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New light particles that couple to muons are motivated by the nearly 4σ discrepancy be-
tween the measured and predicted magnetic moment of the muon. New light particles are
also invoked to mediate interactions between the SM and dark matter, for example in models
of thermal freeze out. If such states exist and couple mainly to heavier lepton generations
and new weakly interacting matter states, most existing experiments are ill-equipped to con-
strain such models. The Muon Missing Momentum (M3) experiment is a muon fixed target
experiment that could operate at Fermilab. M3 will use missing momentum and energy
signatures to look for the production of new weakly interacting particles. With a modest in-
tegrated luminosity corresponding to 1010 muons on target (MoT), the remaining parameter
space for which light invisibly decaying particles can resolve the (g − 2)µ anomaly can be
tested. With 1013 MoT, M3 can test much of the parameter space over which sub-GeV dark
matter achieves freeze-out via muon-philic forces, including gauged U(1)Lµ−Lτ mediators.
With modest improvements to existing Fermilab accelerator facilities and by adapting exist-
ing detector technology, M3 can cover vast regions of parameter space that are inaccessible
to other accelerator-based experiments. Specifically, M3 can target generic searches for
dark photons, has unique sensitivity to muonphilic mediators, and muonphilic dark matter.
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Understanding the particle nature of dark matter (DM) remains one of the top priorities in high9

energy physics. After decades of experiments searching for relic DM scattering in highly sensitive10

detectors, decay products of DM, and the production of DM at accelerators, little is know about11

its particle nature. Recent theoretical work [1, 2] has motivated searches for lighter DM states12

arising from ”hidden sector” models with masses from 1 MeV to 1 GeV. Experimental efforts13

to target light DM have mainly focused on electron interactions with the dark sector either with14

e+e− colliders, electron fixed-target experiments, or electron recoil measurements [3]. However,15

well-motivated theoretical models provide hints that SM-DM interactions may be mediated by16

muon-philic forces such as gauged U(1)Lµ−Lτ vector bosons. Furthermore, the nearly 4σ dis-17

crepancy between the predicted and measured value of (g − 2)µ [4, 5] supports the existence of18

new states that may preferentially couple to higher generations of leptons. A common proposal to19

explain the measurement of (g − 2)µ is to predict light, weakly coupled particles [6]. However,20

recent measurements have ruled out a light (< GeV) dark photon with kinetic mixing ε ∼ 10−3
21

and flavor-universal couplings independent of its decays [3]. The only remaining class of light22

new-physics explanations involves particles that couple predominantly (or exclusively) to muons,23

thereby evading the searches upon which the dark photon exclusions are based. Thus, a robust test24

of the new-physics hypothesis requires improved sensitivity to muonic forces.25

The Muon Missing Momentum experiment (M3) [7] is a proposed muon fixed target exper-26

iment to search for the existence of invisibly decaying muon-philic particles. The experimental27

concept builds on other similar missing energy/momentum experiments [8] and focuses on oppor-28

tunities with US facilities, namely Fermilab’s proton beamlines, which can be put to use immedi-29

ately with minimal modifications to achieve world-leading sensitivity. With 1010 muons on target30

(MoT), M3 can cover all remaining parameter space for which new particles below 1 GeV can31

resolve the (g− 2)µ anomaly. M3 can also generically constrain models of thermal-relic DM over32

the mass range of 1 MeV to 1 GeV. With 1013 MoT, M3 will have sensitivity that is better than33

comparable electron-fixed target experiments at high mediator masses [7].34

A sketch of the experimental concept of M3 is shown in Figure 1 (left). A beam of muons35

will traverse a tracking system before impinging on a target. The low energy, high transverse mo-36

mentum recoiling muons, indicitive of the production of a massive scalar or vector boson, are then37

characterized by a second tracking system downstream of the target. Both tracking systems and the38

target will reside in a magnetic field. The dominant background for M3 will result from photonu-39

clear reactions and photon conversions via bremsstrahlung off of the incoming beam particles. As40

compared to similar lepton fixed-target experiments, such as LDMX and NA64, M3 will employ41

a thick, ∼ 50X0, target. Since the rate of bremsstrahlung scales like the mass of the beam particle42

squared and linearly with the target thickness, photon induced backgrounds in M3 will occur at43

1% the rate of LDMX with comparable kinematic selections. Other key backgrounds for M3 will44

include pion contamination from the second beam’s production target, photon initiated production45

of hadrons, and production of pairs of muons. To reduce these backgrounds track multiplicities46

and track momentum measurements in the downstream tracking system will be utilized. The tar-47

get will be instrumented, allowing for energy deposited in the target to be an important handle for48

identifying the production of hadrons. Finally, for events with neutral by-products that escape the49

target, downstream electromagnetic and hadronic calorimeters will be used to as vetoes.50

The Fermilab proton beam can be used to produce a muon beam with energy in the 10-51

30 GeV range. Such a beam will allow for a compact detector design. Since the beam energy only52

affects the production cross section logarithmically [7], there is little to be gained from higher53

beam energies. The fixed target beamlines at the Fermilab accelerator complex extract protons54

from the main injector roughly once per minute over a 4.2 second spill. Two beam lines have55



3

TAGGING TRACKER

MAGNET
ECAL

HCAL
μ-

RECOIL  
TRACKER E/

20 CM

TARGET

01/17/2019

M3: Muon Missing Momentum

Muon beam missing momentum experiment good complement to 
electron beam experiment

�15

Light Dark Matter with the Missing Momentum Technique — 6/12

Figure 3. Left: Electron missing momentum coverage of thermal DM targets in the dark photon mediator scenario from Eq. 1
(see [13] for more details). Here aDM = g2

DM/4p , the black curves represent early universe production targets for various DM
candidates, and the red dashed curve represents coverage for 1016 electrons on target impinging on a target of 0.1 electron
radiation lengths. Right: Muon missing momentum coverage of various DM candidates in the muon-philic mediator scenario
from Eq. 2 (see [18] for more details). Here the two red dashed curves labeled Phases 1 and 2 represent coverage for 1010 and
1013 muons on target, respectively, and both assume a target thickness of 50 electron radiation lengths. Unlike the electron
missing momentum curve on the left panel, here the projections flatten at low mediator masses because the radiated particle –
in this case a Z0 from Eq. 2 – is now lighter than the beam particle. Note that even a modest Phase 1 experiment with a muon
test beam could cover the green band for which a muon-philic mediator resolves the (g�2)µ anomaly. 25

(a) (b)

FIG. 15: Conceptual schematic of a signal process (a) and dominant background (b) processes.

final state. This occurs at a relative rate of ⇠ 10�3 per incident hard photo-nuclear reaction (on W),
but these usually have a hard charged pion or proton in the final state. Thus, the region of phase
space where the MIP is soft and invisible poses the largest threat of producing a background, and
this is expected at the ⇠ 4 ⇥ 10�4 per hard photo-nuclear interaction (on W). Per incident 4 GeV
electron on Tungsten absorber, this corresponds to ⇠ 10�8 in relative rate. For a benchmark of
1 ⇥ 1014 electrons on target, we would face up to ⇠ 106 events with a single hard forward neu-
tron and very little else in the ECAL (other than the recoil electron). This drives the performance
requirement of the hadronic veto – we require better than 10�6 neutron rejection inefficiency in
the few GeV energy range. In practice, an HCAL veto meeting this requirement is also suffi-
ciently sensitive to muons to veto the remainder of the photon conversions to muon pairs (and by
extension, pion pairs). Moreover, this level of inefficiency provides a great deal of redundancy
against potential failures of the ECAL veto with respect to photo-nuclear, electro-nuclear, or MIP
conversion events.

Figure 4. Experimental concept for missing momentum experiment where signal is produced via dark bremsstrahlung in the
target (left) and example background photonuclear and photon conversion processes are shown (right).

hard photon, in this case, could simply pass through the detector without being observed or could initiate secondary reactions in
which the photon converts to muon pairs or undergoes photo-nuclear scatters, which yield other undetected SM particles. We
note that even for the required statistics of the full experiment with 1016 EOT, irreducible backgrounds from neutrinos produced
in SM Møller and CCQE processes are negligible.

The detector concept is illustrated in Fig. 5. The tagging tracking system and the target are housed inside of a 1.5 T
dipole magnet while the recoil tracker is in the fringe magnetic field. These provide robust measurements of incoming and
outgoing electron momentum. The tracking systems not only enable missing momentum to be calculated, but allow for critical
handles, such as the angle of recoil electrons, that will be important for characterizing any potential signals. The ECal is
surrounded by the HCal to provide large angular coverage downstream of the target area to efficiently detect by products
of target interactions which are critical to discriminating signal from SM backgrounds. The overall cost of the project is
kept manageable by leveraging existing detector efforts and expertise. The total project cost with M&S and labor, including
contingency, is preliminarily estimated to be less than $10M US.

To achieve the performance required for the necessary statistics, the main detector elements are a tracking system with good
momentum resolution, a radiation-hard, high energy and position resolution electromagnetic calorimeter, and a high efficiency,
wide-angle hadronic veto system. The whole experiment needs to operate with a beam repetition rate of at least 50 MHz and
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FIG. 1. Left: Schematic of M3 with a depiction of a typical signal event. Right: Parameter space
for thermal-relic DM which is charged under U(1)Lµ−Lτ . Black lines show the lower bounds for which
various models could explain at least part of the thermal relic density of dark matter. Regions of parameter
space that could explain (g−2)µ are represented by a green band. M3 sensitivity is shown in red, for Phase
1 (2) datasets with 1010 (1013) MoT.

been considered for M3: MTest and the NM4 beamline. These beam lines are be able to pro-56

duce as many as 105 and 107 muons per spill, respectively, with a repetition rate of 53 MHz. The57

MTest scenario would enable 1010 MoT over several months of operation. The NM4 scenario58

could achieve 1013 MoT over a two year period. While MTest is currently capable of producing a59

muon beam, the NM4 beamline would need modification to enable the production of muons. At60

the higher rates expected while operating at the NM4 beamlineM3 would need a dedicated trigger61

system to reduce the event rate to 100 kHz.62

With this setup, M3 seeks to target four areas of well-motivated physics:63

• testing the remainder of the (g − 2)µ parameter space by covering invisible signatures and64

directly probing new physics that couples to muons;65

• searching for muon-philic dark matter through missing momentum signatures;66

• providing complementary sensitivity for higher-mass dark matter benchmark scenarios;67

• searching for extended hidden sector physics utilizing visible and invisible signatures.68

Assuming the various detectors can veto SM backgrounds at sufficient rates to produce near-69

zero background expectation in a 1013 MoT dataset, Figure 1 (right) shows the projected sensitivity70

of M3 to a vector-type muon-philic particle, assuming 100% branching fraction to invisible parti-71

cles. Even with the more conservative integrated luminosities expected (labeled as Phase 1), M3
72

can decisively test whether light new particles can explain the (g−2)µ anomaly. The black lines in73

Figure 1 (right) represent lower bounds on the dimensionless coupling y consistent with thermal74

DM scenarios.75

M3 is a missing momentum experiment utilizing Fermilab proton beam to enable a muon fixed-76

target configuration. With modest improvements to existing Fermilab accelerator facilities and77

by adapting existing detector technology, M3 can cover vast regions of parameter space that are78

inaccessible to other accelerator-based experiments. Specifically, M3 can target generic searches79

for dark photons, has unique sensitivity to muonphilic mediators, and muonphilic dark matter.80
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