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We explore the sensitivity of the upcoming MAGIX experiment at the MESA facility to light Beyond the
Standard Model (BSM) mediators in the few to hundred MeV mass range. Utilizing high-intensity electron
beams of 55 MeV and 105 MeV on a heavy 181Ta target, we investigate the production of scalar,
pseudoscalar, vector, and axial vector mediators via the Bethe-Heitler process. By optimizing the
asymmetric kinematic acceptance of the double-spectrometer setup to enhance the signal over background
ratio, we demonstrate that MAGIX can probe mediator-electron couplings down to Oð10−4Þ, offering a
competitive probe of the dark sector in the sub-GeV mass range.
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I. INTRODUCTION

While the Standard Model (SM) provides a highly
successful description of fundamental interactions, phenom-
ena such as dark matter [1,2] and persisting experimental
anomalies—such as the X17 [3–5]—strongly motivate the
search for Beyond the Standard Model (BSM) physics. A
compelling paradigm posits a “dark sector” populated by
light, weakly coupled degrees of freedom, such as dark
photons or axionlike particles (ALPs) [6–9]. These medi-
ators, typically residing in the MeV to GeV mass range,
interact with the visible sector via renormalizable portal
operators or as pseudo-Nambu-Goldstone bosons [10–12].
Given the absence of new physics signals at high-energy

colliders, low-energy precision experiments are playing
an increasingly important role in exploring the dark sector
parameter space [13]. Among these are the PADME experi-
ment [5], the Jefferson Lab polarized positron program [14],
and the upcoming Mainz Energy-recovering Super-
conducting Accelerator (MESA) facility—specifically, the
MAinz Gas Internal target eXperiment (MAGIX) therein [15].
The latter is the main subject of this work. In this paper,

we investigate the sensitivity of the MAGIX@MESA
experiment to visibly decaying dark sector mediators
during its initial extracted-beam phase. By analyzing the
QED-induced Bethe-Heitler background and the BSM
cross section contributions for generic scalar, pseudoscalar,
vector, and axial vector mediators, decaying into an e−eþ

pair, we present projected exclusion limits that demonstrate
the experiment’s capability to probe newly accessible
regions of the BSM parameter space.
The paper is organized as follows. In Sec. II, we outline

the MAGIX@MESA experimental setup and kinematics
configurations utilized in this study. Section III details the
Bethe-Heitler pair production mechanism in the field of a
heavy nucleus,whichconstitutes theprimarySMbackground.
In Sec. IV, we formulate the BSM cross sections for generic
scalar, pseudoscalar, vector, and axial vector mediators,
whereas Sec. V presents the sensitivity projections and the
optimization of the experimental setup to maximize signal
significance. Finally, Sec.VI provides a summaryof ourwork.

II. MAGIX@MESA SETUP AND APPARATUS

The MESA facility at Johannes Gutenberg University
Mainz is designed to support a broad precision physics
program at the intensity frontier [15]. The P2 experiment
aims to measure the weak mixing angle, sin2 θW , at very low
momentum transfer via parity-violating electron–proton
scattering, providing a stringent test of the SM via electro-
weak radiative corrections [16], while the DarkMESA
experiment plans to utilize the beam dump in the P2
experiment as a target and intends to search for signals of
dark matter particles created in the dump [17].
Complementing these is the MAGIX setup, which uses

high-resolution magnetic spectrometers and internal gas
targets to study electron scattering. Alongside precise
determinations of proton electromagnetic form factors, it
serves as a highly sensitive probe for weakly coupled light
particles, such as dark photons and ALPs.
MAGIX will ultimately operate in the energy-recovering

modewith a windowless gas-jet target to achieve the highest
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luminosities and minimize window-induced background
[18]. However, initial operations will utilize a conventional
solid fixed target in extracted beam mode. For the BSM
search program, a 181Ta target is planned; its large atomic
number Z ¼ 73 enhances the production cross section for
processes scaling with Z2, maximizing the expected signal
yield. In the first phase, the beam energy is foreseen to be
55 MeV and will later be increased to 105 MeV.
The spectrometers of the MAGIX experiment setup are

mounted on rotatable platforms and can be positioned
independently around the common interaction point
located at the center of the scattering chamber. The
spectrometer STAR is installed on the right-hand side of
the beam pipe, which direction is understood as 0°, while
PORT is located symmetrically on the left-hand side.
STAR is designed to cover scattering angles from −45°

to 165°, excluding the gap between −15° and 15° in the
beam direction, while PORT provides coverage from −15°
to −165°. The experiment geometry imposes the minimal
angular separation between the spectrometers to be 47°.
Their half-opening angles in both the polar and azimuthal
directions are planned to be 2.75° degrees.

III. BETHE-HEITLER PAIR PRODUCTION
IN THE FIELD OF HEAVY NUCLEI

BSM searches based on the Bethe-Heitler process in
fixed-target experiments have previously been discussed
in the context of dark photon searches at the Mainz
Microtron [19,20]. The maximum beam energy of
855 MeV allowed sensitivity to dark photon masses in
the range 50 MeV≲m0

A ≲ 300 MeV, testing kinetic mix-
ing parameters down to ε ∼ 10−3. The experiment resulted
at the time in one of the most stringent constraints on the
kinetic mixing of a light vector mediator.
Since off-target radiation is suppressed due to the large

nuclear mass, the relevant background contributions to
such searches arise from the timelike and spacelike Bethe–
Heitler amplitudes, illustrated in Fig. 1. There, k (k0)
denotes the incoming (scattered) beam electron and l�
the produced lepton pair. Four-momentum conservation is
then expressed as

kþ Δ ¼ k0 þ lþ þ l−; ð1Þ
where the condition Δ0 ¼ 0 is imposed, implying that the
momentum transfer is purely spatial. We also introduce the
following auxiliary variables

q ¼ k − k0; q0 ¼ lþ þ l−; ð2Þ
so that the two amplitudes can be factorized as

MTL ¼ e4
AN
μ I

μα
TLj

pair
α

q02
; ð3Þ

MSL ¼ e4
AN
μ I

μα
SLj

beam
α

q2
; ð4Þ

where the leptonic tensors are defined via

IμαTL ¼ ūðk0Þγμ k − =q0 þme

ðk − q0Þ2 −m2
e
γαuðkÞ þ crossed; ð5Þ

IμαSL ¼ ūðl−Þγμ
=q − =lþ þml

ðq − lþÞ2 −m2
l
γαvðlþÞ þ crossed; ð6Þ

and the associated leptonic currents are given by

jpairα ¼ ūðl−ÞγαvðlþÞ; ð7Þ

jbeamα ¼ ūðk0ÞγαuðkÞ: ð8Þ

In the presence of two indistinguishable fermions in the
final state, the total amplitude must be, in addition, anti-
symmetrized under their exchange, therefore taking the form

Mtotal ¼ Mðk0; l−Þ −Mðl−; k0Þ; ð9Þ

reflecting Fermi-Dirac statistics. This antisymmetrization is
not required in processes such as muon-pair production,
where the final-state particles are distinguishable.
In the external-field approximation, the nuclear electro-

magnetic field is described by the static Coulomb potential
in momentum space

FIG. 1. Contribution to the Bethe-Heitler pair production, timelike (left), and spacelike (right) processes. The process on the left with a
photon γ replaced by the BSM mediator X constitutes the main BSM background. Graphs that are obtained by crossing or
antisymmetrization are not shown.
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AN
μ ¼

�
−
ZFðQ2

t Þ
Δ2

; 0; 0; 0

�
; ð10Þ

where FðQ2
t Þ is the nuclear form factor accounting for

the finite spatial charge distribution, and we denoted
Q2

t ≡ −Δ2. We also adopt the standard parametrization

FðQ2
t Þ ¼ 3

e−S
2Q2

t =2

ðQtRNÞ3
½sin ðQtRNÞ − ðQtRNÞ cos ðQtRNÞ�;

ð11Þ
which corresponds to a hard-sphere charge distribution of
radius RN ¼ 1.21Ã1=3 fm, where Ã is the nuclear mass
number, supplemented by a Gaussian surface smearing
characterized by S ¼ 0.9 fm.
In the limit of an infinitely heavy nucleus, the differential

cross section (using lab frame kinematics) reduces to the
expression

dσ ¼ 1

32

jMj2
ð2πÞ8

jk0j
jkj dEþdE−dΩ0dΩ−dϕlldm2

ll; ð12Þ

where E� are the energies of the produced lepton pair, ϕll

is the azimuthal angle between them, m2
ll is their invariant

mass squared,Ω0 is the solid angle of the scattered electron,
and Ω− is the solid angle of the produced l− lepton. Further
details on the integration over the final-state phase space,
the kinematical setup, and the signal optimization are
provided in the Appendix.

IV. BSM CONTRIBUTIONS
TO THE CROSS SECTION

We examine the BSM contributions by considering gen-
eric scalar, pseudoscalar, vector, and axial-vector mediators.
The corresponding interaction Lagrangian terms are given by

LS ¼ −gsl̄l; ð13aÞ
LP ¼ −gal̄γ5l; ð13bÞ
LV ¼ −eϵl̄=Vl; ð13cÞ
LA ¼ −eϵl̄γ5=A0l; ð13dÞ

where s (a) is a scalar (pseudoscalar) field coupled to SM
leptons with strength g, and Vμ (A0

μ) denote the vector (axial-
vector) mediator fields, respectively, with ϵ originating from
the kinetic mixing.
Given the extremely small decay width, it is reasonable

to apply the narrow width approximation

1

ðm2
ll −m2

XÞ2 þ ðmXΓXÞ2
→

πδðm2
ll −m2

XÞ
mXΓX

; ð14Þ

where mX and ΓX denote the respective mediator mass and
decay width. The latter is given by

ΓX ¼ jMdecayj2
8πm2

X

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

X

4
−m2

l

r
; ð15Þ

while the squared matrix elements for the scalar, pseudo-
scalar, vector, and axial-vector mediators are evaluated,
respectively, as

jMdecayj2 ¼

8>>>>><
>>>>>:

2g2ðm2
s − 4m2

l Þ;
2g2m2

a;

4e2ϵ2=3 × ðm2
V þ 2m2

lÞ;
4e2ϵ2=3 × ðm2

A − 4m2
lÞ:

ð16Þ

In this scenario, only the timelike diagram contributes for
the BSM process, as it alone yields the delta function
responsible for a distinct resonance bump in the electron-
positron pair spectrum. The effect of final-state antisym-
metrization is washed out for the same reason, alongside
the interference with the QED process.
To adapt the matrix element for these mediators, the

following vertex replacements are sufficient

scalar∶ γα → 1; ð17aÞ

pseudoscalar∶ γα → γ5; ð17bÞ

vector∶ vertex does not change; ð17cÞ

pseudovector∶ γα → γαγ
5: ð17dÞ

Additionally, the coupling e2 is replaced by g2 for the
scalar and pseudoscalar, and by e2ϵ2 for the vector and axial
vector. The photon propagator must also be replaced with
the respective BSM particle propagator, incorporating the
correct numerator, mass, and decay width.
In the kinematic region of interest, the only accessible

decay modes are eþe− and γγ pairs. While the Landau-Yang
theorem forbids massive spin-1 particles from decaying into
two photons, this channel remains open for scalars and
pseudoscalars. However, the corresponding decay width
scales as m3

X, in contrast to the leptonic channel, which
scales linearly with mX. In the relatively low-mass range
studied here, the diphoton mode is therefore strongly sup-
pressed. Under the assumption of exclusively visible decays,
neglecting this contribution is well justified.

V. SENSITIVITY PROJECTIONS
FOR BSM SCENARIOS

For a Gaussian distributed signal the sensitivity can be
estimated as

σBSM
σbackground

¼ Nffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L × σbackground

p ; ð18Þ
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where L denotes the integrated luminosity andN represents
the significance level (in standard deviations) required
to distinguish a signal from background fluctuations.
Conventionally, we setN ¼ 2, corresponding to a 95% con-
fidence level.1

As seen from this equation, the reach for the BSM
coupling scales as L−1=4. Consequently, without a tailored
optimization strategy, achieving a twofold improvement in
coupling sensitivity requires a 16-fold increase in the
collected dataset.
For the vector and axial-vector contributions, the time-

like QED diagram depicted in Fig. 1 constitutes an
irreducible background, as it exhibits an identical angular
distribution to the signal. It is therefore advantageous to
maximize the overall event rate. Although this approach
increases both the signal and background yields, the
sensitivity reach scales with ffiffiffiffiffiffiffiffiffiffi

σQED
p ; thus, the overall

statistical significance of the signal ultimately improves.
To achieve this goal, the STAR spectrometer is posi-

tioned at an angle of 15° relative to the beam axis, while the
PORT spectrometer is located at −45° (where the negative
sign indicates an azimuthal angle of ϕ ¼ 180° in spherical
coordinates). By detecting the electron in PORT and the
positron in STAR, this asymmetric configuration avoids
the beam-induced pollution, while still benefiting from the
forward enhancement of the cross section and covering the
sufficiently broad range of mediator masses. This choice
will be referred to as Setup I.
An alternative is to place the spectrometers symmetri-

cally at 30° and −30°. This configuration, denoted as Setup
II, yields constraints of comparable strength and is slightly
more sensitive to higher-mass mediators. A summary of the
corresponding parameters is provided in Table I for both
setups. The energy selection threshold of 5 MeV is also
assumed, with no additional momentum cuts imposed on
the leptons accepted by the spectrometers.
Figure 2 illustrates the differential cross sections for the

timelike and spacelike diagrams, along with their total
contribution, at the beam energy of 105MeV. The spacelike
background, which dominates at lower values of the
electron-positron invariant mass, can be suppressed by
selecting events where most of the beam energy is trans-
ferred to the produced pair. However, applying this kin-
ematic cut substantially reduces the count rate and, given

the fixed beam energy, restricts the accessible parameter
space for the mediator mass, mX.
Before discussing the results, we address potential

higher-order QED corrections to the Bethe-Heitler process,
which may be sizable for a heavy tantalum target with
Zα ≈ 0.53. While soft-photon radiative corrections have
been studied for a proton target [21], the extension to a
heavy nucleus remains to be done. Their effect, however,
can be estimated. Since spacelike diagrams dominate

TABLE I. Benchmark setups that are used in the studies for the
MAGIX@MESA experiment.

Setup PORT STAR

I −45° 15°
II −30° 30°

FIG. 2. Differential distribution of the QED background with
respect to the invariant mass of electron-positron pairs at the
reference kinematics I and II (see Table I) and beam energy of
105 MeV.

1This analysis is purely statistical and no systematic errors are
taken into account.
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across most of the meþe− spectrum, we focus on their
contribution. In a symmetric configuration, such as setup II,
the eþe− pair can be effectively treated as a neutral object
which, in the first approximation, does not radiate or
interact with the heavy nucleus, as the effect from electron
and positron cancel each other. For an asymmetric con-
figuration, such as setup I, the Feshbach formula [22]
indicates expected corrections at the level of 10%.
However, the relation in Eq. (18) implies that the BSM
coupling reach scales as σ1=4background. A 10% variation in the
background cross section therefore shifts the coupling
sensitivity limits by less than 2.5%. Thus, the higher-order
corrections may be safely neglected at first approximation
for the purpose of BSM mediator searches.2

Figure 3 illustrates the projected sensitivity reach for
scalar/pseudoscalar and vector/axial vector mediators at
beam energies of 55 and 105 MeV derived from the bin-by-
bin scan for a BSM contribution over the QED background.
The bin width of 0.5 MeV is assumed for the first phase of
experiment (at the beam energy of 55 MeV) and improved
to 0.1 MeV for the second stage (at the beam energy of
105 MeV). Two weeks of continuous operation are
assumed at the instantaneous luminosity of 1035 cm−2 s−1.
In all cases the parity effects, i.e., the difference in the

signal yield between scalar and pseudoscalar, as well as

vector and axial-vector scenarios, were found to be
negligible.
We compare these projections against existing bounds

from ðg − 2Þe measurements [23,24] and visible decay
constraints on dark photons fromA1@MAMI [20], BABAR
[25], NA48=2 studies of π0 decays [26], and NA64
analyses [27]. Additionally, we include projected sensitiv-
ities from the Belle II analysis [28], the LHCb Run 3
projection based on dark photon radiation from charm
mesons [29], and the JLab polarized positron beam pro-
gram [30].
For scalar and pseudoscalar mediators, we incorporate

limits from the SINDRUM experiment [31], which
searched for the πþ → eþνX process, as well as an adapted
NA64 bound. The projected sensitivities include the
PIONEER experiment, which aims to improve the branch-
ing ratio limit on the aforementioned pion decay to
Oð10−11Þ, and the Mu3e experiment. The Mu3e projections
are based on the μþ → eþν̄μνeX decay, assuming 2.5 ×
1015 and 5.5 × 1016 produced μþ, respectively (labeled as I
and II), adapted from [32]. In both the SINDRUM/
PIONEER and Mu3e processes, the X is emitted from
the final-state positron and subsequently decays
as X → eþe−.

VI. RESULTS AND DISCUSSION

The sensitivity of MAGIX@MESA to visibly decaying
BSM mediators was estimated assuming an effective data
collection period of two weeks, utilizing a 0.5 MeV

FIG. 3. Constraints on the allowed BSM parameter space (value of coupling to electrons versus mediator mass) resulting from ðg − 2Þe
and from existing experiments searching for visible eþe− decays (shaded exclusion regions), shown for the scalar/pseudoscalar (left)
and the vector/axial vector scenarios (right). The projected sensitivity of the MAGIX@MESA experiment for two benchmark
configurations, I and II (see Table I), is indicated by dashed lines, while other near-future experiments are shown as dotted lines and are
described in the text. A single ðg − 2Þe bound for scalar and pseudoscalar is shown, as the difference between them is negligible.

2A comparison between the bounds extracted from asymmetric
Setup I and symmetric Setup II will, furthermore, allow one to
test this assumption.
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invariant mass bin width for the initial operational phase
and a 0.1 MeV bin width for later stages (following the
beam energy upgrade). These conservative baseline esti-
mates leave room for further improvement under a dedi-
cated search program. Despite this, the optimization of the
experimental setup allows MAGIX@MESA to surpass the
existing bounds. For vector and axial vector mediators, we
demonstrate the capability to extend sensitivity reaches
down to ϵ ∼ 10−4. These bounds exceed the projected
sensitivity of the Belle II experiment in this domain,
assuming its end-goal dataset of 50 ab−1 integrated lumi-
nosity. Furthermore, they do not require additional assump-
tions regarding quark couplings and are complementary to
the projected exclusion limits of the JLab polarized
positron program.
In the case of scalar and pseudoscalar mediators, existing

ðg − 2Þe constraints appear more stringent than the pro-
jected MAGIX@MESA sensitivities. However, those indi-
rect bounds are model dependent and subject to potential
Barr-Zee corrections [24]. In contrast, MAGIX@MESA
provides a clean, direct probe of the electron coupling
where branching ratio effects induced by photon couplings
remain negligible, as discussed above. We also emphasize
that it represents one of the few experiments operating in
this mass range capable of isolating electron-axion and
electron-scalar couplings without relying on lepton uni-
versality or similar assumptions.

VII. CONCLUSIONS AND OUTLOOK

In this work, we have explored the sensitivity reach of
the upcoming MAGIX experiment at the MESA facility for
light, weakly coupled BSMmediators in the sub-GeV mass
range. By analyzing the production of generic scalar,
pseudoscalar, vector, and axial-vector particles via the
Bethe-Heitler process and their subsequent visible decay
into eþe− pairs, we demonstrated that the MAGIX setup
provides a highly versatile probe of unexplored dark sector
parameter space across various quantum numbers and
coupling scenarios.
Specifically, the asymmetric double-spectrometer setup

allows for an effective enhancement of the signal-to-back-
ground ratio. The studied benchmark spectrometer setup
avoids beam-induced backgrounds while retaining high
count rates in the forward direction, thereby maximizing
the overall statistical significance of the BSM signal. We
show that an effective data-taking period of two weeks on a
heavy 181Ta target is sufficient to yield highly competitive
exclusion limits.
BSM couplings down to Oð10−4Þ can be probed for

vector and axial-vector mediators, yielding exclusion limits
that compete with or surpass the expected reach of other
near-future experiments, such as Belle II and the JLab
polarized positron program, in the corresponding mass
range. Furthermore, for scalar and pseudoscalar mediators,
MAGIX offers a robust, direct probe of the electron

coupling, free of potential Barr-Zee corrections or other
model-dependent uncertainties.
Finally, the results presented in this work correspond

to the conventional heavy-target configuration of
MAGIX@MESA, while its full physics potential will be
realized only after the implementation of the energy-
recovery mode with a gas-jet target. A detailed sensitivity
study of this upgraded configuration would be highly
valuable, but is left for future work.
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APPENDIX: PHASE SPACE INTEGRATION

In this appendix, we provide the technical details on the
phase space integration, as well as the setup and optimi-
zation of the MAGIX@MESA experiment.
We begin by introducing an appropriate parameterization

of the cross section. In the limit of an infinitely heavy
nucleus, it reduces to the expression

dσ ¼ 2πδðEi − EfÞ
jMj2
2jkj

Y
p¼k0;lþ;l−

d3p
ð2πÞ32p0

¼ 1

16

jMj2
ð2πÞ8

jk0jjlþjjl−j
jkj dEþdE−dΩ0dΩþdΩ−: ðA1Þ

For the purposes of BSM studies it is convenient to
parametrize the solid angles of final leptons as

dΩþdΩ− ¼ dΩþdΩll; ðA2Þ
where Ωll denotes the relative angle between lþ and l−.
Using the standard relation between the relative angle and
the pair invariant mass, we obtain

dσ ¼ 1

32

jMj2
ð2πÞ8

jk0j
jkj dEþdE−dΩ0dΩ−dϕlldm2

ll: ðA3Þ

Finally, two additional symmetry factors must be
included. First, averaging over the helicity states of the
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initial electron introduces a factor of 1=2. Second, because
the two final-state leptons are identical and the amplitude is
antisymmetrized with respect to their exchange, an addi-
tional combinatorial factor of 1=2 is required. Together,
these factors modify the overall normalization of the cross
section to 1=128.
We adopt a standard right-handed laboratory coordinate

frame. The incident beam is aligned with the z axis, and the
STAR and PORT spectrometers are positioned to define the
horizontal xz plane.
Since the integration variables are transformed to the pair

invariant mass sll, the positron’s 3-momentum lþ is most
naturally parametrized relative to the emitted electron. To
achieve this, we construct a local orthonormal basis
ðux;uy;uzÞ directly aligned with l−.
First, we define the local longitudinal axis to point along

the electron’s direction

uz ¼
l−
jl−j

: ðA4Þ

Next, we define the local y axis to be perpendicular to the
plane spanned by the electron and the incident beam

uy ¼
k × l−
jk × l−j

: ðA5Þ

The right-handed triad is then completed by defining the
local x axis

ux ¼ uy × uz: ðA6Þ

With this local basis established, the positron three-vector
is constructed by rotating it away from the electron axis by
the pair opening angle θll and the pair azimuthal angle ϕll

lþ ¼ jlþjðsin θll cosϕllux

þ sin θll sinϕlluy þ cos θlluzÞ; ðA7Þ

so that the angle θll can be expressed as

cos θll ¼ 2m2
ll þ 2EþE− − sll

2jlþjjl−j
: ðA8Þ

Finally, since most background counts originate from
near-forward kinematics, where the initial electron scatters
along the beam axis, escaping detection, it is considered
lost, while the produced pair is assumed to be resolved
within the spectrometers.
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