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Experiments at MAMI

Dark Photon searches with A1

Experiments at MESA

“Classical” technique with MAGIX
Hidden Decay searches

Possiblities for Beam-dump Experiments

Possibilites at MAMI
Possibilites at MESA
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1.6 GeV continous wave electron beam

100 µA current (40 µA at 80% polarization)

Excellent beam quality
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A1: Spectrometer setup at MAMI

Spectrometer A:
α > 20◦

p < 735 MeV
c

∆Ω = 28msr
∆p/p = 20%

Spectrometer B:
α > 8◦

p < 870 MeV
c

∆Ω = 5.6msr
∆p/p = 15%

Spectrometer C:
α > 55◦

p < 655 MeV
c

∆Ω = 28msr
∆p/p = 25%

δp/p < 10−4
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The “classical” technique
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Radiative production of a Dark Photon

Detection of the decay to a lepton pair

e+Z → e+Z + γ
′

→ e++ e− detected with High Resolution Spectrometers

Key features:

Huge luminosities are possible (LZ2 = 1039s−1cm−2)
But: Also huge background by Q.E.D. process
Sensitivity dominated by missing mass resolution

Bjorken et al. (2009)
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All Settings

100 200 300
  0

 20

 40

 60

 80

10
3  E

ve
nt

s 
/ (

0.
25

 M
eV

/c
2 )

Invariant mass  me+e−  (MeV/c2)

Sum of all settings
Setting 1,   7, 13, 19
Setting 2,   8, 14, 20
Setting 3,   9, 15, 21
Setting 4, 10, 16, 22
Setting 5, 11, 17, 23
Setting 6, 12, 18, 24

Coverage in mass given by momentum acceptance

Several settings necessary to extend range

Different background conditions

Summing up all settings...
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Exclusion limits MAMI 2014
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24 kinematical settings

Including data from pilot experiment H.M. et al. PRL 106 (2011) 251802

Sensitivity ε2 > 8 ·10−7

H.M. et al., Phys. Rev. Lett. 112 (2014)
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Dark Photons at MESA: Classical technique

e+Z → e+Z + γ
′

→ e++ e− detected with MAGIX spectrometers

Low beam energy to extend mass range to lower masses

Using the high resolution of the MAGIX spectrometers

Gas target: Xenon? Thin foil?
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Dark Photons at MESA: Invisible Decay
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Bethe−Heitler Cross Section

γ’−Produktion mγ’=50 MeV

e+ p → e′+ p+ γ
′

→ e++ e−

γ ′ detection via missing mass m2
γ ′ = (e+ p− e′− p′)2

No restriction by decay

Background: virtual Compton scattering: e+ p→ e′+ p+ γ + radiative tail

Vertex identification with high suppression factor (108...1010) necessary

Detector development: e.g. HVMAPs
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Beam-Dump Experiments: Idea
2
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FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers ⇠> 140 MeV, well above radiological backgrounds, slow
neutrons, and noise. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce cosmogenic and
other environmental backgrounds.

.

A0a)

Z

e�

e�

�

�

p, n

b)

A0

Z

� �

FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

Production in beam dump, e.g. via pair production
2

MeV � GeV dark matter are those whose interactions
with ordinary matter are mediated by new GeV-scale
“dark” force carriers (for example, a gauge boson that
kinetically mixes with the photon). Such models readily
account for the stability of dark matter and its observed
relic density, are compatible with observations, and have
important implications beyond the dark matter itself. In
these scenarios, high energy accelerator probes of sub-
GeV dark matter are as ine↵ective as direct detection
searches, because the missing energy in dark matter pair
production is peaked well below the Z ! ⌫⌫̄ background
and is invisible over QCD backgrounds[? ? ].

Instead, the tightest constraints on light dark matter
arise from B-factory searches in (partly) invisible decay
modes [? ], rare kaon decays [? ], precision (g � 2) mea-
surements of the electron and muon [? ], neutrino ex-
periments [? ], supernova cooling, and high-background
analyses of electron recoils in direct detection [? ]. These
constraints and those from future B-factories and neu-
trino experiments leave a broad and well-motivated class
of sub-GeV dark matter models largely unexplored. For
example, with a dark matter mass ⇠> 70 MeV, existing
neutrino factories and optimisitic projections for future
Belle II sensitivity leave a swath of parameter space rel-
evant for reconciling the (g � 2)µ anomaly wide open
(see Figure 3). More broadly, the interaction strength
best motivated in the context of models with kinetically
mixed force carriers (mixing 10�5 . ✏ . 10�3) lies just
beyond current sensitivity across a wide range of dark
matter and force carrier masses in the MeV�GeV range.
These considerations, along with the goal of greatly ex-
tending sensitivity to any components of MeV�GeV dark
matter beyond direct detection constraints motivates a
much more aggressive program of searches in the coming
decade.

The experimental setup we consider can dramatically
extend sensitivity to long-lived weakly coupled states (see
Fig. 3), including GeV-scale dark matter, any component
of dark matter below a few GeV, and milli-charged parti-
cles. This includes a swath of light force carrier parame-
ters motivated by the (g�2)µ anomaly, extending beyond
the reach of proposed neutrino-factory searches and Belle
II projections (see Figure 3). The setup requires a small
1 m3-scale detector volume tens of meters downstream
of the beam dump for a high-intensity multi-GeV elec-
tron beam (for example, behind the Je↵erson Lab Hall A
or C dumps or a linear collider beam dump), and could
run parasitically at existing facilities. All of the above-
mentioned light particles (referred to hereafter as “�”)
can be pair-produced radiatively in electron-nucleus col-
lisions in the dump (see Fig. 2a). A fraction of these
relativistic particles then scatter o↵ nucleons, nuclei, or
electrons in the detector volume (see Fig. 2b).

Within a year, Je↵erson Laboratory’s CEBAF (JLab)
[53] will produce 100µA beams at 12 GeV. Even a simple
meter-scale instrument capable of detecting quasi-elastic
nucleon scattering, but without cosmic background re-
jection, positioned roughly 20 meters downstream of the
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FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

Hall A dump has interesting physics sensitivity (upper,
dotted red curves in Fig. 3). Dramatic further gains
can be obtained by shielding from or vetoing cosmogenic
neutrons (lower two red curves), or more simply by us-
ing a pulsed beam. The lower red curve corresponds to
40-event sensitivity per 1022 electrons on target, which
may be realistically achievable in under a beam-year at
JLab. The middle and upper red curves correspond
to background-systematics-limited configurations, with
1000 and 2 · 104 signal-event sensitivity, respectively, per
1022 electrons on target. Though not considered in de-
tail in this paper, detectors sensitive to �-electron elas-
tic scattering, coherent �-nuclear scattering, and pion
production in inelastic �-nucleon scattering could have
additional sensitivity. With a pulsed beam, comparable
parameter space could be equally well probed with 1 to
3 orders of magnitude less intensity. A high-intensity
pulsed beam such as the proposed ILC beam could reach
even greater sensitivity (orange curve). The parameter
spaces of these plots are explained in the forthcoming
subsection.

The beam dump approach outlined here is quite com-
plementary to B-factory � + invisible searches [50], with
better sensitivity in the MeV � GeV range and less sen-
sitivity for 1 � 10 GeV (see also [54]). Compared to
similar search strategies using proton beam dumps, the
setup we consider has several virtues. Most significantly,
beam-related neutrino backgrounds, which are the lim-
iting factor for proton beam setups, are negligible for
electron beams. MeV-to-GeV � are also produced with
very forward-peaked kinematics (enhanced at high beam
energy), permitting large angular acceptance even for a
small detector. Furthermore, the expected cosmogenic

Don’t care about production mechanism!

Dark Matter particles have MeV-scale energy (not eV!)

Detection with simple detector, e.g. scintillator cube + active shielding

... or with sophisticated DM Detector ...
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MAMI

~
Drilling of a “well” behind A1 dump

Up to 1021 particles on target/year
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New MESA Hall

Dedicated new hall for experiment

Space for high resolution experiment

Additional space for beam dump experiment: 150 µA beam on target for 50%/a
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FLUKA Simulation

Neutrons can be shielded

Below pion threshold: negligible ν background

Clean conditions, detailed layout of hall needed for further design

Time structure of the beam possible
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MAGIX Sensitivity

Reasonable sensitivity for low mass region

Multidimensional plot: Assumptions for dark photon mass, mχ

Calculations: G. Krnjaic
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Summary

MAMI:

Limits for classical dark photon searches reached

Further experiments are expensive

MESA:

High Resolution Spectrometers

Classical technique for low momenta

Hidden decay channels

Beam Dump Experiments:

A1 Hall behind beam-dump

New MESA Hall


