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prediction for the anomalous magnetic moment of the muon. Such a boson could be detected by
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1. Introduction

The overwhelming cosmological evidence for dark matter is a very strong indication, that the
current Standard Model of particle physics or our understanding of gravitation is not sufficient for
a complete explanation of all existing observations. Nevertheless, the origin and nature of dark
matter is up to now completely unknown. A considerable experimental effort concentrates on
searches for heavy particles, motivated e.g. by supersymmetric models, either in direct production
at highest energies at LHC or in indirect scattering experiments with high sensitivity.

A somewhat orthogonal approach is, not to look for the dark matter particle itself, but for a
possible interaction of a dark sector. This is a quite general approach testing a large variety of
possible extensions of the Standard Model, since most of these models start with a large symmetry
group broken down to the known symmetries of the Standard Model. In most of these models,
a remaining U(1) interaction is as lowest rank local symmetry possible and sometimes even hard
to avoid. E.g. during the compactification of string theories such a U(1) symmetry appears in a
natural way[1].

A weak interacting U(1) boson is not only from the theoretical point of view interesting,
but can explain a whole bunch of existing experimental puzzles. Pospelov[2] and other authors
pointed out, that the existing discrepancy of the BNL measurement of the g−2 anomalous magnetic
moment of the muon[3] with the Standard Model can be explained by an additional contribution
of such a U(1) boson in a loop graph (in the following we use the notation γ ′ for the U(1) boson,
sometimes it is called A′ or φ ). Fig. 1 shows the range in mass mγ ′ and mixing ε between γ and γ ′
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Figure 1: The range in mass mγ ′ and mixing ε between γ and γ ′ to explain the experimental discrepancy
(red band). The blue shaded area shows the interpretation of the experiment as exclusion limits, both for
electron and muon magnetic moment.
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Figure 2: The mechanism of γ ′ production.

which is in accordance with the experiment.

Ref. [4] gives an overview of the experimental evidence, including several astronomical ob-
servations like e.g. the positron excess in cosmic rays, which can be explained by an additional γ ′

and which points to a mass region of this γ ′ of a few MeV/c2 up to 2 GeV/c2.

A dark photon γ ′ in the expected range of coupling and mass did not show up in existing
experiments due to the required high luminosity. Bjorken et al. [5] showed however, that with a
dedicated high resolution fixed target experiment at a high current electron accelerator, the rele-
vant parameter range can be tested. In this paper, a first experiment on the search of a γ ′ at the
spectrometer setup of the A1 collaboration at the Mainz Microtron is presented.

2. Electro Production of γ ′ bosons

Figure 2 shows the production mechanism of a γ ′ in a fixed target electron scattering experi-
ment. Since a γ ′ has the same quantum number as a real photon, the interaction of the γ ′ is governed
by mixing with the photon via the kinetic term of the Lagrangian[6]. The γ ′ can therefore be pro-
duced directly by radiation off the electron, suppressed by a mixing parameter ε compared to the
radiation of a real or virtual photon. To increase the sensitivity, a target with high Z increases the
cross section by a factor of Z2.

In Ref. [5] cross section formulas are given in the Weizsäcker-Williams approximation. Due
to the small coupling, the width of the γ ′ is below any experimental resolution. After some finite
flight length, the γ ′ decays into two leptons, which can be detected with high resolution magnetic
spectrometers. The invariant mass of this lepton pair can be determined, and a sharp peak in this
mass distribution is the unique signal of γ ′ production.

In addition to the signal, an overwhelming background of lepton pair production by radiative
processes is present. Fig. 3 shows the first order radiative processes of the background (without
crossed graphs). Graph (a) has the same cross section structure as the signal (only without sharp
mass of the lepton pair!), while the contribution of graph (b) can be reduced by choice of the sym-
metric momentum distribution in the outgoing lepton pair (see fig. 4). The background contribution
can be calculated exactly in QED, a first order calculation is sufficient to model the background to
the percent level.
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Figure 3: Background contributions by radiative processes (without crossed graphs).
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Figure 4: Bethe-Heitler contribution of graph (a) and (b) of fig. 3. While graph (a) peaks in forward
direction, graph (b) peaks in the extreme asymmetric cases.

3. Experiment

The experiment was performed at the spectrometer setup of the A1 collaboration at MAMI
(see ref. [7] for a detailed description of the setup). The MAMI accelerator can deliver a beam of
up to 100 µA beam current with an beam energy of up to 1600 MeV. In this first experiment, we
choose an energy of E0 = 855 MeV to optimize the count rate. The target consists of 12 stripes of
Tantalum of 9 mg/cm2 thickness with a spacing of 10 mm and width of 2 mm.

The scattered electron and the recoil nucleus are not detected. For the detection of the lepton
pair, two high resolution spectrometers were used. Spectrometer A for the positron detection con-
sists of a quadrupole, a sextupole and two dipoles, while spectrometer B for the electron detection
consists of a single clamshell dipole. Both spectrometers are equipped with four layers of verti-
cal drift chambers in the focal plane, two scintillator layers for timing and trigger purposes, and
cherenkov detectors for the rejection of charged pions.

Table 1 summarizes the two kinematical settings used in this experiment. The settings were
chosen to cover the momentum range, where the complete energy of the incoming electron is
transfered to the lepton pair, emitted in forward direction. A nearly symmetric setting of the two
spectrometers reduces the contribution of the QED background.
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Table 1: Kinematic settings. The incident beam energy was E0 = 855MeV, and the settings are roughly
centered around Ee+ +Ee− = E0 and mγ ′ = 250MeV/c2.

Spec. A (e+) Spec. B (e−)
p (MeV) θ dΩ (msr) p (MeV) θ dΩ (msr) Events

Set-up 1 346.3 22.8◦ 21 507.9 15.2◦ 5.6 208×106

Set-up 2 338.0 22.8◦ 21 469.9 15.2◦ 5.6 47×106

Fig. 5 shows the coincidence time between the two spectrometers after cut on a lepton signal
in the cherenkov detector and corrected for the flight path length in the spectrometers. A clear coin-
cidence peak with a width of 1 ns FWHM can be seen. Events in a window of ±1ns (green shaded
area) were used as identified lepton pairs. The amount of random coincidences were estimated by
a cut on the sideband (red shaded area) and scaled by the width of the timing windows.

For the events in the timing window, the invariant mass of the lepton pair was calculated using
the full reconstructed four momenta of the spectrometers

m2
γ ′ = p2

e−+ p2
e+.

Fig. 6 shows the resulting missing mass distribution. The red shaded area illustrates the contribution
of accidental coincidences. A γ ′ boson would show up in this spectrum as a sharp peak, with a width
given by the experimental mass resolution. The expected mass resolution of less than 0.5 MeV/c2

was determined by a simulation based on the measured angular and momentum resolution of the
spectrometers.

4. Results

Based on the invariant mass distribution of fig. 6, an exclusion limit with a confidence limit
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Figure 5: Coincidence time, correct for flight path length, between spectrometer A and B
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Figure 6: Invariant distribution of the electron/positron pair.

of 90% was extracted using the Feldman-Cousins algorithm[8]. As estimate for the background,
the average of the neighboring bins was used. Fig 7 shows the resulting exclusion limits (blue
line) after background subtraction. The red line shows the averaged exclusion limit for subjective
judgement only: at a confidence limit of 90% one expects around 10% of the data points above the
averaged exclusion limit.

From the exclusion limit in terms of the count rate, the exclusion limit in terms of the coupling
α/α ′ = ε2 is calculated by normalization to the measured QED background and the background
by random coincidences. Fig. 8 shows the resulting exclusion limit (averaged for the clarity of this
figure only)[9] . Also drawn in this figure are the exclusion limit of the g−2 muon experiment and
limits extracted from the BaBar data set for the decay e+e−→ γµ+µ−.

As can be seen, the existing limits on could be extended by nearly an order of magnitude in
this first pilot experiment after approx. 4 days of beam time.
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Figure 7: Exclusion limits.
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Figure 8: Exclusion limits in α/α ′

5. Outlook

Based on the first test experiment, a extended experimental program at several experimental
facilities is currently under design. Figures 9 and 10 summarizes the parameter space of the existing
proposals. Also included in this figure are areas covered by former beam dump experiments, which
basically test for the reappearance of a lepton pair after a beam dump of a high energy experiment.

Just by using different beam energies without further modification of the setup, a large area of
the parameter space can be excluded. These experiments have already started at A1 and are partly
under analysis, a similar experimental program has started at JLab (APEX in Fig. 10).

Several proposals are made to access the region of lower γ ′ mass, which can not be reached
by standard spectrometer setups due to the narrow cone of the decay leptons. The MESA project, a
dedicated low energy accelerator with very high beam intensity was proposed in Mainz. A similar
concept, the Dark Light project, was proposed for the JLab FEL. These experiments can cover the
low mass region with sufficient overlap to the standard experiments.

At higher mass, but lower mixing strength, the luminosity of the existing accelerators is not
sufficient to detect a peak on top of the QED background within a reasonable time. The lifetime
of the γ ′ boson however increases and the decay length is in the region of a few micrometers up to
several meters. With vertex detectors with high background rejection (HPS project at JLab) or with
shielding of the production vertex (A1), the low mixing region can be reached.
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Figure 9: In this figure, the possible measurements at Mainz are marked. The green area can be covered by
using the A1 setup without modifications. The blue region corresponds to the region which can be covered
by the MESA project. The purple region can be accessed with shielded production vertex.
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with the Dark Light setup at the JLab FEL.
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