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Dark matter particles can be observably produced at intensity-frontier 
experiments,* and opportunities in the next decade will explore important 
parameter space motivated by thermal DM models, the dark sector paradigm, 
and anomalies in data. 

* includes: forward LHC searches, LHCb, FASER, etc – focusing on the low-
pair-mass, high-intensity region. 
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Process

Dec 2020: “Big Idea” whitepaper scopes formulated in town-hall meetings pre-
pause.

Jan 20: town hall meeting on Big Idea 1 WP & survey of interest in helping with 
writing and plots + reached out to some additional authors to request 
contributions

April: Complete draft circulated on RF6 slack channel for feedback

May: Community discussion at Cincinnati rare frontier meeting and follow-up 
virtual meeting.  Key outcomes for BI1: 

•Simplified sensitivity plot for executive summary
•Request from RF conveners to include a “thermal targets at accelerators and 

in DD” plot
•Offline feedback on wording about specific experiments
•Comments on role of theory added to Exec Summary and Road Ahead

Revised WP circulated June 29 & posted to arxiv July 1
•One  feedback on wording about specific experiments

https://arxiv.org/abs/2207.00597


Road Ahead

Approaches 

Exec. Summ

Models & 
Frameworks

Experimental synergy, connections to other RF/frontiers, 
complementarity to other DM searches…

Thermal production milestones
Vector portal (& param variation)
Other vectors 
Scalar mediators
Neutrino portal
Non-minimal DM 
Millicharges

Missing Mass/Energy/Momentum [colliders & fixed targets]
Re-scattering signals
Semi-visible signals

Context/motivation — accelerator production — opportunities

Discussion &

Introduction Thermal origin cosmology, WIMPs vs. LDM, portals to SM



Executive Summary

6-page “Executive Summary” in Big Idea 1 paper  
➝ section of RF6 Topical Group report

•Context and Motivation
•Accelerator Production of Light DM
•Science Opportunities and Road Ahead

Further compressed to 2/3 page in introduction of RF6 
Topical Group report. 

}Summarize 
the main 
points and 
key figures



Executive Summary – Context and Motivation

Dark matter is sharp evidence for BSM physics 

The range of DM candidates is immense, but observed  
abundance + a thermal production scenario define a natural 
goalpoast. 

Lots of community interest in light DM, which keeps many 
simple features of WIMPs but extends to new mass range 
and poses different experimental challenges & 
opportunities.  Light DM models rely on light force carriers 
coupling weakly to SM – and theoretically motivated small 
couplings are well aligned with what’s needed for freeze-
out!



Executive Summary – Accelerator Production of Light DM

Laboratory production of Light DM by intensity-frontier experiments — 
including dedicated fixed-target experiments, small forward detectors, 
and flavor factories — has emerged as an essential strategy for exploring 
light DM. These experiments are optimized for intensity, 
instrumentation precision, and/or background rejection rather than 
energy reach. 

Classification of strategies:
•Missing energy, momementum, or mass searches use kinematics of visible 

particles recoiling from DM production + veto on SM products
•Re-scattering experiments search for DM and/or millicharges via 

subsequent scattering in a forward detector
•Semi-visible searches leverage the possibility of metastable dark sector 

resonances – often motivated by specific models of DM cosmology –
 that decay into a combination of DM and visible SM particles. 
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MIMICKING BIG BANG DARK MATTER PRODUCTION AT ACCELERATORS

Missing-X Kinematics 
Experiment

Re-Scattering 
experiment

SM recoil
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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. 2: Schematic representation of the different DM annihilation modes (top row) and A0 decay modes for
m�/mA0 ratios. a) Secluded annihilation scenario with a visibly decaying mediator. Since the annihilation
rate is independent of the A0 SM coupling, this scenario has no thermal target and cannot be presented
on the y vs. m� plane. However, there is an active and growing program to probe dark photons in this
regime by observing their visible decay products (see [1, 11] for more details). b) Compressed region with
direct annihilation, but a visibly decaying mediator. Since the annihilation rate in this regime depends on �,
there is a testable thermal target; probing sufficiently small values of � can decisively test this scenario. c)
Direct annihilation and invisibly decaying mediator particle. This regime will be the primary focus of this
document.

where f is a SM fermion and Qf is its electromagnetic charge.
We distinguish between two distinct annihilation regimes depicted schematically in Fig. 2

• Secluded Annihilation: For mA0 < m�, DM annihilation will predominantly proceed
through �� ! A

0
A

0, followed by A
0

! ff decays to SM fermions. However, the an-
nihilation rate in this regime is independent of the SM-A0 coupling ✏ and therefore difficult
to test since thermal freeze out can proceed even for tiny values of ✏. This regime is depicted
on the leftmost column of Fig. 2

• Direct Annihilation: For mA0 > m�, the mediator decays predominantly to DM and anni-
hilation proceeds via �� ! A

0⇤
! ff to SM fermions f through a virtual mediator. This

regime is depicted in the middle and rightmost column of Fig. 2; ; note the compressed
region in the middle column for which m� < mA0 < 2m� for which the annihilation rate
depends on ✏ but the mediator decay to DM is kinematically forbidden.

Since the cross section for direct annihilation is proportional to all the parameters in the DM
lagrangian, it is convenient to define the dimensionless interaction strength y as
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FIG. 3: Schematic depiction of the DM signal at LDMX from (a) direct dark matter
particle-antiparticle production, (b) A

0 bremsstrahlung, and (c) invisible vector meson decay. For
A

0 bremsstrahlung, DM is produced through an on- or off-shell A
0 in the target (or the

calorimeter). In the photo-production of vector mesons, a hard photon is produced in the target,
and converts to a vector meson V in an exclusive photo-production process in the calorimeter.

of producing DM within the material of the ECal, targeting the 1013 EoT expected in the earliest184

stages of the experiment; and, the extended sensitivity of LDMX when taking 8 GeV electron185

beam data and analyzing multiple electrons per time sample to accumulate 1016 EoT.186

A. Review of models and production mechanisms187

The missing momentum DM search at LDMX is sensitive to any process in which a beam188

electron transfers most of its energy to invisible particles and receives an appreciable transverse189

kick from the production of these invisible particles. DM signals resulting in this experimental190

signature can be produced via:191

• dark bremsstrahlung, where an electron scatters off of a nucleus and produces a pair of192

DM particles either directly through an effective interaction as in Fig. 3(a), or through the193

production and decay of a mediator particle Fig. 3(b); or194

• photo-production of vector mesons, from a hard bremsstrahlung photon that scatters off of195

a nucleus, and later decays invisibly to dark matter particles via mixing with a mediator196

particle Fig. 3(c).197

These production modes can be powerful probes of the DM’s coupling to electrons and to quarks,198

with complementary strengths that depend on the details of the model considered [15].199

For our benchmark scenario, we consider direct annihilation models where the population of200

DM � is reduced in the early universe through annihilation �� ! A
0

! ff to SM fermions201

f via a vector mediator A
0. The specific nature of the DM � (e.g. scalar, fermion, single- or202

multi-component) may vary depending on the model considered and can impact relic targets, but203

generally does not alter the relevant phenomenology for the missing-momentum search. We focus204

on DM produced by dark bremsstrahlung from the decay of the new U(1) gauge boson A
0 that205

kinetically mixes with the SM and is typically called the dark photon. In the case where mA0 >206

2m�, the mediator is produced on-shell and decays primarily to DM.207

B. The 4 GeV e� beam analysis208

The baseline analysis for LDMX is designed for a data-taking period corresponding to 4⇥1014
209

electrons on target (EoT), at a 4 GeV beam energy. The event selection is designed to retain210
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FIG. 4. Schematic depiction of the DM signal at LDMX from (a) direct dark matter particle-antiparticle
production, (b) A0 bremsstrahlung, and (c) invisible vector meson decay. For A0 bremsstrahlung, DM is
produced through an on- or off-shell A0 in the target (or the calorimeter). In the meson signal process, a hard
photon is produced in the target, and converts to a vector meson V through an exclusive photo-production
process in the calorimeter before decaying invisibly.

multi-component) may vary depending on the model considered and can impact relic targets, but
generally does not alter the relevant phenomenology for the missing-momentum search. We fo-
cus on DM produced by dark bremsstrahlung from the decay of the new U(1) gauge boson A

0,
typically called the dark photon. The gauge coupling gD parameterizes the A

0 coupling to DM
with strength ↵D = g

2
D
/4⇡, while kinetic mixing with the SM photon gives rise to a weak electro-

magnetic interaction proportional to the mixing parameter ✏. In the case where mA0 > 2m�, the
mediator is produced on-shell and decays primarily to DM.

B. The 4 GeV e� beam analysis

The baseline analysis for LDMX is designed for a data-taking period corresponding to 4⇥1014

electrons on target (EoT), at a 4 GeV beam energy. The event selection is designed to retain
high signal efficiency while aiming to be background-free, and allows LDMX to probe several
key thermal targets in the 1-100 MeV mass range during this baseline run. A detailed discussion
of the analysis can be found in Ref. [19], which includes results for the background rejection
performance based on studies carried out with high-statistics samples of simulated events.

The DM production signal is characterized by a low-energy recoil electron, with DM carrying
away the majority of the beam energy. We select events with recoil electron energy < 1.2 GeV. The
leading source of low-energy electrons in the experiment, which can constitute a background to a
DM signal, comes from events in which the incoming electron undergoes a hard bremsstrahlung in
the target, producing a multi-GeV photon. Typically, such photons initiate electromagnetic show-
ers that deposit a large amount of energy in the ECal. However, in rare cases, processes such as
photonuclear (PN) interactions or �

⇤
! µ

+
µ

� conversions can occur in the target or ECal, result-
ing in low energy deposition in the ECal. Depending on the interaction and the secondary particles
that are produced, these backgrounds may result in a distinctive spatial profile of energy deposi-
tion in the ECal, while also producing observable hits in the HCal and/or recoil tracker. Analogous
electroproduction reactions mediated by virtual photons may also occur, e.g. electronuclear scat-
tering and muon trident production. The rates of these reactions are suppressed with respect to
the corresponding real photon-induced process. They may also lead to the presence of multiple
charged tracks in the recoil tracker, providing additional veto handles.

The baseline analysis comprises the following selection criteria:

Missing energy trigger: Signal events would be characterized by a low-energy recoil electron
and no other visible final-state particles, resulting in low energy deposition in the ECal. In

Excited State

Semi-Visible
Search

Dark Matter

FIG. 1: Illustration of representative DM production mechanisms (left) and (right)
the concepts for detecting DM production via, clockwise from left, missing X,
re-scattering, and semi-visible detection strategies.

Science Opportunities and The Road Ahead

In the past decade, a key goal of the light DM search e↵ort has been broadly
exploring DM models in the MeV to GeV mass range. The simplest, and most
WIMP-like, viable mechanism for light DM thermal freeze-out is annihilation to SM
particles via an s-channel dark photon. This model has therefore emerged as a key
benchmark model. Because DM production at (semi)-relativistic kinematics drives
both the dynamics of freeze-out and DM production at accelerators, the range of
freeze-out interaction strengths (often parametrized by a dimensionless parameter y

related to the e↵ective Fermi scale of the interaction) compatible with this mechanism
is narrow, spanning a factor of ⇠ 30 at a given DM mass (black diagonal lines in Fig.
3).

This milestone was identified as a high-priority goal for accelerator-based pro-
gram at the Dark Matter New Initiatives (DMNI) BRN workshop [4] and subsequent
summary report. Within the next decade, OHEP DMNI funding will enable two
experiments probing these models via di↵erent approaches: CCM200, a LAr-based
re-scattering experiment at Los Alamos’ LANSCE proton beam, and LDMX, a miss-
ing momentum experiment at SLAC’s LESA electron beamline. These small-scale



Executive Summary – Accelerator Production of Light DM

Complementarity with low-threshold DD:
•Probe different properties (particle properties @accel, 

combination w/ cosmic abundance at DD)
•Explore different kinematics (v<<c in DD, v~c at accel)

- Low-threshold DD has enhanced sensitivity to 
Coulombic scattering as in light-mediator freeze-in)

- Accelerators are optimal for discovery of DM with 
suppressed interactions at low velocity, including 
freeze-out through dark photon with generic spin/
mass structure. 

•Where both are effective (e.g. elastic scalar thermal freeze-
out), exciting opportunities for combined characterization 
of a signal
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FIG. 2: Comparison of sub-GeV DM thermal production targets in the direct
detection plane in terms of the electron cross section (left) and on the accelerator
plane in terms of the variable y (right). Since accelerator production mimics the
relativistic kinematics of the early universe, the corresponding signal strength is
never suppressed by velocity, spin, or small degrees of inelasticity, so the targets are
closer to experimentally accessible regions of parameter space. Note, however, that
direct detection sensitivity has a complementary enhancement for DM candidates
with Coulombic interactions, which are enhanced at low velocity.

fixed-target experiments are mainly sensitive to DM lighter than ⇠ 1/2 GeV, and
are complemented by Belle II, which will achieve sensitivity to the same thermal
milestones for ⇠ GeV DM masses. These experiments’ sensitivity projections are
illustrated in Fig. 3. This sensitivity is robust to many important model uncertain-
ties, such as varying dark-sector couplings and the DM to dark-photon mass ratio
(excepting a fine-tuned resonance-enhanced region).

Fig. 3 also highlights the DM-search capabilities of many other experimental con-
cepts outside the DMNI scope. The breadth of ideas within this program is important
for several reasons. The use of multiple complementary techniques will assure a ro-
bust program, and in the case of discovery the ability to measure dark sector masses
and interaction strengths. Multiple, complementary experiments are also important

Executive Summary – Accelerator Production of Light DM
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Executive Summary – Science Opportunities and Road Ahead 

•Key goal over last decade: broadly exploring DM models 
in the MeV to GeV mass range. 

•Two big takeaways: 
- DMNI and data analysis efforts achieve something 

important to the community. 
- There is strong motivation to go beyond DMNI, 

even within the focus on DM production.



Executive Summary – Science Opportunities and Road Ahead 

DMNI and data analysis efforts achieve something 
important: 

•Thermal freeze-out via s-channel dark photon is key 
benchmark model; identified as high priority milestone by 
Dark Matter New Initiatives BRN

•DMNI funding will enable CCM and LDMX – mainly 
sensitive to DM below 1/2 GeV

•Complemented by Belle II for ~GeV DM masses
•Together, sensitive to benchmark/milestones (see figure) 

and robust to many variations



Executive Summary – Science Opportunities and Road Ahead 

There is strong motivation to go beyond DMNI, even within 
the focus on DM production:

•Within s-channel dark photon like freeze-out picture:
- Complementary techniques assure robust program & 

measurement opportunities
- generalizations of thermal freeze-out preferentially 

coupled to heavy leptons or baryons over electrons

•Beyond s-channel dark photon like picture:
- Models with meta-stable dark particles (semi-visible)
- Neutrino portal annihilation
- Millicharged particles

•Finally, emphasize importance of theory.



Executive Summary – Science Opportunities and Road Ahead 

Plot style presented at 
Cincinnati and in body of 
text (Fig. 5a). 

Several iterations of 
community feedback:
Visually simplify, while 
supporting
(a) overall RF6 narrative of 

3 stages (analyses at 
ongoing/planned 
experiments, DMNI 
experiments, future 
iterations) 

(b) scientific importance of 
US opportunities 
relative to international 
program

(c) value of probing non-
electron couplings
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FIG. 5: a: Kinetically mixed dark photon targets for various DM spins with
DM/mediator mass ratio 3 and coupling ↵D = 0.5. b illustrates variation of
exclusions and projected sensitivities (for an illustrative subset of experiments of
di↵erent types) for pseudo-Dirac DM as a function of R = mA0/m�, with m� fixed
to 10MeV, and ↵D = 0.5 (solid) and 0.1 (dashed). Mass-dependence and
methodology are further discussed in [47].
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FIG. 3: Thermal milestones for the kinetically mixed dark photon model, a key
light DM benchmark (shown as black solid lines), along with exclusions from past
experiments (gray shaded regions), projected sensitivities of future projects that are
operating or have secured full funding (colored shaded regions), and the experiments
partially funded by the Dark Matter New Initiatives (DMNI) program (solid colored
lines). Other proposed experiments that could be realized within a decade are shown
as long-dashed colored lines if they are based in the US and/or have strong US
leadership, or as short-dashed colored lines if they are primarily international e↵orts.
Proposed experiments that are farther into the future are shown as thin dotted
lines. As can be seen, the combination of operating and DMNI experiments can
fully explore the thermal DM targets, considered a major milestone of dark-sector
physics. The figure focuses on a parameter slice with mediator mass fixed to 3⇥ the
DM mass, and dark-sector coupling ↵D = 0.5. As these parameters are varied, the
thermal milestones stay approximately fixed in the y vs. m� plane (except in a
near-resonant annihilation region) while experimental sensitivities generally
improve, as illustrated for a subset of experiments in Fig. 5b. Each line/region is
color-coded according to which SM fermion coupling is employed to produce the
DM; in variations of this model, some species may have suppressed couplings,
making lines of di↵erent colors complementary in this extended model space.

Shading/line format encode 
(a), (b) from last slide.

Color encodes (c) 

In slack discussion, decided 
to add experiment  names all 
curves.

Personal take: We’ve 
struggled in the past to help 
agencies see past the large # 
of individual proposals. This 
is ok, but on the “busy” end 
of exec summary plots. Do 
we simplify further? (e.g. 
removing all names? 
grouping like curves? 
suppressing nuance?)



For comparison…

WIMP sensitivity plot  
from CF1 report 1st draft

Proposed refinement 
for 2nd draft (highly 
preliminary – ongoing 
Slack discussion) 



For comparison… 2018 BRN report
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Figure 2-2: Sensitivity of small accelerator-based experiments to two example benchmark models of dark matter.  
The interaction strength is (gDM gSM /�S) � (mDM /mMED)� /DEM, where the coupling of the mediator (MED) to dark 
matter (DM) is gDM, and the coupling of the mediator to standard model particles is gSM.  For the figure, mMED 
 ��mDM has been assumed.  (Left) Sensitivity of proposed experimental techniques to minimal dark matter 
production signals, via kinematic or recoil signatures.  (Right) Sensitivity of proposed experimental techniques to 
inelastic dark matter production, via kinematic or excited-state decay signatures.  The width of the solid green 
bands reflects the range of possible velocity dependences of dark matter interactions (depending on the dark 
matter spin and mass structure) in each case, while the lighter green regions show the variation in interaction 
strength predictions in corners of parameter space or generalized thermal models. 
 
Research Thrusts 
 
This section summarizes the kinds of physics measurements that have been considered to address the 
two scientific goals mentioned above, the accelerator infrastructure that they require, and the science 
potentially achievable by each kind of measurement.  Assumed are the existing infrastructure, 
reasonable run times and detector scales, and efficient background rejection. 
 
Thrust 1 (near term): Through 10- to 1000-fold improvements in sensitivity over current searches, use 
particle beams to explore interaction strengths singled out by thermal dark matter across the 
electron-to-proton mass range. 
 
As described above, predictive milestones for thermal dark matter production motivate a factor of 10-
1000 improvement in sensitivity beyond existing particle-beam measurements. 
 
Small projects to achieve this goal fall into two categories: missing momentum experiments and beam 
dump experiments.  Missing momentum experiments identify dark matter production events based on 
the kinematics of visible particles recoiling from the production event, while beam dump experiments 
rely on producing dark matter particles in the target and then detecting their scattering in a downstream 
detector.  These techniques are illustrated in Figure 2-3.  Recent experiments demonstrating the 
feasibility and power of both approaches are summarized in the Current Status and Recent Theoretical 
and Technological Advances section of the Accelerator Production Panel Report in Chapter 4.  Near-term 
opportunities exist for transformational improvements over current sensitivity by using available 
detector technologies and existing DOE accelerator infrastructure.  
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Figure 2-6: Mass range probed for dark matter particles that scatter off nuclei, electrons, or collective excitations (1 

keV to 1 GeV) and that are absorbed by nuclei, electrons, or collective excitations (1 meV to 1 keV).  These masses 

are below those typically expected for WIMPs.  Near-term experiments using existing advanced technologies can 

probe the mass range in green, while R&D on promising technologies can lead to experiments that can probe the 

extended mass range in blue. 

 
 

  
Figure 2-7: Left: Parameter space for galactic dark matter (DM) scattering off nuclei that can be probed with 

advanced detectors with demonstrated technologies (green region) and additional R&D (blue region).  The G2 

direct detection program probes a complementary higher mass region (dashed line) that extends below the 

constraints of existing direct detection experiments (peach region).  Neutrinos begin to dominate the rate below the 

solid black line.  A modest exposure of 100 g per year can probe extremely low cross sections as long as the 

detector has the requisite energy sensitivity and sufficiently low backgrounds (dotted line).  The orange region 

(labelled “Model Milestones”) presents an example in which dark matter attains the observed relic abundance from 

its thermal contact with the Standard Model particles.  Right: Parameter space for galactic dark-photon dark 

matter being absorbed by electrons or other excitations that can be probed with advanced detectors with 

demonstrated technologies (green region) and additional R&D (blue region).  Existing constraints from past direct 

detection experiments are shown in peach.  
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laboratories.  These are experiments requiring extraordinary precision.  As they grow in scale, achieving 
the substantial infrastructure without relaxing tolerances requires engineering and technical support 
available at the national laboratories.  Additionally, DOE has the resources needed to manage projects 
of this scale, which are not generally resident in academic institutions. 
 
In addition to general technical support in design, engineering, and integration on this scale, these 
experiments require the specific capabilities of the DOE laboratories in particular areas.  One key 
example is the area of magnet design and development.  QCD axion searches require large-volume, 
high-field superconducting magnets with unusual geometries (e.g., solenoidal toroids).  This task is 
generally beyond capabilities in academia, but align well to DOE laboratories’ expertise and 
infrastructure.  The DOE also has unique expertise in the superconducting devices required to 
instrument these searches and in large-scale cryogenic infrastructure.  Of particular note is the quantum 
sensor technology under development at DOE laboratories, which will allow measurement of signals 
better than the quantum limit.  The DOE also has unique expertise in constructing large (approximately a 
kilometer) vacuum systems and access to deep vertical facilities at places such as Fermilab and the 
Sanford Underground Research Laboratory, which will be necessary for use of an atom interferometry-
based detector.  The integration of all these systems will push the bounds of what is achievable.  The 
DOE laboratory resources make these experiments possible. 
 

 
Figure 2-10: Cartoon figure roughly representing the science goal for axion dark matter relative to various 
detection methods.  The science goal for general axion dark matter is shown by region shaded in blue.  The highest 
priority target line of the QCD axion is shown in red line.  Current bounds set by astrophysical constraints are shown 
approximately by region in grey. 
 
Thrust 1: Utilize new detector technologies to explore large parts of dark matter parameter space 
covering a broad range of mass from 100 Hz to 10 GHz (roughly ����� eV to ���� eV) and targeting 
sensitivity to the QCD axion where possible. 
 
Large amounts of parameter space for general axions and hidden photons can be covered over the 
frequency range 100 Hz to 10 GHz (roughly ����� eV to ���� eV).  Importantly, this frequency range 
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FIG. 5: a: Kinetically mixed dark photon targets for various DM spins with
DM/mediator mass ratio 3 and coupling ↵D = 0.5. b illustrates variation of

exclusions and projected sensitivities (for an illustrative subset of experiments of
di↵erent types) for pseudo-Dirac DM as a function of R = mA0/m�, with m� fixed

to 10MeV, and ↵D = 0.5 (solid) and 0.1 (dashed). Mass-dependence and
methodology are further discussed in [41].
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methodology are further discussed in [41].
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(a) U(1)Lµ�L⌧ , ↵D = 0.5 (Nikita, Asher,
Natalia, Gordan)

(b) U(1)B�3L⌧ , ↵D = 0.5 (Sebastian,
Patrick)

(c) U(1)(⇤)
B

, ↵D = 0.5 (Sebastian, Patrick) (d) U(1)(⇤)
B

, ↵D = ↵B (Sebastian)

FIG. 6: Thermal targets for several examples of a mediator V coupled to SM global
symmetries. In the top four panels, we choose the conventional benchmark mass
ratio R = mV /m� = 3 and ↵D = 0.5, and the y-axis is given by y = ↵D✏

2
V
R

�4,
where SM couplings are given by ✏V eQ for particles of charge Q under the specified
global symmetry. In panel d we instead take ↵D = ↵B, as motivated if the coupling
of the new gauge boson is intrinsically small (and comparable) for both dark matter

and SM quarks. The symmetries considered in ??-b are anomaly-free, while the
baryon number coupling in c and d is anomalous and therefore subject to additional

high-energy constraints [43].
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C. Thermal Dark Matter Through other New Vector Interactions

(a) U(1)Lµ�L⌧ , ↵D = 0.5 (b) U(1)B�3L⌧ , ↵D = 0.5

(c) U(1)(⇤)
B

, ↵D = 0.5 (d) U(1)(⇤)
B

, ↵D = ↵B

FIG. 6: Thermal targets for several examples of a mediator V coupled to SM global
symmetries. In the top four panels, we choose the conventional benchmark mass
ratio R = mV /m� = 3 and ↵D = 0.5, and the y-axis is given by y = ↵D✏

2
V
R

�4,
where SM couplings are given by ✏V eQ for particles of charge Q under the specified
global symmetry. In panel d we instead take ↵D = ↵B, as motivated if the coupling
of the new gauge boson is intrinsically small (and comparable) for both dark matter
and SM quarks. The symmetries considered in a-b are anomaly-free, while the
baryon number coupling in c and d is anomalous and therefore subject to additional
high-energy constraints [49].

In Figs 6b and 6c we present the projected exclusion bounds for the search for
hadrophilic DM scattering signatures in the CCM200 [26, 50], FLArE [51], PIP2

DM via anomaly-free and anomalous U(1) interactions
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using the e-� coupling, ge introduced in the text because this coupling always contributes to the annihiation over the mass range considered
here– see discussion in Section II. Top Left: Parameter space for m� < m� compared against the relic density contour computed assuming
m� = 3m� (solid black curve). The curve bifurcates near m� � m� where there is disagreement in the literature about light Higgs couplings
to hadronic states (see text). Like the relic density contour, the direct detection constraints are also invariant under different assumptions about
the mass ratio and DM-mediator coupling since the SM-DM scattering cross section is proportional to the �e variable plotted on the vertical
axis. However, for meson decay and collider constraints, which only constrain the mediator-Higgs mixing, we adopt the conservative values
g� = 1 and m�/m� = 1/3 for building (g�ge)

2(m�/m�)4 for comparison with the solid black relic curve; choosing smaller values of
either quantity makes these constraints stronger – except in the resonant annihilation region. Top Right: Same as left, but in the resonant
annihilation region m� � 2m�, which is the only regime in which the relic density curve moves appreciably. This plot also adopts the extreme
value g� = 2� near the perturbativity limit, and reveals the maximum amount of viable parameter space for this scenario. As on the top-left
plot, direct detection constraints and projections remain invariant, but the meson and collider bounds shift slightly as they are now computed
for m�/m� = 1/2.2 instead. Bottom Right: Same as top-left, but with m� = 10m�. Bottom Left: Same as top-left, but with the reduced
coupling g� = 0.1.

which is applicable to all m� (MeV–GeV) considered in this
paper, so we will present our direct annihilation results in
terms of �e without loss of generality. For a more careful
treatment of thermal freeze out, corresponding to the method-
ology in our numerical studies, see Appendix B.

For m� ⇠
> �QCD, the annihilation also proceeds through

several hadronic channels, whose interactions with the medi-
ator are not simply-related to quark Yukawa couplings (e.g.
�� ! �+��). To account for these final states, we extract
this coupling from simulations of hadronically-decaying light-

FIG. 7: Direct annihilation to SM particles through a light Higgs mixed scalar

D. Scalar Mediators

Since SM fermion bilinears require an insertion of electroweak symmetry breaking,
any Yukawa-like coupling of a (pseudo) scalar mediator must either mix with the SM
Higgs boson or arise from integrating out new electroweak states (e.g. a vectorlike
fourth generation) [22]:

• Higgs Mixing: Mediators that mix with the Higgs acquire mass-porportional
couplings to SM fermions. For light mediators, there are stringent bounds on the
mixing parameter from various laboratory searches (particularly involving rare
meson decays). Consequently, for any choice of light DM candidate that also
couples to this mediator, there is no viable, unitary choice of couplings that
can realize a thermal-sized cross section for predictive s-channel annihilation
�� ! ff . This situation is summarized in Fig. 7.

• Flavor specific mediators: A new spin-0 mediator can acquire flavor specific
yukawa couplings to SM fermions by coupling to heavy new vectorlike states
that mass-mix with SM fermions, whic get integrated out to induce the desired
yukawa interaction [22]. Depending on the flavor structure of the UV theory,
this procedure can result in an arbitrary flavor pattern at low energies. In Fig.
8 we show a representative scenarion in which a muon philic scalar also couples
to dark matter.
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using the e-� coupling, ge introduced in the text because this coupling always contributes to the annihiation over the mass range considered
here– see discussion in Section II. Top Left: Parameter space for m� < m� compared against the relic density contour computed assuming
m� = 3m� (solid black curve). The curve bifurcates near m� � m� where there is disagreement in the literature about light Higgs couplings
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which is applicable to all m� (MeV–GeV) considered in this
paper, so we will present our direct annihilation results in
terms of �e without loss of generality. For a more careful
treatment of thermal freeze out, corresponding to the method-
ology in our numerical studies, see Appendix B.

For m� ⇠
> �QCD, the annihilation also proceeds through

several hadronic channels, whose interactions with the medi-
ator are not simply-related to quark Yukawa couplings (e.g.
�� ! �+��). To account for these final states, we extract
this coupling from simulations of hadronically-decaying light-

FIG. 7: Direct annihilation to SM particles through a light Higgs-mixed scalar [59]

D. Scalar Mediators

Since SM fermion bilinears require an insertion of electroweak symmetry breaking,
any Yukawa-like coupling of a (pseudo) scalar mediator must either mix with the SM
Higgs boson or arise from integrating out new electroweak states (e.g. a vectorlike
fourth generation) [23]:

• Higgs Mixing: Mediators that mix with the Higgs acquire mass-porportional
couplings to SM fermions. For light mediators, there are stringent bounds on the
mixing parameter from various laboratory searches (particularly involving rare
meson decays). Consequently, for any choice of light DM candidate that also
couples to this mediator, there is no viable, unitary choice of couplings that
can realize a thermal-sized cross section for predictive s-channel annihilation
�� ! ff . This situation is summarized in Fig. 7.

• Flavor specific mediators: A new spin-0 mediator can acquire flavor specific
yukawa couplings to SM fermions. Such interactions can arise by coupling the
mediator to heavy new vectorlike states that mass-mix with SM fermions [23]
or by mass-mixing the mediator with the states of additional scalar doublets
[60, 61]. Depending on the flavor structure of the UV theory, this procedure
can result in an arbitrary flavor pattern at low energies. In Fig. 8 we show
a representative scenarion in which a muon philic scalar also couples to dark
matter.
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FIG. 8: Flavor Specific Scalar mediators couplings to muons (Gordan)

E. Neutrino-portal DM production

Given the paucity of information that we have about neutrinos and their proper-
ties, many extensions to the SM exist which posit new interactions with neutrinos,
and, potentially, dark matter. The dimension-four neutrino portal, where the SM
Lagrangian is augmented with a gauge-singlet fermion N and an interaction term

L � �(LH)N + h.c., (9)

allows for such interactions. The sterile neutrino N can be itself the DM candidate, or
it can play the role of a meadiator and facilitate further interactions between the SM
and the dark sector. The DM in any of these cases can be either secluded [53–59], an-
nihilating into other dark states, or it may annihilate directly to SM particles [60–66].
While standard freeze-out production is easily achieved if N has sizeable interactions
with the SM, freeze-in production has also been considered [67–76].

Neutrino portal: t-channel: A minimal scenario where N facilitates the in-
teraction of a DM particle with the SM via t-channel annihilation was explored in
Ref. [62]. The particle content is given by N , a Dirac fermion, that, with a scalar
mediator �, couples to another Dirac field � which constitutes the observed relic
abundance of DM in the universe today. The interaction is given by

L � y��N + h.c., (10)

The correct relic abundance can be achieved for reasonable couplings and for GeV-
scale DM, allowing for searches at current and next-generation precision facilities.
The coupling of the dark sector to the SM is controlled by the mixing angle between
the active neutrinos and N ,

U ⇠
�v

mN

(11)
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FIG. 8: Flavor Specific Scalar mediators couplings to muons. This model is one of
only two viable scenarios for resolving the (g � 2)µ anomaly via SM singlet particles
below the GeV scale [62]; the other option is gauged Lµ � L⌧ shown in Fig. 6.

E. Neutrino-portal DM production

Given the paucity of information that we have about neutrinos and their proper-
ties, many extensions to the SM exist which posit new interactions with neutrinos,
and, potentially, dark matter. The dimension-four neutrino portal, where the SM
Lagrangian is augmented with a gauge-singlet fermion N and an interaction term

L � �(LH)N + h.c., (9)

allows for such interactions. The sterile neutrino N can be itself the DM candidate, or
it can play the role of a meadiator and facilitate further interactions between the SM
and the dark sector. The DM in any of these cases can be either secluded [63–69], an-
nihilating into other dark states, or it may annihilate directly to SM particles [70–76].
While standard freeze-out production is easily achieved if N has sizeable interactions
with the SM, freeze-in production has also been considered [77–86].

Neutrino portal: t-channel: A minimal scenario where N facilitates the in-
teraction of a DM particle with the SM via t-channel annihilation was explored in
Ref. [72]. The particle content is given by N , a Dirac fermion, that, with a scalar
mediator �, couples to another Dirac field � which constitutes the observed relic
abundance of DM in the universe today. The interaction is given by

L � y��N + h.c., (10)

The correct relic abundance can be achieved for reasonable couplings and for GeV-
scale DM, allowing for searches at current and next-generation precision facilities.
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where mN is N ’s (Dirac) mass.3 This setup leads to the familiar case of a fourth
neutrino mass eigenstate with m4 ' mN that is mostly N . The constraints on this
scenario are less strong when m4 > m� so that the heavy neutrino decays invisibly.
In addition, the dark matter in this case annihilates to light, mostly active neutrinos,
with cross section
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FIG. 9: The limits on the coupling between the sterile neutrino and the SM,
parameterized by the dark matter anihilation cross section, in the t-channel neutrino
portal scenario of Ref. [62], assuming that the sterile neutrino N dominantly mixes
with ⌫e, ⌫µ, or ⌫⌧ . The masses of the new states are set to m� = m�/3 = m4/10.

Constraints come from rare meson and lepton decays, Z decays, dark matter direct
detection, as well as small-scale dark matter structure. See [62] for details.

In Fig. 9, we show a selection of constraints on this model in the U vs. m�

parameter space, fixing the sterile neutrino mass to be 3m� and assuming that the
sterile neutrino mixes dominantly with one flavor of SM active neutrino. Direct
probes of this scenario are provided by rare decays of charged mesons and leptons
that produce the sterile neutrino N with a rate proportional to |U |

2. Once produced,

3 Choosing N to be Dirac decouples the light neutrino masses from U and mN , essentially allowing

U to be a free parameter. Addressing the origin of the light neutrino masses can be done in a way

that does not alter this scenario [62, 77].

t-channel annihilation, electron flavor mixing
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t-channel annihilation, muon flavor mixing

25

where mN is N ’s (Dirac) mass.3 This setup leads to the familiar case of a fourth
neutrino mass eigenstate with m4 ' mN that is mostly N . The constraints on this
scenario are less strong when m4 > m� so that the heavy neutrino decays invisibly.
In addition, the dark matter in this case annihilates to light, mostly active neutrinos,
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FIG. 9: The limits on the coupling between the sterile neutrino and the SM,
parameterized by the dark matter anihilation cross section, in the t-channel neutrino
portal scenario of Ref. [62], assuming that the sterile neutrino N dominantly mixes
with ⌫e, ⌫µ, or ⌫⌧ . The masses of the new states are set to m� = m�/3 = m4/10.

Constraints come from rare meson and lepton decays, Z decays, dark matter direct
detection, as well as small-scale dark matter structure. See [62] for details.

In Fig. 9, we show a selection of constraints on this model in the U vs. m�

parameter space, fixing the sterile neutrino mass to be 3m� and assuming that the
sterile neutrino mixes dominantly with one flavor of SM active neutrino. Direct
probes of this scenario are provided by rare decays of charged mesons and leptons
that produce the sterile neutrino N with a rate proportional to |U |

2. Once produced,

3 Choosing N to be Dirac decouples the light neutrino masses from U and mN , essentially allowing

U to be a free parameter. Addressing the origin of the light neutrino masses can be done in a way

that does not alter this scenario [62, 77].
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where mN is N ’s (Dirac) mass.3 This setup leads to the familiar case of a fourth
neutrino mass eigenstate with m4 ' mN that is mostly N . The constraints on this
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with ⌫e, ⌫µ, or ⌫⌧ . The masses of the new states are set to m� = m�/3 = m4/10.

Constraints come from rare meson and lepton decays, Z decays, dark matter direct
detection, as well as small-scale dark matter structure. See [62] for details.

In Fig. 9, we show a selection of constraints on this model in the U vs. m�

parameter space, fixing the sterile neutrino mass to be 3m� and assuming that the
sterile neutrino mixes dominantly with one flavor of SM active neutrino. Direct
probes of this scenario are provided by rare decays of charged mesons and leptons
that produce the sterile neutrino N with a rate proportional to |U |

2. Once produced,

3 Choosing N to be Dirac decouples the light neutrino masses from U and mN , essentially allowing

U to be a free parameter. Addressing the origin of the light neutrino masses can be done in a way

that does not alter this scenario [62, 77].
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FIG. 10: The annihilation cross section for s-wave annihilation of fermionic dark
matter into light neutrinos. The shaded regions are the existing experimental limits

from searches of neutrino-lines at E⌫ ' m�. Figure taken from [85].

for the largest allowed gX . Several of the limits on U are already shown in Fig. 9
and come from peak searches in meson decays, unitarity of the PMNS matrix, and
leptonic decays. Due to the neutrino-philic interactions, N is typically invisible in
this model and therefore no beam-dump constraints apply.

In Fig. 10, we show model-independent limits on the annihilation cross section
coming from indirect detection limints on �� ! ⌫⌫ [85]. We show limits on s-
wave annihilation, noting that p-wave limits are worse. The experimental signature
constitutes a monochromatic neutrino line from DM annihilation. Future projections
for DUNE, Hyper-Kamiokande, JUNO, and future neutrino telescopes are also shown.

Neutrino self-interactions: If we allow for high-dimensional operators to cou-
ple to neutrinos, then further opportunities exist. For instance, augmenting the SM
with a (potentially lepton-number-charged) gauge-singlet scalar � and the interac-
tion term (LH)(LH)� at dimension-six provides new neutrinophilic self-interactions.
Connections to DM with such a scalar have been explored in a variety of contexts,
where the relic abundance of the DM can either be set via a freeze-out [86] mech-
anism or freeze-in of sterile-neutrino DM through a modified Dodelson-Widrow [87]
mechanism [74–76].

Precision-frontier experiments, specifically those with intense neutrino fluxes, may
search for the existence of a scalar � via rare neutrino-scattering processes with large
missing-transverse-momentum [86, 88, 89]. Fig. 11 presents the prospects of several
upcoming searches in this context, compared with existing constraints as a function
of the scalar mass m� and its coupling to neutrinos g�. Two benchmark DM targets

s-channel annihilation, tau flavor mixing
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(a) Inelastic Dark Matter Example � = 0.1
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FIG. 12: Top Row: Inelastic DM with su�cient mass splitting to produce
semi-visible signals. Plots including DM thermal targets with � = 0.1 (a) and

0.4(b) [93] + more refs... (Asher, Patrick, Luc, Chris). Bottom row (c): Thermal
targets and existing constraints in the Strongly Interacting massive particle (SIMP)
model based on an SU(3) dark sector gauge group coupled to the SM via the dark
photon A

0 with kinetic mixing ✏ [94]. The thermal targets are show for two ratios of
dark vector meson to dark pion mass, mVD/m⇡D , and ↵D = 10�2, mA0/m⇡D = 3 is

taken throughout the plot. (Asher, Nikita)

are often the leading strategies for mCP studies. Many accelerator experiments in RF6
can probe mCP. These searches include colliders [26, 109–113], proton fixed-target and
neutrino experiments [114–117], lepton fixed-target experiments [92, 118, 119], and
dedicated searches [29–31]. Similar to the accelerator searches, one can also study
mCP produced in cosmic-ray hitting atmosphere and detected by large observatories
[120, 121]. The dedicated experimental e↵orts using of dedicated scintillation detec-
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are often the leading strategies for mCP studies. Many accelerator experiments in RF6
can probe mCP. These searches include colliders [26, 109–113], proton fixed-target and
neutrino experiments [114–117], lepton fixed-target experiments [92, 118, 119], and
dedicated searches [29–31]. Similar to the accelerator searches, one can also study
mCP produced in cosmic-ray hitting atmosphere and detected by large observatories
[120, 121]. The dedicated experimental e↵orts using of dedicated scintillation detec-
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tors, lead by milliQan [31], FerMINI [29], SUBMET [32], and FORMOSA [30], can
search for millicharged particles down to 10�4 electric charges. We include all of these
studies in Fig. 13.
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FIG. 13: Constraints on mCP from previous searches include SLAC [118],
LEP [109, 122], CMS [110, 111], LSND [114], ArgoNeuT [116], BEBC [117],

Super-K limit on the di↵use supernova neutrino background [120], and the recent
search by milliQan [112] are plotted in gray. Projections for milliQan at the

HL-LHC [31], FerMINI [29], SUBMET [32], FORMOSA [30], and FLArE [26] are
indicated as dashed curves. (Patrick, Kevin, Yu-Dai)
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