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Search Strategy vs Mass Hierarchy
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KPH & MESA

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

MESA
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MAGIX
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2 Overview of the complete spectrometer setup

In order to have a complete picture, first the spectrometer setup is described, in which the
magnet system of the present tender will be integrated. A sketch of this spectrometer setup
is shown in Fig. 2.

Figure 2: Conceptual design of the spectrometer setup. (Top: the magnet system, which
is central part of this tender; not shown are the vacuum chambers inside of the magnets,
cables and so forth. Bottom: further components, which are beyond the scope of this ten-
der.) Two rotatable mirror-symmetric magnetic spectrometers (quadrupole-dipole-dipole)
are assembled around a common rotation axis. The sectional view of the right spectrome-
ter shows the position of the pole pieces as well as their common return yoke. For different
particle momenta and angles, the calculated particle tracks through the magnetic field are
overlaid at the left spectrometer, indicating the location of the focal plane (red line) and the
ideal position for the customer’s detector systems (gray box with green electronic cards). In
addition, the scattering chamber in the center of the spectrometers, vacuum pumps, and a
gas jet target system are shown, as well as focal plane detectors. Presentation of support
frames is omitted for clarity.

3

Figure 4: Left: Visualisation of the magnetic field configuration. The magnetic flux density
is indicated by a color code given in the bottom left. The location of the focal plane is
indicated by the red line. Calculated particle tracks are shown for different momenta and
angles of the incoming particles. Detectors will be mounted below the D2 dipole magnet
within a shielding house. Right: The magneto-optical properties of the spectrometers in
the non-dispersive direction. Tracks for various starting points and non-dispersive angles
are shown. The extent of the optical elements is indicated by the green lines for the central
trajectory.

Identifier A.1 — Magnets

1. The quadrupole is realized in an “8”-configuration. It features water cooled coils, and
a mirror plate in front of the quadrupole serves for magnetic shielding.

2. A special, concerted design of further magnets is used to achieve double-focusing
with a horizontal focal plane below the magnets. In the following it will be assumed
that this is achieved by using two dipole magnets with a common return yoke, see
Fig. 4. An alternative design which doubtlessly fulfills all specifications is acceptable
as well.

The whole setup (specifically the magnets, power supplies, return yokes, and coils) is de-
signed for a central momentum of 0-300 MeV/c. The specifications are defined for a central
momentum of 200 MeV/c. Differing from these specifications, modest saturation effects
and modest exceeding of the water flow velocity and Reynold’s number are acceptable for
central momenta above 200 MeV/c.
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MAGIX

Timing 
• TPC trigger: ~ 1 ns

• coincidence time STAR↔PORT: ~100 ps 

Focal Plane resolutions (p-dependent etc) 
• positions: ~ 100 μm angles: ~ 3.5 mrad 

Target resolutions  
• dp/p: 6 × 10-5

• in-plane angle φ0: 6.5 mrad 

• oop angle θ0: 1.6 mrad vertex y0: 60 μm 

Acceptances 
• momentum acceptance: ± 15 % 
• solid angle: 18 msr 
•

2021-06-08 13/46Sören Schlimme (JGU) Dark Photon Searches at MAGIX

1)      MESA Gas Internal Target Experiment

2)      Mainz Gas Internal Target Experiment

3)      Mainz Gas Injection Target ExperimentMESA Gas Internal Target Experiment

3.
7m

Rotation: 15o-165o
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Gas Jet Target

Tested at the A1 experimental setup 
Hydrogen Target 
Test experiment: Elastic scattering on p:

Figures: S. Grieser, PhD U. Münster

Supersonic gas flow from Laval nozzle 
Supersonic shockwaves and clustering 

   at cryogenic temperatures limit  
   gas diffusion 

 mm wide collimated gas stream
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H. Merkel et al. PRL 106, 251802 (2011)

peak, in both signal and background, where nearly all the
energy of the incident electron is transferred to the lepton
pair !Ee" " Ee#$ % E0. Correspondingly, the pair is pro-
duced dominantly in the direction of the incident electron.

The experimental challenge is the suppression of the
background, which is dominated by radiative pair produc-
tion (Fig. 2). Radiation by the final or initial electron
[Figs. 2(a) and 2(b)] has the same cross-section structure
as the desired signal and is an irreducible background to
this experiment. Radiation with an internal lepton line
[Figs. 2(c) and 2(d)] has a maximum if the internal electron
line is nearly on the mass shell, i.e., if one of the leptons
carries nearly all the energy of the pair. This background
can be reduced by choosing a kinematic setting in which
the electron and positron are detected at equal angles and
momenta.

Experiment.—The experiment took place at the spec-
trometer setup of the A1 Collaboration at the Mainz
Microtron (MAMI) (see Ref. [10] for a detailed descrip-
tion). An unpolarized electron beam with a beam energy of
E0 % 855 MeV and a beam current of 90 !A was incident
on a tantalum foil (99.9% 181Ta, Z % 73) with an area
density of 81:3 mg=cm2, leading to a luminosity of LZ2 %
8:07& 1038 s#1 cm#2. The beam was rastered across the
target to reduce the local thermal load on the target foil.

For the detection of the electron-positron pair, two high-
resolution spectrometers were used. The particles were

detected by vertical drift chambers for tracking and scin-
tillator detectors for trigger and timing purposes. In addi-
tion, a threshold-gas-Čerenkov detector was used in each
arm to discriminate between electrons or positrons and
pions.
Table I summarizes the kinematic setups used. Setup 1

was chosen to be close to Ee" " Ee# % E0, where the cross
section has a sharp peak to ensure high count rates. In
addition, setup 2 was selected at Ee" " Ee# % 0:9E0 dur-
ing the experiment to optimize the total count rates. The
angles of the spectrometers were set to be nearly symmetric
to reduce the background by the Bethe-Heitler process
[Figs. 2(c) and 2(d)]. In total, data of four days of beam
time were used for the analysis. The electrons and the
positrons were detected by the coincidence of the raw
scintillator signals. The Čerenkov signals were not in-
cluded in the trigger logic but recorded for off-line analysis.
Data analysis.—Only events with a positive signal in the

Čerenkov detectors were selected with an efficiency of
98% for spectrometer A and 95% for spectrometer B
[10]. Figure 3 shows the coincidence time between the
corresponding spectrometers after correction for the flight
path of ' 12 m within the spectrometers for these events.
A timing resolution of better than 1 ns FWHM was
achieved, and a cut of #1 ns< tA^B < 1 ns was used to
mark the true electron-positron pairs. Below the peak, a
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FIG. 2. Dominant background processes. While graphs (a) and
(b) have the same structure as the signal and present an irreduc-
ible background, the contributions of graphs (c) and (d) can be
suppressed by the choice of kinematic setting.
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FIG. 3. Coincidence time distribution after particle identifica-
tion by Čerenkov detectors (setup 1). The events of the light
shaded area were used as true coincidences, while the dark
shaded area was used as an estimate of the accidental coinci-
dences.

TABLE I. Kinematic settings. The incident beam energy was E0 % 855 MeV, and the settings
are roughly centered around Ee" " Ee# % E0 and m"0 % 250 MeV=c2.

Spec. A (e") Spec. B (e#)
p (MeV) # d! (msr) p (MeV) # d! (msr) Events

Setup 1 346.3 22.8( 21 507.9 15.2( 5.6 208& 106

Setup 2 338.0 22.8( 21 469.9 15.2( 5.6 47& 106
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A new exclusion limit for the electromagnetic production of a light U!1" gauge boson !0 decaying to

e#e$ was determined by the A1 Collaboration at the Mainz Microtron. Such light gauge bosons appear in

several extensions of the standard model and are also discussed as candidates for the interaction of dark

matter with standard model matter. In electron scattering from a heavy nucleus, the existing limits for a

narrow state coupling to e#e$ were reduced by nearly an order of magnitude in the range of the lepton

pair mass of 210 MeV=c2 <me#e$ < 300 MeV=c2. This experiment demonstrates the potential of high

current and high resolution fixed target experiments for the search for physics beyond the standard model.

DOI: 10.1103/PhysRevLett.106.251802 PACS numbers: 14.70.Pw, 25.30.Rw, 95.35.+d

Introduction.—An additionalU!1" interaction appears to
be natural in nearly all theoretical extensions of the stan-
dard model. Large gauge symmetries have to be broken,
andU!1" bosons provide the lowest-rank local symmetries.
For example, in standard embedding of most variants of
string theories, a U!1" boson is generated by symmetry
breaking. Such additionalU!1" bosons may be hidden; e.g.,
no standard model particles are charged under the corre-
sponding symmetry, but their mass is allowed in the range
of the standard model masses.

Recently, several experimental anomalies were dis-
cussed as possible signatures for a hidden force. A light
U!1) boson in the mass range below 1 GeV=c2 might
explain, e.g., the observed anomaly of the muon magnetic
moment [1,2]. Cosmology and astrophysics provide an
abundant amount of evidence for the existence of dark
matter (for a summary, see, e.g., Ref. [3]). Several ex-
perimental hints point to a U!1" boson coupling to leptons
as the mediator of the interaction of dark matter with
standard model matter (see, e.g., Ref. [4] for a detailed
discussion). For example, the lively debated annual
modulation signal of the DAMA-LIBRA experiment [5]
could be brought into accordance with the null result
of bolometric experiments if one assumes an interaction
via a light U!1" boson [6]. Observations of cosmic rays
show a positron excess [7]. While this excess may be due
to astrophysical process like quasars, this could also be a
hint for the annihilation of dark matter into leptons. If
the experimental evidence is interpreted as annihilation
of dark matter, the excess of positrons and no excess of

antiprotons in cosmic rays hints again to a mass of the
U!1" boson below 2 GeV=c2.
The interaction strength of such a U!1" boson (in the

following denoted as !0, in the literature also denoted as A0,
U, or ") with standard model particles is governed by the
mechanism of kinetic mixing [8]. The coupling can be
subsumed by an effective coupling constant # and a vertex
structure of a massive photon.
Bjorken et al. [9] discussed several possible experimen-

tal schemes for the search of a !0 in the most likely mass
range of a few MeV=c2 up to a few GeV=c2. Since the
coupling is small, the cross section for coherent electro-
magnetic production of the !0 boson can be enhanced by a
factor Z2 by choosing a heavy nucleus as the target (see
Fig. 1). The subsequent decay of the !0 boson to a lepton
pair is the signature of the reaction.
The cross sections of signal and background were esti-

mated in Ref. [9] in the Weizsäcker-Williams approxima-
tion. In this approximation, the cross section shows a sharp

!'

e! e! e! e!

Z Z Z Z

(a) (b) !'

FIG. 1. Electromagnetic production of the !0 boson. The
coupling of the !0 boson is parametrized as i#e!$.
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Signal:  
massive dark photon electro-production 
(Assume e+e- decay)

Irreducible background:  
Lepton pair-production

“Trident” graphs background: 
Reducible by kinematics choice

Signal and Backgrounds
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“Pilot” experiment
H. Merkel et al. PRL 106, 251802 (2011)

Experiment at A1

background due to accidental coincidences is present. To
estimate this background, events in the coincidence side
band 5 ns< tA^B < 25 ns were selected and weighted by
the ratio of the timing windows.

For the real electron-positron pairs, the invariant mass
squared of the pair was determined by the four-momentum
sum m2

e!e" # $pe! ! pe"%2. Figure 4 shows the resulting

mass spectrum. The contribution of the accidental back-
ground is indicated by the dark shaded area.

In this figure, a possible candidate for the dark photon
would appear as a peak on top of the background. The
width of such a peak can only be estimated by simulation.
For this, the experimental resolution of the four-vector
determination of a single spectrometer was determined
by the width of the lowest lines of the nuclear excitation
spectrum in elastic electron scattering. This single spec-
trometer resolution was used as input for the simulation
of the experiment. A mass resolution of better than
0:5 MeV=c2 was determined, corresponding to the chosen
bin width in Fig. 4.

No significant peak in the mass spectrum was observed.
The corresponding upper limit was determined by the
Feldman-Cousins algorithm [11]. As input for this algo-
rithm the raw mass spectrum was used, and as a back-
ground estimate for each bin the mean of the three
neighboring bins on either side was used. This choice
of the background estimate introduces systematic errors,
which have to be investigated in the case of a positive
signal but only enhance statistical fluctuations in the case
of an upper limit. Figure 5 shows the resulting exclusion
limits.
Results and interpretation.—In order to interpret the

result in terms of the effective coupling ! of a possible
dark photon candidate, a model for the production process
has to be used. Unfortunately, it turns out that the
Weizsäcker-Williams approximation used in Ref. [9] fails
in this energy range by orders of magnitude, mainly since
the recoil of the nucleus cannot be neglected. Taking into
account the nuclear recoil, the peak at $Ee! ! Ee"% # E0

in Ref. [9] is regularized, and the cross section at this point
becomes zero. In addition, the assumption of a real initial
photon exactly in the direction of the electron beam in-
troduces a peak in the angular distribution, which is not
present in electroproduction due to helicity conservation of
the scattered electron.
Instead, we used as a model for the "0 production the

coherent electroproduction from the tantalum nucleus,
calculated as the coherent sum of the graphs of Fig. 1.
The charge distribution of tantalum was approximated as a
solid sphere. For the QED background we used the coher-
ent sum of the graphs of Fig. 2. The corresponding cross
sections were included on an event by event basis in the
simulation. The simulation including this model shows
excellent agreement with data, as demonstrated in Fig. 6,
where the background-subtracted yields as an estimate for
the QED background graphs are compared to the simula-
tion of this process.
The remaining model dependence of this interpretation

mainly affects the nuclear vertex, since, e.g., the possible
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FIG. 5 (color online). Upper exclusion limits with 90% confidence level determined by the Feldman-Cousins algorithm (all data).
The averaged limit is included for subjective judgement only ( & 10% of the data points should be above this line at 90% C.L.).
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FIG. 4. Mass distribution of the reconstructed e!-e" pair
(setup 1). The dark shaded area denotes the background due to
accidental coincidences (scaled to a time window of 2 ns).
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breakup of the recoil nucleus is neglected. Since this vertex
is common to both the signal and the QED background
channels, to further reduce the model dependence we use
only the ratio of the signal to QED background of the
simulation in addition to the accidental background. The
ratio can be translated to the effective coupling for a given
mass resolution !m by using Eq. (19) of Ref. [9]:

d"!X ! #0Y ! e"e#Y$
d"!X ! #%Y ! e"e#Y$ & 3$

2Nf

%2

&

m#0

!m

and the measured event rate as an estimate for the back-
ground channel. The number of final states Nf includes the
ratio of phase space for the corresponding decays above the
'"'# threshold.

Figure 7 shows the result of this experiment in terms of
the ratio of the effective coupling to the fine structure
constant &0=& & %2. For clarity of the figure, the exclusion
limit was averaged. Also shown are the existing limits
published by BABAR [12] and the standard model predic-
tion [2] of the muon anomalous magnetic moment a' &
g'=2# 1 (calculation of exclusion limits in %2 by [13]).
The existing exclusion limit has been extended by an order
of magnitude.

In this experiment, the discovery potential of the exist-
ing high luminosity electron accelerators has been demon-
strated. The background conditions are well under control
due to excellent timing and missing mass resolution. An
extensive program to cover further mass regions with
similar experiments is planned at MAMI, Jefferson Lab
[13], and other laboratories (for a review, see Ref. [14]).

The authors thank the MAMI accelerator group for
providing the excellent beam quality and intensity neces-
sary for this experiment and T. Beranek for fruitful dis-
cussions on the QED calculations. This work was

supported by the Federal State of Rhineland-Palatinate
and by the Deutsche Forschungsgemeinschaft with the
Collaborative Research Center 443.

*merkel@kph.uni-mainz.de
†Present address: MIT-LNS, Cambridge, MA, USA.
‡http://www.kph.uni-mainz.de
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breakup of the recoil nucleus is neglected. Since this vertex
is common to both the signal and the QED background
channels, to further reduce the model dependence we use
only the ratio of the signal to QED background of the
simulation in addition to the accidental background. The
ratio can be translated to the effective coupling for a given
mass resolution !m by using Eq. (19) of Ref. [9]:
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2Nf
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m#0
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and the measured event rate as an estimate for the back-
ground channel. The number of final states Nf includes the
ratio of phase space for the corresponding decays above the
'"'# threshold.

Figure 7 shows the result of this experiment in terms of
the ratio of the effective coupling to the fine structure
constant &0=& & %2. For clarity of the figure, the exclusion
limit was averaged. Also shown are the existing limits
published by BABAR [12] and the standard model predic-
tion [2] of the muon anomalous magnetic moment a' &
g'=2# 1 (calculation of exclusion limits in %2 by [13]).
The existing exclusion limit has been extended by an order
of magnitude.

In this experiment, the discovery potential of the exist-
ing high luminosity electron accelerators has been demon-
strated. The background conditions are well under control
due to excellent timing and missing mass resolution. An
extensive program to cover further mass regions with
similar experiments is planned at MAMI, Jefferson Lab
[13], and other laboratories (for a review, see Ref. [14]).
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Here Nf is the ratio of the phase space of the decay into an
e!e! pair to the phase space of the total decay (equal to 1
below 2m!), and "m is the bin width in mass. Please note
that this particular choice of Nf implies that the dark
photon decays only into SM matter. Exclusion limits for
more general models, with invisible decays into light dark-
sector particles with mass mX < m#0=2, can be derived by
scaling $2 with the corresponding branching ratio. For the
virtual photon channel we used the background-subtracted
mass distribution. To determine the ratio R, both cross
sections as calculated in Ref. [18] were integrated over the
acceptance of the experiment by standard Monte Carlo
methods. Here, the normalization was chosen to reproduce
the measured mass distribution.
Please note that in the interpretation of the data in

Ref. [21], the cross sections were calculated not including
the full antisymmetrization as discussed in Ref. [18]; this
leads to an overestimation of the sensitivity by a factor of
2–3. Therefore, these data were included in this analysis
and were reanalyzed. Because additional data were taken in
the same mass range, roughly the same sensitivity was
achieved.
Table II summarizes the systematic uncertainties of the

measurement, including the systematic error of the inter-
pretation as a limit in $2. The contribution of the missing
mass calibration was estimated to be 0.1% by varying
momentum and angular calibration in the simulation. The
quality of the peak shape description via simulation was
estimated, by the description of the peak shape of the elastic
calibration settings, to contribute less than 2% in the shape
itself, leading to an error in the leakage between the bins of
0.3%. The fit of the background by using neighboring bins
introduces an additional statistical error from these bins;
this is larger than the error in the shape and contributes
0.2% to the systematic error. The subtraction of the back-
ground of up to 11% is only used for the normalization and
contributes 0.05% to the systematic error. The dominant
systematic error originates from the normalization of the
total yield, because the mass distribution of the QED
calculation differs locally up to 2% from the measured
distribution.
Figure 3 shows the resulting 2% exclusion limits. Also

included in the figure are the limits by the APEX [23],
WASA-at-COSY [24], KLOE-2 [25], HADES [26], and
BABAR [27,28] Collaborations. The red line shows the

interpretation of the a! " #g ! 2$! discrepancy as a dark
photon with a 2% error band (dashed lines) and as an
exclusion limit (blue shaded region). Also included is the
reanalysis of Ref. [29] of the beam dump experiment E774
[30] to extract exclusion limits for dark photons.
With the new measurement presented here, the exclusion

limit in the region of the (g ! 2) anomaly of the muon was
improved considerably. While the results of the meson
decays by KLOE-2, WASA-at-COSY, and HADES were
not able to completely rule out the dark photon as the origin
of the anomaly, the new data set clearly covers the possible
signal of the anomaly by several sigmas over a large mass
range. The remaining undecided mass range of
25 MeV=c2 !m#0 ! 50 MeV=c2 cannot be covered by
the spectrometers of the A1 collaboration without mod-
ifications. However, several experiments by different col-
laborations are already planned to access the low mass
region in the near future (see Ref. [19] for a summary).
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TABLE II. Systematic uncertainties.

Source Uncertainty (%)

Calibration of the missing mass determination 0.1
Simulation of the expected peak shape 0.3
Fit of the background shape 0.2
Background subtraction 0.05
Normalization 2
Total (linear sum) 2.7
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FIG. 3 (color online). Exclusion limits in terms of squared
mixing parameter $2. The yellow (light shaded) area marked with
A1 is excluded by this experiment.
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• Method successfully tested at A1. 
• Strong background rejection with 

- Time coincidence 
- Choice of the kinematics 

• Reached new phase space at that time. 
• Constrained the “g-2” region.
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A new exclusion limit for the electromagnetic production of a light U!1" gauge boson !0 decaying to

e#e$ was determined by the A1 Collaboration at the Mainz Microtron. Such light gauge bosons appear in

several extensions of the standard model and are also discussed as candidates for the interaction of dark

matter with standard model matter. In electron scattering from a heavy nucleus, the existing limits for a

narrow state coupling to e#e$ were reduced by nearly an order of magnitude in the range of the lepton

pair mass of 210 MeV=c2 <me#e$ < 300 MeV=c2. This experiment demonstrates the potential of high

current and high resolution fixed target experiments for the search for physics beyond the standard model.
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Introduction.—An additionalU!1" interaction appears to
be natural in nearly all theoretical extensions of the stan-
dard model. Large gauge symmetries have to be broken,
andU!1" bosons provide the lowest-rank local symmetries.
For example, in standard embedding of most variants of
string theories, a U!1" boson is generated by symmetry
breaking. Such additionalU!1" bosons may be hidden; e.g.,
no standard model particles are charged under the corre-
sponding symmetry, but their mass is allowed in the range
of the standard model masses.

Recently, several experimental anomalies were dis-
cussed as possible signatures for a hidden force. A light
U!1) boson in the mass range below 1 GeV=c2 might
explain, e.g., the observed anomaly of the muon magnetic
moment [1,2]. Cosmology and astrophysics provide an
abundant amount of evidence for the existence of dark
matter (for a summary, see, e.g., Ref. [3]). Several ex-
perimental hints point to a U!1" boson coupling to leptons
as the mediator of the interaction of dark matter with
standard model matter (see, e.g., Ref. [4] for a detailed
discussion). For example, the lively debated annual
modulation signal of the DAMA-LIBRA experiment [5]
could be brought into accordance with the null result
of bolometric experiments if one assumes an interaction
via a light U!1" boson [6]. Observations of cosmic rays
show a positron excess [7]. While this excess may be due
to astrophysical process like quasars, this could also be a
hint for the annihilation of dark matter into leptons. If
the experimental evidence is interpreted as annihilation
of dark matter, the excess of positrons and no excess of

antiprotons in cosmic rays hints again to a mass of the
U!1" boson below 2 GeV=c2.
The interaction strength of such a U!1" boson (in the

following denoted as !0, in the literature also denoted as A0,
U, or ") with standard model particles is governed by the
mechanism of kinetic mixing [8]. The coupling can be
subsumed by an effective coupling constant # and a vertex
structure of a massive photon.
Bjorken et al. [9] discussed several possible experimen-

tal schemes for the search of a !0 in the most likely mass
range of a few MeV=c2 up to a few GeV=c2. Since the
coupling is small, the cross section for coherent electro-
magnetic production of the !0 boson can be enhanced by a
factor Z2 by choosing a heavy nucleus as the target (see
Fig. 1). The subsequent decay of the !0 boson to a lepton
pair is the signature of the reaction.
The cross sections of signal and background were esti-

mated in Ref. [9] in the Weizsäcker-Williams approxima-
tion. In this approximation, the cross section shows a sharp

!'

e! e! e! e!

Z Z Z Z

(a) (b) !'

FIG. 1. Electromagnetic production of the !0 boson. The
coupling of the !0 boson is parametrized as i#e!$.
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4Clermont Université, Université Blaise Pascal, CNRS/IN2P3, LPC, BP 10448, F-63000 Clermont-Ferrand, France

5Department of Physics, University of Ljubljana, SI-1000 Ljubljana, Slovenia
(Received 21 January 2011; published 22 June 2011)

A new exclusion limit for the electromagnetic production of a light U!1" gauge boson !0 decaying to

e#e$ was determined by the A1 Collaboration at the Mainz Microtron. Such light gauge bosons appear in

several extensions of the standard model and are also discussed as candidates for the interaction of dark

matter with standard model matter. In electron scattering from a heavy nucleus, the existing limits for a

narrow state coupling to e#e$ were reduced by nearly an order of magnitude in the range of the lepton

pair mass of 210 MeV=c2 <me#e$ < 300 MeV=c2. This experiment demonstrates the potential of high

current and high resolution fixed target experiments for the search for physics beyond the standard model.

DOI: 10.1103/PhysRevLett.106.251802 PACS numbers: 14.70.Pw, 25.30.Rw, 95.35.+d

Introduction.—An additionalU!1" interaction appears to
be natural in nearly all theoretical extensions of the stan-
dard model. Large gauge symmetries have to be broken,
andU!1" bosons provide the lowest-rank local symmetries.
For example, in standard embedding of most variants of
string theories, a U!1" boson is generated by symmetry
breaking. Such additionalU!1" bosons may be hidden; e.g.,
no standard model particles are charged under the corre-
sponding symmetry, but their mass is allowed in the range
of the standard model masses.

Recently, several experimental anomalies were dis-
cussed as possible signatures for a hidden force. A light
U!1) boson in the mass range below 1 GeV=c2 might
explain, e.g., the observed anomaly of the muon magnetic
moment [1,2]. Cosmology and astrophysics provide an
abundant amount of evidence for the existence of dark
matter (for a summary, see, e.g., Ref. [3]). Several ex-
perimental hints point to a U!1" boson coupling to leptons
as the mediator of the interaction of dark matter with
standard model matter (see, e.g., Ref. [4] for a detailed
discussion). For example, the lively debated annual
modulation signal of the DAMA-LIBRA experiment [5]
could be brought into accordance with the null result
of bolometric experiments if one assumes an interaction
via a light U!1" boson [6]. Observations of cosmic rays
show a positron excess [7]. While this excess may be due
to astrophysical process like quasars, this could also be a
hint for the annihilation of dark matter into leptons. If
the experimental evidence is interpreted as annihilation
of dark matter, the excess of positrons and no excess of

antiprotons in cosmic rays hints again to a mass of the
U!1" boson below 2 GeV=c2.
The interaction strength of such a U!1" boson (in the

following denoted as !0, in the literature also denoted as A0,
U, or ") with standard model particles is governed by the
mechanism of kinetic mixing [8]. The coupling can be
subsumed by an effective coupling constant # and a vertex
structure of a massive photon.
Bjorken et al. [9] discussed several possible experimen-

tal schemes for the search of a !0 in the most likely mass
range of a few MeV=c2 up to a few GeV=c2. Since the
coupling is small, the cross section for coherent electro-
magnetic production of the !0 boson can be enhanced by a
factor Z2 by choosing a heavy nucleus as the target (see
Fig. 1). The subsequent decay of the !0 boson to a lepton
pair is the signature of the reaction.
The cross sections of signal and background were esti-

mated in Ref. [9] in the Weizsäcker-Williams approxima-
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Silicon Detectors

The Silicon Strip Detector Setup for MAGIX
MAGIX entering Dark Matter Searches with the Silicon Strip Detector
Institute for Nuclear Physics, Mainz | Jennifer Geimer – jgeimer@uni-mainz.de

MESA – ELECTRON ACCELERATOR 

MAGIX – MAINZ GAS INTERNAL 
TARGET EXPERIMENT 

Running in the low energy range of 5-105 MeV MAGIX 
offers new possibilities to investigate a wide range 
of high-precision electron scattering 
experiments. The whole development 
underlays the concept of low material 
budget to minimize multiple scattering 
processes as much as possible. 

The choice of the windowless gas jet target forms the centerpiece of 
the experimental setup. For the detection of the scattered electrons 
the scattering chamber is surrounded by two identical magnetic 
spectrometers which are equipped with a GEM-based TPC as focal 
plane detector. Downstream a trigger veto system will be used for 
particle identification and timing information. Starting from the 
scattering process, the only material the electrons will have to pass is  
one single gas sealing foil of the TPC.

RECOIL PARTICLES
Beside the information from the electrons, there are some reactions 
which can only be fully described by also detecting  
the low-energetic recoil particles. These 
particles will mainly be heavy charged 
particles such as protons, deuterons or 
α-particles. To be sensitive for these nucleon
fragments, several silicon strip detectors 
will be placed into the scattering chamber, 
covering different angular positions. 
This alignment allows direct interaction 
between recoil particles and silicon.
There will be no multi scattering events either.

PART OF PHYSICS PROGRAM

X:  segmentation
with σx = 3 mm/ 12

Y: charge asymmetry limited
by signal-to-noise ratio.

ENERGY SENSITIVITY OF RECOIL DETECTOR

Page 1/4

Experiment Reaction #Specs Recoil detector

Proton formfactor H(e,e’)p 2

S-factor 16O(e,e’α)12C 1

Dark photon H(e,e’p)γ’ 1

Angular range:
15° - 165°

Angular resolution:
O(1 mrad)

Spatial resolution:
O(100 µm)

SILICON STRIP DETECTOR X1
Dimension substrate 50 x 50 mm2

Thickness substrate 995 µm

p-doped strips 16

Strip width 3 mm

Bias voltage 140 V

READOUT
The processing of the strip signals is done by the 
APV-25 ASIC. It’s a charge sensitive, 128-channel 
amplifier with 40 MHz clock frequency and requires 
an external trigger signal. Since electron and hole are 
produced at the same time, the electrons turned out 
to be an excellent choice for the timing information. 
An additional frontend PCB amplifies electrons from 
the substrate and gives the needed signal.

Since the energy sensitivity of the detector scales with its thickness, 
our silicon substrate comes with a huge thickness of nearly 1 mm 
silicon. This leads to a detection threshold of O(10 MeV) for protons. 
To increase the energy range the detector will be completed by an 
additional optical detector system, consisting of a plastic scintillator 
with a multichannel SiPM. Those extra signals can be also processed 
with the same APV-25 Frontend.

INVISIBLE DARK PHOTON DECAY
At MAGIX  the invisible dark Photon 
decay will be measured with 
hydrogen as target gas. The detection 
of scattered electrons will be done 
with one spectrometer while the 
fragment of the nucleus will be 
measured with the silicon detector 
performing as recoil detector.

SPATIAL RESOLUTION

PROOF OF PRINCIPLE
The detector assembly could be 
successfully tested inside a vacuum 
chamber under radiation of an α
AM241 source. The test chamber as 
well as the detector is supported by 
the Software of MAGIX Slow Control. 
See poster S.Lunkenheimer
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MAGIX will contribute to the low energy section (1 MeV – 100 MeV)
as exclusion limits for the dark Photon searches. See poster P.Gülker
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Mainz energy recovering superconducting accelerator – the key to low 
energy physics, starting 2023. MESA houses three experiments: 
P2, DarkMesa and MAGIX.

 

                 
                 

             

             

The Silicon Strip Detector Setup for MAGIX
MAGIX entering Dark Matter Searches with the Silicon Strip Detector
Institute for Nuclear Physics, Mainz | Jennifer Geimer – jgeimer@uni-mainz.de

MESA – ELECTRON ACCELERATOR 

MAGIX – MAINZ GAS INTERNAL 
TARGET EXPERIMENT 

Running in the low energy range of 5-105 MeV MAGIX 
offers new possibilities to investigate a wide range 
of high-precision electron scattering 
experiments. The whole development 
underlays the concept of low material 
budget to minimize multiple scattering 
processes as much as possible. 

The choice of the windowless gas jet target forms the centerpiece of 
the experimental setup. For the detection of the scattered electrons 
the scattering chamber is surrounded by two identical magnetic 
spectrometers which are equipped with a GEM-based TPC as focal 
plane detector. Downstream a trigger veto system will be used for 
particle identification and timing information. Starting from the 
scattering process, the only material the electrons will have to pass is  
one single gas sealing foil of the TPC.

RECOIL PARTICLES
Beside the information from the electrons, there are some reactions 
which can only be fully described by also detecting  
the low-energetic recoil particles. These 
particles will mainly be heavy charged 
particles such as protons, deuterons or 
α-particles. To be sensitive for these nucleon
fragments, several silicon strip detectors 
will be placed into the scattering chamber, 
covering different angular positions. 
This alignment allows direct interaction 
between recoil particles and silicon.
There will be no multi scattering events either.

PART OF PHYSICS PROGRAM

X:  segmentation
with σx = 3 mm/ 12

Y: charge asymmetry limited
by signal-to-noise ratio.

ENERGY SENSITIVITY OF RECOIL DETECTOR
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Experiment Reaction #Specs Recoil detector

Proton formfactor H(e,e’)p 2

S-factor 16O(e,e’α)12C 1

Dark photon H(e,e’p)γ’ 1
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At MAGIX  the invisible dark Photon 
decay will be measured with 
hydrogen as target gas. The detection 
of scattered electrons will be done 
with one spectrometer while the 
fragment of the nucleus will be 
measured with the silicon detector 
performing as recoil detector.
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PROOF OF PRINCIPLE
The detector assembly could be 
successfully tested inside a vacuum 
chamber under radiation of an α
AM241 source. The test chamber as 
well as the detector is supported by 
the Software of MAGIX Slow Control. 
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Coincidence detection of decay products 
Production on heavy nucleus (Ar, Xe, ..) 
Technique proved at A1 

Detect: 
- Scattered electron  
- Recoil proton 

Search on missing mass spectrum

The Silicon Strip Detector Setup for MAGIX
MAGIX entering Dark Matter Searches with the Silicon Strip Detector
Institute for Nuclear Physics Mainz | Jennifer Geimer – jgeimer@uni-mainz.de

RECOIL PARTICLES

SILICON STRIP DETECTOR X1

Beside the information from the electrons, there are some reactions 
which can only be fully described by also detecting  the low-
energetic recoil particles. These particles will mainly be heavy 
charged particles such as protons, deuterons or α-particles. To be 
sensitive for these nucleon fragments, several silicon strip  detectors  
will be placed inside the scattering chamber, covering different 
angular positions. This alignment allows direct  interaction of recoil 
particles and silicon, here will be no multi scattering events either.

SPATIAL RESOLUTION
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Dimension substrate 50 x 50mm2

Thickness substrate 995µm

p-doped strips 16
Strip width 3mm
Bias voltage 140V

X: segmentation with σx = 3mm/ 12
Y: charge asymmetry limited by SNR.

PROOF OF PRINCIPLE

The detector assembly could be successfully 
tested inside a vacuum chamber under 
radiation of an α AM241 source.
The test chamber as well as the detector is 
supported by the Software of MAGIX Slow 
Control. See poster S.Lunkenheimer
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Projections for MAGIX

Visible decays Invisible decays

PRELIMINARY
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DarkMESA
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Electron Beam Dump Experiments

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� =)

� ⇠ ✏2

m2
A0

� ⇠ ↵D✏2

m2
�

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:   

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 

YProd ⇠ ✏2/m2
A YDet ⇠ ✏2↵D/m2

AYTOT ⇠ ✏4↵D/m4
A

Total Yield

�

�
Shielding

Production Detection
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Experimental Area 
- 70 X0 (~8m) barite concrete 
- ~ no neutrons at detector position 
-  no beam dump backgrounds 
- No neutrinos

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 

S. Heidrich

A Beam-Dump Experiment at MESA

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:   

✓RMS ⇠ mA0

Ebeam
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Small-scale Prototype
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Small-scale Prototype
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Phased Approach

Phase 1

1000 (available!) PbF2 crystals 
Volume: 1x1x0.13 m3 
5x5 crystal sub-modules 
1200 kg mass
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Phased Approach

Phase 1

1000 (available!) PbF2 crystals 
Volume: 1x1x0.13 m3 
5x5 crystal sub-modules 
1200 kg mass

Phase 2

Addition of Pb-Glass blocks 
Volume: 1m3  
4100 kg mass 

DRIFT

Negative Ion TPC 
40 Torr CS2 + O2 
~20 keV threshold 
Directionality 
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Expected Limits
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Another X17 Experiment

DAHPNE inner chamber

The Montreal X-17 Project    

7Li target

C- beampipe

10 cm

PM

Light guide

Large solid angle coverage → 0.95 x 4π

Scintillators (E) 

MWPC
Δθ = 2o

~

• Use parts of the DAPHNE experiment (Saclay/Mainz*)

• Tracking MWPC chamber & 16 scintillators (NE102A)

• Scints & MWPC from U. Mainz → now @ Montreal

26

(γ - N reactions)

*Many thanks to 
L. Doria, U. Mainz

32

Geant4 Sim.: Acceptances

Uncorrelated e+e-
(Isotropically generated)

Opening angle ∆θ

Opening angle ∆θ

dN
/d

(θ
)

dN
/d

(θ
)

dN
/d

(θ
)

ATOMKI geometry Montreal geometry

G. Azuelos, J. Pothier-Leboef (U. Montreal)
K. Leach, I. Bisset (Colorado School of Mines) 

Similar to J. Gulyas et al arxiv:1504.00489 

Opening angle ∆θ

Wire chamber Tapered Scintillators

Contribution from JGU Mainz

- 6 MV Tandem at UdeM 
- 2keV energy res. for Ep 0.4-1MeV 
- DAPHNE cylindrical wire chamber 
- 16 scintillators (NE102A) 
- Angular resolution ~2deg

Simulation
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Summary

Dark Sector, X17, … 
- Possibility for the solution of the DM puzzle: no WIMPs yet! 
- Still large parameter space to explore  
- Complementary searches required 

MAMI / MESA 
- New high-intensity accelerator available in the near future 
- Visible/Invisible decays of new particles 
- X17 within reach 

New experiment at UdeM 
- Large angular coverage 
- Investigation of other nuclei: 10Be, 4He 
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Thank you! Grazie!


