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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
3 / 25
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Figure 4-2: Two plots illustrating the sensitivity of current searches (gray shading) to dark matter production 
(Thrust 1), and improvements achievable through the concepts presented in Table 4-2, which roughly characterize 
what can be feasibly achieved by each experimental approach.  The left plot shows the sensitivity vs. dark matter 
mass for fixed DM-mediator mass ratio of 1/3.  The vertical axis labeled “Interaction Strength” is defined as the 
product y  �H�� DD (mDM/mmediator)�, where�H is the kinetic mixing parameter for a dark photon model, and DD is the 
dark-force counterpart of the fine structure constant (Refs. 67 and 68).  The green band represents the region 
favored by thermal dark matter production in the early universe; the black curves are predicted interaction 
strengths for thermal dark matter with specific dark matter spins.  Lighter green regions above and below the 
bright green band represent the weaker predictions in special regions of parameter space, e.g. Ref. 69.  The bottom 
gray curve is a production benchmark for elastically decoupling dark matter (ELDER) that acquires its abundance by 
scattering off visible matter instead of annihilating into it.70  The right plot fixes the dark matter mass at 30 MeV 
and specializes to scalar dark matter, but varies the ratio of mediator to dark matter mass to exhibit the resonance 
structure in the thermal prediction and the mediator-mass-dependence of experimental sensitivity.  Curves in right 
panel courtesy of Asher Berlin and Patrick deNiverville. 
 
However, even a series of null searches is extremely scientifically valuable.  Since accelerator-based 
searches offer comprehensive sensitivity to thermal dark matter, they can exclude a broad class of 
models for dark matter with mass between the electron mass and few times the proton mass – roughly 
half of the (log) mass range compatible with a thermal production history.  Together with established 
searches for thermal relics above the proton mass, they can test many of the most compelling thermal 
dark matter candidates, powerfully informing future searches for dark matter. 
 
The techniques that comprise this program vary in how they address these possibilities.  Missing-
momentum experiments have the potential to cover the most parameter space for thermal dark-matter 
candidates.  Beam-dump experiments cover less of the parameter space, but would enable a multi-
faceted program of measurements to illuminate the nature of any new phenomena observed.  Finally, 
spectrometer experiments offer a complementary set of measurements to explore the nature of the 
dark sector and are also sensitive to scenarios for thermal dark matter that would go undetected using 
the other two approaches. 
 
 

                                                           
69 J. L. Feng and J. Smolinsky, Phys. Rev. D96 (2017) 095022. 
70 E. Kuflik, M. Perelstein, N. Rey-Le Lorier, and Y.-D. Tsai, Phys. Rev. Lett. 116 (2016)  221302.  
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Figure 2. Layout illustrating SLAC linac, the LCLS / LCLS-II beamline, and End Station A with the DASEL 

extraction from the LCLS-II beamline. 

 
Figure 3. Schematic of the DASEL beam from the LCLS-II superconducting linac. The DASEL beamline 

directs unused beam to End Station A downstream of the extractions to the LCLS-II 
undulators. 

3 SCIENCE�CASE�AND�APPLICATIONS�
End�Station���and�DASEL�can�support ���wide�array�of�experiments.�Some�examples�are�described�
here.�

3.1 LDMX�
The� nature� and� origin� of� dark�matter � are� among� the� foremost � open� questions� in� fundamental�
science�today.�Dark�matter �in�the�vicinity�of�Standard�Model�scales�is�simultaneously�motivated�by�
the�viability�of���thermal�origin�for �its�abundance�and�the�existence�of�known�matter �at �these�scales.�
These�motivations�have�led�to���renewed�interest �over �the�last �decade�in�searching�for �dark�matter �
below �GeV�mass-scales� (see�e.g.� [7,12,13]),�where�current �direct �detection�experiments�and�LHC�
searches�are�not �sensitive.��
The�flagship�experiment �envisioned�for �DASEL�is�the�Light �Dark�Matter �eXperiment �(LDMX),�which�
will� search� for � sub-GeV� dark�matter � by� the� “missing�momentum”� technique.� The� first � phase� of�
LDMX�has�world-leading�sensitivity�to�light �dark�matter,�and�the�second�phase�can�fully�explore�the�

BEAM REQUIREMENTS

Low current, high repetition rate 
Incoming beams of O(1) electron that can be individually tracked 
and identified 

Beam rates (1x1014 - 1x1016 Electrons on Target):  
To achieve thermal milestones, in O(few years), need beam 
frequencies of ~50 MHz 

Under development:

�7
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FIG. 8: Conceptual drawing of the LDMX experiment, showing the electron beam passing through a tagging
tracker, impacting on a thin tungsten target, the recoil tracker, the electromagnetic calorimeter, and hadron
calorimeter.

experiments) relying on full reconstruction of all recoiling particles, is only practical in
e+e� collisions, and requires a much lower luminosity, greatly reducing production yield
and hence sensitivity.

• DM re-scattering in a detector downstream of the production point (as in LSND [34],
E137 [35], MiniBoone [36–38], and BDX⇤ [39, 40]) can use very intense beams of either
protons or electrons, but the low probability of DM scattering weakens sensitivity relative
to what is possible in a kinematic search – whereas the kinematic signals of DM production
scale as the square of the weak SM-DM coupling, re-scattering signals scale as the fourth
power. As a result, even the most aggressive proposals with intense beams fall short of the
anticipated LDMX reach.

• Missing energy (as in NA64), reconstructing only the energy (not the angle or 3-
momentum), is closely related to the missing-momentum approach but with fewer kine-
matic handles to reject SM backgrounds and measure veto inefficiencies in situ. In addition,
missing energy experiments lack the ability to distinguish final-state electrons from one or
more photons, introducing irreducible neutrino backgrounds to high-rate missing energy
experiments [39]).

However, reaching the full potential of this technique places demanding constraints on the
experiment and beamline supporting it. A high repetition rate of electrons is required (⇠ 50M
e�/sec on target for Phase I, and as much as ⇠ 1G e�/sec on target for Phase II), and so also
a fast detector that can individually resolve the energies and angles of electrons incident on the
detector, while simultaneously rejecting a variety of potential background processes varying in
rate over many orders of magnitude. A conceptual cartoon diagram of the proposed experimental
design is shown in Fig. 8, showing the alignment of the beam, the thin target, a tracker for the
recoil electrons, and the required electromagnetic and hadron calorimeters to confirm the missing
momentum signature. This cartoon will be helpful to the reader for understanding the discussion of
signal and potential background reactions in Section III. The remainder of this note, from Section
IV onward, describes the design in greater detail.

To reach thermal recall milestones,

need O(1×1016 EoT)

→ Several years, few electrons every 25 ns
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experiments) relying on full reconstruction of all recoiling particles, is only practical in
e+e� collisions, and requires a much lower luminosity, greatly reducing production yield
and hence sensitivity.

• DM re-scattering in a detector downstream of the production point (as in LSND [34],
E137 [35], MiniBoone [36–38], and BDX⇤ [39, 40]) can use very intense beams of either
protons or electrons, but the low probability of DM scattering weakens sensitivity relative
to what is possible in a kinematic search – whereas the kinematic signals of DM production
scale as the square of the weak SM-DM coupling, re-scattering signals scale as the fourth
power. As a result, even the most aggressive proposals with intense beams fall short of the
anticipated LDMX reach.

• Missing energy (as in NA64), reconstructing only the energy (not the angle or 3-
momentum), is closely related to the missing-momentum approach but with fewer kine-
matic handles to reject SM backgrounds and measure veto inefficiencies in situ. In addition,
missing energy experiments lack the ability to distinguish final-state electrons from one or
more photons, introducing irreducible neutrino backgrounds to high-rate missing energy
experiments [39]).

However, reaching the full potential of this technique places demanding constraints on the
experiment and beamline supporting it. A high repetition rate of electrons is required (⇠ 50M
e�/sec on target for Phase I, and as much as ⇠ 1G e�/sec on target for Phase II), and so also
a fast detector that can individually resolve the energies and angles of electrons incident on the
detector, while simultaneously rejecting a variety of potential background processes varying in
rate over many orders of magnitude. A conceptual cartoon diagram of the proposed experimental
design is shown in Fig. 8, showing the alignment of the beam, the thin target, a tracker for the
recoil electrons, and the required electromagnetic and hadron calorimeters to confirm the missing
momentum signature. This cartoon will be helpful to the reader for understanding the discussion of
signal and potential background reactions in Section III. The remainder of this note, from Section
IV onward, describes the design in greater detail.

To reach thermal recall milestones,

need O(1×1016 EoT)

→ Several years, few electrons every 25 ns

Experimental requirements
» High momentum resolution tracking system
» Radiation hard, high precision electromagnetic calorimeter
» Wide angle, high efficiency hadronic and MIP veto
» Fast LHC-style electronics, ~50 MHz
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Detector technology synergies:
Tracker: HPS/CMS
ECal: CMS HGCal
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FIG. 15: Conceptual schematic of a signal process (a) and dominant background (b) processes.

final state. This occurs at a relative rate of ⇠ 10�3 per incident hard photo-nuclear reaction (on W),
but these usually have a hard charged pion or proton in the final state. Thus, the region of phase
space where the MIP is soft and invisible poses the largest threat of producing a background, and
this is expected at the ⇠ 4 ⇥ 10�4 per hard photo-nuclear interaction (on W). Per incident 4 GeV
electron on Tungsten absorber, this corresponds to ⇠ 10�8 in relative rate. For a benchmark of
1 ⇥ 1014 electrons on target, we would face up to ⇠ 106 events with a single hard forward neu-
tron and very little else in the ECAL (other than the recoil electron). This drives the performance
requirement of the hadronic veto – we require better than 10�6 neutron rejection inefficiency in
the few GeV energy range. In practice, an HCAL veto meeting this requirement is also suffi-
ciently sensitive to muons to veto the remainder of the photon conversions to muon pairs (and by
extension, pion pairs). Moreover, this level of inefficiency provides a great deal of redundancy
against potential failures of the ECAL veto with respect to photo-nuclear, electro-nuclear, or MIP
conversion events.
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FIG. 12: Flow of important (veto design driving) potential background processes and their raw rates
relative to the number of beam electrons incident on the target.

tectable energy in the ECal, leading to a significant undermeasurement of the photon energy. We
now discuss these photon processes which represent a challenging class of rarer backgrounds.
These additional photon interactions can occur in the target or the calorimeter, with each case
presenting unique challenges.

Hard bremsstrahlung + photo-nuclear reaction in the target or ECal These are events
where the hard bremsstrahlung photon does not undergo conversion but instead undergoes a photo-
nuclear reaction in the target area or one of the first layers of the ECal (typically in a tungsten
layer). The photo-nuclear cross-section is roughly a thousand times smaller than the conversion
cross-section, so these events will occur with overall relative rate of 1.7 ⇥ 10�5 per incident elec-
tron.

The photo-nuclear processes initiated by 2.8 � 4 GeV photons can result in a wide range of
final states. When pions are produced in the interaction and escape the nucleus, they typically give
rise to either “tracks” (⇡±) or substantial energy deposition (⇡0) in the ECal. In many cases, a
large number of low-energy protons and neutrons are liberated from a heavy nucleus; some of the
protons may deposit energy in the ECal, and some of the neutrons can be detected by the HCal.
Two rare but important classes of these events are characterized by only two to three O(GeV),
moderate-angle neutrons escaping from the nucleus, or a single forward ⇠ 3 GeV neutron. These
events must be rejected by the HCal.

The same photo-nuclear reactions can also occur in the target. These events have 50⇥ lower
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and dark matter signals with mediator masses of 0.001, 0.01, 0.1, and 1 GeV after all analysis selections.
Signal yields are scaled to the thermal freeze-out elastic scalar dark matter model, assuming ↵D = 0.5 and
m�/mA0 = 1/3. Among other kinematic measurements, both recoil electron transverse momentum and
missing momentum will provide considerable kinematic discrimination between background and signal, as
well as sensitivity to the mediator and dark matter mass.

Tracker:  
Good resolution for charged tracks


Granularity for track multiplicity

ECal: 


Granularity for EM vs Had shower profile

MIP tracking for pions and kaons


HCal: 

Deep, high light yield HCal for detecting 

neutrons and MIPs



LDMX AND FERMILAB
Scientific and technological expertise for missing momentum program 
has strong synergy with Fermilab capabilities

Intellectual leadership in this physics program
Originators and drivers of the LDMX physics program

  Drivers of the LDMX experimental concept; 
simulation studies and calorimeter/electronics expertise

LDMX detector synergy - current involvement
HCal employs mu2e scintillator fabricated in Fermilab Scintillator 
Fabrication Facility and electronics from mu2e cosmic ray veto
Target scintillator deploys CMS HCal electronics 
Trigger/DAQ leadership from Fermilab/CMS expertise

Missing momentum with muons (Yoni’s talk)
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MORE PHYSICS

A complete physics case for hidden sectors at LDMX 
https://arxiv.org/abs/1807.01730 
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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
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FIG. 13: 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 [132]. 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, 80].

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. [70], 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 [131].

We explore a slice of parameter space in the ✏�mA0 plane in Fig. 13. 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 [133], although the exact strength of
this bound warrants a dedicated study [134]. We saturate this approximate lower bound, fixing
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FIG. 15: LDMX sensitivity to Dirac fermion millicharged particles in the Q�/e � m� plane. The LDMX
reach is shown as the solid (dot-dashed) red line for the configuration with a 8 (16) GeV electron beam
on a tungsten (aluminum) target and 1016 EOT. Regions excluded by the SLAC MilliQ [135], neutrino
experiments [136], supernova cooling [137] and colliders are shown in gray. Projected sensitivities of
milliQan [138] and SHiP [136] are shown as the blue and yellow dashed-dotted lines, respectively. We
expect that for Q� ⇠ e millicharged particles will deposit energy in the LDMX detector through ionization,
thereby reducing the sensitivity of the missing momentum technique at large masses.

B. Millicharges

Millicharged particles arise as the mA0 ! 0 limit of a dark photon coupled to U(1)D charges
(i.e. the model described in Sec. IV A) [74], or as a fundamental particles with a small electro-
magnetic (EM) charge. In both cases, the effective Lagrangian for a millicharge � is simply

L � Q�Aµ�̄�µ�, (46)

where Q� ⌧ e is the EM charge of � and we take � to be a Dirac fermion. If � is not associated
with a U(1)D symmetry, then the discovery of a fundamental millicharged particle would refute
the charge quantization principle [139, 140] and inform us on related issues like the existence
of monopoles and Grand Unification [141]. Recently, relic millicharged particles have been pro-
posed [142] as a possible explanation of the EDGES 21 cm signal [143]. Given the importance
of millicharges in understanding of charge quantization and potential implications of the EDGES
result, it is useful to search for these particles in the laboratory. Pairs of � particles can be pro-
duced in fixed-target experiments through an off-shell Bremsstrahlung photon. Once produced,
the probability of millicharges to interact with the detector is suppressed by (Q�/e)2

⌧ 1, so they
are likely to escape the detector without depositing any energy. This means that such particles can
be searched for in the missing momentum channel at an LDMX-like experiment. In Fig. 15, we
show the LDMX sensitivity to millicharged particles in the Q�/e � m� plane for the setup with a
8 or 16 GeV electron beam, 10

16 EOT, and tungsten (solid red line) and aluminum (dot-dashed red
line) targets. Existing constraints from the SLAC MilliQ and collider experiments [135], neutrino
experiments (LSND and MiniBooNE) [136], and supernova cooling [137] are shown in gray. The

SIMPsFreeze-in

Millicharged
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FIG. 19: 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 [151], NA48/2 [153], LHCb [21]
and BaBar [19] are shown in gray. Projected sensitivities of HPS (orange) [1], an upgraded version of
SeaQuest [99] (purple), Belle II (green, 50 ab�1 integrated luminosity) [1] and LHCb (blue) [68, 69] 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

◆✓
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�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 [150]). 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. 19 for 8 and
16 GeV beams along with existing constraints from beam dump experiments [151], NA48/2 [153],
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. 19: the displaced vertex search at HPS [1], displaced decays at an
upgraded version of SeaQuest [99], dilepton resonance search at Belle II, and LHCb D⇤ and in-
clusive searches [68, 69]. 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, 80]. 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.

ALPsDark Photon
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FIG. 16: LDMX sensitivity to B � L gauge boson via its decay to neutrinos is shown by the solid (dot-
dashed) red line in the gBL � mX plane for a 8 (16) GeV electron beam, 1016 EOT and a tungsten (alu-
minum) target. Regions excluded by beam dumps [85, 102], neutrino scattering experiments [104, 105]
and BaBar [19] are shaded in gray. Projections for Belle II and NA64 are also shown as blue and yellow
dashed-dotted lines, respectively.

region of parameter space that can explain the EDGES signal is highlighted in green [118, 144].
We note that LDMX can improve on the SLAC MilliQ and neutrino experiment results, and it
can probe a significant portion of the EDGES-motivated parameter space. While we extend the
LDMX curves to large masses and charges, we expect that for Q� ⇠ e millicharged particles will
deposit energy in the detector through ionization. At this point � behaves as a minimum-ionizing
particle and so the missing momentum technique becomes inappropriate. We also show the sensi-
tivity of the proposed milliQan experiment at the LHC [138] and the reach of the proposed SHiP
experiment [136] as the dot-dashed blue and yellow lines, respectively. Finally, we note that cos-
mological relic millicharges may be constrained from kinetic heating of galactic gas [145]. While
this astrophysical bound is potentially extremely powerful, it is subject to uncertainties relating
to cloud chemical composition and the resulting standard cooling rates, DM distribution, and the
direction and magnitude of galactic magnetic fields.

C. B � L Gauge Bosons Decaying to Neutrinos

Unlike the minimal dark photon scenario in which the A0 is the lightest new state, B�L gauge
bosons (Z 0) introduced in Sec. III B couple to neutrinos. This means that even this scenario with
no additional states can be discovered in the missing momentum search due to the irreducible
decay Z 0

! ⌫⌫. The LDMX sensitivity to this decay mode is shown in Fig. 16 for a 8 or 16
GeV electron beam, 10

16 EOT, and tungsten and aluminum targets (solid red and dot-dashed red
lines, respectively). The existing constraints from beam dumps [85, 102], neutrino scattering
experiments [104, 105], and BaBar [19] are shown in gray. Projections for Belle II and NA64 are
also shown as dot-dashed lines.

B-L to ν’s



ECal

HCal

e- Beam

…

Target

Tracker

πD

A’ →V(l-l+)πD

MORE LDMX SIGNATURES �18

ECal

HCal

e- Beam

χ,πD

…

Target

Tracker

_

χ,πD

invis.

ECal

HCal

e- Beam

…

Target

Tracker

a →γγ 
A’ →e+e-



LDMX AND NEUTRINO PROGRAM �19

10�1 100 101

Energy transfer � (GeV)

10�1

100

101
Q

2
(G

eV
2 )

45�

30�

200 MeV

400 MeV

QE

RES

DIS

DUNE �

0.0

0.2

0.4

0.6

0.8

1.0

Figure 2: The color map shows neutrino event distribution in DUNE. Blue lines show contours of
constant electron scattering angle. Green lines show contours of constant pT .

(which lies below the scale of the plot) carve out the phase space that LDMX can probe. Within
this space, and thanks to its great statistics, LDMX can map out all of the interaction channels:
quasi-elastic, meson-exchange current, resonance production (RES), and deep inelastic scattering
(DIS). The most easily accessible regions for LDMX are the transition region between RES to
DIS and the DIS region with ! & 1 GeV. These regions have not been explored by any existing
electron-scattering experiments, even at the inclusive level. Because they correspond to the highest
event rates in DUNE, the measurements performed by LDMX are crucial to fully understanding
the results from DUNE.

The superb detection capabilities of LDMX also enable it to record almost all of the available infor-
mation about its events. The unique capability to correlate the lepton and the system of hadronic
recoils will enable LDMX to make the first exclusive measurement that is directly relevant to the
long-baseline neutrino program. The high neutron detection e�ciency is a crucial requirement
for mapping out the full hadronic system. Fully characterizing the hadronic system will provide
valuable information for cross-section modeling. Potential spectral features due to final-state in-
teractions can be directly measured due to the fine energy resolution. Charged-pion and proton
separation not only allows to distinguish interaction channels, but also is relevant for understanding
neutrino energy reconstruction in long-baseline neutrino experiments.
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FIG. 4. Electron energy transfer (!) for an electron angle of 10� � 12.5� (left) and 20� � 22.5� (right). Comment on figure: 1.
Skip the LDMX preliminary at the top? 2. Switch to GeV unit? 3. Maybe cut the x axis out to 3.5 GeV? No events above
that in both panels. 4. Ratio range limit to 0.3 to 3? 5. Do we want to show all 5 or only GENIEv2 and GiBUUv2017?

The unique capability of LDMX to measure correlated
information between the recoiling electron and hadronic
recoil from nuclei is illustrated by the distributions shown
in Fig. 6 and Fig. 7.

In Fig. 6, we show the pion kinetic energy distribu-
tion as measured by LDMX for a specific slice of the
electron kinematics where cuts are similar to those in
the previous section: ! > 1 GeV, pT > 200 MeV, and
✓e = [20� � 22.5�]. After accounting for the acceptance
and energy resolution of the tracker, LDMX can measure
the charged pion kinetic energy down to ⇠60 MeV. We
also present the distribution up to 1 GeV because this
is the region where we expect to have good pion/proton
discrimination. We find that the various generators have
a large overall rate di↵erence for pions which predomi-
nantly comes from the di↵erent distribution of the elec-
tron versus angle and energy transfer. However, addi-
tionally, the shape of the pion kinetic energy distribu-
tions are quite di↵erent. This includes both the bulk of
the distributions but also near the kinetic energy turn on
of 60 MeV where FSI plays an important role.

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 dis-
tributions show large overall rate di↵erences between the
generators but even within the shape of the distributions,
there are di↵erences at the 30-40% level.

In both the pion and neutron distributions, we provide
examples of how measuring the hadronic recoil system
and its relation to the electron can provide an excellent
multi-dimensinoal measure of the electron-nucleus scat-
tering process and illuminate di↵erences in the various
generator models. The lower rate of GiBUU events is due

to the selection on the electron energy transfer but the
kinetic energy distribution of the charged pions is very
di↵erent below 1 GeV. For the neutrons, Geant4 pro-
duces a large fraction of forward (low ✓) neutrons while
GiBUU has a large fraction of high angle neutrons.

From representative distributions we have shown for
the electron and hadronic recoil (pions, neutrons) kine-
matics, it is clear that there are large deviations in the
predictions of electron-nucleon interactions from various
state-of-the-art generators. Understanding the modeling
of not only the recoiling lepton, but also the hadronic
system is vital to understanding neutrino-nucleon inter-
actions and event reconstruction at DUNE.

VI. FUTURE POTENTIAL

In the baseline dark matter configuration and nomi-
nal running, LDMX has the potential to perform valu-
able measurements of electron-nucleon processes of both
the leptonic and recoiling hadronic systems. Beyond this
nominal program, there is potential to extend the physics
program. While some are more challenging to realize
than others, we enumerate a few possibilities:

• The nominal physics selections can be extended to
smaller energy transfer ! to fully cover the reso-
nance production and meson-exchange current re-
gion. However, there are challenges with triggering
on this topology (prescaling is a possibility) and
eventually also issues of detector resolution. More
study is left to future work to understand the im-
pact of such measurements.

• We assume a 4 GeV electron beam in our studies
above, but there is potential for di↵erent beam en-
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SUMMARY AND OUTLOOK
Missing momentum a promising technique to reach thermal relic 
milestones for sub-GeV dark matter


LDMX is developed experimental concept demonstrating 
feasibility of missing momentum technique 

Fermilab plays crucial role in intellectual development of the 
physics program and the several of the detector subsystems 


Strong hidden sector and nuclear physics program 

Millicharges, freeze-in, SIMPs, dark photon, ALPs, etc.

Electron-nucleus scattering measurements synergistic with DUNE 
phase space
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