! increase beam current

Energy Recovery Linac
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Energy Recovery Linac - Idea

Last Recirculation:     l = (m + 1/2) · λ 

Recirculating Linear Accelerator ! increase beam energy

Last return path: l = (m+ 1
2)l ! Phase shift

Energy feed back to cavities ! increase beam current
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Light Dark Matter
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(Light) Dark Matter
GeVMeVkeV TeV

DM Mass
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(Light) Dark Matter
GeVMeVkeV TeV

DM Mass

WIMPs

LDM
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Dark Sector
Standard Model Dark Sector

“Portals”

Vector Portal

Higgs Portal

Neutrino Portal
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Precision Higgs Physics

New Neutrino States
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Minimal Dark Photon Model
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The MAGIX Experiment
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AchimDenig Dark	Photon	Searches	at	MAMI	and	MESA

The MAinz Gas Internal EXperiment

High	resolution	spectrometers	MAGIX:
§ double	arm
§ compact	design
§momentum	resolution:	Δp/p <	10-4
§ acceptance:	±50	mrad
§ GEM-based	focal	plane	detectors
§ Gas	Jet	or	polarized	T-shaped	target

windowless
internal	gas
target

1mA	
ERL	beam

Operation	of	a	high-intensity	 ERL	beam
in	conjunction	with	light	internal	target

à a	novel technique in	nuclear and	particle physics

The MAGIX Experiment

Harald Merkel, Bled 2017 9/33

Supersonic Jet Target

Hypersonic gas jet by Laval nozzle

Cool down to Cluster mode

Gas jet caught by vacuum system

Expensive part: Pumping system 1 mbar at target ! 10�11 mbar at RF-Cavity

Beam quality allows for narrow flow delimiters

Luminosities of up to L = 1036 s�1cm�2 at 10 mA

H
arald
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erkel,B

led
2017

10/33

S
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JetTarget
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- New technique in low-energy part/nucl phys experiments 
- Competitive luminosity (mA beam current) 
- Double arm spectrometer (ns time coincidence) 
- High-resolution tracking at low energies dp/p = 10-4 
- Acceptance +/- 50mr 
- Focal plane detectors current design options:  

- low material budget GEMs 
- Time Projection Chamber with GEM readout

Magnetic optics studies

Gas-Jet TargetExperimental Setup
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MAGIX Physics Program
Physics: 

- Nucleon Form factors (proton radius puzzle) 
- Dark photon (visible and invisible decays) 
- Nuclear Astrophysics 

Other possibilities 
- Nuclear physics (3-body forces) 
- Nucleon polarizabilities 
- …

Harald Merkel, Bled 2017 23/33

Search for exotic particles: Dark Photons

Dark photon: Force carrier of the Dark Sector

Radiative production

e+Z ! e+Z + g 0

! e+ + e� (detected in Magix)
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Astrophysical S-Factor for a(12C,16 O)g

S-Factor: divide out “trivial” cross section s(E) = 1
E e�2p z1 z2 a

v ·S(E)

Very low count rates

Reduce backgrund ) best results from underground labors, e.g. LUNA at Gran Sasso

Still large errors

Extrapolation to Gamow-Window

↵(12C,16 O)�

Harald Merkel, Bled 2017 17/33

Magnetic Radius of the Proton - Errors

— Belushkin (Disp. Analysis 2007)
MESA projected error
Jones (JLab 2000)
Gayou (JLab 2001)
Dietrich (MAMI 2001)
Pospischil (MAMI 2001)
Punjabi (JLab 2005)
Jones (JLab 2006)
MacLachlan (JLab 2006)
Crawford (Bates 2007)
Zhan (JLab 2011)

– Bernauer (MAMI 2010)
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Maybe a little bit optimistic...
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Search for exotic particles: Dark Photons

Dark photon: Force carrier of the Dark Sector

Radiative production

e+Z ! e+Z + g 0

! e+ + e� (detected in Magix)
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BDX@MESA
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A Beam-Dump Experiment at MESA

Introduction Experimental setup Background Experiment reach Conclusions

A fixed target LDM experiment

Beam Dump eXperiment: LDM direct detection in a e≠ beam, fixed-target setup1

‰ production

• High-energy, high-intensity e≠ beam impinging on a
dump

• ‰ particles pair-produced radiatively, trough AÕ emission
(both on-shell or o�-shell).

‰ detection

• Detector placed behind the dump, O(10m)
• Neutral-current ‰ scattering trough AÕ exchange,recoil

releasing visible energy
• Di�erent signals depending on the interaction (e≠

elastic, p quasi-elastic,. . . )

Number of events scales as (on-shell): N Ã –DÁ4

m4
A

1For a comprehensive introduction: E. Izaguirre et al, Phys. Rev. D 88, 114015
3 / 25

 Production 

 off-shell radiative 

on-shell A’-strahlungmA0 > 2m� =)

mA0 < 2m� =)
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How to Search 

A’ gets large fraction of  beam energy 
Thursday, June 18, 15
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Electron Scattering
Low recoil energies, light mediator

Quasi-elastic Nucleon
Higher recoil energies > 10s MeV,  

How to Search 

Coherent Nuclear
Low recoil energies, light mediator

enhancement, form factor Z2

High Q transfer 
Inelastic hadro-production

⇡,K · · ·

� = 0 Elastic Detection

Thursday, June 18, 15

Dark Sector Physics Opportunities at MESA      May 2o17 
P Achenbach, U Mainz 

Model for A’ Bremsstrahlung 

cross section according to Bjorken et al., Phys. Rev. D80, 075018 (2009): 
 

� unstable mediators appear in many Beyond Standard Model constructions 
 
 
 

� radiative production of (massive) dark photon A’ coupling with ε 
� cross section peaked in forward direction 
� subsequent (invisible) decay to dark matter pair coupling with αD 

 

Visible sector Dark sector 
mediator ε αD 

Dark Sector Physics Opportunities at MESA      May 2o17 
P Achenbach, U Mainz 

Dark Beam Source 

approx. total A’ no. according to Bjorken et al., Phys. Rev. D80, 075018 (2009): 
 

example calculations  
for mA‘ = 50 MeV/c2 and ϵ = 10-4 
 
� x-integrated total A’ no.: 2 x 106 

for 2 mΧ < mA’  and not too small αD  
prompt decays into DM pairs in dump:   
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Opportunity: A BD Experiment at MESA
Experimental Area 
- 70 X0 (~8m) barite concrete 
- ~ no neutrons at detector position 
-  no beam dump backgrounds 
- No neutrinos

Background Rejection 
- Beam on/off 
- Comics Veto 
- Segmentation 

Beam Dump 
- 20 X0 Beam Dump 
- Material: Aluminum (+ Water) 
- Addition of a W plate? 
- Energy on Dump: ~135 MeV 
- 104 h of operation; 1022 EOT 

Detector: 
- Maximize active volume 
- Maximize Density 
- Directionality

Detector Concept: 
- 81 lead glass blocks 
- 30x30x150cm each 
- 5’’ PMTs or SiPM readout 
- Other crystals under study

S. Heidrich
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Predicted Limits
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Summary
Potential for significant contributions to LDM searches: 

- Visible Decays: expand current limits in new territory (MAGIX) 
- Invisible Decays: still large parameter space to explore (MAGIX + BDX@MESA) 
- Unique test for both DM production and interaction. 
- High sensitivity: potential to “hit” the thermal target 

Beam at MESA ideal: 
- Very large luminosity, CW beam, and excellent stability 
- Recirculation for MAGIX and parasitic operation + beam-off for BDX@MESA  
- Low backgrounds (below pion threshold: no neutrinos/muons) 

Near-Future Directions: 
- MAGIX: Magnetic optics and detector R&D ongoing (GEMs, TPC) 
- BDX@MESA: Extend G4 Simulation+MadGraph , Calorimeter R&D started 

- many possibilities to investigate (Cherenkov/Scintillation crystals) 

Many Experiments running or planned: 
NA62, HPS, SeaQuest, MiniBoone,DarkLight, APEX,  
B-Factories, PADME, LDMX, SHiP, 

MESA and Dark Sector Experiments could start by >2020 !
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Thank You!
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Backup
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Thermal Relic Target

m� > mMed h�vi ⇠ g4D/m4
�

Secluded Annihilation

No SM coupling dependence: 
arbitrary coupling possible. 
Hard to test experimentally.

�

SM
Med

�
Med



CIPANP 2018 Luca Doria, JGU Mainz 20

Thermal Relic Target

m� > mMed h�vi ⇠ g4D/m4
�

Secluded Annihilation

No SM coupling dependence: 
arbitrary coupling possible. 
Hard to test experimentally.

�

SM
Med

�
Med

m� < mMed

Direct Annihilation

There is a minimum SM 
coupling compatible with 
thermal history. 

�

�

Med

SM

SM

gD gSM h�vi ⇠
g2Dg2SMm2

�

m4
Med



CIPANP 2018 Luca Doria, JGU Mainz 20
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Electron Scattering
Low recoil energies, light mediator

Quasi-elastic Nucleon
Higher recoil energies > 10s MeV,  

How to Search 

Coherent Nuclear
Low recoil energies, light mediator

enhancement, form factor Z2

High Q transfer 
Inelastic hadro-production

⇡,K · · ·

� = 0 Elastic Detection

Thursday, June 18, 15
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A fixed target LDM experiment

Beam Dump eXperiment: LDM direct detection in a e≠ beam, fixed-target setup1

‰ production

• High-energy, high-intensity e≠ beam impinging on a
dump

• ‰ particles pair-produced radiatively, trough AÕ emission
(both on-shell or o�-shell).

‰ detection

• Detector placed behind the dump, O(10m)
• Neutral-current ‰ scattering trough AÕ exchange,recoil

releasing visible energy
• Di�erent signals depending on the interaction (e≠

elastic, p quasi-elastic,. . . )

Number of events scales as (on-shell): N Ã –DÁ4

m4
A

1For a comprehensive introduction: E. Izaguirre et al, Phys. Rev. D 88, 114015
3 / 25
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Simulation

Geant4 Simulation

P2 Target, Magn. Field 
Beam Dump, Exp. Halls

Detector Response

e/N DM Scattering 

MadGraph

 Production 

 off-shell radiative 

on-shell A’-strahlungmA0 > 2m� =)

mA0 < 2m� =)

� ⇠ ✏2

m2
A0

� ⇠ ↵D✏2

m2
�

How to Search 

A’ gets large fraction of  beam energy 
Thursday, June 18, 15

M. Battaglieri 
A. Celentano 
(INFN Genova)

e+/e�
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Light Dark Matter

- If light, smaller annihilation CS 
- DM overabundance 
- “Overclosed" Universe 

The way out: 
- postulate a new interaction 
- annihilation via a new force carrier 
If coupling small enough, DM can be light!

(WIMP) Direct Dark Matter Searchs Thermal Relic Paradigm

Freeze out:  

WIMP “miracle”:

�EW ⇠ G2
FTFO ⇠ 10�8GeV2

m/T � 1

� ⇠ g4/m2
DM ) mDM � 0.1eV

nh�vi(TFO) ⇠ H(TFO)

) ⌦DM ⇠ 0.2

h�vi ⇠ 3⇥ 10�26cm3/s

But:

And in general:

10 GeV < mDM < 120 TeV
Lee-Weinberg Unitarity Limit
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• Detector ~ 25 m after 
beam dump

• Geometrical acceptance 
Æmaximize front face

• Detector sensitive for 
electrons

• What type of detector?

Optimize the detector
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