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Sub-GeV Freeze-out Thermal Relics

Generic LDM Requirements
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Overproduced without comparably light, singlet “mediators”

LDM must be a SM singlet 
Otherwise would have been discovered at LEP

LDM requires light new forces

�v ⇠
↵2m2

�

m4
Z

⇠ 10�29cm3s�1
⇣ m�

GeV

⌘2

Lee/Weinberg ‘79

Light mediators are not optional; they’re essential to the story

Entropy transfer arises from renormalizable interactions
Higher dimension operators have same problem as electroweak mediators

WIMP thermal DM:
 GeV results in early 

freeze out, too much DM
Mχ < 2

Observed DM abundance 
predicts (minimum) cross 
section at accelerators
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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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sub-GeV thermal DM:
new comparably light mediator 
can give correct relic abundance.
Example: dark photon mediator

Benchmark Scenario: Dark Photon
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CCM: beam dump at LANL
NA64: missing energy at CERN
Belle II: missing mass at KEK
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Sensitivity: Missing Energy/Momentum, Beam Dumps,  
and Direct Detection

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 facƚoƌ of ϭϬϬϬ of cƵƌƌenƚ eǆpeƌimenƚƐ͛ ƐenƐiƚiǀiƚǇ͕ ǁhich iƐ 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.  Seaƌching foƌ ƚheƐe ͞daƌk Ɛecƚoƌ͟ paƌƚicleƐ ƌepƌeƐenƚƐ 
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 faciliƚieƐ͛ 
primary programs ʹ 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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for dark photon mediator
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Sensitivity: Missing Energy/Momentum, Beam Dumps,  
and Direct Detection
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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 faciliƚieƐ͛ 
primary programs ʹ 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),  
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(10% X0 tungsten)

~500 days (2 e-/25 ns)
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ECal as Target (EaT)

for dark photon mediator
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 across target allows 
estimation of mediator mass! 
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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.

different mediator masses

LDMX measures the kinematics of dark matter production, enabling detailed study of the dark sector!

for dark photon mediator
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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
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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

https://arxiv.org/abs/1807.01730
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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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LDMX also enables measurements of electron-nucleon 
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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accessible to LDMX

https://arxiv.org/abs/1807.01730
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Missing Momentum: Operational Design Drivers

Signature:
1. substantial energy loss by incoming beam electron
2. substantial transverse momentum change across target
3. no other particles with significant energy in final state

Goal: low background from ~1016 e-

Operational Requirements:
• Low-intensity multi-GeV beam (1016 e- = 50 pA-years)
• Spread out beam in space/time (large beamspot ~ 20 cm2, high repetition-rate ~ 40 MHz)
➡ allows individual events to be distinguished at higher rate (a few electrons/pulse) 

in detectors with fine granularity and resolution in both space and time
➡ spreads out peak radiation doses so radiation tolerance is less an issue for tracking and ECal



LDMX

12

Linac to End Station A (LESA) at SLAC

LCLS-II 4 GeV 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) diverts ~60% of unused, low-
charge bunches to LESA with LDMX as primary user.

• LCLS-II-HE upgrade to 8 GeV in ~2025-2027

S30XL AIP is currently under construction alongside LCLS-II.

LESA is expected to deliver beam to End Station A in late FY23.

S30XL/LESA  
Beamline

Existing 
A-Line

S30XL Kicker

End Station A

LCLS

— existing LCLS 
— existing ESA 
— S30XL/LESA proposal 

SLAC Linac
12

End  Station A

ESA

BSY dump

Soft X-Ray FEL

Hard X-Ray FEL

Beam Kickers

LCLS-II SCRF Linac

S30XL/LESA

S30XL Kicker
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Missing Momentum: Physics Design Drivers
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Missing Momentum: Physics Design Drivers

ECal

HCal

e- Beam

χχ

Erecoil < ¼ Ebeam

…

Target

Tracker

_

Signature:
1.substantial energy loss by incoming beam electron
2.substantial transverse momentum change across target
3.no other particles with significant energy in final state

Goal: low background from ~1016 e-

Physics Requirements:
•Tagging tracker with small acceptance and good resolution at beam energy
•Recoil tracker with large acceptance and good resolution at low momentum
•Deep ECal with good resolution and no projective cracks
•ECal with excellent granularity and sensitivity for distinguishing EM/Had showers and tracking muons
•Deep HCal with good segmentation and low veto energy threshold for neutral hadrons
•Efficient missing energy trigger and high-rate data acquisition
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LDMX Detector Overview

LDMX Whitepaper arXiv:1808.05219
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https://arxiv.org/abs/1808.05219
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LDMX Subsystems and Technology Choices

WBS 1.1 – Beamline and Magnet: (strong SLAC expertise)
• final section of beam pipe with vacuum window
•common dipole magnet provides high(low) field for incoming(recoil)

WBS 1.3 – Trackers:  (from HPS Silicon Vertex Tracker built at SLAC)

Tagging Tracker: long, narrow, in uniform1.5 T field for pe = 4 GeV
•7 double-layers provide robust tag of incoming electrons
Recoil Tracker: short, wide, in fringe field for pe = 0.05 - 1.2 GeV
•4 double-layers + 2 axial-only layers provide good acceptance,  
pT resolution limited by multiple scattering in target for recoils
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LDMX Subsystems and Technology Choices

WBS 1.4 – ECal: from CMS HGCal (UCSB – Incandela, U. Minn. – Mans)

• Si-W sampling calorimeter: fast, dense, high radiation tolerance

• 40 X0 deep: excellent containment of EM showers 

• Granularity and MIP sensitivity: imaging and MIP tracking are powerful for 
rejecting rare backgrounds (e.g. photonuclear reactions and γ → µµ)

• designed to provide fast trigger (here using ECal energy < 0.3 Ebeam)

~60 cm

Valentina Dutta LDMX ECAL meeting

ECal overview

3

Current design 
17 double layers: back-to-back single layers on either side of cooling plane 
500 μm Si sensors in baseline, considering thinner sensors at shower max. 
Absorber (tungsten) thickness varies with depth (0.75-7mm) 
1.5 mm gap between hexagons in each layer 
Fits into 80x60x60 cm3 space surrounded by side HCal (actual ECal depth is 45 
cm) 

Design & prototyping of super-layers and support structure with integrated 
cooling and services part of DMNI work (milestones & plans in Susanne’s talk)

34 layers

432 pads/module

1 X0 15 X05 X0 10 X0

Bertrand Echenard – TeVPA 2019 p.14

EM calorimeter

Si-W sampling calorimeter

• Fast, dense and radiation hard
• a40X0 deep for extraordinary containment
• High granularity, exploit transverse & longitudinal 

shower shapes to reject background events
• Provide fast trigger – accept event with ECal < 1.2 GeV

Currently developed for CMS HCal upgrade, adaptable to 
LDMX 

High granularity critical to reject 
photon-induced background 
(e.g. PN reactions or J o PP)

Bertrand Echenard – TeVPA 2019 p.14

EM calorimeter

Si-W sampling calorimeter

• Fast, dense and radiation hard
• a40X0 deep for extraordinary containment
• High granularity, exploit transverse & longitudinal 

shower shapes to reject background events
• Provide fast trigger – accept event with ECal < 1.2 GeV

Currently developed for CMS HCal upgrade, adaptable to 
LDMX 

High granularity critical to reject 
photon-induced background 
(e.g. PN reactions or J o PP)

𝜇-

e-

p+

CERN Test Beam Data

capability for imaging and MIP tracking is  
very powerful for rejection of rare backgrounds

ICHEP 2020

EM Calorimeter
• 40 X0 silicon-tungsten imaging calorimeter
- high granularity:  can exploit both transverse  

& longitudinal shower shapes to reject PN 
events

- MIP sensitivity

Boosted  
Decision  
Tree

�15
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LDMX Subsystems and Technology Choices

WBS 1.5 – HCal: from Mu2e Cosmic Ray Veto (UVA – Group)

• extruded polystyrene scintillator with WLS fibers and SiPM readout

• main HCal: sufficient depth for rare events with very hard neutrons (En ~ E𝛾)

• side HCal: important for high-multiplicity final states and wide-angle brems

p. 15

Standalone studies

Neutron inefficiency (10.2.3) Energy resolution (10.2.3)

veto definition of 3 PE 

Neutron / KL inefficiencies

Significant differences between Geant4 10.3 and Geant4 10.5 
(actually tracker differences between Geant4 10.4.X and 10.5 versions)

Can have a significant impact on Hcal design, so we need to understand the differences. More generally, 
need to make sure Geant4 is properly validated (not only for Hcal) 

Bertrand
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Readout - counter motherboard (CMB)

Adapt current design to quad-bar for LDMX with 
a single fiber and a calibration diode per bar.

Good progress on modifying the circuit and 
testing new SiPM.

There are still a few questions regarding the 
quadbar production and assembly process. UVA 
will work on developing the procedures in the 
coming weeks.

CMB for Mu2e CMB for LDMX

Mu2e CRV

p. 8

Counter readout (or counter manifold) 

New design to fit quad-bar with a single fiber and a calibration diode per bar (doc-db 7823)
• redesigned fiber guide bar and SiPM mounting block
• redesigned counter motherboard (CMB) – simplified version less expensive than Mu2e
• redesigned SiPM carrier board

CMB pilot production units received and being tested (ok so far)

New version of CMB test box ordered – expect delivery by end of the month

Fiber guide bar and SiPM mounting block for prototype will soon be ordered

Fiber guide bar

SiPM mounting block

Seal

CMB

SCB

scintillator

fiber

James, Shouxian, Craig D., Craig G.

Manifold

LDMX HCal Scintillator extruder facility @ FNAL

main HCal

side
HCal
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LDMX Subsystems and Technology Choices
�47

BEAM

4 GeV trigger summary

86

TABLE XII: Trigger thresholds, rates, and total inefficiency contribution as function of number of incoming
beam electrons for an average number of one electron per bunch.

Fraction of Trigger Scintillator Missing Energy Calorimeter Trigger Rate Signal
nbeam Bunches (Signal) Efficiency Threshold [GeV] Efficiency [Hz] Inefficiency

1 36.8% (36.8%) 100% 2.50 99.2% 588 0.3%
2 18.4% (36.8%) 97.4% 2.35 98.0% 1937 1.7%
3 6.1% (18.4%) 92.4% 2.70 91.6% 1238 2.8%
4 1.5% (6.1%) 84.3% 3.20 77.2% 268 1.6%

Total 4000 8.8%

B. Recoil Acceptance and Efficiency

As discussed in Sec. V E 2, the recoil tracker must not only have good acceptance for signal
recoils but also for charged tracks over the largest possible acceptance. Since high-momentum
signal recoils will nearly always pass through all six layers, the acceptance near the top of the
energy range for signal recoils is near unity, only reduced by the small single-hit inefficiency in
the last two layers. However, at low momentum a large number of tracks can escape detection.
Therefore, in order to estimate the signal acceptance using simulated signal events, we apply both
“loose” and “tight” track requirements. A loose track requires that the recoiling electrons leave
hits in the first two 3-d layers which is sufficient for pattern recognition and angle estimation. For
those events where the best vertex and pT resolution is desired, the recoiling electrons are required
to leave hits in at least two of the 3-d layers and at least four hits total. The resulting acceptance for
the recoil tracker as a function of mediator mass using the loose (orange) and tight (green) track
requirements is shown in Fig. 66 while the average of the track finding efficiencies for accepted
tracks in those samples as a function of momentum is shown in Fig. 67.

The recoil tracker will play a leading role in rejecting beam, photo-nuclear, electro-nuclear
and muon conversion backgrounds that originate in the target. Assuming the average number
of incident beam electrons is 1, most signal events will see a single track in the recoil tracker.
Furthermore, as discussed in Sec. III A, only events where the recoil electron has a momentum
below 1.2 GeV are considered. Therefore, requiring an event to contain a single track in the recoil
tracker with reconstructed momentum < 1.2 GeV, aides in the rejection of background while
maintaining a high signal efficiency. The impact of these cuts on the signal efficiency using both
the loose and tight track requirement is shown in Fig. 68.

C. Signal Efficiency of Calorimeter Vetoes

As detailed in Sec. IV C, the difference in hit multiplicity and energy deposited in the ECal
as well as the transverse and longitudinal shower shapes are combined into a BDT and used to
discriminate between signal and photo-nuclear background. Based on the performance of the
BDT, a threshold of 0.94 was found to balance the rejection of background versus the preservation
of signal. The impact of applying such a requirement on an inclusive signal sample is shown in
Fig. 69 as a function of mediator mass.

A typical signal event will see the recoil electron enter the ECal and shower with very little

RCE Cluster On Board (COB)

Advanced Processor demonstrator (APd)

Mechanical model
�45

RM

Analog signal  
feedthrough 

Scintillators SiPM/mounting 
board

BEAM

WBS 1.2 – Trigger Scintillator:  from CMS HCal

•Low-energy ECal trigger requires  
knowledge of ne/pulse

• layers of segmented scintillators provides  
fast estimate of ne

•also considering segmented LYSO active  
target: provides additional information  
about hard interactions in the target

WBS 1.6 – Trigger and DAQ: from SLAC/FNAL tech

•back end DAQ based on RCE DAQ  
used for HPS, ATLAS, LSST, LCLS, …

•trigger DAQ based on APx DAQ  
developed for CMS
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LDMX Physics Studies

Robust software and computing infrastructure have enable detailed, high-statistics performance studies, 
largely driven by an active team of Ph.D. students and postdocs.
Study of dominant photo-nuclear backgrounds:
1.5M CPU hours, 1.3 PB data (unskimmed)
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FIG. 11: Distribution of the ECal BDT discriminator value (y axis) and maximum number of photoelec-
trons (PEs) in any HCal module (x axis) for an ECal photo-nuclear background sample (black) equivalent to
2.1⇥1014 electrons on target. A representative 100 MeV, A0 signal sample is also shown as a heatmap. The
signal band at large max PE is populated by events where the recoil electron is produced softly, misses the
ECal and showers in the side HCal. The signal band at low max PE is composed of events where the recoil
electron shower is fully contained in the ECal. In the analysis, the signal region (yellow box) is defined by
events with a BDT score < 0.99 and an a maximum number of PEs in an HCal module of < 5. As is evident
from the figure, a majority of the signal lies within the defined signal region. The background events within
the signal region are rejected by additional requirements on the tracks in the Recoil tracker and the ECal.

In a first stage, tracks normal to the back of the ECal are formed from combinations of hits in
cells directly in front of each other and not more than two layers apart. The second stage uses a
linear regression among certain three-hit combinations of the remaining hits. At both stages, tracks
are discarded if they are too far from the projected photon trajectory or too close to the projected
electron trajectory.

Figure 12 (left) shows a visualisation of one of the background events surviving the previous
selections to which the track finding has been applied, resulting in the track shown in black, close
to the projected photon trajectory in cyan. The right plot in Fig. 12 shows the distribution of the
number of tracks found by the methods described above in signal and PN background events. Any
event with one or more tracks is rejected.

A final criterion is useful for identifying background events in which no track is produced, but
in which potentially isolated hits are present in the vicinity of the photon trajectory in the early
ECal layers. If any hits that are outside the electron radius of containment are found to be within

JHEP 04 (2020) 003   

3

I. INTRODUCTION

A compelling explanation for the origin of dark matter (DM) is that of a thermal relic from
the early universe. In this scenario, dark matter (henceforth DM) particles can have masses in the
sub-MeV to 100 TeV range and must have some small non-gravitational interaction with ordinary
matter. Any such interaction implies a production mechanism for dark matter at accelerators. Sce-
narios where the dark matter annihilates directly to Standard Model matter (typically including
electrons) are both simple and especially predictive (see [1–5] for recent reviews). The combi-
nations of interaction strength y and dark matter particle mass m� that result in the appropriate
thermal relic abundance for different types of particles are shown as black solid lines in Fig. 1.
Probing the existence of thermal-relic dark matter in the sub-GeV mass region is well-motivated
as an important part of a comprehensive search programme for dark matter. It calls for an exper-
iment sensitive enough to explore the thermal targets shown in Fig. 1, which implies interaction
rates a few orders of magnitude beyond the sensitivity of current accelerator-based experiments
(gray regions in Fig. 1).

To achieve this important goal, the “Light Dark Matter eXperiment” (LDMX) collaboration has
developed a detector concept [6] optimized to search for dark matter particle production in high-
rate fixed-target collisions of 4–16 GeV electrons. The LDMX detector contains low-mass track-
ing detectors both up- and down-stream of a thin tungsten target, an electromagnetic calorimeter
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FIG. 1: Projected sensitivity in the y vs. m� plane for an LDMX run with 4 ⇥ 1014 electrons on tar-
get at 4 GeV beam energy (solid blue curve), for the case of on-shell mediator production and decay into
dark matter. Benchmark thermal relic targets are shown as black lines. Experimental constraints are shown
for the assumption of a mediator particle mass (mA0) three times as large as the dark matter mass and
with a coupling constant ↵D = 0.5 between the mediator and the dark matter. Grey regions are (model-
dependent) constraints from beam dump experiments and BABAR. The dashed curve shows the sensitivity in
case of unexpected photon-induced backgrounds at the 10-event level, the dotted line further assumes a 50%
uncertainty in this background. At higher DM masses, the sensitivity curves for different background as-
sumptions converge towards the zero-background sensitivity because a transverse momentum cut efficiently
reduces the background while maintaining high signal efficiency.

Pilot Run Sensitivity, 4×1014 EOT

remaining background can be 
vetoed by ECal MIP tracking 21
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Preliminary ME Analysis

Simple Cut-n-Count Analysis — Enriched Nuclear Background
LDMX
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LDMX Preliminary ME Analysis : Photonuclear/Electronuclear Bkgd (1.1e+13 EoT)

Region Passing Simple Cuts

0.24 Bkgd Inside

⌅ Box to pass isP
EECAL < 1000MeV and

max(PEHCAL) < 10

⌅ Only forty-eight bkgd

events pass these cuts.
Sum of their weights is
0.24.

Tom Eichlersmith (UMN) EaT March 29, 2021 5 / 9

Preliminary ECal as Target missing energy study: 
4.1M CPU hours, 1.1 PB data (unskimmed)

LDMX Physics Studies

Robust software and computing infrastructure have enable detailed, high-statistics performance studies, 
largely driven by an active team of Ph.D. students and postdocs.
Study of dominant photo-nuclear backgrounds:
1.5M CPU hours, 1.3 PB data (unskimmed)
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FIG. 11: Distribution of the ECal BDT discriminator value (y axis) and maximum number of photoelec-
trons (PEs) in any HCal module (x axis) for an ECal photo-nuclear background sample (black) equivalent to
2.1⇥1014 electrons on target. A representative 100 MeV, A0 signal sample is also shown as a heatmap. The
signal band at large max PE is populated by events where the recoil electron is produced softly, misses the
ECal and showers in the side HCal. The signal band at low max PE is composed of events where the recoil
electron shower is fully contained in the ECal. In the analysis, the signal region (yellow box) is defined by
events with a BDT score < 0.99 and an a maximum number of PEs in an HCal module of < 5. As is evident
from the figure, a majority of the signal lies within the defined signal region. The background events within
the signal region are rejected by additional requirements on the tracks in the Recoil tracker and the ECal.

In a first stage, tracks normal to the back of the ECal are formed from combinations of hits in
cells directly in front of each other and not more than two layers apart. The second stage uses a
linear regression among certain three-hit combinations of the remaining hits. At both stages, tracks
are discarded if they are too far from the projected photon trajectory or too close to the projected
electron trajectory.

Figure 12 (left) shows a visualisation of one of the background events surviving the previous
selections to which the track finding has been applied, resulting in the track shown in black, close
to the projected photon trajectory in cyan. The right plot in Fig. 12 shows the distribution of the
number of tracks found by the methods described above in signal and PN background events. Any
event with one or more tracks is rejected.

A final criterion is useful for identifying background events in which no track is produced, but
in which potentially isolated hits are present in the vicinity of the photon trajectory in the early
ECal layers. If any hits that are outside the electron radius of containment are found to be within
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Collaboration, formed in Spring 2019…                                           …maps onto DMNI Consortium

SLAC: PI Nelson (HPS SVT) 
• Beamline/Magnet, Tracking, Computing, 
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UCSB: PI Incandela (CMS HGCal modules)
• ECal

U. Minn: PI Mans (CMS HGCal electronics) 
• ECal
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U. VA: PI Group (Mu2e CRV) 
• HCal

FNAL: PI Tran
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Texas Tech: PI Whitbeck 
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Polarfire Mezzanine Progress

 Polarfire mezzanine intended for use in both ECAL and 
HCAL
 Common firmware and software base should reduce overall requirements 

during operations
 Minnesota efforts have been focused on commissioning 
mezzanine for use in the 2021 testbeam
 Development of an ECAL-specific readout (motherboard) will be based on 

what we learn from the HCAL system and will require funding in FY22
 Current progress:

 Optical data links working both directions (July 30) from a CMS 
Phase 1 test card

 Capture of 800 Mbps data using internal deserializers working properly 
(limit of test setup), expect proper scaling to O(1250) Gbps to HGCROC

 Already previously-demonstrated functionalities
 I2C controller, required to configure the HGCROCs
 Transport of slow signals (resets, error bits, etc)
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CERN Testbeam in October 2021

● Planning to test trigger scintillator and small Hcal 
section in the East Area
– Minnesota on-site team: Revering and Mans (~1 week), 

offsite: Eichlersmith

– Quite a lot of remaining work to commission system before 
October, as much of the readout/control electronics is being 
delivered only (~now) in August

– Beam run is ~two weeks, aim to use electrons, hadrons, 
muons in ~500 MeV to 4 GeV range
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DOE Reviews and Funding

● Detector development funding for O($1.8M) over 2.25 years 
announced in 2020
– Received FY20 tranche (~$200k) on schedule, did not receive FY21 

funding on schedule

● DOE Review of progress and design in June 2021
– Went very well, impressed new program manager

– Receiving about 10% of planned FY21 funding during FY21

– Potentially receiving balance in FY22 (drought then flood?)

● Beamline construction continues to make progress and has 
received planned funding to date (very important)



  

LDMX
Construction/Operation

● Goal to begin two-year detector construction 
process in ~January 2023
– Reasonably well-aligned with CMS HGCAL schedule, which 

is important as the effort relies on the CMS hexaboards and 
module-construction technologies for the ECAL, as well as 
the HGCROC-SiPM for the HCAL

● Minnesota responsibility for the motherboards and 
ECAL readout, local trigger, and control


