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There’s just one little problem…The Cosmic Inventory

What is dark matter and does it have friends?

*new forces, radiation, additional structure etc…



Cluster CollisionsGravitational Lensing

CMB Power SpectrumMatter Power Spectrum BBN Light Element Yields

Remarkable Evidence for Dark Matter  

Rotation Curves

Independent, consistent observations spanning nearly all of space and time 

Holy Grail: extend knowledge to laboratory scales

kpc-Gpc scales and redshifts



Electron Proton HiggsNeutrino EarthPlanck

WIMPs

Huge Range of Possible DM Masses 

Traditional DM searches for WIMPs near the weak scale



Electron Proton HiggsNeutrino EarthPlanck

WIMPs

Huge Range of Possible DM Masses 

Traditional DM searches for WIMPs near the weak scale

null results from LHC & WIMP direct-detectionUpdated priors

Key priorities going forward 
Identify theoretical milestones

Which theories make sense and how do we test them?

Propose new experimental searches



LDM must be neutral under SM
Else would have been discovered @ LEP/Tevatron/LHC…

 Light DM vs. WIMPs : General Issues
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Overproduced without additional light, neutral “mediators”

LDM must be neutral under SM
Else would have been discovered @ LEP/Tevatron/LHC…

LDM requires light new mediators
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 Light DM vs. WIMPs : General Issues
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LDM must be neutral under SM
Else would have been discovered @ LEP/Tevatron/LHC…

LDM requires light new mediators
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Else rate too small — greatly simplifies space of possible theories 
LDM interactions renormalizable at accelerator energies 

 Light DM vs. WIMPs : General Issues

See Maxim’s talk



Thermal Equilibrium
Advantage #2: Narrows Mass Range

mDM

⇠ 100M�⇠ 10�20 eV

too hot too much
< 10 keV > 100 TeVGeV mZMeV

nonthermal nonthermal

mPl ⇠ 1019 GeV

“WIMPs”
Direct Detection (Alan Robinson)
Indirect Detection (Alex Drlica-Wagner)
Colliders (Yang Bai)

{Light DM {
18

< MeV

Thermal Equilibrium
Advantage #3: Narrows Viable Mass Range

Neff  / BBN
me ⇠ MeV mp ⇠ GeV

Direct Detection

 9

Equilibrium Narrows Mass Range!

High Energy Colliders
Indirect DetectionFixed Target 

Accelerators
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Advantages of Accelerator Searches

DM produced with v~1 at accelerators:
Insensitive to model details
like spin or inelasticity

Slide: Nikita BlinovIzaguirre, GK, Schuster, Toro 1505.00011 PRL
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As a byproduct of reaching the important milestones associated with predictive models for the origin of 

dark matter, these experiments will also broadly explore the parameter space for dark matter 

interactions with familiar matter, irrespective of its cosmological origin, including dark matter much 

lighter than the electron.  In the following, we summarize the key capabilities of each technique and 

their general beam and detector requirements, with examples of DOE facilities that would enable them. 

 

 
Figure 2-3: A schematic of accelerator-based techniques which probe Big Bang dark matter production. 
 

Missing momentum experiments (see Figure 2-3, center) in a continuous-wave electron beam offer a 

path to achieving a full 1000-fold or better improvement compared with existing sensitivity over a broad 

range of dark matter masses.  These high-rate, single-particle measurements capitalize on precise and 

modern fast-response and radiation-tolerant detector technologies.  Moreover, they can use kinematic 

techniques to measure dark matter mass and interaction properties in the event of a discovery.  Multi-

GeV continuous-wave electron beams are necessary to enable electron missing-momentum 

experiments.  DOE facilities providing such beams include SLAC (LCLS-II) and Jefferson Laboratory 

(CEBAF).  Concepts for LCLS-II operation would parasitically extract a low-current electron beam in 

parallel with light source operation, while concepts for CEBAF operation would involve dedicated beam 

time in one of Jefferson Laboratory’s experimental halls.  A new dedicated detector operating on a 
muon beamline delivering O() muons per minute could be developed, for example, by upgrading a 

secondary muon beamline.  With this beamline, FNAL could perform missing momentum searches 

similar to those utilizing electron beams, perhaps with the same type of detector.  Although further 

studies are still needed, these experiments may reach 10-to-100-fold sensitivity gains over existing 

experiments for dark matter heavier than the muon and can also uniquely test the interaction between 

dark matter and muons. 

 

Beam dump experiments (Figure 2-3, right) using existing electron or proton beams are capable of at 

least 10-fold sensitivity improvements over previous experiments.  Additional measurements of the 

properties of dark matter can be performed in the event of a discovery.  Electron beam-dump 

experiments rely on high-intensity electron beams.  Parasitic use can be made of high-intensity electron 

Three “Big Ideas”
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beams, such as those delivered by CEBAF or LCLS-II, by placing a detector in a new experimental hall 
built downstream of their beam dumps.  Proton beam dumps offer comparable reach, with unique 
sensitivity to nucleon couplings, and can be realized at several facilities.  Existing infrastructure can be 
exploited in various ways: for example, by steering the FNAL Booster Neutrino Beam (BNB) proton beam 
into an upgraded beam dump and looking for dark matter scattering in existing neutrino detectors, or by 
operating new coherent neutrino-nucleus scattering detectors during routine operations of intense low-
energy proton stopped pion sources, such as SNS or LANSCE.  These approaches can expand the dark 
matter search sensitivity below the proton mass.  Placing a new and improved detector on a high-energy 
proton beamline, such as the Fermilab’s Main Injector 120 GeV (1.2 x  eV) beamline, would extend 
sensitivity to higher mass. 
 
Thrust 2 (near term and long term): Explore the structure of the dark sector by producing and 
detecting unstable dark particles. 
 
Accelerator-based experiments are the only type of experiment capable of producing not only dark 
matter, but other related particles (the “dark sector”).  The latter class of particles can be detected 
through their decays into ordinary matter.  Two key examples are decays of (i) a new force carrier into 
two particles of visible matter and (ii) additional particles charged under these forces into a dark matter 
particle accompanied by familiar particles.  The second signal is illustrated in Figure 2-4. 
 

 
Figure 2-4: Schematic of accelerator-based techniques that can explore the structure of the dark sector using 
spectrometer-based experiments. 
 
The decays of unstable dark sector particles may produce detectable signals in the beam dump or 
missing momentum experiments motivated by Thrust 1.  For example, semi-visible excited states of dark 
matter may be sufficiently long-lived that their decays are seen in a beam dump experiment, while late 
decays of force carriers may occur in the detector volume of a missing momentum experiment.  These 
dual capabilities underscore the inherently multi-purpose nature of these experimental concepts, the 
full capabilities of which are a subject of ongoing research.  
 
In addition, the requirement of a dark sector motivates spectrometer-based experiments more directly 
tailored to searching for unstable dark sector particles.  These experiments aim to identify and measure 
the visible products of a dark sector particle’s decay  ̶  typically with much shorter baselines than beam 
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DM Production at proton beam facilities

Dark Matter Search in a Proton Beam Dump with MiniBooNE
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The MiniBooNE-DM collaboration searched for vector-boson mediated production of dark matter
using the Fermilab 8 GeV Booster proton beam in a dedicated run with 1.86⇥1020 protons delivered
to a steel beam dump. The MiniBooNE detector, 490 m downstream, is sensitive to dark matter
via elastic scattering with nucleons in the detector mineral oil. Analysis methods developed for
previous MiniBooNE scattering results were employed, and several constraining data sets were
simultaneously analyzed to minimize systematic errors from neutrino flux and interaction rates. No
excess of events over background was observed, leading to an 90% confidence limit on the dark-
matter cross section parameter, Y = ✏2↵0(m�/mv)

4 . 10�8, for ↵0 = 0.5 and for dark-matter
masses of 0.01 < m� < 0.3 GeV in a vector portal model of dark matter. This is the best limit from
a dedicated proton beam dump search in this mass and coupling range and extends below the mass
range of direct dark matter searches. These results demonstrate a novel and powerful approach to
dark matter searches with beam dump experiments.

PACS numbers: 95.35.+d,13.15.+g

Introduction — There is strong evidence for dark mat-
ter (DM) from observations of gravitational phenomena
across a wide range of distance scales [1]. A substantial
program of experiments has evolved over the last sev-
eral decades to search for non-gravitational interactions
of DM, with yet no undisputed evidence in this sector.
Most of these experiments target DM with weak scale
masses and are less sensitive to DM with masses below a
few GeV. To complement these approaches, new search
strategies sensitive to DM with smaller masses should be
considered [2].

Fixed-target experiments using beams of protons or
electrons can expand the sensitivity to sub-GeV DM that
couples to ordinary matter via a light mediator parti-
cle [3–18]. In these experiments, DM particles may be
produced in collisions with nuclei in the fixed target, of-
ten a beam dump, and may be identified through interac-
tions with nuclei in a downstream detector. Results from
past beam dump experiments have been reanalyzed to

Be

Target

EarthAir

Decay Pipe

Steel

Beam Dump MiniBooNE Detector

p
⇡0
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�†

�
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�
50m 4m 487m

FIG. 1. Schematic illustration of this DM search using the
the Fermilab BNB in o↵-target mode together with the Mini-
BooNE detector. The proton beam is steered above the beryl-
lium target in o↵-target mode lowering the neutrino flux.

place limits on the parameters within this class of models.
In this Letter, we report on the first dedicated search of
this type (proposed in [6]), which employs 8 GeV protons
from the Fermilab Booster Neutrino Beam (BNB), re-
configured to reduce neutrino-induced backgrounds, com-
bined with the downstream MiniBooNE (MB) neutrino
detector (Fig. 1).
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FIG. 2. Inelastic DM production at electron and proton beam dump experiments via dark bremsstrahlung and meson decay. The resulting
�1, �2 pair can give rise to a number of possible signatures in the detector: �2 can decay inside the fiducial volume to deposit electromagnetic
energy; both �1 and �2 can scatter off detector targets T and impart visible recoil energies to these particles; or �1 can upscatter into �2,
which can then decay promptly inside the detector to deposit a visible signal. 7
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FIG. 3. Inelastic DM production at electron beam fixed-target missing energy/momentum experiments. Left: Setup for an LDMX style
missing momentum experiment [2, 18] in which a (⇠ few GeV) beam electron produces DM in a thin target (⌧ radiation length) and thereby
loses a large fraction of its incident energy. The emerging lower energy electron passes through tracker material and registers as a signal event
if there is no additional energy deposited in the ECAL/HCAL system downstream, which serves primarily to veto SM activity. Right: Setup
for an NA64 style experiment in which the beam (typically at higher energies, ⇠ 30 GeV) produces the DM system by interacting with an
instrumented, active target volume [19]. As with LDMX, the instrumented region serves to verify that the beam electron has abruptly lost most
of its energy and that there is no additional SM activity downstream.

for vector, scalar, and fermionic mediators, respectively.
However, coupling a fermionic mediator to the lepton por-
tal requires additional model building1 and scalar mediators,
which mix with the Higgs are ruled out for predictive mod-
els in which DM annihilates directly to SM final states (see
Sec. II C and [26] for a discussion of this issue), so we restrict

1 A fermionic mediator coupled to the lepton portal requires additional
model building to simultaneously achieve a thermal contact through this
interaction and yield viable neutrino textures; the coupling to the mediator
must be suppressed by neutrino masses, so it is generically difficult for the
interaction rate to exceed Hubble expansion.

our attention to abelian vector mediators; a nonabelian field
strength is not gauge invariant, so kinetic mixing is forbidden.

Alternatively, the mediator could couple directly to SM
particles if both dark and visible matter are charged under
the same gauge group. In the absence of additional fields,
anomaly cancellation restricts the possible choices to be

U(1)B�L , U(1)`i�`j , U(1)3B�`i , (2)

and linear combinations thereof. In most contexts, the rele-
vant phenomenology in fixed-target searches is qualitatively
similar to the vector portal scenario, so below we will ignore
these possibilities without loss of essential generality. We
note, however, that viable models for both protophobic [27]
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FIG. 3: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o�-
shell) and b) � scattering o� a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

Figure 2: a) ��̄ pair production in electron-nucleus collisions via the Cabibbo-Parisi
radiative process (with A

0 on- or o↵-shell) and b) � scattering o↵ an electron in the
detector.

vated for LDM which is safe from CMB constraints [3]. and has striking implications
for possible signatures at BDX.

2.1.2 Leptophilic A
0 and Dark Matter

A similar scenario involving a vector mediator arises from gauging the di↵erence
between electron and muon numbers under the abelian U(1)e�µ group. Instead of
kinetic mixing, the light vector particle here has direct couplings to SM leptonic
currents

A
0
�
J
�

SM
! gV A

0
µ

�
ē�

�
e + ⌫̄e�

�
⌫e � µ̄�

�
µ + ⌫̄µ�

�
⌫µ

�
, (7)

where gV is the gauge coupling of this model, which we normalize to the electric
charge, gV ⌘ ✏e and consider parameter space in terms of ✏, like in the case of kinetic
mixing. Note that here, the A

0 does not couple to SM quarks at tree level, but it
does couple to neutrinos, which carry electron or muon numbers. Note also that this
scenario is one of the few combinations of SM quantum numbers that can be gauged
without requiring additional field content. Assigning the DM e�µ number yields the
familiar gDA

0
�
J
�

DM interaction as in Eq. 1. Both of these variations can give rise to
thermal LDM as discussed above.

2.2 Muon Anomalous Magnetic Moment

It is well known that a light, sub-GeV scale gauge boson (either a kinetically mixed
dark photon, or a leptophilic gauge boson that couples to muons) can ameliorate the
⇠ 3.5� discrepancy between the theoretical prediction and experimental observation
of the muon’s anomalous magnetic moment [4]. Although there are many active
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lium target, and into a cooling air gap (which is inside
the neck of the aluminum horn). After leaving the horn
the protons enter the air-filled decay pipe, and finally
reach the beam dump located 50m downstream of the
target location, as illustrated in Fig. 5. Running in this
mode reduces the number of charged mesons that are
generated in the thin beryllium target.

Be

Target

EarthAir

Decay Pipe

Steel

Beam Dump MiniBooNE Detector

p
⇡0

V

�

�†

�
N

�
50m 4m 487m

FIG. 5. The production of dark matter in o↵-target run-
ning [19].

The charged mesons that are produced in a thin target
will escape and produce decay-in-flight neutrinos, while
within the beam dump, the charged mesons are absorbed
or decay-at-rest within a few radiation lengths, as illus-
trated in Fig. 6. This is in comparison with neutral

Thin
Target

Beam

⇡0
�

⇡0
�

⇡±
⌫

⇡± ⌫

Decay-in-flight due to
short life time

Decay-in-flight after
leaving target

Thick
Target

Beam

⇡0
�

⇡0
�

⇡±
⇡±

Decay-in-flight due to
short life time

Absorbed or decay-
at-rest) reduced neu-
trino flux

FIG. 6. (top) Production of dark matter and neutrino when
the beam hits a thin target. (bottom) The production of dark
matter and suppression of neutrino generation when the beam
hits a thick target.

mesons that will decay-in-flight due to their short life-
times. The neutral mesons could decay into a dark pho-
ton which would then decay into two dark matter par-
ticles, as shown schematically in Fig. 5. The horn was
turned o↵ during this run so no charged particles gen-
erated would be (de)focused. For the rest of this paper,

this mode of running will be denoted as o↵-target, since
the beryllium target and horn were not removed from the
beamline.
The decay pipe and beam dump are buried in crushed

aggregate. There is a metal end cap at the downstream
end of the decay pipe which prevents aggregate from en-
tering the pipe. The beam dump consists of 104 inches
of steel followed by 36 inches of concrete and another 26
inches of steel in the beam direction. A detailed study of
the neutrino flux coming from the BNB in on-target mode
seen in the MiniBooNE detector using theGEANT4 [32]
simulation package BooNEG4Beam can be found in
Ref. [33]. On-target running consisted of neutrino, and
anti-neutrino modes. The simulations were updated to
study the o↵-target beam configuration and are described
below.

A. Beam O↵-Target BNB Simulation

BooNEG4Beam was updated to include materials in
the beamline that would have changed the neutrino-mode
flux �⌫ by less than a percent but are important for the
o↵-target beam configuration. Fig. 7 shows a schematic
of the beamline geometry around the target, pointing out
the materials that were added. An aluminum window at

FIG. 7. The simulated geometry around the target. Those
listed with an asterisk were added for the o↵-target simula-
tion. The added materials change the neutrino-mode flux by
less than a percent.

the end of the horn and a steel end cap with a small gap
of air between the end of the beam pipe and the steel
beam dump were also added. Except for the windows
and the end cap, the other materials that were added
are hollow around the beam center, and do not add to
the primary meson production during on-target running.
The starting beam parameters for the o↵-target simu-
lations were chosen by in situ measurements from two

MiniBooNE  Collaboration arXiv1807.06137  
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which the thermal target is largely an invariant under varia-
tion of couplings and of mass hierarchies.

A. Mediator Model Building

Unlike weak-scale WIMPs, which realize successful
freeze-out with only SM gauge interactions, sub-GeV DM is
overproduced in the absence of light (⌧ mZ) new mediators
to generate a sufficiently large annihilation rate [29, 30]. To
avoid detection thus far, such mediators must be neutral under
the SM and couple non-negligibly to visible particles.

If SM particles are neutral under the new interaction, a

renormalizable model (without additional fields) requires the
mediator to interact with the SM through the hypercharge,
Higgs, or lepton portals

Bµ⌫ , H
†
H , LH, (1)

for vector, scalar, and fermionic mediators, respectively.
However, coupling a fermionic mediator to the lepton por-
tal requires additional model building4 and scalar mediators,
which mix with the Higgs are ruled out for predictive mod-
els in which DM annihilates directly to SM final states (see

4 A fermionic mediator coupled to the lepton portal requires additional
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(a) vector portal (b) leptophobic

FIG. 24. Comparison of the MiniBooNE confidence level limits (solid lines), and sensitivities (dashed lines) to other experiments
for (a) Y as a function of m� assuming ↵D = 0.5 and mV = 3m� and (b) in the leptophobic dark matter model with mV =
3m�. An explanation of vector portal limits lines was given in Refs. [9, 29, 36–38]. An explanation of the leptophobic limit
lines was given in Refs. [8, 34, 35].
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Figure 2. We show a slice of the vector portal dark matter parameter space with ↵D = 0.1
and mV = 3m�. The solid (dotted) black lines show the parameter space for which a complex
scalar (Majorana) dark matter candidate coupled to a DP reproduces the observed dark matter
relic density. The blue shaded region is excluded by the NO⌫A experiment, while the gray shaded
region is excluded by a recast of a physics analysis of BEBC. The other dotted lines show the
projected sensitivity of a new physics analysis of 1021 POT of data for MiniBooNE, ICARUS,
and MicroBooNE taking data from the NuMI beamline. SBN is too far off-axis to provide much
sensitivity to vector portal dark matter produced by the NuMI beamline, and is not shown.

• ICARUS rules out the Majorana thermal target for masses between 6 and 50 MeV.
This result is highly complementary to Belle II and not far from the reach of SHiP
[36], as shown in Fig. 2. We limit our off-axis analyses to MicroBooNE and ICARUS,
as SBND was found to be too far off-axis to achieve good acceptance.

• Our final conclusion is that existing and past facilities can compete with future and
proposed experiments sensitivity [36] in a completely parasitic way to their neutrino
program.
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states exceeds ⇠ 100 keV, upscattering at direct detection ex-
periments is kinematically forbidden and loop-induced elastic
scattering is small, so this scenario can likely only be discov-
ered or falsified using accelerators. We leave the possibility of
one-loop elastic scattering at recently proposed electron direct
detection experiments for a future study.

At fixed-target experiments, the inelastic interaction re-
sponsible for setting the relic abundance yields a variety of
observable signatures arising from the boosted �1�2 system,
which is produced in a proton or electron beam collision with
target nuclei. Once produced, either state can scatter off parti-
cles in a downstream detector, thereby generating an observ-
able signal. In addition, the boosted �2 can also survive out
to the detector and decay semi-visibly via �2 ! �1e

+
e
� to

directly deposit a visible signal as it passes through the active

volume.

Using these signatures, we have extracted existing con-
straints on this scenario by reinterpreting old LSND and E137
data. To this end, we have generalized the analyses in [54] (for
LSND) and [49] (for E137), which focused on the scattering
signatures of elastically coupled DM. In our analysis, we have
demonstrated that there are several new signatures to which
these older experiments are sensitive if DM couples inelasti-
cally. In particular, we find that E137 and LSND already place
nontrivial bounds on the parameter space that yields sub-GeV
thermal coannihilation for a variety of DM masses, mass split-
tings, and coupling strengths.

We have also studied the prospects for future decay and
scattering searches at the existing MiniBooNE (proton beam)
experiment and the proposed BDX and LDMX (electron
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Figure 5: Top: Same as Fig. 2, but for an inelastic Majorana DM scenario in which
the A

0 decays to a pair of di↵erent mass eigenstates. The unstable �2 decays in flight,
so the flux at the detector is dominated by �1 states which upscatter o↵ electron,
nucleon, and nuclear targets (bottom) to regenerate the �2 state. Subsequently, the
�2 promptly de-excites in a 3-body �2 ! �1e

+
e

� process, depositing significant ⇠

GeV scale electromagnetic signal inside the BDX detector.

discrepant value of (g � 2) of the muon, in particular the mA0 � m� and ↵D � ✏

regime.
In the following we describe the various searches and comment on their sensitivity.

The paradigm of DM interactions with the SM o↵ers three broad possibilities to search
for it: accelerators, direct, and indirect detection. The first relies on production of
DM, either directly, or through the production and decay of a mediator such as the
A

0. The second approach seeks to directly detect the interaction of DM particles from
the halo, as they pass through the earth. In the third, DM annihilation in the early
Universe could a↵ect cosmological observations; or alternatively, in the present day,
DM could annihilate in dense regions such as the center of our galaxy — giving rise
to final state SM particles that one can look for. We briefly discuss previous, current,
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We explore the sensitivity of the Deep Underground Neutrino Experiment (DUNE) near
detector and the proposed DUNE-PRISM movable near detector to sub-GeV dark matter,
specifically scalar dark matter coupled to the Standard Model via a sub-GeV dark photon.
We consider dark matter produced in the DUNE target that travels to the detector and
scatters o↵ electrons. By combining searches for dark matter at many o↵-axis positions with
DUNE-PRISM, sensitivity to this scenario can be much stronger than when performing a
measurement at one on-axis position.

I. INTRODUCTION

Although dark matter (DM) is undoubtedly present
in our universe, its detection via non-gravitational ef-
fects has eluded us [1–16]. One well-motivated hypoth-
esis regarding DM is that, in the early universe, it was
in thermal equilibrium with the standard model (SM)
plasma before its interactions froze out, resulting in a
relic abundance that persists today [17]. One scenario
that fits this description is that of a light dark sector
where a DM particle interacts with the SM via a new
gauge boson.

Recently, significant attention has been paid to the
prospects of detecting sub-GeV DM in neutrino de-
tectors, leveraging the accompanying intense proton
beams of these experiments [18–27]. DM can be pro-
duced in the collision of protons on a target and travel
to a near detector, interacting with nuclei or electrons
– Fig. 1 provides a schematic picture of this concept.
Since DM interactions would look very similar to neu-
tral current neutrino interactions, a usual way to re-
duce the neutrino background is to look at events o↵
the beam axis [22, 26]. Neutrinos come from charged
meson decays, which are focused by a magnetic horn
system in the forward direction, while DM is produced
via the decay of neutral, unfocused mesons. There-
fore, the signal-to-background ratio of DM to neutrino
events grows for larger o↵-axis positions.

In this paper, we focus on the possibility of
the future Deep Underground Neutrino Experiment
(DUNE) [30] to probe such a DM scenario. Specifically,
we focus on the proposed DUNE-PRISM concept [29]
in which the near detector moves up to ⇠36 m o↵-
axis. We show that performing searches for DM at
several o↵-axis locations provides a sensitivity much
stronger than performing a search at any one location

FIG. 1. Schematic setup of the proposed search for dark
matter using DUNE-PRISM. This diagram is not to scale.
See Refs. [28, 29] for more detailed schematics.

by reducing correlated uncertainties regarding the neu-
trino/DM flux and cross sections. Even with reduced
statistics from moving o↵-axis, such a search can probe
significantly more parameter space for the light dark
matter scenario with the same amount of time collect-
ing data.

This manuscript is organized as follows: in Sec-
tion II, we discuss how such light dark matter par-
ticles are produced in a neutrino facility. For clarity,
we focus on scalar DM; fermionic DM is discussed in
the Appendices. Section III discusses the signals (and
their associated backgrounds) of interest for this study.
We also discuss the advantages of having both on- and
o↵-axis measurements concretely, and explain our sta-
tistical procedures for this search. Section IV discusses
existing limits on this scenario and presents our results,
and finally, Section V o↵ers some concluding remarks.
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V. DISCUSSION & CONCLUSIONS

In this paper we have estimated the sensitivity of
the future DUNE experiment to light dark matter
models taking into account the potential of the DUNE-
PRISM detector. Two scenarios were considered for
the estimate: scalar and fermionic dark matter be-
low the GeV scale which interacts with the SM par-
ticles via a light dark photon kinetically mixed with
the photon. We have found that, in both cases, the ex-
perimental sensitivity is substantially increased by the
DUNE-PRISM ability to look at events o↵ the beam
axis. An analysis with DUNE-PRISM will allow sen-
sitivity to reach regions of parameter space predicted
by simple, thermal relic dark matter models – this will
not be possible without a moving near detector.

In this way, DUNE-PRISM will be competitive with
dedicated experiments in probing light dark matter
scenarios. Specifically, we find that DUNE-PRISM
will be sensitive to values of "2 only a factor of ⇠ 3††

higher than those probed by phase I of LDMX, an ex-

†† Assuming ↵D = 0.1 and at MA0 = 3M� = 90 MeV. At smaller
DM masses (or larger ↵D) this factor could get slightly worse,
but not larger than ⇠ 7.

periment designed specifically to search for light dark
matter [89]. In this work we have shown that DUNE-
PRISM, an experiment that is very likely to occur due
to other scientific goals, will have competitive sensi-
tivity to future, dedicated experiments. This fact is
non-trivial and had not been previously shown in the
literature.
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where FHelm is the Helm’s form factor [61, 62]. Equa-
tion 7 makes corrections to a previous treatment of co-
herent scattering in the literature found in [60] and is
consistent up to spin-dependent e↵ects with [63].

The coherent cross section in the leptophobic case is
very similar to Eq. 7, only di↵ering in overall coupling
factors [60],

d��A

dT
=

2⇡Q2

B↵B↵DmA(T � 2E�)2

(E2
� �m2

�)(q
2 +m2

V )
2

, (9)

where ↵B = g2
B
4⇡ and

QB = FHelm(q
2)A. (10)

Note that the VB couples to baryon number rather than
hypercharge, so the number of protons Z is replaced by
the total number of nucleons (baryons), A.

The coherent scattering cross sections in Eq. 7 (vector
portal model) and Eq. 9 (leptophobic model) determine
the shape of the sensitivity curves shown in Figs. 20 (a,b).
The factor of (q2 +m2

V )
2 in the denominator divides the

cross section into regimes that are independent of the
dark photon mass and scale as q�4 when q2 ⌧ m2

V , and
regimes that scale as m�4

V when the opposite condition is
true. This is reflected in the plots as a flattening of the
sensitivity curve at low mV = 3m� because the cross sec-
tion becomes independent of mV . The exact point where

this change-over occurs depends on the minimum value of
q2, and therefore the recoil energy threshold adopted. At
large values of mV , the curves rapidly become dominated
by suppression in the production due to mV ⇡ m⇡0 (see
Eq. 4), and the sensitivity to the model weakens.

C. Additional Physics Goals: Inelastic
neutrino-argon scattering

Neutrinos produced at the Lujan Center can also scat-
ter o↵ the argon nucleus in the CCM detector via CC
or NC inelastic scattering process that are relevant for
supernova neutrino physics since the decay-at-rest neu-
trino spectrum produced at the Lujan Center signifi-
cantly overlaps with the expected supernova neutrino
spectrum. Incidentally, the detection of the burst of tens-
of-MeV neutrinos from the galactic core-collapse super-
nova is one of the primary physics goals of the DUNE
experiment [64]. But the inelastic neutrino-nucleus cross
sections in this tens-of-MeV regime are quite poorly un-
derstood. There are very few existing measurements,
none at better than the 10% uncertainty level, and no
measurement on the argon nucleus is performed to date.
As a results, the uncertainties on the theoretical calcula-
tions of neutrino-argon cross sections are not well quan-
tified at these energies, and are expected to be large. In
the inelastic NC or CC scattering, the neutrino excites

DM production from neutral pion decay

DMNI funded, first round

800 MeV proton beam 
~ 1e22 POT luminosity

3

10

Beam

p �!

Target Detector

�i

�

A�
�0, �

�1

�2

A�

�i �j

T T

�1�2

f�

f+A�and/or

Beam

e/p �!

Target/Dump Detector

�i

A�

Z

e/p

e/p

�1

�2

p

Z

�

A�
�0, � �1

�2

A�

�i �j

T T

and/or

�1�2

f�

f+A�

FIG. 2. Inelastic DM production at electron and proton beam dump experiments via dark bremsstrahlung and meson decay. The resulting
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FIG. 3. Inelastic DM production at electron beam fixed-target missing energy/momentum experiments. Left: Setup for an LDMX style
missing momentum experiment [2, 18] in which a (⇠ few GeV) beam electron produces DM in a thin target (⌧ radiation length) and thereby
loses a large fraction of its incident energy. The emerging lower energy electron passes through tracker material and registers as a signal event
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instrumented, active target volume [19]. As with LDMX, the instrumented region serves to verify that the beam electron has abruptly lost most
of its energy and that there is no additional SM activity downstream.

for vector, scalar, and fermionic mediators, respectively.
However, coupling a fermionic mediator to the lepton por-
tal requires additional model building1 and scalar mediators,
which mix with the Higgs are ruled out for predictive mod-
els in which DM annihilates directly to SM final states (see
Sec. II C and [26] for a discussion of this issue), so we restrict

1 A fermionic mediator coupled to the lepton portal requires additional
model building to simultaneously achieve a thermal contact through this
interaction and yield viable neutrino textures; the coupling to the mediator
must be suppressed by neutrino masses, so it is generically difficult for the
interaction rate to exceed Hubble expansion.

our attention to abelian vector mediators; a nonabelian field
strength is not gauge invariant, so kinetic mixing is forbidden.

Alternatively, the mediator could couple directly to SM
particles if both dark and visible matter are charged under
the same gauge group. In the absence of additional fields,
anomaly cancellation restricts the possible choices to be

U(1)B�L , U(1)`i�`j , U(1)3B�`i , (2)

and linear combinations thereof. In most contexts, the rele-
vant phenomenology in fixed-target searches is qualitatively
similar to the vector portal scenario, so below we will ignore
these possibilities without loss of essential generality. We
note, however, that viable models for both protophobic [27]

DM rescattering downstream in
10 ton LAr scintillating detector 

DM search complements CEvENs program
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data with 1020 POT. The reach of a single-hit analysis is shown in blue and that of a double-hit analysis, requiring that the two
hits line up with the target, is shown in red. Existing limits from other experiments, including SLAC MilliQ [16] and collider
experiments [26–29], are shown in grey.

have zero hits with the remaining frames containing one or, in rare cases, more hits. Here a hit corresponds to an
energy deposition above the detector threshold around MeV. For our background estimates we will thus assume an
average number of hits of phit ' 0.128 per frame6. Since this number is smaller than unity, it can also be interpreted
approximately as the probability for a hit per frame per ArgoNeuT-sized volume. With this assumption the fraction
of n-hit frames is (pnhit/n!) following from Poisson statistics.

With these assumptions the number of single-hit events in the ArgoNeuT dataset is

N1 hit = Nframes ⇥
X

n

n⇥ exp(�phit)
pnhit
n!

= 4.2 ⇥ 105 . (16)

The number of double-hit events will be a factor of phit/2 smaller. However most double hit events can be rejected due
to mis alignment with the target. Considering the first hit in a double hit event, only a small fraction of the detector
volume, of order (�x �y/�x�y), will be appropriately aligned. Assuming both hits are randomly distributed in the
detector volume the number of the number of double hit events that are aligned with the target will approximately

N2 hit = Nframes ⇥
X

n

✓
n

2

◆
⇥ exp(�phit)

pnhit
n!

= 2.7 ⇥ 104 , (17)

amongst which the number of doublet background aligned to the target are,

Naligned
2 hit = N2 hit ⇥

✓
�x

�x

�y

�y

◆
= 0.24. (18)

To summarize, in going from single to double hit events the signal rate for the ✏ = 3⇥ 10�3 benchmark has decreased
by a factor of L/� ⇠ 10�4 while the background rate has dropped by ⇠ 10�6, mostly due to the high spatial resolution
in liquid argon.7

To estimate the sensitivity of this search strategy we plot in Figure 4 the expected limit ArgoNeuT can place
on the mCP parameter space. We consider both single and double-hit limits. For the single-hit limit (blue), we

6 Assuming the background hits are independent, the average number of hit follows a Poisson distribution. Given that 88% of empty
frames has zero hits, phit = � log(0.88) ' 0.128. The probability for these empty frames to have one, two or three hits are hence, 11.2%,
0.7%, 0.03%, which can be used to validate if the background assumption in a calibration process.

7 We note that the induced uncertainty from spatial resolution of �x and �y when projected back to the target location also depends on
the doublet seperation in the z direction. The doublets that are adjacent in the z direction, their uncertainties will be larger. After
convoluting with the z direction distributions of the backgrounds, the expected number of background events becomes around 1.8.
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I. INTRODUCTION

A vital component in the quest for new particles beyond the Standard Model (SM) is the search for new light
states, at or below the GeV scale, that are very weakly coupled. A particularly simple possibility that realizes this
is the introduction of new particles that carry a small electric charge, so-called millicharged particles (mCPs). In
their simplest form, they may be introduced as just that, new particles that violate the quantization of charge seen
in the SM. Millicharged particles can also arise more elegantly in the low energy limit of a theory in which a new
dark photon kinetically mixes with the visible one [1]. Millicharged particles could make up part of the dark matter
in the Universe [2–10] and this possibility has recently attracted attention in the context of the EDGES 21 cm
anomaly [11–13].

In this work, we propose to search for mCPs in liquid argon (LAr) detectors in neutrino beams. We will show that
ArgoNeuT [14], one of the first and smallest such detectors, can already probe new regions of the mCP parameter
space with existing data. Millicharged particles can be produced at any intense fixed target setup via the decay of
mesons or through bremsstrahlung. In particular, they will be produced in the target that is struck by a proton beam
to produce neutrinos. Due to their small charge, mCPs will, for the most part, travel in an approximately straight
path through magnetic fields and shieldings, traversing the neutrino near detectors.

LAr detectors are well suited to search for these particles. At the microphysical level, high energy millicharged
particles interact with matter similarly to their charged counterparts through soft ionizing collisions, though with
reduced rates. It has recently been shown that LAr detectors can resolve the individual collisions down to a threshold
of around MeV or less [15]. The mCP signal thus consists of one or more soft hits within the detector volume. In
the case of two or more hits, we will show that signal events will be aligned with the target in which the mCPs were
produced as shown in Figure 1. In contrast, background double hit events will be uniformly distributed in the detector
volume and will only rarely align with the target. A central result of this work is that searching for two or more hits
that are in line with the production target can be used to reduce the backgrounds and improve the reach e↵ectively.

Laboratory-based limits on mCPs have been placed by the milliQ experiment at SLAC [16]. More recently more
search strategies have been proposed, both in a dedicated experiment at LHC (milliQan) [17] and other fixed-target
setups [18]. During the preparation of this work, Ref. [19] has also suggested a search for mCPs in neutrino detectors,
including miniBooNE, microBooNE, and SBND using the booster 8 GeV beam line and with the future DUNE LAr
Near Detector (DUNE ND)1.

The paper is structured as follows. In section II we discuss the production of mCPs in the NuMI beamline (120
GeV) which primarily proceeds via meson decay and bremsstrahlung for high masses. We will also consider the small
matter e↵ects on mCPs en route to the detector. In Section III we describe the interaction of mCPs in liquid Argon
and consider the signal rate for single- and double-hit events. In Section IV we discuss the background rates in
ArgoNeuT and estimate the reach of a dedicated analysis with existing data. In Section V we discuss some of the

target

target

detector

detector

signal

background

FIG. 1. In a signal double-hit event, the line that is defined by the two hits will point to the target (top), whereas in a
background double-hit event, it generically will not (bottom). Searching for double-hit events can thus lead to an enhanced
signal to background ratio.

1 Ref. [19] only considered single-hit events. Our work generally agrees with the signal rates in this study, though we will take a more
conservative approach to backgrounds in LAr and assume uncertainties are systematic in nature. To this end, the use of the multi-hit
signal for suppressing backgrounds will allow for a nearly background-free search. An additional di↵erence is that here we consider the
use of the existing 120 GeV NuMI beam line with ArgoNeuT, which will cover a sizable new parameter regime already.
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accelerator beams are such that the plasmon is easily ac-
cessible kinematically. Setting � = 1 in Eq. (2), we can
write �int as the interaction cross section defined via,

�int =

Z 1

!0

d!
d�

d!
(� = 1) . (3)

mCP DETECTION WITH SENSEI

Once the mCP interacts with the detector, the likeli-
hood of an electron recoil ionizing 1�6 e� in the detector,
which corresponds to (⇠1.2–20 eV) energy depositions,
is determined by the model outlined in [52]. In order
to include this effect that directly impacts energy recon-
struction, the cross-section calculated via Eq. (3) must be
convolved with the probability of producing electron-hole
pairs for each individual channel yielding the detection
cross section �det.

We calculate the expected number of events at our de-
tector as

N(",m�) = A�T

Z
�(", E�,m�)P (hits � 1)dE�, (4)

where A is the detector area, �(", E�,m�) is the flux of
millicharged particles, �T is the total exposure and

P (hits � 1) = 1� e�L/�, (5)

is the probability of interaction set by the mean free path
� = (ne�det)�1, which depends on the particle millicharge
" and the electron number density ne.

When L/� is small, P (hits � 1) ⇡ L/�. Substituting
this probability in Eq. (4) makes it clear that the number
of expected events depends solely on the detector volume,
and that no geometric effects need to be considered. For a
general discussion involving geometric effects, see Ref [53].

In addition, since the bulk of the flux from an acceler-
ator source is highly boosted, to a very good approxima-
tion, Eq. (4) can be reduced to

N(",m�) = Ne�fast(",m�)�det , (6)

where �fast(",m�) is defined as the total flux of mCPs
with boosts larger than � = 3 (as shown in Fig. 3), and
Ne is the number of electrons in the SENSEI detector.
The reduced form of Eq. (6) underscores the fact that the
limits set by SENSEI are primarily sensitive to the inte-
grated flux of mCPs, and are insensitive to the detailed
shape of the spectrum.

In Fig. 4, we show the 95% C.L. constraints on the
mCP parameter space from the published SENSEI data,
which is reproduced in Table I, and compare these con-
straints with the existing bounds from other experiments.
This limit was calculated for each electron channel inde-
pendently, taking into account their different backgrounds
and then combined using a frequentist approach based on
the likelihood ratio as in [32]. We see that we improve on
previous bounds by as much as a factor of 2 in the mass
range 100 MeV to 210 MeV.

Figure 4. Cyan line/region shows the 95% C.L. limit on
mCPs from the SENSEI data collected in the MINOS cav-
ern in 2020. Gray line/region shows constraints from other
experiments [12, 54–57]

CONCLUSION

In this work, we set new constraints on millicharged
particles using data from the SENSEI 2020 run [32]. The
very low background and low detection threshold of the
Skipper-CCD installed in the MINOS cavern at Fermilab
enables a very sensitive search for these proposed parti-
cles.

By utilizing a validated GPAW calculation against pub-
licly available electron energy loss spectroscopy data, the
interaction cross-section between mCPs and silicon was
computed. The bulk plasmon effects play a critical role
in this interaction due to the fact that the particles com-
ing from the NuMI beamline can easily access the plas-
mon energies and excite electrons well above the SENSEI
threshold.

This result provides the most stringent limits to date in

SENSEI @ NuMI 2305.04964 
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As a byproduct of reaching the important milestones associated with predictive models for the origin of 

dark matter, these experiments will also broadly explore the parameter space for dark matter 

interactions with familiar matter, irrespective of its cosmological origin, including dark matter much 

lighter than the electron.  In the following, we summarize the key capabilities of each technique and 

their general beam and detector requirements, with examples of DOE facilities that would enable them. 

 

 
Figure 2-3: A schematic of accelerator-based techniques which probe Big Bang dark matter production. 
 

Missing momentum experiments (see Figure 2-3, center) in a continuous-wave electron beam offer a 

path to achieving a full 1000-fold or better improvement compared with existing sensitivity over a broad 

range of dark matter masses.  These high-rate, single-particle measurements capitalize on precise and 

modern fast-response and radiation-tolerant detector technologies.  Moreover, they can use kinematic 

techniques to measure dark matter mass and interaction properties in the event of a discovery.  Multi-

GeV continuous-wave electron beams are necessary to enable electron missing-momentum 

experiments.  DOE facilities providing such beams include SLAC (LCLS-II) and Jefferson Laboratory 

(CEBAF).  Concepts for LCLS-II operation would parasitically extract a low-current electron beam in 

parallel with light source operation, while concepts for CEBAF operation would involve dedicated beam 

time in one of Jefferson Laboratory’s experimental halls.  A new dedicated detector operating on a 
muon beamline delivering O() muons per minute could be developed, for example, by upgrading a 

secondary muon beamline.  With this beamline, FNAL could perform missing momentum searches 

similar to those utilizing electron beams, perhaps with the same type of detector.  Although further 

studies are still needed, these experiments may reach 10-to-100-fold sensitivity gains over existing 

experiments for dark matter heavier than the muon and can also uniquely test the interaction between 

dark matter and muons. 

 

Beam dump experiments (Figure 2-3, right) using existing electron or proton beams are capable of at 

least 10-fold sensitivity improvements over previous experiments.  Additional measurements of the 

properties of dark matter can be performed in the event of a discovery.  Electron beam-dump 

experiments rely on high-intensity electron beams.  Parasitic use can be made of high-intensity electron 

Three “Big Ideas”

15 

beams, such as those delivered by CEBAF or LCLS-II, by placing a detector in a new experimental hall 
built downstream of their beam dumps.  Proton beam dumps offer comparable reach, with unique 
sensitivity to nucleon couplings, and can be realized at several facilities.  Existing infrastructure can be 
exploited in various ways: for example, by steering the FNAL Booster Neutrino Beam (BNB) proton beam 
into an upgraded beam dump and looking for dark matter scattering in existing neutrino detectors, or by 
operating new coherent neutrino-nucleus scattering detectors during routine operations of intense low-
energy proton stopped pion sources, such as SNS or LANSCE.  These approaches can expand the dark 
matter search sensitivity below the proton mass.  Placing a new and improved detector on a high-energy 
proton beamline, such as the Fermilab’s Main Injector 120 GeV (1.2 x  eV) beamline, would extend 
sensitivity to higher mass. 
 
Thrust 2 (near term and long term): Explore the structure of the dark sector by producing and 
detecting unstable dark particles. 
 
Accelerator-based experiments are the only type of experiment capable of producing not only dark 
matter, but other related particles (the “dark sector”).  The latter class of particles can be detected 
through their decays into ordinary matter.  Two key examples are decays of (i) a new force carrier into 
two particles of visible matter and (ii) additional particles charged under these forces into a dark matter 
particle accompanied by familiar particles.  The second signal is illustrated in Figure 2-4. 
 

 
Figure 2-4: Schematic of accelerator-based techniques that can explore the structure of the dark sector using 
spectrometer-based experiments. 
 
The decays of unstable dark sector particles may produce detectable signals in the beam dump or 
missing momentum experiments motivated by Thrust 1.  For example, semi-visible excited states of dark 
matter may be sufficiently long-lived that their decays are seen in a beam dump experiment, while late 
decays of force carriers may occur in the detector volume of a missing momentum experiment.  These 
dual capabilities underscore the inherently multi-purpose nature of these experimental concepts, the 
full capabilities of which are a subject of ongoing research.  
 
In addition, the requirement of a dark sector motivates spectrometer-based experiments more directly 
tailored to searching for unstable dark sector particles.  These experiments aim to identify and measure 
the visible products of a dark sector particle’s decay  ̶  typically with much shorter baselines than beam 

2
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FIG. 1: Schematic layout of an LDMX-like experiment. The missing momentum channel, in which most of
the beam energy and momentum is lost in a reaction occurring in a thin upstream target, is illustrated on the
left. The emitted particle either decays invisibly, e.g., to dark matter, or it is long-lived and decays outside
of the detector to SM final states. The visible displaced decay channel, in which a nearly full beam energy
electromagnetic shower occurs far beyond the range of normal showers in the ECAL, is illustrated on the
right. This signal is produced when a long-lived particle (LLP) decays far inside the detector, initiating a
displaced electromagnetic shower.

BaBar [19], Belle [20], or those at the LHC [21]. To see why this should be the case, it is worth
reviewing a few experimental aspects of LDMX, as this will help the reader understand later
sections of the paper.

LDMX is designed primarily to measure missing momentum in electron-nuclear fixed-target
collisions with a 4 GeV � 16 GeV electron beam, though the use of a muon beam has also been
suggested [6]. To facilitate this measurement, the beam options under consideration are all high
repetition rate (more than 40 MHz) and have a large beam spot (at least a few cm2). In this way,
an appreciable number of individual electrons can be separated and measured. The upstream part
of the detector consists of a silicon tracker inside a dipole magnet, the purpose of which is to tag
and measure the incoming momentum of each and every beam particle. The beam particles then
impact a thin (10%�30% of a radiation length) target. Tungsten is often the target considered. The
target region defines the location where potential signal reactions are measured. A silicon tracker
downstream of the target measures the recoil electron, and this is used to establish a measure of
the momentum transfer in the collision. Downstream of this system are both an electromagnetic
calorimeter (ECAL) and hadronic calorimeter (HCAL) designed to detect the presence of charged
and neutral particles.

The signal of DM or other invisible particle production is a large energy loss by the electron
(usually accompanied by sizable transverse momentum exchange), with no additional activity in
the downstream calorimeters beyond that expected by the soft recoiling electron. This defines
the missing momentum channel used in our studies, and a cartoon for a signal reaction of this
type is shown in the left panel of Fig. 1. This channel’s great strength is its inclusivity. LDMX’s
measurements in this channel will apply to a broad range of models over a range of mass extending
from ⇠ GeV to well below the keV-scale – this is shown in Secs. III and IV.

While the missing momentum channel forms the basis of the LDMX design, the instrumenta-
tion required for this measurement also enables a second, complementary search for penetrating
electromagnetic showers that occur far beyond the typical range of showers in the ECAL. Trigger-
ing on such events should be possible using energy deposition near the back of the ECAL or front
of the HCAL. This defines what we refer to as the visible displaced decay channel in this paper,
and a cartoon for a signal reaction is shown in the right panel of Fig. 1. An analogous displaced-
decay search has recently been performed by NA64 [22], but we emphasize that, unlike NA64, we
consider here a visible decay search with the unmodified LDMX detector. Relative to the missing
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a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
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Figure 2: a) ��̄ pair production in electron-nucleus collisions via the Cabibbo-Parisi
radiative process (with A

0 on- or o↵-shell) and b) � scattering o↵ an electron in the
detector.

vated for LDM which is safe from CMB constraints [3]. and has striking implications
for possible signatures at BDX.

2.1.2 Leptophilic A
0 and Dark Matter

A similar scenario involving a vector mediator arises from gauging the di↵erence
between electron and muon numbers under the abelian U(1)e�µ group. Instead of
kinetic mixing, the light vector particle here has direct couplings to SM leptonic
currents

A
0
�
J
�

SM
! gV A

0
µ

�
ē�

�
e + ⌫̄e�

�
⌫e � µ̄�

�
µ + ⌫̄µ�

�
⌫µ

�
, (7)

where gV is the gauge coupling of this model, which we normalize to the electric
charge, gV ⌘ ✏e and consider parameter space in terms of ✏, like in the case of kinetic
mixing. Note that here, the A

0 does not couple to SM quarks at tree level, but it
does couple to neutrinos, which carry electron or muon numbers. Note also that this
scenario is one of the few combinations of SM quantum numbers that can be gauged
without requiring additional field content. Assigning the DM e�µ number yields the
familiar gDA

0
�
J
�

DM interaction as in Eq. 1. Both of these variations can give rise to
thermal LDM as discussed above.

2.2 Muon Anomalous Magnetic Moment

It is well known that a light, sub-GeV scale gauge boson (either a kinetically mixed
dark photon, or a leptophilic gauge boson that couples to muons) can ameliorate the
⇠ 3.5� discrepancy between the theoretical prediction and experimental observation
of the muon’s anomalous magnetic moment [4]. Although there are many active
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Figure 4: The NA64 90% C.L. current (solid) [19] and expected (dotted light blue) exclu-

sion bounds for 5 ⇥ 1012 EOT in the (m�, y) and (m�,↵D) planes. The combined limits

from NA64e and NA64µ are also shown for 1013 EOT plus 2⇥ 1013 MOT (dashed blue).

The black solid curves show the favoured parameters to account for the observed DM

relic density for the scalar, pseudo-Dirac and Majorana type of light thermal DM, see e.g.

Ref. [12]. The limits are calculated for ↵D = 0.1 and 0.5, and mA0 = 3m�. The results are

also shown in comparison with bounds obtained from the results of the LSND [43, 44, 45],

E137 [46], BaBar [47] and MiniBooNE [48] experiments.

6 Conclusions

In this paper we considered the NA64 discovery perspectives of sub-GeV thermal dark

matter by running the experiment in electron and muon modes at the CERN SPS. Re-
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planned suite of electron scattering experiments in the next decade [], this model is an example
of a scenario to which direct-detection experiments are blind but which can be decisively tested
with fixed-target experiments.

We emphasize that Phase 1 is “shovel-ready” and can be completed with minimal modifications
to the Fermilab muon source and with only a few weeks of data taking. A null result would decisively
exclude any new physics explanation of the (g �2)µ anomaly from particles lighter than 1 GeV. 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, and the relevance of this
search to the thermal DM parameter space.

This paper is organized as follows. In section 2 we introduce our benchmark model; 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 our key findings; finally, in section 7 we o↵er some concluding
remarks.

2 Physics Motivation

In this section we present the physics motivation for a muon-specific mediator X. We begin by review-
ing the contributions of vector and scalar particles to (g �2)µ, and then present a concrete benchmark
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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
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See also [71] for other models relating thermal DM to (g � 2)µ.
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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
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As a byproduct of reaching the important milestones associated with predictive models for the origin of 

dark matter, these experiments will also broadly explore the parameter space for dark matter 

interactions with familiar matter, irrespective of its cosmological origin, including dark matter much 

lighter than the electron.  In the following, we summarize the key capabilities of each technique and 

their general beam and detector requirements, with examples of DOE facilities that would enable them. 

 

 
Figure 2-3: A schematic of accelerator-based techniques which probe Big Bang dark matter production. 
 

Missing momentum experiments (see Figure 2-3, center) in a continuous-wave electron beam offer a 

path to achieving a full 1000-fold or better improvement compared with existing sensitivity over a broad 

range of dark matter masses.  These high-rate, single-particle measurements capitalize on precise and 

modern fast-response and radiation-tolerant detector technologies.  Moreover, they can use kinematic 

techniques to measure dark matter mass and interaction properties in the event of a discovery.  Multi-

GeV continuous-wave electron beams are necessary to enable electron missing-momentum 

experiments.  DOE facilities providing such beams include SLAC (LCLS-II) and Jefferson Laboratory 

(CEBAF).  Concepts for LCLS-II operation would parasitically extract a low-current electron beam in 

parallel with light source operation, while concepts for CEBAF operation would involve dedicated beam 

time in one of Jefferson Laboratory’s experimental halls.  A new dedicated detector operating on a 
muon beamline delivering O() muons per minute could be developed, for example, by upgrading a 

secondary muon beamline.  With this beamline, FNAL could perform missing momentum searches 

similar to those utilizing electron beams, perhaps with the same type of detector.  Although further 

studies are still needed, these experiments may reach 10-to-100-fold sensitivity gains over existing 

experiments for dark matter heavier than the muon and can also uniquely test the interaction between 

dark matter and muons. 

 

Beam dump experiments (Figure 2-3, right) using existing electron or proton beams are capable of at 

least 10-fold sensitivity improvements over previous experiments.  Additional measurements of the 

properties of dark matter can be performed in the event of a discovery.  Electron beam-dump 

experiments rely on high-intensity electron beams.  Parasitic use can be made of high-intensity electron 

Three “Big Ideas”
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beams, such as those delivered by CEBAF or LCLS-II, by placing a detector in a new experimental hall 
built downstream of their beam dumps.  Proton beam dumps offer comparable reach, with unique 
sensitivity to nucleon couplings, and can be realized at several facilities.  Existing infrastructure can be 
exploited in various ways: for example, by steering the FNAL Booster Neutrino Beam (BNB) proton beam 
into an upgraded beam dump and looking for dark matter scattering in existing neutrino detectors, or by 
operating new coherent neutrino-nucleus scattering detectors during routine operations of intense low-
energy proton stopped pion sources, such as SNS or LANSCE.  These approaches can expand the dark 
matter search sensitivity below the proton mass.  Placing a new and improved detector on a high-energy 
proton beamline, such as the Fermilab’s Main Injector 120 GeV (1.2 x  eV) beamline, would extend 
sensitivity to higher mass. 
 
Thrust 2 (near term and long term): Explore the structure of the dark sector by producing and 
detecting unstable dark particles. 
 
Accelerator-based experiments are the only type of experiment capable of producing not only dark 
matter, but other related particles (the “dark sector”).  The latter class of particles can be detected 
through their decays into ordinary matter.  Two key examples are decays of (i) a new force carrier into 
two particles of visible matter and (ii) additional particles charged under these forces into a dark matter 
particle accompanied by familiar particles.  The second signal is illustrated in Figure 2-4. 
 

 
Figure 2-4: Schematic of accelerator-based techniques that can explore the structure of the dark sector using 
spectrometer-based experiments. 
 
The decays of unstable dark sector particles may produce detectable signals in the beam dump or 
missing momentum experiments motivated by Thrust 1.  For example, semi-visible excited states of dark 
matter may be sufficiently long-lived that their decays are seen in a beam dump experiment, while late 
decays of force carriers may occur in the detector volume of a missing momentum experiment.  These 
dual capabilities underscore the inherently multi-purpose nature of these experimental concepts, the 
full capabilities of which are a subject of ongoing research.  
 
In addition, the requirement of a dark sector motivates spectrometer-based experiments more directly 
tailored to searching for unstable dark sector particles.  These experiments aim to identify and measure 
the visible products of a dark sector particle’s decay  ̶  typically with much shorter baselines than beam 

3
https://www.osti.gov/servlets/purl/1659757
DM New Initiatives BRN Report (Kolb++)

(semi) visible decays
Probe DM’s “friends” w/ 

[+see Cari & Maxim’s talks]
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Figure 1. Layout of the SeaQuest spectrometer in its current form (adapted from Ref. [16]).

II. THE SEAQUEST EXPERIMENT

The SeaQuest spectrometer is currently operating at
Fermilab with access to the 120 GeV main injector proton
beam [17]. It is designed to study the sea quark content
of the proton by measuring Drell-Yan dimuon production
from the collision of protons with various nuclear and
polarized targets. Recently, the experiment has seen the
installation of a displaced vertex trigger [18–20], allowing
the detection of muons originating from the decays of
exotic long-lived and low-mass particles.

A schematic layout of the SeaQuest detector is shown
in Fig. 1. The detector extends up to ⇠ 25 m in length
and is comprised of a series of tracking/triggering and
muon-identification stations. A 5 m long magnetized iron
block (“FMAG”) is placed . 1 m downstream from a
thin nuclear target.1 This serves as a focusing magnet
and a beam dump for the relatively unattenuated pro-
ton beam. Its magnetic field imparts a kick of �pT '

2.9 GeV and e↵ectively sweeps away soft SM radiation,
aside from, e.g., high-energy neutrinos, muons, and neu-
tral mesons. An additional 3 m long open-aperture mag-
net (“KMAG”) is placed between the first two track-
ing stations and imparts a transverse momentum kick
of �pT ' 0.4 GeV in order to facilitate accurate mo-
mentum reconstruction.

SeaQuest o↵ers a unique combination of advantages
compared to previous and existing high-intensity experi-
ments. For instance, compared to electron beam dumps,
SeaQuest benefits from large particle production rates.
Compared to previous proton beam dumps, SeaQuest
operates at a higher energy than LSND [21] (⇠ 120 GeV
vs. ⇠ 0.8 GeV) and is sensitive to shorter decay lengths
than CHARM [22] (⇠ 1 m vs. ⇠ 100 m). Other high-
intensity proton beam experiments are expected to ac-
quire data in the near and more distant future. For in-
stance, NA62 [15] and the proposed SHiP experiment at

1 A 25 cm hole along the beam line is drilled into the front of
FMAG, in order to spatially separate events originating from
the nuclear target and the dump, without increasing single muon
rates from the decay of charged pions in flight.

CERN [13] will have access to the 400 GeV SPS beam.
However, these instruments will have a longer decay vol-
ume, thicker shielding, and a complementary sensitivity
to longer lifetimes (see Table I below). As we explore in
this work, SeaQuest can potentially probe large regions of
motivated and currently unexplored model space in the
near future with minor upgrades to the existing spec-
trometer.

A parasitic run at SeaQuest using the displaced vertex
trigger recently acquired ⇠ 3 ⇥ 1016 protons on target
(POT) of data in the search for long-lived particles [23].
The signal is a muon pair that is significantly displaced
from the front of FMAG. An additional run utilizing the
displaced muon trigger is expected to begin at the end
of 2018 and will acquire ⇠ 1.44⇥ 1018 POT in two years
of parasitic data taking, equivalent to ⇠ 35 ab�1 of in-
tegrated luminosity [24]. We will denote this luminosity
phase as “Phase I.” As another benchmark luminosity, we
also outline the SeaQuest reach with 1020 POT (“Phase
II”), a dataset similar to that of MiniBooNE [25] and
the proposed SHiP experiment, which could be collected
in the coming years as a result of the Fermilab Proton
Improvement Plan [26].

At SeaQuest, there are plans to install a refurbished
electromagnetic calorimeter (ECAL) from the PHENIX
detector at Brookhaven National Laboratory within the
next year [18, 19, 23]. This upgrade would allow
SeaQuest to measure energetic electrons, enlarging the
discovery potential for long-lived particles below the
dimuon threshold. In this study, we discuss the physics
goals that could be achieved after the proposed ECAL
upgrade. The optimal location for the calorimeter within
the spectrometer is uncertain, as is the specific form of
the displaced electron trigger. For concreteness, we as-
sume that the ECAL is installed between tracking sta-
tions 3 and 4, i.e., in place of the hadron absorber wall,
as shown in Fig. 1. In this case, tracking in station 4 can
be utilized for additional particle identification by func-
tioning as a muon veto. As noted in Ref. [16], it might
be necessary to add an additional small magnet after
FMAG in order to properly separate electron pairs. In
the remainder of this work, we assume that the electrons
are adequately separated and that SeaQuest’s vertexing

9

10-2 10-1 110-8

10-7

10-6

10-5

10-4

10-3

10-2

mA¢ @GeVD

e

A¢ Æ e+ e-

p0 Æ g A¢ h Æ g A¢

h ¢ Æ r 0
A ¢

h ¢ Æ g A ¢

w Æ p0 A¢

Brem.

10-2 10-1 110-8

10-7

10-6

10-5

10-4

10-3

10-2

mA¢ @GeVD

e

A¢ Æ e+ e-

BaBarNA48ê2

SN
LSNDêE137

CharmêNu-Cal

OrsayêU70

E774êE141

SeaQuest

Figure 5. Left panel: The projected Phase I SeaQuest sensitivity to the dark photon parameter space using the 5 m � 6 m
fiducial decay region. The various contours correspond to 10 dielectron signal events for dark photons produced from meson
(⇡0, ⌘, ⌘0,!) decays and proton Bremsstrahlung. The blue shaded region represents the theoretical uncertainty in computing
the Bremsstrahlung rate (see text for details). Right panel: Seaquest sensitivity to displaced dark photons at Phase I
(solid purple) and Phase II (dashed purple), corresponding to 10 signal events. For Phase I, we conservatively fix the fiducial
decay region to 5 m � 6 m. For Phase II, moving from darker to lighter contours corresponds to the fiducial decay regions of
5 m � 6 m, 5 m � 9 m, and 5 m � 12 m, respectively. The gray region denotes parameter space that is already excluded by
past experiments [1, 2].

panel of Fig. 5, we illustrate the projected SeaQuest reach
both at Phase I (solid) and Phase II (dashed) after sum-
ming over the various production modes. For Phase I, we
present results only for the minimal 5 m � 6 m fiducial
decay region. For Phase II, moving from the darker to
lighter dashed contours corresponds to decay regions of
5 m� 6 m, 5 m� 9 m, and 5 m� 12 m, respectively. We
also compare the sensitivity of SeaQuest to existing con-
straints (gray) (see, e.g., Refs. [1, 2] for a comprehensive
review).

In Fig. 6, we highlight the ultimate reach of SeaQuest
and compare it to other upcoming and proposed searches
and experiments. The Heavy Photon Search (HPS) ex-
periment [1, 47] is sensitive to displaced leptonic decays
of dark photons produced from electron-tungsten colli-
sions. The green region in Fig. 6 will be probed by HPS
after accumulating a 50 � 500 nA current in the 1 � 6
GeV energy range (this is expected by the end of 2018).
The projected reach of LHCb is shown in brown, after
accumulating ⇠ 15 fb�1 of luminosity in Run 3 [49]: the
region above the dimuon threshold could be explored by
an inclusive dark photon search and the region below by a
search for D⇤0

! D
0
A

0(! e
+
e
�). Also shown in cyan,

blue, and red are the projected sensitivities of a beam
dump run of NA62 after having accumulated 2 ⇥ 1018

POT [45], and the proposed FASER [14] and SHiP ex-
periments at CERN [13], respectively.

SeaQuest is capable of probing currently unexplored

regions of parameter space. With Phase I luminosity and
the ECAL upgrade, SeaQuest will explore dark photons
up to ⇠ 1.5 GeV in mass, exceeding the mass reach of
past proton fixed-target experiments, such as CHARM
and Nu-Cal, and of the FASER proposal. Due to the rel-
atively compact setup of the instrument, SeaQuest will
also test larger values of kinetic mixing (✏ ⇠ 10�5 for
mA0 ⇠ 100 MeV) that are challenging for longer-baseline
experiments like SHiP or NA62. SeaQuest’s ability to ac-
quire data in the next few years with an already existing
spectrometer highlights an obvious advantage compared
to futuristic runs of much larger and costlier experiments
in the coming decade. We also note that compared to
previous projections (see, e.g., Ref. [16]), we find that
SeaQuest will be sensitive to slightly larger values of ✏
and significantly larger values of mA0 , which is closer to
the projections shown in, e.g., Ref. [19].

VI. INELASTIC DARK MATTER

Additional A0 decay channels, beyond those of the min-
imal scenario discussed in Sec. V, arise if the dark photon
is not the lightest particle in the hidden sector. For in-
stance, if there are new states that are directly charged
under U(1)D and lighter than mA0/2, then dark pho-
ton decays to the hidden sector naturally dominate over
those to SM species provided that ↵D � ↵em✏

2, where
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Figure 8. Existing constraints (shaded gray) and projected sensitivities (color) to models of fermionic inelastic dark matter in
the m1� ✏ plane. In each panel, we have fixed mA0/m1 = 3, while in the left (right) panel we take � = 0.1 (0.05) and ↵D = 0.1
(0.5). Along the black contour, the abundance of �1 matches the observed dark matter energy density. The shaded regions
are excluded by LEP [61, 62], BaBar [63, 64], dark matter scattering at LSND [37, 65], E137 [66, 67], and MiniBooNE [25],
and visible signals of decays at E137 [67] and LSND [21]. For visible decay signals at E137, the dotted (dashed) gray contours
correspond to an energy deposition threshold of 1 GeV (2 GeV). The colored lines correspond to the projected reach of Belle-II
(orange) [1, 2, 68], LDMX (green) [69], and SeaQuest (purple), as described in the text. The projected reach of SeaQuest is
shown as in Fig. 5. For Phase I (solid purple), we conservatively fix the fiducial decay region to 5 m � 6 m. For Phase II
(dashed purple), moving from darker to lighter contours corresponds to the fiducial decay regions: 5 m� 6 m, 5 m� 9 m, and
5 m� 12 m, respectively. We also show the Phase II reach for the 5 m� 6 m decay region, assuming that the electrons do not
have to travel through the magnetic field of KMAG (dotted purple).

Beam-dumps (scattering): As discussed in Sec. IV,
dark photons can be directly produced at proton beam
dump experiments. Similar processes can lead to a siz-
able flux of dark photons at electron beam experiments
as well. If the A

0 decays to long-lived DM states, a colli-
mated DM beam can be produced at existing low-energy
beam dumps. This energetic beam of DM particles can
then be observed if it relativistically scatters (through A

0

exchange) with electrons or nucleons in a detector placed
downstream of the target. Strong constraints on light
DM have been obtained from measurements performed
at LSND [37, 65], E137 [66, 67], and MiniBooNE [25].
In recasting these searches, we have simply rescaled the
published bounds by the appropriate choice of ↵D.

Beam-dumps (decay): Beam dumps are also sensi-
tive to the visible decays of the excited state. If �2 is suf-
ficiently long-lived (see Fig. 7), dark photon production
followed by A

0
! �1�2 ! �1�1`

+
`
� leads to displaced

leptons that can deposit observable energy into detectors
at existing experiments.

The 800 MeV proton beam at the Liquid Scintillator
Neutrino Detector (LSND) at Los Alamos produced ⇠

O(1022) neutral pions after running from 1993-1998 [21].
From this large collection of pions, a huge number of
dark photons may have been produced via ⇡

0
! �A

0 for
mA0 . 100 MeV. An o↵-axis scintillator detector was
placed ⇠ 30 m downstream of the water-copper target,

with sensitivity to energy depositions below ⇠ 100 MeV,
which could arise from the visible products of �2 decays.
In estimating the rate of these events and extracting a
constraint, we closely follow the analysis in Refs. [71] and
[53], utilizing the GEANT pion simulation from Ref. [72]
and manually decaying these pions to on-shell A0 final
states as described in Sec. IV. In recasting these limits,
we find good agreement with the results of Ref. [53].
The E137 experiment at SLAC [67] was designed to

look for displaced visible decays of light axions, produced
from a 20 GeV electron beam impinging on a water-
aluminum target. The experiment acquired an impres-
sive amount of data, corresponding to roughly 30 C of
current, equivalent to ⇠ 1020 electrons on target (EOT)
and an e↵ective integrated luminosity of ⇠ 100 ab�1. A
⇠ 1 m3 ECAL was placed ⇠ 400 m downstream of the
aluminum target with 179 m and 204 m composed of nat-
ural shielding (in the form of a dirt hill) and an open-air
decay region, respectively. Timing and geometric cuts ef-
fectively suppressed contributions from cosmic rays and
sky shine, resulting in a background-free search.
At this experiment, dark photons may have been pro-

duced through electron Bremsstrahlung. If the �2 from
the dark photon decay is su�ciently long-lived, it can tra-
verse the dirt hill before decaying to electrons in the open
decay region. We have simulated this process through
a modified version of MadGraph5 [42] after implement-

Inelastic DM decays

Dark Photons

Proton spectrometer 120 GeV Main Injector 

~1e20 POT w/ proposed installation of 
downstream ECAL 

Designed to study muon Drell-Yan production

Sensitivity to rich dark sectors with ~ meter scale 
decays: dark photons, axion-like particles, inelastic DM
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FIG. 1: YK: label `T ? Harmonize notation with Feynman diagrams, N instead of Z? Proton beam dump
spectrometer signature of prompt muon-philic scalars produced in the back of the beam dump, labeled as the “Target”,
and reconstructed by the downstream tracking stations. The spectrometer setup is inspired by the existing SpinQuest
experiment but we argue that the search strategy presented in this paper can work for other proton beam spectrometer
configurations with a large flux of muons (see text).

both signal and background rates scale with `T , the sensitivity S/
p

B improves with `T ), as shown in
the green region in Fig. 1. These requirements are in some tension because a larger `T leads to more
multiple scattering, which degrades the mass resolution, as well as a larger combinatorial background.
Optimizing the sensitivity with respect to `T requires a concrete experimental design and is beyond the
scope of this study, but as an example, we will take `T = 100 cm and a 15% invariant mass resolution,
which represents the combined effects of an intrinsic 5% experimental resolution and multiple scattering
and is further justified with simulations in Sec. V B.

IV. SIGNAL AND BACKGROUND RATES, KINEMATICS, AND CUTS

A. Signal and irreducible background

FIG. 2: Feynman diagrams representing the dominant signal processes for S production in muon-nucleus scattering.

Our signal process is on-shell S production from muons scattering off a fixed target of nuclei N , µ±
N !

µ
±
NS, followed by the prompt S ! µ

+
µ

� decay (Fig. 2). Our experimental signature is at least two

FIG. 1: Proton beam dump spectrometer signature of prompt muonphilic scalars produced in the back of the beam
dump, labeled as the “Target”, and reconstructed by the downstream tracking stations. The spectrometer setup is
inspired by the existing SpinQuest experiment, but we argue that the search strategy presented in this paper can work
for other proton beam spectrometer configurations with a large flux of muons (see main text for details).

the remaining viable parameter space in this model, the vector particle decays invisibly to neutrinos and is,
therefore, testable with NA64-µ [64] and M3 [4], which are optimized for missing momentum signatures.
By contrast, scalar particles that resolve �aµ can still visibly decay to dimuons [7], so we focus on this
scenario throughout our analysis.

III. PROTON BEAM DUMP SPECTROMETER CONCEPT

To search for muonphilic scalars as a possible explanation for �aµ, we require a large flux of muons on
a target which will produce the scalars via bremsstrahlung, as shown in Fig. 1 (red boxed inset). From the
decay width of the S to muons in Eq. (4), the lab-frame decay length is:

L ⇡ 8 ⇥ 10
�8

m

✓
ES/mS

10

◆✓
700 MeV

mS

◆✓
10

�3

gS

◆2

, (6)

where we have taken the mS � mµ limit. Except for a very small region of phase space just above
the dimuon threshold, the couplings required to explain �aµ imply that the S must decay promptly. This
remains true even if there are additional invisible decay modes, since those will only increase the total width
and hence decrease the decay length.

Therefore, the target itself cannot be very dense or else the momentum resolution will be degraded
by multiple scattering, so a large muon flux is important to compensate for this lower density. In this
paper, we consider the SpinQuest spectrometer as an example of an experimental setup to search for such
muonphilic scalars. A schematic inspired by SpinQuest is shown in Figure 1. The proton beam travels
through some magnetized material producing a large fraction of µ

± with O(20 GeV) energies, most of
which originate from pion decays. These secondary muons are produced along the beam dump and those
muons traversing the target region, which in Fig. 1 is denoted by “Target” in green, can produce the S during
a nuclear scattering event and the outgoing daughter muons have enough momentum to exit the dump and
be detected. The path of the beam muon is deflected by the magnetized dump, while the analysis magnet
alters the trajectories of the three outgoing muons to measure their curvature and hence momenta. The
signal is thus two or three muons originating from the same vertex in the dump (depending on whether the
third muon has a high enough momentum to emerge from the tracking stations), with the invariant mass of
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FIG. 11: Sensitivity to the (g � 2)µ parameter space for a SpinQuest-like spectrometer at a proton beam dump
experiments. We assume the same fiducial parameters as discussed in Sec. IV, namely 20 GeV beam energy, `T =

100 cm, 15% invariant mass resolution, and pT > 5 GeV on the hardest µ
+
µ
� pair. We include both irreducible QED

background and reducible combinatorial background. A muon flux of 3⇥10
14 MOT, corresponding to approximately

6 years of running at nominal SpinQuest luminosity, can fully cover the preferred region for �aµ to 2� for mS <

1 GeV.

While the search strategy we outlines here is general for any muonphilic particles, our discussion has
been framed around particles that resolve the longstanding muon g � 2 anomaly, which is arguably the
longest-standing disagreement between SM predictions and experimental measurements. Assuming the
theoretical prediction of g � 2 remains unchanged with the inclusion of recent lattice QCD results, all pos-
sible beyond-the-SM solutions should be tested comprehensively. Here we have found that a proton beam
dump spectrometer can cover parameter space in a highly complementary region to missing-momentum
experiments such as M

3 [4], which can probe mS < 2mµ, and NA64-µ [3], which can fully probe the
parameter space for an Lµ � L⌧ gauge boson. Future B-factories such as Belle-II can also cover the visible
scalar decay parameter space [7], but the full luminosity may be a decade away. In the intervening years,
our analysis shows that proton beam dump experiments such as SpinQuest can potentially discover the new
physics responsible for �aµ at masses below 1 GeV in a reasonable ⇠6 years of running, and likewise has
sensitivity to other muonphilic particles in this mass range.

More detailed analyses by experimental collaborations are required to produced a more refined sensitiv-
ity projection, including in-situ measurements of the SpinQuest muon spectrum and several detector effects
such as detector reconstruction efficiency and trigger efficiency. Additional and more sophisticated analysis
techniques include multivariate kinematic selections and an optimization of the beam dump target region.
Nonetheless, even with such considerations, the sensitivity of the SpinQuest experiment can benefit even
more significantly from beamline considerations and detector improvements. Increasing the duty factor of
the SpinQuest experiment, which currently takes data for 4 s out of 1 minute, could increase the expected
MOT in a year by approximately an order of magnitude – of course at the expense of other experiments.

Proposed bump search for BSM dimuon decays at proton spectrometer 
Parasitic on existing SpinQuest @ FNAL experiment 
Coverage of low-mass BSM solutions to muon g-2



Concluding Remarks

DM search effort has vastly expanded in scope 
Broader priors motivate wider mass range

Electron Proton HiggsNeutrino EarthPlanck

“Big Ideas” for DM searches @ fixed targets

1) Beam Dumps (DM re-scatters in downstream detector)
2) Missing Energy/Momentum 
3) Proton beam spectrometers

DMNI funding has kicked off new generation of fixed target searches
First round funding for LDMX (R&D) and 
Coherent Captain Mills  (currently running)



Table 1. Summary of experimental initiatives, facilities, and key features.

Experiment Facility Beam Config Beam Energy Det Signature Timeline Refs.

US-based

HPS CEBAF @ JLab electron FT 1-6 GeV LLP running section 3.15, [16]
COHERENT SNS @ ORNL proton FT 1 GeV rescattering running section 4.5, [17]

CCM LANSE @ LANL proton FT 0.8 GeV rescattering running [18]
SpinQuest/DarkQuest MI @ FNAL proton FT 120 GeV LLP construction, proposed upgrade section 3.5, [19]

LDMX LESA @ SLAC electron FT 4-8 GeV Missing X R&D funding, 2024 section 3.17, [20]
BDX CEBAF @ JLab electron BD 11 GeV rescattering, Millicharged proposed section 3.1, [21]
JPOS CEBAF @ JLab positron FT 11 GeV Missing X proposed section 3.16, [22]

PIP-II BD PIP-II @ FNAL proton FT 1 GeV rescattering, LLP proposed (2029) section 3.23, [23]
SBN-BD Booster @ FNAL proton BD 8 GeV rescattering proposed (2029) [24]
REDTOP TBD proton FT 1-5 GeV Missing X, LLP, Prompt proposed section 3.25, [25]

M3 MI @ FNAL muon FT 15 GeV muons Missing X proposed [26]
FNAL-µ muon campus @ FNAL muon FT 3 GeV LLP proposed section 3.13, [27]

International

Belle-II SuperKEKB @ KEK e+e- collider 150 MeV Missing X, LLP, Prompt running section 3.2, [28]
CODEX-b LHC @ CERN pp collider 6.5-7 TeV LLP construction (2023) section 3.4, [29]
CODEX-b LHC @ CERN pp collider 6.5-7 TeV LLP proposed (2026) section 3.3, [30]

LHCb LHC @ CERN pp collider 6.5-7 TeV LLP, Prompt running, future upgrade planned section 3.18, [31]
NA62 SPS-H4 @ CERN proton BD 400 GeV LLP dedicated running planned [32]

FASERnu LHC @ CERN pp collider 6.5-7 TeV rescattering running section 3.9, [33]
milliQAN LHC @ CERN pp collider 6.5-7 TeV Millicharged running section 3.19, [34]

DarkMESA MESA @ Mainz Electron FT 150 MeV rescattering, LLP construction (2023) section 3.6
NA64-e SPS-H4 @ CERN electron FT 100-150 GeV Missing X, Prompt running section 3.20, [35]

NA64-mu SPS-M2 @ CERN muon FT 100-160 GeV Missing X commissioning section 3.21
NA64/POKER SPS-H4 @ CERN positron FT 100 GeV Missing X planned (2024) section 3.24, [35]

PIONEER pE5 @ PSI proton FT 10-20 MeV pions Prompt planned (2028) section 3.22, [36]
FASER2 FPF @ CERN pp collider 6.5-7 TeV LLP proposed (2029) section 3.8 [37]

FORMOSA FPF @ CERN pp collider 6.5-7 TeV Millicharged proposed (2029) section 3.14, [38]
FASERnu2 FPF @ CERN pp collider 6.5-7 TeV rescattering proposed (2029) section 3.10, [33]

FLArE FPF @ CERN pp collider 6.5-7 TeV rescattering proposed (2029) section 3.12, [39]
SND@LHC LHC @ CERN pp collider 6.5-7 TeV rescattering running section 3.27, [40]

Advanced SND@LHC FPF pp collider 6.5-7 TeV rescattering proposed (2029) section 3.27, [40]
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Concluding Remarks

Many new existing/proposed experiments!
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