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Key Objective: Sub-GeV Freeze-out Thermal Relics

One broad and important class of thermal DM, for which we can make clear predictions regarding where to look, e−/q

e+/q̄

Start with a simple ansatz 
for DM-SM interactions:
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cosmological production
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fixed-target production
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direct detection

related by crossing symmetry

origin of  
predictiveness

q ∼ mχ

q ≪ mχ

q ≳ mχ

origin of  
complementarity

scale probed

n.b. whatever the mediator is, it cannot 
be a known force for  GeVMχ ≲ 2
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Concrete Example: Dark Photon Mediator (others are similar)
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Thermal Milestones for DM-e scattering

≈ 1017
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•Small DM-SM coupling •Velocity-suppression
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Thermal and Asymmetric Targets at Accelerators

MeV-GeV freeze-out thermal relics are the 
“killer application” for accelerator searches.

Accelerator constraints

102 − 103

Fixed-target Experiments
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Fixed-target Dark Sector Search Strategies
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DM annihilation
in early universe:
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no clear target for 𝜖
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“Thermal Target” - lower limit on 𝜖 for thermal relics

searches measure/constrain 𝜖2 as a function of MA′
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Theory Cross-cut and Community Landscape

SLAC theorists pioneered ideas, launching  
APEX (2010), HPS (2013), and inspiring many others.

2014 P5 called for Small Projects Portfolio with DM and 
Physics of the Unknown science drivers.

In 2017, DOE launched Basic Research Needs (BRN) for 
Dark Matter New Initiatives (DMNI).

BRN became basis for 2019 DMNI FOA:  
LDMX chosen for development.

2023 P5 creates a clearer mandate through R3 (ASTAE) 
with DMNI as first projects to consider for construction.
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Fixed-target experiments are ideally suited for discovering new MeV–GeV mass U(1) gauge bosons
through their kinetic mixing with the photon. In this paper, we identify the production and decay
properties of new light gauge bosons that dictate fixed-target search strategies. We summarize
existing limits and suggest five new experimental approaches that we anticipate can cover most of the
natural parameter space, using currently operating GeV-energy beams and well-established detection
methods. Such experiments are particularly timely in light of recent terrestrial and astrophysical
anomalies (PAMELA, FERMI, DAMA/LIBRA, etc.) consistent with dark matter charged under a
new gauge force.

I. NEW GAUGE FORCES

The interactions of ordinary matter establish that
three gauge forces survive to low energies. Two strik-
ing features of these forces — electroweak symmetry-
breaking at a scale far below the Planck scale and ap-
parent unification assuming low-energy supersymmetry
— have driven model-building for a quarter-century.
But the strong and electroweak forces need not be the
only ones propagating at long distances. Additional
forces, under which ordinary matter is neutral, would
have gone largely unnoticed because gauge symmetry
prohibits renormalizable interactions between Standard
Model fermions and the other “dark” gauge bosons or
matter charged under them.

There is an important exception to the above claim:
new “dark” Abelian forces can couple to Standard
Model hypercharge through the kinetic mixing operator
✏
2FY

µ⌫F 0µ⌫ , where F 0
µ⌫ = @[µA0

⌫] and A0 is the dark gauge
field [1]. If the A0 is massive, Standard Model matter ac-
quires milli-charges proportional to ✏ under the massive
A0. Kinetic mixing with ✏ ⇠ 10�8

�10�2 can be generated
at any scale by loops of heavy fields charged under both
U(1)0 and U(1)Y , and the A0 can acquire mass through a
technicolor or Higgs mechanism. A mass scale near but
beneath the weak scale is particularly well-motived —
U(1)0 symmetry-breaking may be protected by the same
physics that stabilizes the electroweak hierarchy [2]. In-
deed, if the largest symmetry-breaking e↵ects arise from
weak-scale supersymmetry breaking, then the U(1)0 sym-
metry breaking scale is naturally suppressed by a loop
factor or by

p
✏, leading to MeV to GeV-scale A0 masses

[2, 3, 4, 5, 6].
An A0 can be produced in collisions of charged particles

with nuclei and can decay to electrons or muons. The
production cross-section (�A0) and decay length (�c⌧),

�A0 ⇠ 100 pb
�
✏/10�4

�2 (100 MeV/mA0)2 (1)

�c⌧ ⇠ 1 mm (�/10)
�
10�4/✏

�2 (100 MeV/mA0) (2)

vary by ten orders of magnitude for the ✏’s and masses
mA0 we consider. This wide range calls for multiple ex-
perimental approaches, with di↵erent strategies for con-
fronting backgrounds. Beam-dump searches from the
1980’s exclude the low-mass and small-✏ parameter range,
and other data constrains large ✏. In this paper we sug-
gest five scenarios for fixed-target experiments sensitive
to distinct but overlapping regions of parameter space
(see Figure 1). Together they can probe six decades in
A0 coupling and three decades in A0 mass with existing
beam energies and intensities.

Dark matter interpretations of recent astrophysical
and terrestrial anomalies provide a further impetus to
search for new U(1)’s. Annihilation of dark matter
charged under a new U(1)0 into the A0 can explain the
electron and/or positron excesses observed by PAMELA
[7], ATIC [8], FERMI [9], and HESS [10, 11] (see
e.g. [12, 13, 14, 15, 16, 17, 18, 19]). If the dark matter
is also charged under a non-abelian group, then its spec-
trum naturally implements an inelastic dark matter sce-
nario [20], thereby explaining the annual modulation sig-
nal reported by DAMA/LIBRA [21, 22] and reconciling it
with the null results of other experiments [12, 20, 23, 24].

In view of these suggestive data and the abundant the-
oretical speculation surrounding them, insight from new
experiments is clearly called for. New probes of weakly
mixed MeV–GeV U(1)’s directly probe the low-energy
structure of these scenarios, where the nature of their in-
teractions is most manifest. As such, the experiments we
advocate here are complementary to upcoming gamma-
ray observations (see e.g. [25, 26]) and to the next gener-
ation of direct detection experiments [27, 28, 29, 30, 31]
that will shed light on the scattering of dark matter.

Direct Tests of Low-Mass Gauge Sectors

Constraints on new A0s and the reach of di↵erent ex-
periments are summarized in Figure 1. To begin, low-
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PRD 3: Detect galactic dark matter waves using advanced, ultra-sensitive detectors with 
emphasis on the strongly motivated QCD axion. 1 
 

 
 
Recent technological and theoretical advances finally allow the detection of dark matter in wave form 
over the entire 20 orders of magnitude of the ultralight mass range, previously inaccessible to 
observation.  Discovery of these dark matter waves with advanced quantum sensors would provide a 
glimpse into the earliest moments in the origin of the universe and the laws of nature at ultrahigh 
energies and temperatures, far above what can be created in terrestrial laboratories. 
 
 
The three PRDs represent a comprehensive program of small projects to explore dark matter from 
below the mass of the proton down to the smallest possible mass for dark matter.  Together, all three 
directions cover the key range of possibilities for dark matter across this mass range (G2 program range 
included for comparison).  All three PRDs are needed to achieve broad sensitivity and, in particular, to 
reach different key milestones. 
 

 
 
Successfully unravelling the nature of dark matter, its interactions, and its origin in the universe can only 
be achieved by combining results from projects spanning these new initiatives.  In the event of a 
discovery, each provides a unique and essential piece of the puzzle. 

                                                           
1 The QCD axion is a highly motivated dark matter candidate.  It is a solution to the strong CP problem and arises in 

many frameworks of physics beyond the Standard Model of particle physics, including grand unified theories and 
string theory. 

 
 

viii 

The Priority Research Directions, in no particular order, are: 
 
 
PRD 1: Create and detect dark matter particles below the proton mass and associated forces, 
leveraging DOE accelerators that produce beams of energetic particles. 
 

 
 
Interactions of energetic particles recreate the conditions of dark matter production in the early 
universe.  Small experiments using established technology can detect dark matter production with 
sufficient sensitivity to test compelling explanations for the origin of dark matter and explore the nature 
of its interactions with ordinary matter.  These experiments draw on the unique capabilities of multiple 
DOE accelerators (Continuous Electron Beam Accelerator Facility, Linac Coherent Light Source-
II, Spallation Neutron Source, Los Alamos Neutron Science Center, and the Fermilab complex) to enable 
transformative new science without disrupting their existing programs. 
 
 
PRD 2: Detect individual galactic dark matter particles below the proton mass through 
interactions with advanced, ultra-sensitive detectors. 
 

 
 
Galactic dark matter passes through the earth undetected every second.  Recent advances in particle 
theory highlight new compelling paradigms for the origin of dark matter and its 
detection.  Revolutionary technological advances now allow us to discover individual dark matter 
particles with a mass ranging from the proton mass to twelve orders of magnitude below, through their 
interactions with electrons and nucleons in advanced detectors.  New small projects leveraging these 
theoretical and technological advances are needed and can be carried out by using DOE personnel, 
laboratories, and infrastructure, especially the underground infrastructure already built using DOE 
support. 
 

5 

matter, where dark matter interactions with visible matter in the hot early universe explain its 
abundance today.  Predictive realizations of this hypothesis require dark matter production rates within 
a factor of ϭϬϬϬ of current experiments’ sensitivity, which is accessible to small experiments using 
existing technology over most of the electron-to-proton mass range.  Searching for dark matter 
production in this range, by achieving a 10- to 1000-fold sensitivity gain over current experiments, 
represents an especially high-impact science opportunity.  Moreover, thermal dark matter models 
below the proton mass imply the existence of new, unstable particles that are related to dark matter.  
These particles may decay into visible final states.  Searching for these “dark sector” particles represents 
an additional avenue for both discovering dark matter and exploring how it is related to familiar matter. 
 

Accelerators can produce many dark-sector particles, not only dark matter particles. 
 
Two high-impact thrusts can be achieved by deploying proven technologies at DOE accelerators, as 
elaborated below.  If successful, this PRD could entirely re-write our understanding of what dark matter 
is, and how it is related to familiar matter. 
 
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. 
 
Two basic approaches can explore the parameter space of roughly ���� eV to 1 GeV (��� eV), leveraging 
the unique capabilities of DOE accelerators.  
 

x Missing momentum experiments, using modern detectors operating directly in a low-current 
lepton beam, identify dark matter production events based on the kinematics of visible particles 
recoiling from the production event.  Such experiments in a continuous-wave electron beam 
offer a path to reach 1000-fold improvement in sensitivity over a broad mass range; missing 
momentum measurements in muon beams have significant potential sensitivity for detecting 
heavier dark matter masses and exploring a distinct coupling. 

 
x Beam dump scattering measurements produce dark matter by stopping an intense electron or 

proton beam and detecting its scattering in a downstream detector.  This approach offers a 
complementary and distinctive detection signal.  Concepts exploiting existing electron and 
proton beams can achieve at least 10-fold sensitivity gains even when using conservative 
detectors.  The capabilities of the DOE accelerator infrastructure provide unique opportunities 
for world-leading science, which in most cases can be done in parallel with these facilities’ 
primary programs – in particular, multi-GeV continuous-wave electron beams and high-intensity 
proton beams such as those at the 

o Continuous Electron Beam Accelerator Facility (CEBAF), Jefferson Laboratory (JLab),  
o Linac Coherent Light Source-II (LCLS-II), SLAC National Accelerator Laboratory,  
o Spallation Neutron Source (SNS), Oak Ridge National Laboratory (ORNL),  
o Los Alamos Neutron Science Center (LANSCE), Los Alamos National Laboratory (LANL), and  
o the Fermilab complex at Fermi National Accelerator Laboratory (FNAL).  

 
Thrust 2 (near and long term): Explore the structure of the dark sector by producing and detecting 
unstable dark particles. 
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matter, where dark matter interactions with visible matter in the hot early universe explain its 
abundance today.  Predictive realizations of this hypothesis require dark matter production rates within 
a factor of 1000 of current experiments’ sensitivity, which is accessible to small experiments using 
existing technology over most of the electron-to-proton mass range.  Searching for dark matter 
production in this range, by achieving a 10- to 1000-fold sensitivity gain over current experiments, 
represents an especially high-impact science opportunity.  Moreover, thermal dark matter models 
below the proton mass imply the existence of new, unstable particles that are related to dark matter.  
These particles may decay into visible final states.  Searching for these “dark sector” particles represents 
an additional avenue for both discovering dark matter and exploring how it is related to familiar matter. 
 

Accelerators can produce many dark-sector particles, not only dark matter particles. 
 
Two high-impact thrusts can be achieved by deploying proven technologies at DOE accelerators, as 
elaborated below.  If successful, this PRD could entirely re-write our understanding of what dark matter 
is, and how it is related to familiar matter. 
 
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. 
 
Two basic approaches can explore the parameter space of roughly  eV to 1 GeV ( eV), leveraging 
the unique capabilities of DOE accelerators.  
 

 Missing momentum experiments, using modern detectors operating directly in a low-current 
lepton beam, identify dark matter production events based on the kinematics of visible particles 
recoiling from the production event.  Such experiments in a continuous-wave electron beam 
offer a path to reach 1000-fold improvement in sensitivity over a broad mass range; missing 
momentum measurements in muon beams have significant potential sensitivity for detecting 
heavier dark matter masses and exploring a distinct coupling. 

 
 Beam dump scattering measurements produce dark matter by stopping an intense electron or 

proton beam and detecting its scattering in a downstream detector.  This approach offers a 
complementary and distinctive detection signal.  Concepts exploiting existing electron and 
proton beams can achieve at least 10-fold sensitivity gains even when using conservative 
detectors.  The capabilities of the DOE accelerator infrastructure provide unique opportunities 
for world-leading science, which in most cases can be done in parallel with these facilities’ 
primary programs – in particular, multi-GeV continuous-wave electron beams and high-intensity 
proton beams such as those at the 

o Continuous Electron Beam Accelerator Facility (CEBAF), Jefferson Laboratory (JLab),  
o Linac Coherent Light Source-II (LCLS-II), SLAC National Accelerator Laboratory,  
o Spallation Neutron Source (SNS), Oak Ridge National Laboratory (ORNL),  
o Los Alamos Neutron Science Center (LANSCE), Los Alamos National Laboratory (LANL), and  
o the Fermilab complex at Fermi National Accelerator Laboratory (FNAL).  

 
Thrust 2 (near and long term): Explore the structure of the dark sector by producing and detecting 
unstable dark particles. 
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The Priority Research Directions, in no particular order, are: 
 
 
PRD 1: Create and detect dark matter particles below the proton mass and associated forces, 
leveraging DOE accelerators that produce beams of energetic particles. 
 

 
 
Interactions of energetic particles recreate the conditions of dark matter production in the early 
universe.  Small experiments using established technology can detect dark matter production with 
sufficient sensitivity to test compelling explanations for the origin of dark matter and explore the nature 
of its interactions with ordinary matter.  These experiments draw on the unique capabilities of multiple 
DOE accelerators (Continuous Electron Beam Accelerator Facility, Linac Coherent Light Source-
II, Spallation Neutron Source, Los Alamos Neutron Science Center, and the Fermilab complex) to enable 
transformative new science without disrupting their existing programs. 
 
 
PRD 2: Detect individual galactic dark matter particles below the proton mass through 
interactions with advanced, ultra-sensitive detectors. 
 

 
 
Galactic dark matter passes through the earth undetected every second.  Recent advances in particle 
theory highlight new compelling paradigms for the origin of dark matter and its 
detection.  Revolutionary technological advances now allow us to discover individual dark matter 
particles with a mass ranging from the proton mass to twelve orders of magnitude below, through their 
interactions with electrons and nucleons in advanced detectors.  New small projects leveraging these 
theoretical and technological advances are needed and can be carried out by using DOE personnel, 
laboratories, and infrastructure, especially the underground infrastructure already built using DOE 
support. 
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Theory Cross-cut and Community Landscape

SLAC theorists pioneered ideas, launching  
APEX (2010), HPS (2013), and inspiring many others.

2014 P5 called for Small Projects Portfolio with DM and 
Physics of the Unknown science drivers.

In 2017, DOE launched Basic Research Needs (BRN) for 
Dark Matter New Initiatives (DMNI).

BRN became basis for 2019 DMNI FOA:  
LDMX chosen for development.

2023 P5 creates a clearer mandate through R3 (ASTAE) 
with DMNI as first projects to consider for construction.
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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 

5 

matter, where dark matter interactions with visible matter in the hot early universe explain its 
abundance today.  Predictive realizations of this hypothesis require dark matter production rates within 
a factor of ϭϬϬϬ of current experiments’ sensitivity, which is accessible to small experiments using 
existing technology over most of the electron-to-proton mass range.  Searching for dark matter 
production in this range, by achieving a 10- to 1000-fold sensitivity gain over current experiments, 
represents an especially high-impact science opportunity.  Moreover, thermal dark matter models 
below the proton mass imply the existence of new, unstable particles that are related to dark matter.  
These particles may decay into visible final states.  Searching for these “dark sector” particles represents 
an additional avenue for both discovering dark matter and exploring how it is related to familiar matter. 
 

Accelerators can produce many dark-sector particles, not only dark matter particles. 
 
Two high-impact thrusts can be achieved by deploying proven technologies at DOE accelerators, as 
elaborated below.  If successful, this PRD could entirely re-write our understanding of what dark matter 
is, and how it is related to familiar matter. 
 
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. 
 
Two basic approaches can explore the parameter space of roughly ���� eV to 1 GeV (��� eV), leveraging 
the unique capabilities of DOE accelerators.  
 

x Missing momentum experiments, using modern detectors operating directly in a low-current 
lepton beam, identify dark matter production events based on the kinematics of visible particles 
recoiling from the production event.  Such experiments in a continuous-wave electron beam 
offer a path to reach 1000-fold improvement in sensitivity over a broad mass range; missing 
momentum measurements in muon beams have significant potential sensitivity for detecting 
heavier dark matter masses and exploring a distinct coupling. 

 
x Beam dump scattering measurements produce dark matter by stopping an intense electron or 

proton beam and detecting its scattering in a downstream detector.  This approach offers a 
complementary and distinctive detection signal.  Concepts exploiting existing electron and 
proton beams can achieve at least 10-fold sensitivity gains even when using conservative 
detectors.  The capabilities of the DOE accelerator infrastructure provide unique opportunities 
for world-leading science, which in most cases can be done in parallel with these facilities’ 
primary programs – in particular, multi-GeV continuous-wave electron beams and high-intensity 
proton beams such as those at the 

o Continuous Electron Beam Accelerator Facility (CEBAF), Jefferson Laboratory (JLab),  
o Linac Coherent Light Source-II (LCLS-II), SLAC National Accelerator Laboratory,  
o Spallation Neutron Source (SNS), Oak Ridge National Laboratory (ORNL),  
o Los Alamos Neutron Science Center (LANSCE), Los Alamos National Laboratory (LANL), and  
o the Fermilab complex at Fermi National Accelerator Laboratory (FNAL).  

 
Thrust 2 (near and long term): Explore the structure of the dark sector by producing and detecting 
unstable dark particles. 
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lepton beam, identify dark matter production events based on the kinematics of visible particles 
recoiling from the production event.  Such experiments in a continuous-wave electron beam 
offer a path to reach 1000-fold improvement in sensitivity over a broad mass range; missing 
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proton beam and detecting its scattering in a downstream detector.  This approach offers a 
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proton beams can achieve at least 10-fold sensitivity gains even when using conservative 
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CCM: beam dump at LANL
COHERENT: beam dump at ORNL
NA64: missing energy at CERN
Belle II: missing mass at KEK
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ECal as Target (EaT)
arXiv:2508.08121 

135 days (1 e-/25 ns)
(10% X0 tungsten)
JHEP 2020, 3 (2020)

~500 days (2 e-/25 ns)
(thicker target)
JHEP 2023, 92 (2023)

for dark photon mediator
(for other scenarios, see 
arXiv:1807.01730 [hep-ph])

https://arxiv.org/abs/1807.01730
https://arxiv.org/abs/2508.08121


LDMX also enables measurements of electron-nuclear cross-sections that 
would be critical to the neutrino program.

• LDMX plans to run with Ti target to collect relevant data: 
Currently considering collecting entire dataset with this target!

• Studies to understand critical issues of triggering, acceptance, and 
particle identification.

• Have discussed what possible adaptations / upgrades might 
strengthen this program.

• There is an active effort, but much more to do than available 
effort.

Understanding what LDMX can do, and how it could be adapted or 
upgraded to better achieve the key goals, is an area for further 
exploration in developing the strategic plan around LDMX.
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studies focused on specific hadronic processes with hydro-
gen targets [42–49]. These should already be useful for
testing generator models for certain hadronic processes,
such as ρmeson production through higher resonances. The
CLAS12 proposal “Electrons for Neutrinos” would make
further inroads by collecting more data [50,51]. At present,
published datasets involving argon and its mirror nucleus
titanium come from a separate experiment in Hall A
[27,52,53]. While undoubtedly valuable [54–58]—for
example, enabling comparisons with thewell-studied carbon
data [40]—they are limited to the inclusive spectrum of
scattered electrons measured at a single value of the beam
energy (2.22 GeV) and a fixed scattering angle (15.54°).
At the moment, and over the next several years, electro-

nuclear scattering data with excellent hadronic final-state
reconstruction is sorely needed. The ideal would be
reconstruction with no detection threshold, full 4π coverage,
and with excellent neutron identification. While CLAS12
can make some inroads in this direction, its acceptance
will be limited (especially in the forward direction) and
neutron-energy reconstruction will be modest. The proposed
LDMX detector concept offers a number of complementary
and unique advantages that can be leveraged to provide a
range of valuable electron-nucleus scattering data for the
purpose of constraining neutrino-scattering models.

III. THE LDMX DETECTOR CONCEPT AND
ELECTRON-NUCLEUS SCATTERING DATA

LDMX is a fixed-target experiment designed to search
for sub-GeV dark matter, employing a high-repetition rate,
low-current electron beam [24] with precision tracking (in a
magnetic field) and calorimetry along the beam axis to
provide high-fidelity detection of both charged and neutral
particles. Figure 2 provides a high-level illustration of the
detector layout, which is largely optimized to search for
dark-matter production. In candidate events for dark-matter
production, most of the initial electron’s energy is expected
to be carried away by undetected particle(s). Therefore,
identification of these processes requires an excellent
hermeticity of the detector, allowing, e.g., energetic neu-
tron-knockout events to be detected with sufficiently small
uncertainty. In fact, the primary purpose of the downstream
calorimetry in LDMX is to provide a fast, radiation-hard,
and highly granular veto against photonuclear and electro-
nuclear reactions in the target area that might generate
difficult-to-detect final states, and hence a potential back-
ground to dark-matter reactions. In the nominal design, the
vast majority of triggered data would be composed of these
photo/electronuclear reactions and rejected offline. The key
result of this paper is that this vetoed data will itself be of
great value in service of neutrino-interaction modeling, as
was described above.
To see why this is the case, we start with a more detailed

description of the detector layout. The tracking system
upstream of the target and the target itself are housed inside

of a 1.5-T dipole magnet while the downstream (recoil)
tracker is in the fringe magnetic field. The target is currently
envisioned to be titanium, and we assume it to be 0.1 X0

(0.356 cm) thick, X0 being the radiation length. However,
different target materials (such as argon) and thicknesses
are possible, as discussed further in Sec. VII. The two
tracking systems provide robust measurements of incoming
and outgoing electron momentum.
The electromagnetic calorimeter (ECal) is surrounded by

the hadronic calorimeter (HCal) to provide large angular
coverage downstreamof the target area, in order to efficiently
detect interaction products. The ECal is a silicon-tungsten
high-granularity sampling calorimeter based on a similar
detector developed for the high-luminosity Large Hadron
Collider upgrade of the endcap calorimeter of the Compact
Muon Solenoid (CMS) detector. The ECal is radiation
tolerant with fast readout, and the high granularity provides
good energy resolution and shower discrimination for
electromagnetic and hadronic interactions. The HCal is a
scintillator-steel sampling calorimeter that has wide angular
coverage and is sufficiently deep to provide required high
efficiency for detecting minimum ionizing particles and
neutral hadrons.
While the final detector design is still under development,

wedescribe a coarse set of detector capabilities (motivated by
the baseline design), which are particularly relevant for
electron-scattering measurements [24]:

(i) Electrons: We estimate the electron energy resolu-
tion to be 5%–10% and the pT resolution to be
<10 MeV [24], where pT is the transverse momen-
tum of the outgoing electron. The tracker acceptance
is approximately 40° in the polar angle where the
z-axis is defined along the beamline. Electrons can

FIG. 2. Schematic of the LDMX experiment for dark-matter
search (not to scale). The electron beam is incident from the left
and interacts in the target (which can be varied). Direct tracking
and calorimetry along the beam axis provides excellent (nearly 2π
azimuthal) forward acceptance to a range of final-state particles,
including the recoiling electron, protons, pions, and neutrons.

ARTUR M. ANKOWSKI et al. PHYS. REV. D 101, 053004 (2020)

053004-4

explicitly below, these codes are often not in agreement with
each other. More importantly, they are often also not in
agreement with recent high-statistics data from the
MINERvA experiment, collected in the kinematic regime
relevant to DUNE. For example, the default models in GENIE

seem to significantly overestimate neutron production [12],
mispredict the ratio of charge-current interactions across
different nuclear targets [13], and mismodel single-pion
production [14]. Thus, there is direct experimental evidence
that existing models need to be improved.
Importantly, simple phenomenological tuning of param-

eters within the existing models may not be sufficient. For
example, Ref. [14] reports that no tune could describe all
different exclusive final states in their analysis. Crucially, the
paper also notes that the physical origin of the discrepancies
is difficult to pinpoint, based on only the available data.
This brings us to an important question: what new data are

needed to improve the physics in these generators? A priori,
one might think that all that is needed is more neutrino-
nucleus scattering data, with higher statistics and precision,
as will be collected with the future near detectors. In reality,
while better neutrino data would certainly be desirable, it is
unlikely to be sufficient. To date, neutrino experiments only
have access to broadband beams, extract flux-integrated
cross sections [15–23], and neutrino-energy reconstruction
itself suffers from sizable uncertainties. In turn, the process of
energy reconstruction relies on neutrino generators. The
reason is that even today’s state-of-the-art neutrino detectors
are imperfect calorimeters at several GeV energies, with
event generators being used to fill in themissing information.
Hence, complementary probes that are free from these
limitations are highly desirable for accurately validating
the physical models in event generators.
Precise electron-nucleus scattering data provide just such a

complementary probe. While electron and neutrino inter-
actions are different at the primary vertex, many relevant
physical processes in the nucleus are the same in the two
cases, as discussed below in Sec. II. What electron scattering
offers is precisely controlled kinematics (initial and final
energies and scattering angles), large statistics, in situ
calibrationof the detector response using exclusive reactions,
and a prospect of easily swapping different nuclear targets.
This allows one to easily zero in on specific scattering
processes and to diagnose problems that are currently
obscured by the quality of the neutrino scattering data.
In this paper, we point out that the proposed LDMX (Light

Dark Matter eXperiment) setup at SLAC [24], designed to
search for sub-GeV darkmatter, will have very advantageous
characteristics to also pursue electron-scattering measure-
ments relevant to the neutrino program. These include a
4-GeVelectron beam and a detector with high acceptance of
hadronic products in the ∼40° forward cone and low-energy
threshold. Figure 1 shows the distribution, in the ðω; Q2Þ
plane, of charged-current (CC) events for muon neutrino
scattering on argon nuclei in the near detector of DUNE,

simulated with the GiBUU generator code. As can be
immediately seen, the LDMX coverage in the relevant
kinematic window is excellent. Below, we quantify how
future LDMX data can be used to test and improve physics
models in lepton-nucleus event generator codes.

II. ELECTRON-SCATTERING MEASUREMENTS
AND NEUTRINO CROSS SECTIONS

Let us now define the connection between electron- and
neutrino-nucleus scatteringmore precisely. Superficially, the
mere existence of such a connection is not obvious, since the
weak and electromagnetic forces have a number of important
differences. The differences are immediately apparent in the
elastic scattering regime: while CC neutrino interactions
occuron initial-state neutrons in the nucleus, electromagnetic
scattering also involves initial-state protons (neutrons couple
through their magnetic moments). The situation is similar in
the DIS regime, where the primary vertex is treated at the
quark level: while CCneutrino (antineutrino) interactions are
controlled by the distribution of initial-state down (up)
quarks, electron scattering involves both up and down
quarks. Additional differences come from the chiral nature
of theweak interactions.While the electron-nucleonvertex is
sensitive only to the electric charge distribution inside a
nucleon and its magnetic moment, neutrino scattering also
depends on the distribution of the axial charge. The effect
of this axial coupling is not small; in fact, at 1-GeV neutrino
energy, the axial part of the weak interaction provides a

FIG. 1. Simulated event distribution for charged-current muon
neutrino scattering on argon in the DUNE near detector, shown as
a heat map, compared with the kinematics accessible in inclusive
and (semi)exclusive electron scattering measurements at LDMX.
Blue lines correspond to constant electron-scattering angles of
40°, 30°, and 20°. Green lines represent contours of constant
transverse electron momenta pT of 800, 400, and 200 MeV. As
currently envisioned, LDMX can probe the region with θe < 40°
and pT > 10 MeV (below the scale of the plot).
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accessible to LDMX

The task of building a reliable event generator is thus an art
as much as a science, combining a number of models in
ways that fairly reflect the underlying physics and pass a
battery of experimental tests.
Given this state of affairs, direct data comparisons are

absolutely essential for validating and improving today’s
generators. In such comparisons, electron-scattering experi-
ments have a very important role to play. They complement
what might be learned from neutrino detectors in several
important ways, among which are high event rates and
precisely known kinematics. This point has been recognized
in the neutrino community [37] andmodern event generators
are built to model neutrino-nucleus and electron-nucleus
interactions using common physics frameworks.
There exists another reason why electron-scattering

experiments are of interest to modern particle physics:
they offer a laboratory for testing theoretical ideas about
dark sectors. The LDMX experiment, in particular, has
been conceived for just such a purpose and its design has
been optimized for searching for sub-GeV dark matter with
unprecedented reach. It turns out, as we argue in this paper,
that the two seemingly unrelated tasks are in reality highly
synergistic and LDMX will provide invaluable data
on electron-nucleus scattering processes that can be very
helpful for the neutrino-oscillation program. With a 4-GeV
electron beam, LDMX would be able to probe a region of
DUNE’s scattering phase space where the event density is
high (cf. Fig. 10 in Appendix C), the theoretical description
is challenging, and the existing data coverage is very
limited (cf. Fig. 8 in Appendix A).
To quantify this statement, we compared predictions of

GENIE and GiBUU, two of the leading event generators on
the market. We argued that both statistical and systematic
errors achievable at LDMX are expected to be significantly
smaller than the differences between the predictions of
these generators (cf. Fig. 9 in Appendix B). This applies not
only to inclusive cross sections, but also to measurements
of specific hadronic final states. In fact, LDMX will be able
to perform high-resolution studies of spectra and angular
distributions for a variety of interaction products—making
use of its capability of measuring electrons, photons,
neutrons, pions, and protons—over a large geometrical
acceptance with high efficiency. These measurements will
improve our understanding of hadronic physics in the
theoretically challenging region of transition from reso-
nance excitations to deep-inelastic scattering. Moreover,
LDMX has also good acceptance and resolution of neu-
trons, which are a crucial source of missing energy in
neutrino detectors. LDMX can thus serve as an important
tool in constraining the neutrino-nucleus cross-section
uncertainties that plague the neutrino-oscillation program.
For all of these reasons, we strongly encourage the LDMX

Collaboration to pursue detailed modeling studies of the
scattering processes outlined in this paper and to include the
corresponding measurements in future data taking.
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APPENDIX A: CURRENT DATA COVERAGE

The most extensive data coverage for inclusive electron
scattering is currently available for the carbon nucleus [78].
Figure 8 shows the ðω; Q2Þ kinematic region covered by
these data, compiled from Refs. [53,82–93]. The gray-scale
heat map in the background represents the expected event
distribution in the DUNE near detector, reproduced from
Fig. 1. Each colored curve represents a single dataset, taken
at a fixed electron-beam energy and scattering angle.
Figure 8 demonstrates that—even at the inclusive level

and for carbon—there is poor data coverage where the
DUNE event density is the highest. As wewill see below, in
Fig. 10, much of this region is dominated by resonance-
excitation and DIS processes, where hadronic physics is
highly complex. For improving generator models, it is
essential to have not only the inclusive cross sections, but

FIG. 8. Existing data for inclusive electron scattering on carbon
[53,82–93], overlaid on the simulated distribution of charged-
current νμ events in the DUNE near detector.
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• There is an active effort, but much more to do than available 
effort.

Understanding what LDMX can do, and how it could be adapted or 
upgraded to better achieve the key goals, is an area for further 
exploration in developing the strategic plan around LDMX.

8

Neutrino Cross-cut & Strategic Opportunity: 
LDMX eN Capabilities

PRD 101, 053004 (2020) 

uncertainties of the generated Monte Carlo event samples;
experimental statistical uncertainties are much smaller than
the indicated bands.
The event distributions obtained using the three gen-

erators differ markedly both in the overall rate and in shape.
Exhibiting stronger angular dependence, GiBUU predicts
fewer events at large scattering angles than expected
according to GENIE.
This behavior is shown in Fig. 4. In the left panel,

corresponding to scattering angles 10° ≤ θe ≤ 12.5°, the
prediction of GiBUU is smaller by 30% than that of GENIE.
In the right panel, for scattering angles 20° ≤ θe ≤ 22.5°,
this difference increases to 50%. While the GENIE cross
section is dominated by the DIS channel, this is not the case
for the GiBUU results, in which resonance excitation is the
main mechanism of interaction for energy transfers below
2 GeV, and DIS dominates only at ω > 2 GeV. The largest
discrepancies occur at higher-energy transfers (ω≳ 2 GeV,
W2 ≳ 4.4 GeV2), where events are predominately popu-
lated by DIS. Notably, there are visible differences between
the results obtained using different versions of the gen-
erators GiBUU and GENIE. Nevertheless, they are much less
significant than the differences between the predictions of
different generators.
In the 20° ≤ θe ≤ 22.5° slice, both the GiBUU and GENIE

cross sections result entirely from DIS interactions and
agree at a factor of 2 level. GEANT4, however, deviates
significantly from GENIE and GiBUU, and the deviation is
even larger at higher scattering angles. This is expected as
GEANT4 uses the equivalent-photon approximation to
simulate electron-nucleus interactions. At higher Q2, the
exchanged photon becomes highly virtual and this approxi-
mation is not valid. Because of this issue, we do not show
GEANT4 predictions in later comparisons. We note that as

GEANT4 is not commonly used as an event generator, the
difference between GEANT4 and other generators is not a
fair representation of the current modeling uncertainty.
However, the difference between GENIE and GiBUU is, and it
may even be a conservative estimate on modeling uncer-
tainties. Comparably large disagreements between GENIE

and GiBUU are seen in all angular bins, as illustrated in
Appendix B.
Notice that, in Fig. 4, the ranges of electron-scattering

angles are narrow and the final energies are well measured.
This, combined with precise knowledge of the initial
electron energy, makes it possible to accurately control
the scattering kinematics, which in turn provides a powerful
tool for testing the underlying nuclear and hadronic
physics. The large discrepancies between the generator
predictions for the double-differential cross section seen in
the figure may be less pronounced in more integrated
quantities. We explicitly confirmed this by integrating the
electron-scattering cross sections for a 4-GeV beam energy
over all scattering angles and energy transfers (imposing
the same Q2 > 0.03 GeV2 cut as before). In this case, we
find that the predictions of GENIE and GiBUU are, in fact, in
good agreement. Both generators give 1.9 × 10−28 cm2,
with the underlying discrepancies completely washed out
upon integration.
One has to be mindful about this when interpreting

results of neutrino-scattering experiments, where averaging
can take place over several variables, including the incom-
ing beam energy. As an illustration, consider measurements
of pion production induced by charged-current neutrino
interactions in the MINERvA experiment, at the kinematics
similar to that of DUNE. The shape of the single differential
dσ=dQ2 cross sections from Ref. [79] is reproduced
reasonably well by both GENIE [79] and GiBUU [9].
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FIG. 4. Event distribution as a function of electron energy transfer for the scattering angles of 10° ≤ θe ≤ 12.5° (left panel) and
20° ≤ θe ≤ 22.5° (right panel). Scattered electrons are required to have the transverse momentum pT > 200 MeV. In our nominal
analyses, the trigger selection ω > 1 GeV is employed.
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because neutrons are particularly difficult to measure in
neutrino detectors. If left unresolved, such large discrep-
ancies would result in large uncertainties on the inferred
neutrino energy [38]. By measuring these hadronic energy
fractions within its geometric acceptance, LDMX will
provide a good handle on the relative rate of neutron
emission.
More specifically, the capability of LDMX to measure in

coincidence the kinematics of the scattered electron and of
the hadronic interaction products is illustrated by the
distributions shown in Figs. 6 and 7.
Figure 6 presents the pion kinetic energy distributions

expected in LDMX when the corresponding electron
kinematics is selected in a similar manner as in the previous
section: ω > 1 GeV, pT > 200 MeV, and 20° ≤ θe ≤
22.5°. We expect approximately 1 × 108 electrons with
that particular kinematic selection for 1 × 1014 electrons
incident on the target. After accounting for the acceptance
and energy resolution of the tracker, LDMX can measure
the charged-pion kinetic energy down to ∼60 MeV. We
present the distribution up to 1 GeV, where LDMX is
expected to have good pion/proton discrimination.
The distributions in Fig. 6 are normalized per electron

meeting the selection criteria, in order to remove the
generator differences for inclusive electron scattering dis-
cussed in Sec. V. We see that GENIE predicts more pions,
about a factor of 2 more in the forward region, while GiBUU
yields a slightly harder pion spectrum.
Similarly to the electron case, the pion energy resolution

is sufficiently small that its effect is invisible in the figure,
and features in pion spectra predicted by generators, e.g.,
the peak toward lowest pion energies due to final-state
interactions, are preserved. We also observe a sensitivity to
the difference between the pion spectra for 0° ≤ θπ ≤ 20°

and for 20° ≤ θπ ≤ 40°, illustrating the advantage of having
fine-grained tracking detector for all charged particles.
In Fig. 7, the angular distributions of all neutrons in an

event within the acceptance of the tracker and calorimeter
and with (smeared) kinetic energies greater than 500 MeV
are shown. Again, this is with the same selection on the
electron as in the pion result. The distributions show large
overall rate differences between the generators, but even
within the shape of the distributions, there are differences at
the 30%–40% level.
From the representative distributions we have shown for

the electron and hadron kinematics, it is clear that there
are large deviations in the predictions of electron-nucleus
interactions from various state-of-the-art generators. LDMX
will provide good measurements of these multiparticle final
states. Figures 6 and 7 show the pion kinetic energies
and neutron angular distributions per incoming electron
within a narrow angular slice, but as is noted above, we
expect approximately 1 × 108 electrons with that kinematic
selection. Therefore, the per-bin statistical uncertainties on
these measurements will be at the percent level or smaller.
The systematic uncertainties discussed in the context of

inclusive measurements translate directly to the case of
(semi)exclusive measurements. The main new systematic
in this case is the efficiency and cross-contamination of
hadron particle identification using dE=dx. For 1 GeV and
below, the rate of cross-contamination for charged pions
and protons is likely to be similar to the several percent
level observed at CMS [59,60]; this sets the scale for a
conservative estimate of the systematic uncertainties as well.
Contamination from kaons, due to their much lower absolute
rate, is expected to be even less than from protons and pions.
For neutron identification, the detector technology chosen,
scintillator-based sampling calorimetry, is quite mature.
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FIG. 6. Charged pion kinetic energy distribution after energy/angular resolution smearing with a scattering angle of 0° ≤ θπ ≤ 20° (left
panel) and 20° ≤ θπ ≤ 40° (right panel). There is an additional selection on the recoiling electron of ω > 1 GeV, pT > 200 MeV, and
20° ≤ θe ≤ 22.5°. The pion distributions are presented per electron within the above electron kinematic selection. There are
approximately 1 × 108 electrons passing the ω, pT , and θe selections for 1 × 1014 electrons on target.

LEPTON-NUCLEUS CROSS SECTION MEASUREMENTS FOR … PHYS. REV. D 101, 053004 (2020)

053004-9

MC modeling of LDMX observables 



LDMX

9

Accelerator Cross-cut & Strategic Opportunity: 
Linac to End Station A (LESA)

LCLS-II drive beam accelerates 186 MHz bunches

• ~5000 hours/year operation for photon science

• LCLS-II uses 929 kHz: >99% of bunches go to dump

• Sector 30 Transfer Line (S30XL) AIP diverts ~60% of unused, low-
charge bunches to LESA for LDMX and other possible experiments.

LESA is working to deliver beam to ESA in November, and LDMX is 
preparing a test slice of the detector to operate there in December.

S30XL/LESA  
Beamline

Existing 
A-Line

S30XL Kicker

End Station A

LCLS

— existing LCLS 
— existing ESA 
— S30XL/LESA proposal 

SLAC Linac
9

End  Station A

ESA

BSY dump

Soft X-Ray FEL

Hard X-Ray FEL

Beam Kickers

LCLS-II SCRF Linac

S30XL/LESA

S30XL Kicker

beam at S30XL dump

I. Last Five years 
II. Next Four Years 
IV. Competence 
V. Support/Infrastructure 
VI. Nature and Scope 
VII. Contributions/Mission 
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Opportunities beyond LDMX?

…that leverage LESA
• new visible A’ searches

• ideas exist but there 
are many similar efforts

• dedicated eN experiment

• physics goals and 
detector requirements 
need clarification

…that leverage both
• Adaptation/upgrade of LDMX for rare 

 decay dark sector / CPV program

• physics goals and detector 
requirements need development

• Adaptation/upgrade of LDMX for 
dedicated eN physics program

• physics goals and detector 
requirements need clarification

η

…that leverage LDMX
•M3 Missing Momentum 
with Muons @ FNAL

•technical feasibility 
unclear

•physics reach needs to 
be better established

That leverage the neutrino program
• Dark sector searches with the DUNE ND

• physics capabilities are somewhat narrow



ADDITIONAL SLIDES
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Key Takeaways

SLAC theorists pioneered ideas, launching  
APEX (2010), HPS (2013), and inspiring many others.

2014 P5 called for Small Projects Portfolio with DM and 
Physics of the Unknown science drivers.

In 2017, DOE launched Basic Research Needs (BRN) for 
Dark Matter New Initiatives (DMNI).

BRN became basis for 2019 DMNI FOA:  
LDMX chosen for development.

2023 P5 creates a clearer mandate through R3 (ASTAE) 
with DMNI as first projects to consider for construction.
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Opportunities beyond LDMX?

Opportunities that leverage LESA

Opportunities that leverage LDMX

• ~5000 hours/year operation for photon science

• LCLS-II uses 929 kHz: >99% of bunches go to dump

• Sector 30 Transfer Line (S30XL) AIP diverts ~60% of unused, low-
charge bunches to LESA for LDMX and other possible experiments.

LESA is working to deliver beam to ESA in November, and LDMX is 
preparing a test slice of the detector to operate there in December.
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The HPS Experiment in Hall B at JLab CEBAF

Compact e+e- spectrometer,  immediately downstream of thin target

• Low-mass, high-rate (>5 MHz/mm2) silicon tracker (SVT) in vacuum allows 
vertexing long-lived A′ to suppress SM tridents from target by factor ~107.

• PbWO4 ECal trigger (JLab/INFN/Orsay) eliminates ≫MHz scattered single e-.

Opportunistic engineering runs collected small samples of physics data 
in 2015 (1.17 pb-1, 1.056 GeV) and 2016 (10.7 pb-1, 2.3 GeV)

Also motivated working on improvements in analyzing 2016 data.

Analyses of  2015 data proved concept and motivated upgrades before 
first physics run in 2019.

• Added SVT layer closer to target using novel slim-edge sensors 
⟹ improve vertex resolution (~2X)

• Added positron hodoscope in front of ECal for positron-only trigger 
⟹ increase trigger acceptance for events where e- escapes along beam

III. Appropriateness 
IV. Competence 
V. Support/Infrastructure 
VI. Nature and Scope 
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HPS Operations: 2019 — 2021

SVT Upgrade and first physics run just completed at beginning of FY20:

• 229 pb-1 planned, 122 pb-1 delivered. (53%)

• Beam delivery issues impacted data quality, damaged SVT

Additional time allocated in 2021 required keeping focus on operations

• redesign and rebuild of Front End Boards (FEBs)

• redesign and rebuild of slim-edge sensor modules

Despite pandemic restrictions/disruptions (travel/lab work, supply chain), 
2021 was relatively smooth:

• 200 pb-1 planned, 168 pb-1 delivered. (84%)

• Fewer operational issues

Ongoing maintenance and operation of the SVT is great  
for students and postdocs.

I. Last Five years 
IV. Competence 
V. Support/Infrastructure 
VI. Nature and Scope 
VIII. Community/Mentoring
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Evolving Landscape in Dark Sector Theory

Introduction Experimental setup Background Experiment reach Conclusions

A fixed target LDM experiment

Beam Dump eXperiment: LDM direct detection in a e≠ beam, fixed-target setup1

‰ production
• High-energy, high-intensity e≠ beam impinging on a

dump
• ‰ particles pair-produced radiatively, trough AÕ emission

(both on-shell or o�-shell).

‰ detection
• Detector placed behind the dump, O(10m)
• Neutral-current ‰ scattering trough AÕ exchange,recoil

releasing visible energy
• Di�erent signals depending on the interaction (e≠

elastic, p quasi-elastic,. . . )

Number of events scales as (on-shell): N Ã –DÁ4

m4
A

1For a comprehensive introduction: E. Izaguirre et al, Phys. Rev. D 88, 114015
3 / 25
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SIMP - Theory Overview

HPS Signal
Visible 2-body decay

HPS signal is visible 2-body decay of two 
neutral VD’s, ρD and FD

Key SIMP parameter

Two mπ/fπ benchmarks
● Max BR(A’4 VDπD) = 4π
● Min BR(A’4 VDπD) = 3

minimal A′

new dark vector
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SIMP - Theory Overview

HPS Signal
Visible 2-body decay

HPS signal is visible 2-body decay of two 
neutral VD’s, ρD and FD

Key SIMP parameter

Two mπ/fπ benchmarks
● Max BR(A’4 VDπD) = 4π
● Min BR(A’4 VDπD) = 3

  e−

 e− e−

e+

SIMPs

+ strong dynamics in dark sector

Status

Good News

Have MadGraph model that

calculates this diagram.

Bad News

Struggling to find phase space at

HPS 2016 beam energy.

e�

N

e�

�1

�1

e�

e+

A0

�2

A0⇤

Tom Eichlersmith (UMN) HPS May 2023 CM May 10, 2023 2 / 11

iDM

+ multiple states in dark sector

6

beginning of operations in September 2021. Similarly, the operation of the detector, much of which
was done remotely, went relatively smoothly amidst the obstacles created by pandemic restrictions.
E↵orts to harden and protect the detector with improved procedures successfully avoided the kinds
of damage observed in 2019. With much better beam conditions, HPS collected 168 pb�1 over 29
PAC days between September 9 and November 5, which was 84% of the total expected. With
fewer data quality issues than in 2019, work to calibrate and optimize the reconstruction of 2021
data has proceeded more rapidly, and with similar beam energies, and therefore reach in the same
region of parameter space, we anticipate analyzing 2019 and 2021 data in tandem to produce
combined results. Meanwhile, before further operations, maintenance and repair of the SVT will
be performed, including replacement of the modules in the first layers, replacement of some older
modules with a significant fraction of dead channels, and rebuilding a pool of spares for the SVT
DAQ. In addition, minor work on the ECal and updates to the trigger and back-end DAQ will also
be completed.

3. ANALYSIS AND RESULTS

HPS can search for dark photons via multiple signatures, shown in Table I along with the
attributes of the three major sources of background; radiative tridents, Bethe-Heitler tridents, and
converted wide-angle hard bremsstrlung events.

Signal Background

Minimal A0 Minimal A0

Signature ✏2 & 10�7 ✏2 . 10�8 SIMPs iDM radiative Bethe-Heitler Converted WAB

x =
|pe++pe� |

Ebeam
high high low low high low medium

resonance yes yes yes no no no no

prompt/displaced prompt displaced displaced displaced prompt prompt prompt

TABLE I. The key signatures of di↵erent A0 models in HPS, and the corresponding attributes of the three
major classes of QED backgrounds. These features are the foundation of the sensitivity to dark photons
with HPS.

In the minimal A0 model, the only assumption is that A0 decays to dark sector particles are
kinematically disallowed so that on-shell A0 must decay back to Standard Model particles. With
no other particles in the final state, the A0 carries away most of the beam momentum so that
x = PSum/Ebeam is peaked near unity, where PSum = |pe+ + pe� |. While this is kinematically
identical to radiative QED tridents, the dominant QED background from Bethe-Heitler tridents
peaks at low x. HPS searches for these minimal dark photons both at larger couplings, where
A0 are produced abundantly but decay promptly, so can only be distinguished by observing the
e+e� resonance atop much larger QED backgrounds, and at smaller couplings, where few A0 are
produced but their decays can also be distinguished by their long lifetime. Results from these
searches using data from the engineering runs are published in [10] and [11] and will be discussed
in Sections 3.1 and 3.2.

In models with other light degrees of freedom in the dark sector, such as SIMPs and iDM, dark
particles in the final state carry away energy so the signal tends to have x < 1. Meanwhile, for
SIMPs, as in the minimal A0 case, the e+e� pair in the final state comes from an on-shell A0, while
for iDM, the A0 is virtual so that there is no resonant structure. However, both SIMPs and iDM

Increasing interest in exploring richer dark 
sectors coupled to dark photons

• Strongly Interacting Massive Particles: 
 resonant, displaced , 

• inelastic DM with large mass splittings: 
 non-resonant, displaced , 

⇒ e+e− E

⇒ e+e− E

HPS is sensitive to SIMPs, possibly also iDM.

I. Last Five years 
II. Next Four Years 
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Work in Progress: SIMPs Search

First search for SIMPs on 2016 data in 
review for publication

• A nice demonstration of how HPS 
program can be extended to 
address evolving dark sector physics

• We would like to return to some 
other scenarios (e.g. ALPs, iDM) to 
see what HPS can do there also.

Is there other physics potential in HPS 
data that we just haven’t considered?

I. Last Five years 
II. Next Four Years 
VIII. Community/Mentoring
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With 105/180 days of approved operations remaining, 
status and future plans were reviewed by JLab PAC in July: 
HPS is re-approved with “A” rating.

Sensitivity for displaced A′ search based on techniques from 
PRD used as benchmark for optimization:

• existing data (75 days) opens up significant region of sensitivity

• future run plan (105 days) more than doubles this region

Optimum is ~7 weeks at ≈4 GeV and ~6 weeks at ≈2 GeV

• HPS has requested and is planning 60 PAC days of 4 GeV 
running, to be followed by a final one-pass run at 2 GeV.

HPS is not close to saturating its sensitivity, which 
grows almost linearly even beyond approved time.

HPS Operations Plans and Sensitivity

Minimal A′ Scenario
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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 

5 

matter, where dark matter interactions with visible matter in the hot early universe explain its 
abundance today.  Predictive realizations of this hypothesis require dark matter production rates within 
a factor of ϭϬϬϬ of current experiments’ sensitivity, which is accessible to small experiments using 
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The LDMX Experiment

LDMX also enables measurements of electron-nuclear cross-sections that would be critical to the neutrino program

PHYSICAL REVIEW D 101, 053004 (2020) 

explicitly below, these codes are often not in agreement with
each other. More importantly, they are often also not in
agreement with recent high-statistics data from the
MINERvA experiment, collected in the kinematic regime
relevant to DUNE. For example, the default models in GENIE

seem to significantly overestimate neutron production [12],
mispredict the ratio of charge-current interactions across
different nuclear targets [13], and mismodel single-pion
production [14]. Thus, there is direct experimental evidence
that existing models need to be improved.
Importantly, simple phenomenological tuning of param-

eters within the existing models may not be sufficient. For
example, Ref. [14] reports that no tune could describe all
different exclusive final states in their analysis. Crucially, the
paper also notes that the physical origin of the discrepancies
is difficult to pinpoint, based on only the available data.
This brings us to an important question: what new data are

needed to improve the physics in these generators? A priori,
one might think that all that is needed is more neutrino-
nucleus scattering data, with higher statistics and precision,
as will be collected with the future near detectors. In reality,
while better neutrino data would certainly be desirable, it is
unlikely to be sufficient. To date, neutrino experiments only
have access to broadband beams, extract flux-integrated
cross sections [15–23], and neutrino-energy reconstruction
itself suffers from sizable uncertainties. In turn, the process of
energy reconstruction relies on neutrino generators. The
reason is that even today’s state-of-the-art neutrino detectors
are imperfect calorimeters at several GeV energies, with
event generators being used to fill in themissing information.
Hence, complementary probes that are free from these
limitations are highly desirable for accurately validating
the physical models in event generators.
Precise electron-nucleus scattering data provide just such a

complementary probe. While electron and neutrino inter-
actions are different at the primary vertex, many relevant
physical processes in the nucleus are the same in the two
cases, as discussed below in Sec. II. What electron scattering
offers is precisely controlled kinematics (initial and final
energies and scattering angles), large statistics, in situ
calibrationof the detector response using exclusive reactions,
and a prospect of easily swapping different nuclear targets.
This allows one to easily zero in on specific scattering
processes and to diagnose problems that are currently
obscured by the quality of the neutrino scattering data.
In this paper, we point out that the proposed LDMX (Light

Dark Matter eXperiment) setup at SLAC [24], designed to
search for sub-GeV darkmatter, will have very advantageous
characteristics to also pursue electron-scattering measure-
ments relevant to the neutrino program. These include a
4-GeVelectron beam and a detector with high acceptance of
hadronic products in the ∼40° forward cone and low-energy
threshold. Figure 1 shows the distribution, in the ðω; Q2Þ
plane, of charged-current (CC) events for muon neutrino
scattering on argon nuclei in the near detector of DUNE,

simulated with the GiBUU generator code. As can be
immediately seen, the LDMX coverage in the relevant
kinematic window is excellent. Below, we quantify how
future LDMX data can be used to test and improve physics
models in lepton-nucleus event generator codes.

II. ELECTRON-SCATTERING MEASUREMENTS
AND NEUTRINO CROSS SECTIONS

Let us now define the connection between electron- and
neutrino-nucleus scatteringmore precisely. Superficially, the
mere existence of such a connection is not obvious, since the
weak and electromagnetic forces have a number of important
differences. The differences are immediately apparent in the
elastic scattering regime: while CC neutrino interactions
occuron initial-state neutrons in the nucleus, electromagnetic
scattering also involves initial-state protons (neutrons couple
through their magnetic moments). The situation is similar in
the DIS regime, where the primary vertex is treated at the
quark level: while CCneutrino (antineutrino) interactions are
controlled by the distribution of initial-state down (up)
quarks, electron scattering involves both up and down
quarks. Additional differences come from the chiral nature
of theweak interactions.While the electron-nucleonvertex is
sensitive only to the electric charge distribution inside a
nucleon and its magnetic moment, neutrino scattering also
depends on the distribution of the axial charge. The effect
of this axial coupling is not small; in fact, at 1-GeV neutrino
energy, the axial part of the weak interaction provides a

FIG. 1. Simulated event distribution for charged-current muon
neutrino scattering on argon in the DUNE near detector, shown as
a heat map, compared with the kinematics accessible in inclusive
and (semi)exclusive electron scattering measurements at LDMX.
Blue lines correspond to constant electron-scattering angles of
40°, 30°, and 20°. Green lines represent contours of constant
transverse electron momenta pT of 800, 400, and 200 MeV. As
currently envisioned, LDMX can probe the region with θe < 40°
and pT > 10 MeV (below the scale of the plot).
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studies focused on specific hadronic processes with hydro-
gen targets [42–49]. These should already be useful for
testing generator models for certain hadronic processes,
such as ρmeson production through higher resonances. The
CLAS12 proposal “Electrons for Neutrinos” would make
further inroads by collecting more data [50,51]. At present,
published datasets involving argon and its mirror nucleus
titanium come from a separate experiment in Hall A
[27,52,53]. While undoubtedly valuable [54–58]—for
example, enabling comparisons with thewell-studied carbon
data [40]—they are limited to the inclusive spectrum of
scattered electrons measured at a single value of the beam
energy (2.22 GeV) and a fixed scattering angle (15.54°).
At the moment, and over the next several years, electro-

nuclear scattering data with excellent hadronic final-state
reconstruction is sorely needed. The ideal would be
reconstruction with no detection threshold, full 4π coverage,
and with excellent neutron identification. While CLAS12
can make some inroads in this direction, its acceptance
will be limited (especially in the forward direction) and
neutron-energy reconstruction will be modest. The proposed
LDMX detector concept offers a number of complementary
and unique advantages that can be leveraged to provide a
range of valuable electron-nucleus scattering data for the
purpose of constraining neutrino-scattering models.

III. THE LDMX DETECTOR CONCEPT AND
ELECTRON-NUCLEUS SCATTERING DATA

LDMX is a fixed-target experiment designed to search
for sub-GeV dark matter, employing a high-repetition rate,
low-current electron beam [24] with precision tracking (in a
magnetic field) and calorimetry along the beam axis to
provide high-fidelity detection of both charged and neutral
particles. Figure 2 provides a high-level illustration of the
detector layout, which is largely optimized to search for
dark-matter production. In candidate events for dark-matter
production, most of the initial electron’s energy is expected
to be carried away by undetected particle(s). Therefore,
identification of these processes requires an excellent
hermeticity of the detector, allowing, e.g., energetic neu-
tron-knockout events to be detected with sufficiently small
uncertainty. In fact, the primary purpose of the downstream
calorimetry in LDMX is to provide a fast, radiation-hard,
and highly granular veto against photonuclear and electro-
nuclear reactions in the target area that might generate
difficult-to-detect final states, and hence a potential back-
ground to dark-matter reactions. In the nominal design, the
vast majority of triggered data would be composed of these
photo/electronuclear reactions and rejected offline. The key
result of this paper is that this vetoed data will itself be of
great value in service of neutrino-interaction modeling, as
was described above.
To see why this is the case, we start with a more detailed

description of the detector layout. The tracking system
upstream of the target and the target itself are housed inside

of a 1.5-T dipole magnet while the downstream (recoil)
tracker is in the fringe magnetic field. The target is currently
envisioned to be titanium, and we assume it to be 0.1 X0

(0.356 cm) thick, X0 being the radiation length. However,
different target materials (such as argon) and thicknesses
are possible, as discussed further in Sec. VII. The two
tracking systems provide robust measurements of incoming
and outgoing electron momentum.
The electromagnetic calorimeter (ECal) is surrounded by

the hadronic calorimeter (HCal) to provide large angular
coverage downstreamof the target area, in order to efficiently
detect interaction products. The ECal is a silicon-tungsten
high-granularity sampling calorimeter based on a similar
detector developed for the high-luminosity Large Hadron
Collider upgrade of the endcap calorimeter of the Compact
Muon Solenoid (CMS) detector. The ECal is radiation
tolerant with fast readout, and the high granularity provides
good energy resolution and shower discrimination for
electromagnetic and hadronic interactions. The HCal is a
scintillator-steel sampling calorimeter that has wide angular
coverage and is sufficiently deep to provide required high
efficiency for detecting minimum ionizing particles and
neutral hadrons.
While the final detector design is still under development,

wedescribe a coarse set of detector capabilities (motivated by
the baseline design), which are particularly relevant for
electron-scattering measurements [24]:

(i) Electrons: We estimate the electron energy resolu-
tion to be 5%–10% and the pT resolution to be
<10 MeV [24], where pT is the transverse momen-
tum of the outgoing electron. The tracker acceptance
is approximately 40° in the polar angle where the
z-axis is defined along the beamline. Electrons can

FIG. 2. Schematic of the LDMX experiment for dark-matter
search (not to scale). The electron beam is incident from the left
and interacts in the target (which can be varied). Direct tracking
and calorimetry along the beam axis provides excellent (nearly 2π
azimuthal) forward acceptance to a range of final-state particles,
including the recoiling electron, protons, pions, and neutrons.
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Linac to End Station A (LESA) at SLAC

LCLS-II drive beam accelerates 186 MHz bunches
• ~5000 hours/year operation for photon science

• LCLS-II uses 929 kHz: >99% of bunches go to dump

• Sector 30 Transfer Line (S30XL) AIP diverts ~60% of unused, low-
charge bunches to LESA for LDMX, test beam, and other expts.

S30XL is being commissioned alongside LCLS-II.

LESA construction ongoing, expects to deliver beam to ESA in FY25.

Natalia Toro is acting project lead: HPS also contributes effort.

S30XL/LESA  
Beamline

Existing 
A-Line

S30XL Kicker

End Station A

LCLS

— existing LCLS 
— existing ESA 
— S30XL/LESA proposal 

SLAC Linac
21

End  Station A

ESA

BSY dump

Soft X-Ray FEL

Hard X-Ray FEL

Beam Kickers

LCLS-II SCRF Linac

S30XL/LESA

S30XL Kicker

beam at S30XL dump
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LDMX Timeline

The most aggressive timeline currently possible starts 
construction in FY27, and therefore operation in FY30.

Assuming we are able to use  events as effectively as  
events, full sensitivity requires 5 years of operation.

While this plan will face some pushback from HEP, the pace so far 
suggests that LDMX will probably be running until roughly 2035.

When will we be ready/able to ramp up effort on a new project?

μ = 2 μ = 1
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Questions

Is there a well-motivated successor to HPS?

• Previous concepts have included: 

• “high-intensity HPS” which places HPS behind a dump.  Extremely similar to DAMSA concept being 
developed at FNAL (Jae Yu, Juan Estrada, et al.).

• HPS2, a compact two arm spectrometer with much higher acceptance and better mass resolution.

• Neither is suitable for LESA.  What would an experiment designed for visible searches with no “dead 
zone” look like?  How would it work?

Is there a well-motivated successor to LDMX?

• I am going to guess that after LDMX, dedicated beam dump experiments aimed at dark matter are 
going to be less attractive.  Meanwhile, will be difficult to motivate a much larger and more expensive 
missing momentum experiment with electrons.  What about muons, M3 at FNAL? Or millicharges?

What will the interesting opportunities be at the neutrino near detectors?

What will the landscape look like in 2035? (need to skate to where the puck is going)
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The Broader Palette of Dark Matter at LDMX

Invisible Signatures

• other mediators

• millicharged particles:  
arise from ~massless dark photons and 
thrust into spotlight by EDGES anomaly

• inelastic Dark Matter (iDM):  
large mass-splittings in dark states

• Strongly Interacting Massive Particles (SIMPs):  
a confining interaction in the dark sector 
(both visible and invisible signatures)

• freeze-in DM

Visible Signatures

• Dark Photons

• Axion-like particles (ALPs)
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FIG. 7: As in Fig. 4, thermal targets for the representative dark matter candidates of Sec. III A but instead
coupled to U(1)B�L (top-left), U(1)B�3e (top-right), U(1)e�µ (bottom-left), and U(1)B (bottom-right)
Z 0 gauge bosons, fixing mZ0 = 3m� and ↵D = 0.5. The black line corresponds to parameter space
where the relic abundance of � agrees with the observed dark matter energy density. The shaded gray
regions are excluded from previous experiments, such as a BaBar monophoton analysis [89], and beam
dump searches at LSND [78], E137 [16, 79], and MiniBooNE [88]. Also shown in dot-dashed blue is the
projected sensitivity of a monophoton search at Belle II presented in Ref. [1] and computed by rescaling the
20 fb�1 background study up to 50 ab�1 [80]. Future direct detection experiments will have sensitivity to
the cosmologically motivated regions of parameter space shown for scalar DM (see Fig. 4). We also show
constraints derived from the observed ⌫̄�e scattering spectrum at TEXONO [104, 105], and for the baryonic
current, U(1)B , bounds from considerations of enhanced anomalous decays into Z 0 final states [55, 56]. The
projected sensitivity of LDMX is shown in solid (dot-dashed) red, assuming 1016 EOT from a 8 (16) GeV
electron beam and a 10% radiation length tungsten (aluminum) target.

2. Predictive Dark Matter with Spin-0 Mediators

In this section, we focus on another variation of the models previously considered in Sec. III A.
In particular, we will investigate the cosmologically motivated parameter space for DM that anni-
hilates to SM leptons through the exchange of a spin-0 mediator, which we denote as '. Compared
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FIG. 8: Thermal targets for Majorana dark matter that couples to an electrophilic (top row) or leptophilic
(bottom row) spin-0 mediator, '. In each model, we assume that the � � ' interaction is parity-even,
fixing m' = 3m� and ↵D = 0.5. In the left (right) column, ' couples to SM leptons through parity-even
(parity-odd) interactions. The black line corresponds to parameter space where the relic abundance of �
agrees with the observed dark matter energy density. The shaded gray regions are excluded from previous
experiments, such as the BaBar monophoton analysis [89], beam dump search at E137 [16, 79], and the
XENON10 direct detection experiment [90–93]. Also shown in dot-dashed blue is the projected sensitivity
of a monophoton search at Belle II presented in Ref. [1] and computed by rescaling the 20 fb�1 background
study up to 50 ab�1 [80]. Future direct detection experiments, such as SENSEI, will have sensitivity to the
cosmologically motivated regions of parameter space shown for parity-even ' � e couplings [1]. We also
show constraints derived from the observed magnetic moment of the electron and muon as well as regions
favored to explain recently reported anomalies [7, 108–111]. The projected sensitivity of LDMX is shown
in solid (dot-dashed) red, assuming 1016 EOT from a 8 (16) GeV electron beam and a 10% radiation length
tungsten (aluminum) target.

the CMB. For parity-even couplings, the DM-electron elastic scattering cross section, relevant for

+meson decays  
(not shown)

+meson decays  
(not shown)

+meson decays  
(not shown)
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FIG. 6: Parameter space for pseudo-Dirac DM. The mass eigenstates, �1,2, couple off-diagonally to the
dark photon, A0, and freeze-out through coannihilations to SM particles. The heavier state in the pseudo-
Dirac pair is unstable and decays via �2 ! �1ff̄ . These displaced visible decays can be searched for
at accelerator experiments. Here we present various projections for LDMX (for a 8/16 GeV electron
beam assuming 1016 EOT and a 10% tungsten/aluminum target in solid/dot-dashed red, respectively) and
SeaQuest [99], JSNS2 [100], BDX, and MiniBooNE [95, 98]. Also shown are constraints from LSND,
BaBar [86, 98, 99], Belle II [86], and LEP [101]. We do not show constraints derived from the electron
beam dump E137 since they suffer from uncertainties pertaining to the energy threshold of the analysis [99].

In this figure, many of the beam dump and B-factory constraints are identical to those in the
bottom-right panel of Fig. 4; however, there are now additional constraints and future projections
for experiments able to detect displaced visible �2 ! �1`+`� decays, which offer the greatest
sensitivity at high mass and splitting.

B. Predictive Dark Matter with Other Mediators

In this section, we generalize the above discussion to include spin-1 mediators (Sec. III B 1)
and spin-0 mediators (Sec. III B 2) with more general couplings to the SM. In the vast majority of
these models, the electron coupling dominantly controls DM freeze-out. Hence, direct searches
for these mediators through electron couplings is a well-motivated and powerful technique. The
leptophilic scalar and baryonic coupled vector are extreme examples of this; even though the
electron coupling is highly suppressed in these models, it is the coupling that controls freeze-out
for light DM. Furthermore, LDMX can probe interaction strengths motivated by thermal freeze-
out. The exception to this rule is if the dominant annihilation channel for light dark matter is into
neutrinos, as is the case, for example, for a vector coupled to Lµ � L⌧ . These scenarios motivate
a muon-beam variant to LDMX [6], and are discussed in Sec. III B 3. For simplicity, we group
together in this discussion the different possibilities for DM spin (as discussed in Sec. III A) that
are compatible with CMB bounds for each choice of mediator.
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FIG. 12: Projected reach of an LDMX-style experiment to missing momentum (green solid and dashed
lines) and visible late decay (purple solid and dashed lines) in a model with a strongly interacting dark sector.
The invisible and visible channels are described in detail in Sections III E and V C, respectively. The solid
(dashed) lines correspond to 8 (16) GeV electron beam, with other experimental parameters given in the
text. Regions excluded by existing data from the BaBar invisible search [89], DM scattering at LSND [78],
E137 [16, 79], and MiniBooNE [88], as well as electron beam dumps E137 [16] and Orsay [15] are shown
in gray. The projections for an upgraded version of the SeaQuest experiment (dotted purple) [128] and the
Belle II invisible search (20 fb�1, dotted/solid blue) [1, 80] are also shown. We have fixed ↵D = 10�2,
mA0/m⇡ = 3, mV /m⇡ = 1.8, and m⇡/f⇡ = 3 in computing experimental limits. Contours of the dark
matter self-interaction cross section per mass, �scatter/m⇡, are shown as vertical gray dotted lines. The
dot-dashed gray contours denote regions excluded by measurements of the cosmic microwave background.
The black solid (dashed) line shows the parameters for which hidden sector pions saturate the observed DM
abundance for mV /m⇡ = 1.8 (1.6).

E. Strongly-Interacting Models

Until recently most light DM scenarios have focused on weak couplings in the hidden sector as
described in the previous sections. Another generic possibility is that the dark sector is described
by a confining gauge theory similar to our QCD [11, 129]. The low-energy spectrum then contains
dark mesons, the lightest of which can make up the DM. The presence of heavier composite states,
e.g. analogues of the SM vector mesons, and strong self-interactions can alter the cosmological
production of DM [128]. This leads to qualitatively different experimental targets compared to
those in the minimal models. Despite the large variety of possible scenarios featuring different
gauge interactions and matter content, both visible and invisible signals appear to be generic in
strongly interacting sectors. As a concrete example, we will focus on the model recently studied
in Ref. [128] with a SU(3) confining hidden sector with 3 light quark flavors, and a dark photon
mediator. Therefore production of dark sector states occurs through the A0 which then promptly
decays either into dark pions and/or vector mesons. The dark pions and some of the vector mesons

HPS
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FIG. 14: LDMX sensitivity to the freeze-in scenario with a heavy dark photon and low-reheat temperature.
The projected reach of LDMX is shown as the solid red (dashed-dotted red) line for a tungsten (aluminum)
target and a 8 (16) GeV beam. The correct relic abundance is obtained along the black contours for different
choices of ↵D. The gray shaded regions are excluded by the BaBar resonance search [19] and by cosmo-
logical constraints on low reheating temperatures [139]. We also show the projected sensitivity of the Belle
II monophoton search (blue dot-dashed) as computed by rescaling the 20 fb�1 background study up to 50
ab�1 assuming statistics limitation only [1, 87].

Alternative variations can instead motivate large production rates at low-energy accelerators for
low reheat temperatures and mediators much heavier than 10 MeV. We will illustrate this with a
Dirac fermion, �, with unit charge under U(1)D. We follow the semi-analytic procedure to solve
the relevant Boltzmann equation outlined in, e.g., Ref. [76], to estimate the freeze-in production
of � through the process e+e�

! A0⇤
! ��̄. If the dark photon mass is much larger than the

reheat temperature of the universe, mA0 � TRH, DM production is dominated at the earliest times
(largest temperatures). We find that the final � abundance is approximately

⌦�h2
' 1.3 ⇥ 10

28
⇥ g�1/2

⇤ (TRH) g�1
⇤S (TRH)

↵em ✏2 ↵D m� T 3
RH

m4
A0

, (44)

where g⇤ and g⇤S are the energy density and entropy density effective relativistic degrees of free-
dom. This is valid for TRH . 100 MeV, in which case similar contributions from muons are
expected to be subdominant. Effects from the pre-thermal phase immediately following inflation
are also not expected to significantly modify the estimate of Eq. (44) for the dark photon model
under consideration [138].

We explore a slice of parameter space in the ✏�mA0 plane in Fig. 14. Along the black contours,
the abundance of � matches the observed DM energy density for various choices of ↵D. We
have fixed mA0 = 15 TRH and m� = 1 keV throughout. mA0 � TRH guarantees that on-shell
A0 production via inverse-decays (e+e�

! A0) followed by A0
! �� is subdominant to the

direct annihilation, e+e�
! A0⇤

! ��. Furthermore, DM masses significantly lighter than
O(keV) are constrained from considerations of warm DM [140], although the exact strength of
this bound warrants a dedicated study [141]. We saturate this approximate lower bound, fixing
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FIG. 20: Sensitivity of an LDMX-style experiment to visibly-decaying dark photons for 1016 (left panel)
and 1018 (right panel) EOT. The solid red lines show the 95% C.L. reach of a search for late decays inside
of the detector (assuming late � conversion background), while the green-dashed lines correspond to the
missing momentum channel where the dark photon decays outside of the detector. In both cases, the two
sets of lines correspond to 8 and 16 GeV beams, with Ebeam = 16 GeV having slighter better reach in
mass. The high-luminosity configuration (1018 EOT) must forgo single electron tracking, so the missing
momentum search (and the use of pT as a background discriminant in the visible channel) is not possible.
Existing constraints from E141, Orsay and E137 beam-dump experiments [109], NA48/2 [158], LHCb [21]
and BaBar [19] are shown in gray. Projected sensitivities of HPS (orange) [1], an upgraded version of
SeaQuest [103] (purple), Belle II (green, 50 ab�1 integrated luminosity) [1] and LHCb (blue) [74, 75] are
shown as thin dashed lines (see text for details).

while the A0 decay length can be estimated to be

�c⌧A0 ⇡ 65 cm ⇥

✓
EA0

8 GeV

◆✓
10

�5

✏

◆2 ✓
100 MeV

mA0

◆2

, (54)

where we normalized the A0 energy at production to the nominal LDMX Phase II beam energy (re-
call that for mA0 > me, the dark photon carries away most of the beam energy [156]). This lifetime
is in the interesting range for an LDMX-style experiment for both visible and missing-momentum
signals. We show the projected sensitivity of Phase II of LDMX to this scenario in Fig. 20 for 8 and
16 GeV beams along with existing constraints from beam dump experiments [109], NA48/2 [158],
LHCb [21] and BaBar [19]. There are many on-going and proposed searches for the minimal A0

scenario targeting different regions of parameter space. We show the sensitivity of the following
representative subset in Fig. 20: the displaced vertex search at HPS [1], displaced decays at an
upgraded version of SeaQuest [103], dilepton resonance search at Belle II, and LHCb D⇤ and in-
clusive searches [74, 75]. The Belle II reach is estimated from the BaBar result [19] by a simple
rescaling, assuming 50 ab

�1 integrated luminosity and a better invariant mass resolution as de-
scribed in Refs. [1, 87]. A more complete list of planned and upcoming experiments can be found
in Refs. [1, 5].
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FIG. 21: Sensitivity of an LDMX-style experiment to axion-like particles (ALPs) dominantly coupled to
photons (top row) or electrons (bottom row) via late-decay and invisible channels. The solid red lines
show the 95% C.L. reach of a search for late decays inside of the detector (assuming late � conversion
background), while the green-dashed lines correspond to the missing momentum channel where the ALP
decays outside of the detector. In both cases, the two sets of lines correspond to 8 and 16 GeV beams,
with Ebeam = 16 GeV having slighter better reach in mass; the left (right) column assumes 1016 (1018)
EOT. The high-luminosity configuration (1018 EOT) must forgo single electron tracking, so the missing
momentum search (and the use of pT as a background discriminant in the visible channel) is not possi-
ble. In the top row, recasts of constraints from beam dump experiments E141, E137, ⌫Cal, and the BaBar
monophoton search from Ref. [156], and LEP [157] are shown as gray regions. Projections for SHiP [155],
a SeaQuest-like experiment with sensitivity to �� final states [99], Belle II 3 photon search (50 ab�1 inte-
grated luminosity) [156] are shown as thin dashed lines. In the bottom row, existing constraints from E141,
Orsay, BaBar [19] and electron g�2 are shaded in gray, while the estimated sensitivities of DarkLight [158],
HPS [1], MAGIX [1, 159] and Belle II are indicated as thin dashed lines.
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ASTAE

2023 P5 creates a clearer mandate through ASTAE, calls out the DMNI portfolio as first set of 
projects to consider for construction.

Recommendation 3

From LDMX perspective, this is the strongest statement we could have expected from P5.
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FIG. 1. Top: Layout of the E137 experiment (adapted from
Fig. 2 in [35]). Middle and Bottom: An electron beam hits an
aluminum target, creating DM particles � via bremsstrahlung
of A0 (bottom left). The � traverse a ⇠ 179 m deep hill and
another ⇠ 204 m-long open region before scattering o↵ elec-
trons (bottom right), which are detected in an electromagnetic
shower calorimeter.

can detect charged particles or photons produced by the
hypothetical particles coming from the dump. The de-
tector also employed multiwire proportional chambers to
achieve superb angular resolution, rendering it sensitive
to directional information that was crucial in eliminating
(cosmic) background. Two experimental runs were per-
formed. The lateral dimensions of the detector were 2m
⇥ 3m during Run 1 and 3m ⇥ 3m in Run 2. The number
of electrons on target was ⇠ 10 C (⇠ 20 C) in Run 1
(Run 2).

The original analysis in [35] searched for axion-like
particles decaying to e+e�, or photinos decaying to a
photon and gravitino. No events were observed that
passed quality cuts, pointed back to the dump, and had a
shower energy above 1 GeV, placing strong limits on ax-
ions/photinos. In [40], the results were used to set strong
constraints on the visible decay A0

! e+e�.

Here, we will use the E137 results to set strong con-
straints on sub-GeV DM, �, see Fig. 1 (middle and bot-
tom). We focus on scenarios where �’s are produced from
an on-shell A0 that decays invisibly to ��̄ or via an o↵-
shell A0. Such � inherit a significant portion of the beam
energy and travel in the extreme-forward direction; an
O(1) fraction of the produced � thus intersect the E137

detector and can scatter with electrons in the calorimeter
material. The ejected electrons will initiate an energetic
electromagnetic shower of the type constrained by the
E137 search. With no observed events, and conserva-
tively assuming no expected background events, we em-
ploy a Poisson 95% C.L. limit of N95 = 3 events. Below,
we shall calculate the number of signal events for a fixed
m� as function of mA0 , ✏, and ↵D, and derive bounds in
this parameter space by requiring less than 3 events.
SIGNAL RATE CALCULATION. We
have employed a Monte-Carlo simulation using
MadGraph5 aMC@NLO v2.1.1 [41] to generate DM
events produced in electron-aluminum nucleus collisions,
e�N ! e�NA0(⇤)

! e�N��̄ (where N is a nucleus with
Z = 13, A = 27), and to calculate the total DM pro-
duction cross section, ���̄ (we checked all our numerical
results against analytic formulas [18, 40, 42]). We include
the form factor of the aluminum nucleus [40, 42], which
accounts for coherent scattering, as well as nuclear and
atomic screening. The model (1) is implemented using
FeynRules 2.0 [43]. We take the thickness of the target
to be one radiation length, a reasonable approximation
that accounts for beam degradation [18, 40]. The total
number of � produced is then

N� = 2���̄ Ne XAl NA/AAl , (2)

where Ne = 30 C, XAl = 24.3 g cm�2, NA is Avogadro’s
number, and AAl = 26.98 g/mol.

The fraction of � that intersect the detector, ✏acc, is
obtained from the Monte-Carlo simulation (and cross-
checked analytically) by selecting � that are produced
with angles tan ✓x < �x/L and tan ✓y < �y/L trans-
verse to the beam direction, where L = 383 m, �x =
1.5 m, and �y = 1 m (1.5 m) for Run 1 (2). The an-
gular distribution of scalars � produced through an A0 is
suppressed along the forward direction, which results in
a lower ✏acc compared to fermionic � [14, 18]. We then
take the energy distribution of the DM particles cross-
ing the detector, (1/Nacc

� )(dNacc
� /dE�), and convolute it

with the � � e� di↵erential scattering cross section,

d�f,s

dEe
= 4⇡✏2 ↵ ↵D

2meE2
�� ff,s(Ee)(Ee � me)

(E2
� � m2

�)(m2
A0 + 2meEe � 2m2

e)
2

,

(3)
where the subscripts f, s stand for fermion and scalar
�, respectively, ff (Ee) = 2meE� � meEe + m2

� + 2m2
e,

fs = 2meE� + m2
�, and Ee is the recoil electron energy.

To conform to the E137 signal region, we impose Ee >
Eth = 1 GeV and ✓e > 30 mrad, where ✓e is the angle
of the scattered electron, to obtain �cut

�e . The number of
expected signal events is then given by

N�e = N� ✏acc �cut
�e

X

i

ndet,i Ldet,i , (4)

where ndet,i (Ldet,i) denotes the e� number density
(length) of detector sub-layer i. To pass the trigger, �

e- A′ e+e-

E137 @ SLAC

E137

Limited by depth of shield required to screen out backgrounds.

Current A′ Constraints
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Fixed Target Dark Matter 
Search Approaches

Introduction Experimental setup Background Experiment reach Conclusions

A fixed target LDM experiment

Beam Dump eXperiment: LDM direct detection in a e≠ beam, fixed-target setup1

‰ production
• High-energy, high-intensity e≠ beam impinging on a

dump
• ‰ particles pair-produced radiatively, trough AÕ emission

(both on-shell or o�-shell).

‰ detection
• Detector placed behind the dump, O(10m)
• Neutral-current ‰ scattering trough AÕ exchange,recoil

releasing visible energy
• Di�erent signals depending on the interaction (e≠

elastic, p quasi-elastic,. . . )

Number of events scales as (on-shell): N Ã –DÁ4

m4
A

1For a comprehensive introduction: E. Izaguirre et al, Phys. Rev. D 88, 114015
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e-, p+, …

Beam Dumps: Produce and re-scatter DM

• new sensitivity with ~1021 particles
• covers thermal targets with ~1028 particles
Requirements:
• most powerful and energetic beam available
• most massive detector available
• (key background: neutrinos)

<latexit sha1_base64="Yp1AOVEjm0AuXm0xbwMVMMoZgxI="></latexit>

e�

�̄

�

e�

<latexit sha1_base64="PuqH2FKJXZS5UIfMLkwlzkul86o="></latexit>� �

• new sensitivity for ~1012 electrons
• covers thermal targets for ~1016 electrons
Requirements: 
• high rate beam at ~1 /bunch (1 year = 3×1016 ns)
• fast, sensitive, detector systems  

(key backgrounds: )

e−

e− → e− + γ, γN → hadrons

<latexit sha1_base64="Yp1AOVEjm0AuXm0xbwMVMMoZgxI="></latexit>

e�

�̄

�

e�
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Belle II

Hg- 2Lm + 2s
K+

K+Hg- 2Lm + 2s

Hg- 2Le

Hg- 2Lm > 5s BaBar

Wc
= WDM

, mA
' =

3 m c
, aD
= 1

I
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SPS 1012 e-
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10-14
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10-11
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2m c < mA'

FIG. 1: Sensitivity projection for a Tungsten-based missing
energy-momentum experiment in a JLab-style setup with an
11 GeV electron beam (red curves, color online) for variations
of Scenario B described in Sec. V and illustrated schemati-
cally in Fig. 2b. The upper-most curve labeled I (red, solid)
represents the 90 % confidence exclusion (2.3 event yield with
zero background) of an experiment with target thickness of
10�2X0 and 1015 EOT, the middle curve labeled II (red,
dashed) represents the same exclusion for an upgraded ex-
periment with 1016 EOT and a thicker target of 10�1X0 with
varying PT cuts on the recoiling electron in di↵erent kine-
matic regions (see Sec. V for details), and the lowest curve
labeled III (red, dotted) represents an ultimate target for this
experimental program assuming 3 ⇥ 1016 EOT and imposing
the highest signal-acceptance PT cuts on the recoiling elec-
tron. Here X0 is the radiation length of the target material.
The dotted magenta curve labeled IV is identical to curve
III, only with 1018 EOT, at which one event is expected from
the irreducible neutrino trident background. Also plotted are
the projections for an SPS style setup [20] using our Monte
Carlo for 109 and 1012 EOT. The black curve is the region
for which the � has a thermal-relic annihilation cross-section
for mA0 = 3m� assuming the aggressive value ↵D = 1; for
smaller ↵D and/or larger mA0/m� hierarchy the curve moves
upward. Below this line, � is generically overproduced in
the early universe unless it avoids thermal equilibrium with
the SM. The kinks in the black curves correspond to thresh-
olds where muonic and hadronic annihilation channels become
open; data for hadronic annihilation is taken from [21]. Com-
bined with the projected sensitivity of Belle-II with a mono-
photon trigger [22], the missing energy-momentum approach
can decisively probe a broad class of DM models. With-
out making further assumptions about dark sector masses or
coupling-constants, this parameter space is only constrained
by (g � 2)e [23, 24], and (g � 2)µ [25]. If m0

A � m�, there are
additional constraints from on-shell A0 production in associ-
ation with SM final states from BaBar [22, 24], BES (J/ )
[26], E787 (K+) [27], and E949 (K+) [28].

proposal of [20]) and has sensitivity that extends beyond
any existing or planned experiment by several orders of
magnitude, in a manner largely insensitive to model de-

1

a)

Scenario A

Target/ECAL/HCAL

Ei
e = EB

Ef
e ⌧ EB

Tagger

e� e�
��̄

Invisible

b)

Scenario B

Tagger
Ei

e = EB

e�

ECAL/HCAL

Target

Tracker

Ef
e ⌧ EB

e�
��̄

Invisible

A� Production in Target

A0

Z

e�

e�

�

�̄A0

FIG. 2: a) Schematic diagram of Scenario A described in
Sec. IV. Here a single electron first passes through an up-
stream tagger to ensure that it carries high momentum. It
then enters the target/calorimeter volume, and radiatively
emits an A0, which carries away most of the beam energy
and leaves behind a feeble electron in the final state. b)
Schematic diagram of Scenario B described in Sec. V. In this
scenario, the target is thin to reduce straggling and charged-
current neutrino reaction backgrounds, the calorimeter is spa-
tially separated from the target itself to allow clean identifi-
cation of single charged particle final states. Additionally,
the energy-momentum measurement of the recoil electron is
used for signal discrimination, to reduce backgrounds associ-
ated with hard bremsstrahlung and virtual photon reactions,
and to measure residual backgrounds in situ with well-defined
data-driven control regions. For both scenarios, the produc-
tion mechanism in the target is depicted in Fig. 3.

tails.

Section II summarize our benchmark model for light
dark matter interacting with the standard model through
its coupling to a new gauge boson (“dark photon”) that
kinetically mixes with the photon, and summarizes ex-
isting constraints. Section III summarizes the essential
kinematic features of dark photon and light DM produc-
tion. Section IV evaluates the ultimate limits of a fixed-
target style missing energy-momentum approach based
on calorimetry alone, and in particular identifies impor-
tant physics and instrumental backgrounds. Section V
describes our proposal for a missing energy-momentum
experiment that can mitigate backgrounds using kine-
matic information and near-target tracking. Section VI
summarizes our findings and highlights important direc-
tions for future work.

<1 X0

Missing Momentum: Detect DM production

Both approaches work, but only missing momentum feasibly covers all thermal targets

~pin
~pout

~pDM

~pin = ~pout + ~pDM
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LDMX Sensitivity
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Figure 3: Three recently identified examples of the broader physics potential of LDMX (see [12] for more): Left:
Projected sensitivity of LDMX missing-momentum analysis to QCD axions and axion-like particles via electron
coupling, overlaid on figure from [19]. The three phases of LDMX running from Fig. 4(left) are shown in shades of red.
Even early running EaT data could close the remaining sub-MeV QCD axion parameter space. Center: Projected
sensitivity of LDMX missing-momentum analysis to QCD axions and axion-like particles via photon coupling, overlaid
on figure from [19]. The three phases of LDMX running from Fig. 4(left) are shown in shades of green. Right: Figure
from [2] illustrating the sensitivity of the LDMX missing-momentum analysis to fully-invisible decays of various vector
mesons, relative to current bounds (black) curves, NA64 capabilities, and the expected neutrino-decay signal in the
Standard Model.

space motivated by the EDGES anomaly [12], exceeds existing limits by up to an order of magnitude, and
surpasses the sensitivity of dedicated millicharge detector proposals in the < 100 MeV mass range [20].

In addition, distinct analyses can search for long-lived dark sector particles decaying deep in the LDMX
calorimeters [12]. Such searches are sensitive to axion-like particles and dark photons as well as large-
splitting inelastic dark matter and SIMP models. The collaboration is investigating how to trigger on these
late-decaying particles to maximize LDMX’s sensitivity.

Intensity-Frontier Synergy: Electronuclear Measurements for Neutrino Program

Beyond dark sector physics, LDMX can make powerful measurements [21] of electron-nuclear scattering,
which address key systematics for DUNE and other neutrino oscillation experiments (see [22, 23]). LDMX
complements other experimental e↵orts in this direction (mainly at JLab [24, 25, 26, 27, 28, 29]) that can
be used to improve neutrino scattering models in generators such as GENIE and GiBUU. These generators
have been found to di↵er from inclusive electron-scattering cross-sections by up to O(50%) [23]. Compared
to the experiments and proposals above, LDMX is unique for its broad (nearly 40 degree) forward coverage,
low reconstruction energy threshold in various hadronic final states, and ability to detect neutrons with
high e�ciency. These will allow LDMX to perform semi-exclusive measurements of nuclear multiplicity and
kinematics within its phase space in addition to electron kinematics [21]. Moreover, due to LDMX’s use of
a 4–8 GeV beam, LDMX data used to search for dark matter will be taken in a range of momentum and
energy transfer that closely overlaps the region most relevant to DUNE [21]. For these reasons, the LDMX
collaboration has a dedicated e↵ort to include an electronuclear trigger for data taking and is engaged in
ongoing studies with neutrino physicists to refine our understanding of LDMX capabilities in this area.

2.1 LDMX On the World Stage

2.1.1 Accelerator-Based Experiments

The expected sensitivity of LDMX, compared with other accelerator-based experiments (completed, ongoing,
and proposed), is illustrated in Figure 4. At low masses, LDMX is uniquely capable of 1000-fold improvements
in sensitivity, with sensitivity unrivaled by other experiments. The most relevant accelerator searches to
compare with LDMX include:

• Collider missing-mass searches (Belle-II) are most relevant to thermal DM above ⇠ 100 MeV produced
through an on-shell mediator, complementing LDMX’s sensitivity to lower-mass DM and production
through o↵-shell mediators. A Belle II 20 fb�1 study [30] projects a factor of 10 sensitivity improvement
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2

Br(V, M ! inv) Br(V, M ! ⌫⌫̄) Br(V, M ! � + Xinv) Br(V, M ! �⌫⌫̄)

⇢0 – 2.4 ⇥ 10�13 [24] – unknown

! < 7 ⇥ 10�5 [19] 2.8 ⇥ 10�13 [24] – unknown

� < 1.7 ⇥ 10�4 [19] 1.7 ⇥ 10�11 [24] – unknown

J/ (1S) < 7 ⇥ 10�4 [21] 2.7 ⇥ 10�8 [25] < 1.7 ⇥ 10�6 [26] 7 ⇥ 10�11 [27]

⌥(1S) < 3 ⇥ 10�4 [22] 1.0 ⇥ 10�5 [25] < 4.5 ⇥ 10�6 [28] 2.5 ⇥ 10�9 [15]

⇡0 < 4.4 ⇥ 10�9 [23] see caption < 1.9 ⇥ 10�7 [29] 2 ⇥ 10�18 [30]

⌘ < 1.0 ⇥ 10�4 [20] see caption . 5 ⇥ 10�4 [31] ⇠ 2 ⇥ 10�15 [30]

⌘0 < 6 ⇥ 10�4 [20] see caption . 2 ⇥ 10�6 [31] ⇠ 2 ⇥ 10�14 [30]

Table I. Summary table for invisible and radiative decays of flavorless vector mesons V and pseudoscalar mesons M . Most
experimental bounds are as in Ref. [32], except for invisible ⇡0 decay and radiative ⌘ and ⌘0 decay. The experimental bounds on
invisible decays tag decays of a heavier meson and search for missing mass corresponding to the given meson, while those for
radiative decays search for missing mass from an invisibly decaying X. In the Standard Model, these processes occur through
decays to neutrinos. Note that for the pseudoscalar mesons, decays to two neutrinos are proportional to m2

⌫ because of helicity
suppression. Thus, decays to four neutrinos may dominate, but they are also extremely rare [24], being suppressed by (GFm2

M )4.

e�

e�

Z

A0(⇤)

 

 

. . .e�
e�

Z Z 0

�
V A0⇤  

 

calorimeter

Figure 1. Schematic depiction of the DM signal at LDMX
from A0 Bremsstrahlung (top) and invisible vector meson
decay (bottom). In the former, DM is produced through an
on- or o↵-shell A0 in the target. In the latter, a hard photon is
produced in the target, and converts to a vector meson V in
an exclusive photoproduction process in the calorimeter. The
vector meson then decays invisibly to DM via mixing with the
A0.

109 to 1010. This leads to the strong projected bounds on
invisible vector meson decay shown in Fig. 2. As we will
see, at high mA0 , the corresponding sensitivity to dark
sector models exceeds that due to A0 Bremsstrahlung,
largely because the latter is parametrically suppressed by
(me/mA0)2.

The rest of the paper is structured as follows. In sec-
tion II, we describe in greater detail how invisible meson
decay can give rise to missing energy/momentum signals
at NA64 and LDMX. In section III, we estimate the exclu-
sive photoproduction yields of the relevant vector mesons,
reserving details for the appendix. We calculate the in-
visible branching ratios in the dark photon and U(1)B
models in section IV, and show the resulting projected
constraints in section V. We conclude by discussing po-
tential future directions, such as experimental studies and
applications to neutrino physics, in section VI.

Figure 2. Bounds on invisible meson decay, summarizing infor-
mation from Tables I and II. We show the best current bound,
our projected 90% C.L. exclusions for four experimental bench-
marks (assuming zero background events), and the invisible
branching ratio within the SM due to decays to neutrinos.

II. MISSING ENERGY/MOMENTUM
EXPERIMENTS

Fixed target experiments have emerged as a powerful
probe of light dark sectors [48–50]. In this paper, we focus
on the missing energy approach [51], exemplified by NA64,
and the missing momentum approach [52], exemplified by
the proposed LDMX experiment. In both cases, individual
electrons from a low-intensity electron beam are tagged
and directed at a target. Dark matter production through
A0 Bremsstrahlung, shown at the top of Fig. 1, leads to
an observed final state consisting solely of a much lower-
energy (and transversely deflected) recoil electron, with
the rest of the energy carried by the produced DM parti-
cles, which pass through the detector without interacting.
These events are identifiable with order-one e�ciency by
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FIG. 10: Top: Electron energy (left) and pT (right) spectra for DM pair radiation process, at various dark
matter masses. Bottom Left: Selection efficiency for energy cut Ee < Ecut, as a function of Ecut, on
inclusive signal events, The nominal cut is Ecut = 0.3Ebeam. Bottom Right: Selection efficiency for pT cut
pT,e > pT,cut, as a function of pT,cut, on events with 50 MeV < Ee < Ecut. In all panels, the numbers next
to each curve indicate A0 mass. Also included in each plot is the corresponding inclusive single electron
background distribution.

1. Incident low-energy particles/beam impurities

At the level of of 1016 incident electrons, a large number of electrons with low energies - consis-
tent with signal recoils - are certain to intersect the target even for the most stringent requirement
on the purity of the incoming beam. Such electrons, reconstructed correctly by the detectors
downstream of the target, cannot be distinguished from signal.

For this reason, LDMX employs a tagging tracker to measure the trajectories of incoming
electrons to ensure that each recoil corresponds to a clean 4 GeV beam electron entering the
apparatus on the expected trajectory to veto any apparent signal recoils originating from beam
impurities.

30

LDMX Sensitivity

Fit to  spectrum of recoiling electron allows measurement of mediator massΔpT

different mediator masses

4 × 1014 EOT
Phase I only
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LDMX: Broader Physics Case 
(other examples in backup) 

Invisible Signatures

• different mediators

• millicharged particles:  
arise from ~massless dark photons and 
thrust into spotlight by EDGES anomaly

• inelastic Dark Matter (iDM):  
large mass-splittings in dark states

• Strongly Interacting Massive Particles (SIMPs):  
a confining interaction in the dark sector 
(both visible and invisible signatures)

• freeze-in DM

Visible Signatures

• Dark Photons

• Axion-like particles (ALPs)

arXiv:1807.01730 [hep-ph] 
Phys. Rev. D 99, 075001 (2019)
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FIG. 7: As in Fig. 4, thermal targets for the representative dark matter candidates of Sec. III A but instead
coupled to U(1)B�L (top-left), U(1)B�3e (top-right), U(1)e�µ (bottom-left), and U(1)B (bottom-right)
Z 0 gauge bosons, fixing mZ0 = 3m� and ↵D = 0.5. The black line corresponds to parameter space
where the relic abundance of � agrees with the observed dark matter energy density. The shaded gray
regions are excluded from previous experiments, such as a BaBar monophoton analysis [89], and beam
dump searches at LSND [78], E137 [16, 79], and MiniBooNE [88]. Also shown in dot-dashed blue is the
projected sensitivity of a monophoton search at Belle II presented in Ref. [1] and computed by rescaling the
20 fb�1 background study up to 50 ab�1 [80]. Future direct detection experiments will have sensitivity to
the cosmologically motivated regions of parameter space shown for scalar DM (see Fig. 4). We also show
constraints derived from the observed ⌫̄�e scattering spectrum at TEXONO [104, 105], and for the baryonic
current, U(1)B , bounds from considerations of enhanced anomalous decays into Z 0 final states [55, 56]. The
projected sensitivity of LDMX is shown in solid (dot-dashed) red, assuming 1016 EOT from a 8 (16) GeV
electron beam and a 10% radiation length tungsten (aluminum) target.

2. Predictive Dark Matter with Spin-0 Mediators

In this section, we focus on another variation of the models previously considered in Sec. III A.
In particular, we will investigate the cosmologically motivated parameter space for DM that anni-
hilates to SM leptons through the exchange of a spin-0 mediator, which we denote as '. Compared
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FIG. 8: Thermal targets for Majorana dark matter that couples to an electrophilic (top row) or leptophilic
(bottom row) spin-0 mediator, '. In each model, we assume that the � � ' interaction is parity-even,
fixing m' = 3m� and ↵D = 0.5. In the left (right) column, ' couples to SM leptons through parity-even
(parity-odd) interactions. The black line corresponds to parameter space where the relic abundance of �
agrees with the observed dark matter energy density. The shaded gray regions are excluded from previous
experiments, such as the BaBar monophoton analysis [89], beam dump search at E137 [16, 79], and the
XENON10 direct detection experiment [90–93]. Also shown in dot-dashed blue is the projected sensitivity
of a monophoton search at Belle II presented in Ref. [1] and computed by rescaling the 20 fb�1 background
study up to 50 ab�1 [80]. Future direct detection experiments, such as SENSEI, will have sensitivity to the
cosmologically motivated regions of parameter space shown for parity-even ' � e couplings [1]. We also
show constraints derived from the observed magnetic moment of the electron and muon as well as regions
favored to explain recently reported anomalies [7, 108–111]. The projected sensitivity of LDMX is shown
in solid (dot-dashed) red, assuming 1016 EOT from a 8 (16) GeV electron beam and a 10% radiation length
tungsten (aluminum) target.

the CMB. For parity-even couplings, the DM-electron elastic scattering cross section, relevant for

+meson decays  
(not shown)

+meson decays  
(not shown)

+meson decays  
(not shown)
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FIG. 20: Sensitivity of an LDMX-style experiment to visibly-decaying dark photons for 1016 (left panel)
and 1018 (right panel) EOT. The solid red lines show the 95% C.L. reach of a search for late decays inside
of the detector (assuming late � conversion background), while the green-dashed lines correspond to the
missing momentum channel where the dark photon decays outside of the detector. In both cases, the two
sets of lines correspond to 8 and 16 GeV beams, with Ebeam = 16 GeV having slighter better reach in
mass. The high-luminosity configuration (1018 EOT) must forgo single electron tracking, so the missing
momentum search (and the use of pT as a background discriminant in the visible channel) is not possible.
Existing constraints from E141, Orsay and E137 beam-dump experiments [109], NA48/2 [158], LHCb [21]
and BaBar [19] are shown in gray. Projected sensitivities of HPS (orange) [1], an upgraded version of
SeaQuest [103] (purple), Belle II (green, 50 ab�1 integrated luminosity) [1] and LHCb (blue) [74, 75] are
shown as thin dashed lines (see text for details).

while the A0 decay length can be estimated to be

�c⌧A0 ⇡ 65 cm ⇥

✓
EA0

8 GeV

◆✓
10

�5

✏

◆2 ✓
100 MeV

mA0

◆2

, (54)

where we normalized the A0 energy at production to the nominal LDMX Phase II beam energy (re-
call that for mA0 > me, the dark photon carries away most of the beam energy [156]). This lifetime
is in the interesting range for an LDMX-style experiment for both visible and missing-momentum
signals. We show the projected sensitivity of Phase II of LDMX to this scenario in Fig. 20 for 8 and
16 GeV beams along with existing constraints from beam dump experiments [109], NA48/2 [158],
LHCb [21] and BaBar [19]. There are many on-going and proposed searches for the minimal A0

scenario targeting different regions of parameter space. We show the sensitivity of the following
representative subset in Fig. 20: the displaced vertex search at HPS [1], displaced decays at an
upgraded version of SeaQuest [103], dilepton resonance search at Belle II, and LHCb D⇤ and in-
clusive searches [74, 75]. The Belle II reach is estimated from the BaBar result [19] by a simple
rescaling, assuming 50 ab

�1 integrated luminosity and a better invariant mass resolution as de-
scribed in Refs. [1, 87]. A more complete list of planned and upcoming experiments can be found
in Refs. [1, 5].
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explicitly below, these codes are often not in agreement with
each other. More importantly, they are often also not in
agreement with recent high-statistics data from the
MINERvA experiment, collected in the kinematic regime
relevant to DUNE. For example, the default models in GENIE

seem to significantly overestimate neutron production [12],
mispredict the ratio of charge-current interactions across
different nuclear targets [13], and mismodel single-pion
production [14]. Thus, there is direct experimental evidence
that existing models need to be improved.
Importantly, simple phenomenological tuning of param-

eters within the existing models may not be sufficient. For
example, Ref. [14] reports that no tune could describe all
different exclusive final states in their analysis. Crucially, the
paper also notes that the physical origin of the discrepancies
is difficult to pinpoint, based on only the available data.
This brings us to an important question: what new data are

needed to improve the physics in these generators? A priori,
one might think that all that is needed is more neutrino-
nucleus scattering data, with higher statistics and precision,
as will be collected with the future near detectors. In reality,
while better neutrino data would certainly be desirable, it is
unlikely to be sufficient. To date, neutrino experiments only
have access to broadband beams, extract flux-integrated
cross sections [15–23], and neutrino-energy reconstruction
itself suffers from sizable uncertainties. In turn, the process of
energy reconstruction relies on neutrino generators. The
reason is that even today’s state-of-the-art neutrino detectors
are imperfect calorimeters at several GeV energies, with
event generators being used to fill in themissing information.
Hence, complementary probes that are free from these
limitations are highly desirable for accurately validating
the physical models in event generators.
Precise electron-nucleus scattering data provide just such a

complementary probe. While electron and neutrino inter-
actions are different at the primary vertex, many relevant
physical processes in the nucleus are the same in the two
cases, as discussed below in Sec. II. What electron scattering
offers is precisely controlled kinematics (initial and final
energies and scattering angles), large statistics, in situ
calibrationof the detector response using exclusive reactions,
and a prospect of easily swapping different nuclear targets.
This allows one to easily zero in on specific scattering
processes and to diagnose problems that are currently
obscured by the quality of the neutrino scattering data.
In this paper, we point out that the proposed LDMX (Light

Dark Matter eXperiment) setup at SLAC [24], designed to
search for sub-GeV darkmatter, will have very advantageous
characteristics to also pursue electron-scattering measure-
ments relevant to the neutrino program. These include a
4-GeVelectron beam and a detector with high acceptance of
hadronic products in the ∼40° forward cone and low-energy
threshold. Figure 1 shows the distribution, in the ðω; Q2Þ
plane, of charged-current (CC) events for muon neutrino
scattering on argon nuclei in the near detector of DUNE,

simulated with the GiBUU generator code. As can be
immediately seen, the LDMX coverage in the relevant
kinematic window is excellent. Below, we quantify how
future LDMX data can be used to test and improve physics
models in lepton-nucleus event generator codes.

II. ELECTRON-SCATTERING MEASUREMENTS
AND NEUTRINO CROSS SECTIONS

Let us now define the connection between electron- and
neutrino-nucleus scatteringmore precisely. Superficially, the
mere existence of such a connection is not obvious, since the
weak and electromagnetic forces have a number of important
differences. The differences are immediately apparent in the
elastic scattering regime: while CC neutrino interactions
occuron initial-state neutrons in the nucleus, electromagnetic
scattering also involves initial-state protons (neutrons couple
through their magnetic moments). The situation is similar in
the DIS regime, where the primary vertex is treated at the
quark level: while CCneutrino (antineutrino) interactions are
controlled by the distribution of initial-state down (up)
quarks, electron scattering involves both up and down
quarks. Additional differences come from the chiral nature
of theweak interactions.While the electron-nucleonvertex is
sensitive only to the electric charge distribution inside a
nucleon and its magnetic moment, neutrino scattering also
depends on the distribution of the axial charge. The effect
of this axial coupling is not small; in fact, at 1-GeV neutrino
energy, the axial part of the weak interaction provides a

FIG. 1. Simulated event distribution for charged-current muon
neutrino scattering on argon in the DUNE near detector, shown as
a heat map, compared with the kinematics accessible in inclusive
and (semi)exclusive electron scattering measurements at LDMX.
Blue lines correspond to constant electron-scattering angles of
40°, 30°, and 20°. Green lines represent contours of constant
transverse electron momenta pT of 800, 400, and 200 MeV. As
currently envisioned, LDMX can probe the region with θe < 40°
and pT > 10 MeV (below the scale of the plot).
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studies focused on specific hadronic processes with hydro-
gen targets [42–49]. These should already be useful for
testing generator models for certain hadronic processes,
such as ρmeson production through higher resonances. The
CLAS12 proposal “Electrons for Neutrinos” would make
further inroads by collecting more data [50,51]. At present,
published datasets involving argon and its mirror nucleus
titanium come from a separate experiment in Hall A
[27,52,53]. While undoubtedly valuable [54–58]—for
example, enabling comparisons with thewell-studied carbon
data [40]—they are limited to the inclusive spectrum of
scattered electrons measured at a single value of the beam
energy (2.22 GeV) and a fixed scattering angle (15.54°).
At the moment, and over the next several years, electro-

nuclear scattering data with excellent hadronic final-state
reconstruction is sorely needed. The ideal would be
reconstruction with no detection threshold, full 4π coverage,
and with excellent neutron identification. While CLAS12
can make some inroads in this direction, its acceptance
will be limited (especially in the forward direction) and
neutron-energy reconstruction will be modest. The proposed
LDMX detector concept offers a number of complementary
and unique advantages that can be leveraged to provide a
range of valuable electron-nucleus scattering data for the
purpose of constraining neutrino-scattering models.

III. THE LDMX DETECTOR CONCEPT AND
ELECTRON-NUCLEUS SCATTERING DATA

LDMX is a fixed-target experiment designed to search
for sub-GeV dark matter, employing a high-repetition rate,
low-current electron beam [24] with precision tracking (in a
magnetic field) and calorimetry along the beam axis to
provide high-fidelity detection of both charged and neutral
particles. Figure 2 provides a high-level illustration of the
detector layout, which is largely optimized to search for
dark-matter production. In candidate events for dark-matter
production, most of the initial electron’s energy is expected
to be carried away by undetected particle(s). Therefore,
identification of these processes requires an excellent
hermeticity of the detector, allowing, e.g., energetic neu-
tron-knockout events to be detected with sufficiently small
uncertainty. In fact, the primary purpose of the downstream
calorimetry in LDMX is to provide a fast, radiation-hard,
and highly granular veto against photonuclear and electro-
nuclear reactions in the target area that might generate
difficult-to-detect final states, and hence a potential back-
ground to dark-matter reactions. In the nominal design, the
vast majority of triggered data would be composed of these
photo/electronuclear reactions and rejected offline. The key
result of this paper is that this vetoed data will itself be of
great value in service of neutrino-interaction modeling, as
was described above.
To see why this is the case, we start with a more detailed

description of the detector layout. The tracking system
upstream of the target and the target itself are housed inside

of a 1.5-T dipole magnet while the downstream (recoil)
tracker is in the fringe magnetic field. The target is currently
envisioned to be titanium, and we assume it to be 0.1 X0

(0.356 cm) thick, X0 being the radiation length. However,
different target materials (such as argon) and thicknesses
are possible, as discussed further in Sec. VII. The two
tracking systems provide robust measurements of incoming
and outgoing electron momentum.
The electromagnetic calorimeter (ECal) is surrounded by

the hadronic calorimeter (HCal) to provide large angular
coverage downstreamof the target area, in order to efficiently
detect interaction products. The ECal is a silicon-tungsten
high-granularity sampling calorimeter based on a similar
detector developed for the high-luminosity Large Hadron
Collider upgrade of the endcap calorimeter of the Compact
Muon Solenoid (CMS) detector. The ECal is radiation
tolerant with fast readout, and the high granularity provides
good energy resolution and shower discrimination for
electromagnetic and hadronic interactions. The HCal is a
scintillator-steel sampling calorimeter that has wide angular
coverage and is sufficiently deep to provide required high
efficiency for detecting minimum ionizing particles and
neutral hadrons.
While the final detector design is still under development,

wedescribe a coarse set of detector capabilities (motivated by
the baseline design), which are particularly relevant for
electron-scattering measurements [24]:

(i) Electrons: We estimate the electron energy resolu-
tion to be 5%–10% and the pT resolution to be
<10 MeV [24], where pT is the transverse momen-
tum of the outgoing electron. The tracker acceptance
is approximately 40° in the polar angle where the
z-axis is defined along the beamline. Electrons can

FIG. 2. Schematic of the LDMX experiment for dark-matter
search (not to scale). The electron beam is incident from the left
and interacts in the target (which can be varied). Direct tracking
and calorimetry along the beam axis provides excellent (nearly 2π
azimuthal) forward acceptance to a range of final-state particles,
including the recoiling electron, protons, pions, and neutrons.

ARTUR M. ANKOWSKI et al. PHYS. REV. D 101, 053004 (2020)

053004-4

accessible to LDMX

https://arxiv.org/abs/1807.01730


LDMX

32

LDMX: Broader Physics Case

Invisible Signatures

• other mediators

• millicharged particles:  
arise from ~massless dark photons and 
thrust into spotlight by EDGES anomaly

• inelastic Dark Matter (iDM):  
large mass-splittings in dark states

• Strongly Interacting Massive Particles (SIMPs):  
a confining interaction in the dark sector 
(both visible and invisible signatures)

• freeze-in DM

Visible Signatures

• Dark Photons

• Axion-like particles (ALPs)

1 10 102 103
10-9
10-8
10-7
10-6
10-5
10-4
10-3
10-2
10-1
1

m c @MeVD

Q
c
êe

Millicharged Fermion

EDG
ES

SN
198

7A

SLAC M
illiQ

LD
MX

milliQan

n exp.

n
ex
p
. colliders

arXiv:1807.01730 [hep-ph] 
Phys. Rev. D 99, 075001 (2019)

https://arxiv.org/abs/1807.01730


LDMX

32

LDMX: Broader Physics Case

Invisible Signatures

• other mediators

• millicharged particles:  
arise from ~massless dark photons and 
thrust into spotlight by EDGES anomaly

• inelastic Dark Matter (iDM):  
large mass-splittings in dark states

• Strongly Interacting Massive Particles (SIMPs):  
a confining interaction in the dark sector 
(both visible and invisible signatures)

• freeze-in DM

Visible Signatures

• Dark Photons

• Axion-like particles (ALPs)

21

10-3 10-2 10-1 110-17
10-16
10-15
10-14
10-13
10-12
10-11
10-10
10-9
10-8
10-7

m1 @GeVD
y
=
e2
a D
Hm

1êm
A¢
L4

Fermionic iDM, mA¢ = 3m 1 , D = 0.1 m 1 , aD = 0.1

JSNS2

SeaQuest

pseu
do-

Dirac
LSND Hdec.L

beam dumps

BaBar

LD
MX

Belle II HextrapolatedLBDX Hdec.L

MiniBooNE Hdec.L

thermal target

FIG. 6: Parameter space for pseudo-Dirac DM. The mass eigenstates, �1,2, couple off-diagonally to the
dark photon, A0, and freeze-out through coannihilations to SM particles. The heavier state in the pseudo-
Dirac pair is unstable and decays via �2 ! �1ff̄ . These displaced visible decays can be searched for
at accelerator experiments. Here we present various projections for LDMX (for a 8/16 GeV electron
beam assuming 1016 EOT and a 10% tungsten/aluminum target in solid/dot-dashed red, respectively) and
SeaQuest [99], JSNS2 [100], BDX, and MiniBooNE [95, 98]. Also shown are constraints from LSND,
BaBar [86, 98, 99], Belle II [86], and LEP [101]. We do not show constraints derived from the electron
beam dump E137 since they suffer from uncertainties pertaining to the energy threshold of the analysis [99].

In this figure, many of the beam dump and B-factory constraints are identical to those in the
bottom-right panel of Fig. 4; however, there are now additional constraints and future projections
for experiments able to detect displaced visible �2 ! �1`+`� decays, which offer the greatest
sensitivity at high mass and splitting.

B. Predictive Dark Matter with Other Mediators

In this section, we generalize the above discussion to include spin-1 mediators (Sec. III B 1)
and spin-0 mediators (Sec. III B 2) with more general couplings to the SM. In the vast majority of
these models, the electron coupling dominantly controls DM freeze-out. Hence, direct searches
for these mediators through electron couplings is a well-motivated and powerful technique. The
leptophilic scalar and baryonic coupled vector are extreme examples of this; even though the
electron coupling is highly suppressed in these models, it is the coupling that controls freeze-out
for light DM. Furthermore, LDMX can probe interaction strengths motivated by thermal freeze-
out. The exception to this rule is if the dominant annihilation channel for light dark matter is into
neutrinos, as is the case, for example, for a vector coupled to Lµ � L⌧ . These scenarios motivate
a muon-beam variant to LDMX [6], and are discussed in Sec. III B 3. For simplicity, we group
together in this discussion the different possibilities for DM spin (as discussed in Sec. III A) that
are compatible with CMB bounds for each choice of mediator.
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FIG. 12: Projected reach of an LDMX-style experiment to missing momentum (green solid and dashed
lines) and visible late decay (purple solid and dashed lines) in a model with a strongly interacting dark sector.
The invisible and visible channels are described in detail in Sections III E and V C, respectively. The solid
(dashed) lines correspond to 8 (16) GeV electron beam, with other experimental parameters given in the
text. Regions excluded by existing data from the BaBar invisible search [89], DM scattering at LSND [78],
E137 [16, 79], and MiniBooNE [88], as well as electron beam dumps E137 [16] and Orsay [15] are shown
in gray. The projections for an upgraded version of the SeaQuest experiment (dotted purple) [128] and the
Belle II invisible search (20 fb�1, dotted/solid blue) [1, 80] are also shown. We have fixed ↵D = 10�2,
mA0/m⇡ = 3, mV /m⇡ = 1.8, and m⇡/f⇡ = 3 in computing experimental limits. Contours of the dark
matter self-interaction cross section per mass, �scatter/m⇡, are shown as vertical gray dotted lines. The
dot-dashed gray contours denote regions excluded by measurements of the cosmic microwave background.
The black solid (dashed) line shows the parameters for which hidden sector pions saturate the observed DM
abundance for mV /m⇡ = 1.8 (1.6).

E. Strongly-Interacting Models

Until recently most light DM scenarios have focused on weak couplings in the hidden sector as
described in the previous sections. Another generic possibility is that the dark sector is described
by a confining gauge theory similar to our QCD [11, 129]. The low-energy spectrum then contains
dark mesons, the lightest of which can make up the DM. The presence of heavier composite states,
e.g. analogues of the SM vector mesons, and strong self-interactions can alter the cosmological
production of DM [128]. This leads to qualitatively different experimental targets compared to
those in the minimal models. Despite the large variety of possible scenarios featuring different
gauge interactions and matter content, both visible and invisible signals appear to be generic in
strongly interacting sectors. As a concrete example, we will focus on the model recently studied
in Ref. [128] with a SU(3) confining hidden sector with 3 light quark flavors, and a dark photon
mediator. Therefore production of dark sector states occurs through the A0 which then promptly
decays either into dark pions and/or vector mesons. The dark pions and some of the vector mesons

HPS
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FIG. 14: LDMX sensitivity to the freeze-in scenario with a heavy dark photon and low-reheat temperature.
The projected reach of LDMX is shown as the solid red (dashed-dotted red) line for a tungsten (aluminum)
target and a 8 (16) GeV beam. The correct relic abundance is obtained along the black contours for different
choices of ↵D. The gray shaded regions are excluded by the BaBar resonance search [19] and by cosmo-
logical constraints on low reheating temperatures [139]. We also show the projected sensitivity of the Belle
II monophoton search (blue dot-dashed) as computed by rescaling the 20 fb�1 background study up to 50
ab�1 assuming statistics limitation only [1, 87].

Alternative variations can instead motivate large production rates at low-energy accelerators for
low reheat temperatures and mediators much heavier than 10 MeV. We will illustrate this with a
Dirac fermion, �, with unit charge under U(1)D. We follow the semi-analytic procedure to solve
the relevant Boltzmann equation outlined in, e.g., Ref. [76], to estimate the freeze-in production
of � through the process e+e�

! A0⇤
! ��̄. If the dark photon mass is much larger than the

reheat temperature of the universe, mA0 � TRH, DM production is dominated at the earliest times
(largest temperatures). We find that the final � abundance is approximately

⌦�h2
' 1.3 ⇥ 10

28
⇥ g�1/2

⇤ (TRH) g�1
⇤S (TRH)

↵em ✏2 ↵D m� T 3
RH

m4
A0

, (44)

where g⇤ and g⇤S are the energy density and entropy density effective relativistic degrees of free-
dom. This is valid for TRH . 100 MeV, in which case similar contributions from muons are
expected to be subdominant. Effects from the pre-thermal phase immediately following inflation
are also not expected to significantly modify the estimate of Eq. (44) for the dark photon model
under consideration [138].

We explore a slice of parameter space in the ✏�mA0 plane in Fig. 14. Along the black contours,
the abundance of � matches the observed DM energy density for various choices of ↵D. We
have fixed mA0 = 15 TRH and m� = 1 keV throughout. mA0 � TRH guarantees that on-shell
A0 production via inverse-decays (e+e�

! A0) followed by A0
! �� is subdominant to the

direct annihilation, e+e�
! A0⇤

! ��. Furthermore, DM masses significantly lighter than
O(keV) are constrained from considerations of warm DM [140], although the exact strength of
this bound warrants a dedicated study [141]. We saturate this approximate lower bound, fixing
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Invisible Signatures

• other mediators

• millicharged particles:  
arise from ~massless dark photons and 
thrust into spotlight by EDGES anomaly

• inelastic Dark Matter (iDM):  
large mass-splittings in dark states

• Strongly Interacting Massive Particles (SIMPs):  
a confining interaction in the dark sector 
(both visible and invisible signatures)

• freeze-in DM

Visible Signatures

• Dark Photons

• Axion-like particles (ALPs)
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FIG. 21: Sensitivity of an LDMX-style experiment to axion-like particles (ALPs) dominantly coupled to
photons (top row) or electrons (bottom row) via late-decay and invisible channels. The solid red lines
show the 95% C.L. reach of a search for late decays inside of the detector (assuming late � conversion
background), while the green-dashed lines correspond to the missing momentum channel where the ALP
decays outside of the detector. In both cases, the two sets of lines correspond to 8 and 16 GeV beams,
with Ebeam = 16 GeV having slighter better reach in mass; the left (right) column assumes 1016 (1018)
EOT. The high-luminosity configuration (1018 EOT) must forgo single electron tracking, so the missing
momentum search (and the use of pT as a background discriminant in the visible channel) is not possi-
ble. In the top row, recasts of constraints from beam dump experiments E141, E137, ⌫Cal, and the BaBar
monophoton search from Ref. [156], and LEP [157] are shown as gray regions. Projections for SHiP [155],
a SeaQuest-like experiment with sensitivity to �� final states [99], Belle II 3 photon search (50 ab�1 inte-
grated luminosity) [156] are shown as thin dashed lines. In the bottom row, existing constraints from E141,
Orsay, BaBar [19] and electron g�2 are shaded in gray, while the estimated sensitivities of DarkLight [158],
HPS [1], MAGIX [1, 159] and Belle II are indicated as thin dashed lines.
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