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Figure 1. Dark bremsstrahlung signal process for simplified models with invisibly decaying scalar (left) and

vector (right) forces that couple predominantly to muons. In both cases, a relativistic muon beam is incident

on a fixed target and scatters coherently o↵ a nucleus to produce the new particle as initial- or final-state

radiation.

for a larger signal production rate while exploiting the fact that the muons will lose much less energy
than electrons in a similarly-sized target. In analogy with similar processes involving electron beams,
one can take advantage of the distinctive kinematics of the radiated massive scalar or vector particle
S, V to distinguish signal from background (see Fig. 1). The Fermilab muon beam option provides
several advantages over existing proposals for new physics searches with either electron beams or
high-energy muon beams:

• Bremsstrahlung backgrounds suppressed. The principal reducible backgrounds for LDMX
are dominated by hadronic processes initiated by a real bremsstrahlung photon. Relative to elec-
tron beams, the M3 bremsstrahlung rate is suppressed by (me/mµ)2 ⇡ 2 ⇥ 10�5, so background
rejection becomes much simpler for muon beams for an equivalent target thickness.

• Compact experimental design. For mS,V ⌧ Ebeam, the signal production cross section is
largely independent of beam energy. However, compared to the CERN/SPS option [9], with
⇠ 100�200 GeV beam muons, a lower-energy, e.g. 15 GeV, muon beam allows for greater muon
track curvature and, therefore, a more compact experimental design. In particular, percent-
level momentum resolution is possible in M3 with the target placed in the magnetic field region,
reducing acceptance losses from having the magnet downstream of the target.

We propose a two-phase experiment, each covering a well-motivated region of parameter space:

• Phase 1: (g � 2)µ search. With 1010 muons on target (MOT) and existing detector technology,
we will show that our setup can probe the entire (g � 2)µ region not currently excluded by
experiments, for vectors with mV . 500 MeV and scalars with mS . 100 MeV which couple
exclusively to muons and decay invisibly.2 Here we are agnostic as to the UV completion of such
a model, and we are simply aiming for an apples-to-apples comparison between a virtual S or V
contributing to (g � 2)µ and a real S or V emitted from an initial- or final-state muon.

• Phase 2: Thermal muon-philic DM search. With a larger flux of 1013 MOT and upgraded
detector performance to reject backgrounds at the level of 10�13, our setup can probe a significant
portion of parameter space for which DM is thermally produced through U(1)Lµ�L⌧ gauge

2
Models with a more complicated dark sector can fail our search criteria, for example an inelastic DMmodel V ! �1�2

where the decay �2 ! �1e+e� is prompt and proceeds through a di↵erent mediator which couples to electrons [16–18].
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Figure 3. Energy distributions for signal events for simplified phenomenological models with invisibly decaying

scalar S (left) and vector V (right) particles that couple only to muons. Each histogram corresponds to a

di↵erent choice of scalar or vector mass.

Figure 4. Angular distributions for signal events for phenomenological simplified models with invisibly de-

caying scalar S (left) and vector V (right) particles coupled to muons.

near the perturbative unitarity bound, there is still a minimum gµ�⌧ required to yield the observed
abundance at late times.

To define relic targets for the experimental program, we consider in the mZ0 � m� for a Dirac �
particle. Defining the dimensionless variable y ⌘ g2

�g2
µ�⌧ (m�/mZ0)4, the cross section and abundance

have the approximate scaling
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where the factor of 3 accounts for annihilation channels and the requisite y from this estimate agrees
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Figure 5. Signal acceptance for radiated scalar S (left) and vector V (right) particles as a function of the

fractional cut on the maximum muon recoil energy for various choices of S/V masses.

well with the full numerical results presented in Fig 10. As we will show in Sec. 6, there is a region of
parameter space where U(1)Lµ�L⌧ can explain both thermal DM and the (g � 2)µ anomaly, but the
parameter space for thermal DM is a priori unconstrained by (g � 2)µ.

3 Signal Kinematics

In this section we discuss the physics of the new mediator radiated from a muon beam, noting some
important features of the signal production cross section and kinematics. In the limit where the beam
energy is much greater than both mS,V and mµ, it is appropriate to use the generalized Weizsacker-
Williams approximation for the cross section for mediator production, where we also keep track of the
mass of the beam particle [14, 55, 56]. For scalar S production we have
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and a corresponding expression for V production
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with G2 the target form factor.
As has been noted in previous studies, and as shown here in Fig. 3, the energy spectrum di↵ers

markedly depending on whether mS,V < mµ (in which case S/V is soft and the spectrum closely
resembles ordinary QED bremsstrahlung) or mS,V > mµ (in which case S/V takes most of the beam
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acceptance

Unlike electron beam, invisible particle doesn’t take all the beam energy:

low-mass invisibles are QED-like (and hard to distinguish from background)

mS ⌧ mµ
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Figure 2. Experimental schematic. The incoming muon beam passes through a tagging tracker in the

magnetic field region before entering the tungsten target. Outgoing muons are detected with a recoil tracker,

with the magnet fringe field providing a momentum measurement. Electromagnetic and hadronic calorimeters

veto on photons and hadrons produced in hard interactions in the target which could lead to significant muon

energy loss.

interactions, and V is identified as the gauge boson of this new U(1). Such models are inaccessible
with both traditional WIMP searches [19–25] and to most of the emerging sub-GeV dark matter
search program, which consists of of new direct detection [26–39] and fixed target experiments
with electron [12, 13, 40–43] and proton beams [16, 44–51]; for a review and summary, see [3].

We emphasize that M3 Phase 1 can be completed with minimal modifications to the Fermilab
muon source and with only a few months of data-taking. A null result would decisively exclude any
new-physics explanation of the (g � 2)µ anomaly from invisibly-decaying muon-philic particles below
100 MeV. Phase 2 is comparable to the CERN SPS proposal, and in this paper we focus specifically on
the advantages of pairing such an experiment with the lower-energy Fermilab muon beam, highlighting
the relevance of this search to the thermal DM parameter space. Furthermore, both phases could be
implemented as muon-beam reconfigurations of the proposed LDMX experiment with few additional
modifications.

This paper is organized as follows. In section 2 we review the physics motivation for our benchmark
models; in section 3 we discuss the characteristics of signal production; in section 4 we describe the
basic experimental setup and relevant background processes; in section 5 we describe the necessary
detector and beam properties; in section 6 we describe the projected sensitivities of our Phase 1 and
Phase 2 proposals; finally, in section 7 we o↵er some concluding remarks.

2 Physics Motivation

In this section we present the physics motivation for invisibly decaying muon-specific scalars S or
vectors V . We begin by reviewing the contributions of vector and scalar particles to (g � 2)µ, and
then present a concrete benchmark model with a muon-philic gauge interaction which can be coupled
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Similar in spirit to LDMX (electron beam missing momentum)

Main differences from LDMX: 

• thicker (50 X0) active target (muon is a MIP)

• outgoing muon momentum measured exclusively by recoil tracker

(ECal and HCal for veto only)



Beam requirements
• Lots of muons on target (MoT), i.e. high rep rate

• Identify and track each one so that we know they lost a significant 

amount of momentum 

• Pion contamination = bad (esp. pions decaying in target). Estimate 

10-6 will suffice for g-2 search

• pin > ~several GeV - 10s of GeV: 


• lower boundary: need significant amount of lost momentum above detector 
thresholds to detect bkg processes


• upper boundary: high momentum beam requires more B field lever arm, makes 
for a big and expensive detector with poor coverage
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Figure 2. Experimental schematic. The incoming muon beam passes through a tagging tracker in the

magnetic field region before entering the tungsten target. Outgoing muons are detected with a recoil tracker,

with the magnet fringe field providing a momentum measurement. Electromagnetic and hadronic calorimeters

veto on photons and hadrons produced in hard interactions in the target which could lead to significant muon

energy loss.
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Figure 10. Parameter space for predictive thermal DM charged under U(1)Lµ�L⌧ , for DM charges near the

perturbativity limit (left) or smaller such that the (g�2)µ region overlaps with the thermal relic curves (right).

Here the relic abundance arises through direct annihilation to SM particles via s-channel Z0 exchange.The

vertical axis is the product of couplings that sets the relic abundance for a given choice of DM mass and spin

(see Appendix A). Also plotted are constraints from the neutrino trident process from the CCFR experiment

[6, 68] and projected limits from NA64 [11]. Note that there are also bounds onm� = O(MeV) from�Ne↵. that

arise from ��̄ ! ⌫⌫ annihilation during BBN; these bounds di↵er depending on the choice of DM candidate

spin [69, 70] and are not shown here. For the pure Dirac scenario, the annihilation process ��̄ ! µ+µ� is

s-wave, so this process is ruled out by CMB energy injection bounds for m� > mµ [52].

6.2 Phase 2: U(1)Lµ�L⌧ thermal DM sensitivity

Fig. 10 shows the target parameter space for thermal relic DM with a Lµ � L⌧ mediator. The vertical
axis plots the dimensionless variable y = g2

�g2
µ�⌧ (m�/mZ0)4 which controls the DM annihilation rate,

and the black curves represent the unique value of y for each m� which results in the correct DM relic
abundance (see appendix A), for DM a complex scalar, Majorana fermion, or (pseudo)-Dirac fermion
(see Sec. 2.3). The left panel shows the scenario g� = 1 near the perturbativity limit, which corresponds
to the weakest possible bounds on this model, while the right panel shows the case g� = 5 ⇥ 10�2. In
the latter case, there is a region of parameter space compatible with both thermal dark matter and
(g � 2)µ, which can be probed by Phase 1, with the entire viable parameter space for thermal DM
probed by Phase 2.4 Even for the pessimistic case g� = 1, a large portion of the parameter space is
accessible to Phase 2. We emphasize that muon beam experiments like M3 are the only terrestrial
experiments which can probe such a muon-philic model of DM; direct detection signals are absent,
and high-energy collider production cross sections are too small.

Intriguingly, we also find that both Phase 1 and Phase 2 have sensitivity to a class of DM expla-
nations for the ⇠ 3.8� anomaly reported by the EDGES collaboration [72]. It has been shown that
a ⇠ 1% subcomponent of DM with a QED millicharge of order ⇠ 10�3e can cool the SM gas tem-
perature at redshift z ⇠ 20 and thereby account for the magnitude of the observed absorption feature
[73]. However, Ref. [74] pointed out that such a scenario generically requires dark forces to deplete
the millicharge abundance in the early universe to account for the ⇠ 1% fraction needed to resolve

4
See also [71] for other models relating thermal DM to (g � 2)µ.
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Phase 1 (1010 MOT): complete coverage of g-2 region for any 
invisibly-decaying particle lighter than the muon 

Phase 2 (1013 MOT): can probe large parts of  
well-motivated DM parameter space


