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FIG. 1: Mass ranges for dark matter and mediator particle candidates, experimental anomalies,
and search techniques described in this document. All mass ranges are merely representative; for
details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
may be significantly raised by astrophysical uncertainties. Axion-like dark matter may also have
lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad
frameworks. Mass ranges corresponding to various production mechanisms within each framework
are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS

Given the wide range of possible dark matter candidates, it is useful to focus the search
for dark matter by putting it in the context of what is known about our cosmological history
and the interactions of the Standard Model, by posing questions like: What is the (particle
physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of
the abundance of dark matter seen today? How do dark matter particles interact, both
with one another and with the constituents of familiar matter? And what other observable
consequences might we expect from this physics, in addition to the existence of dark matter?
Might existing observations or theoretical puzzles be closely tied to the physics of dark
matter? These questions have many possible answers — indeed, this is one reason why
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Everything we know about the mass of Dark Matter arXiv:1707.04591 [hep-ph]

Thermal relics are an important class of dark matter where sub-GeV region is still relatively unexplored.

https://arxiv.org/abs/1707.04591
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Thermal Relics

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

e+/q̄

Start with a simple ansatz 
for DM-SM interactions:
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Accelerator Experiments and 
Freeze-out Thermal Relics

<latexit sha1_base64="VNTg+6KzvoyB95Jkho0xXByl5r0="></latexit>

e�

e+

�

�̄

<latexit sha1_base64="zpDP7qK4RsEt+CWosTtXkibf4qw="></latexit>

�v =
1

16⇡2

M̄(s)

s
<latexit sha1_base64="F8xUximr5pBW/i4NY1Vgh+CeoXY="></latexit>

at freeze-out,
sfo ⇡ (2m�)2

�v = 3 · 10�26cm3/s
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at freeze-out:

cosmological production
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Accelerator Experiments and 
Freeze-out Thermal Relics
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at freeze-out:

cosmological production
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where fcoh is O(1) for m� . 100 MeV
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nucleus

accelerator production

Since smaller cross sections result in DM overabundance, an accelerator experiment  
with ~1016 electrons has generic ability to produce sub-GeV freeze-out thermal relics.
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Concrete Example: 
Dark Photon Mediator

Elastic Scalar
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Thermal and Asymmetric Targets at Accelerators

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

102 − 103

q ≳ mχ
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“Big Idea 1” of Snowmass RF6

relativistic production ⇒ no suppression
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Fixed Target Dark Matter 
Search Approaches

Introduction Experimental setup Background Experiment reach Conclusions

A fixed target LDM experiment

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

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

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

(both on-shell or o�-shell).

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

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

elastic, p quasi-elastic,. . . )

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

m4
A

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

e-, p+, …

Beam Dumps: Produce and re-scatter DM

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

<latexit sha1_base64="Yp1AOVEjm0AuXm0xbwMVMMoZgxI="></latexit>
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• new sensitivity for ~1012 electrons
• covers thermal targets for ~1016 electrons
Requirements: 
• high rate beam at ~1 /bunch (1 year = 3×1016 ns)
• fast, sensitive, detector systems  

(key backgrounds: )

e−

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

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

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

1

a)

Scenario A

Target/ECAL/HCAL

Ei
e = EB

Ef
e ⌧ EB

Tagger

e� e�
��̄

Invisible

b)

Scenario B

Tagger
Ei
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ECAL/HCAL

Target

Tracker

Ef
e ⌧ EB

e�
��̄

Invisible

A� Production in Target

A0

Z

e�

e�

�

�̄A0

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

tails.

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

<1 X0

Missing Momentum: Detect DM production

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

~pin
~pout

~pDM

~pin = ~pout + ~pDM
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Linac to End Station A 
(LESA) at SLAC

LCLS-II 4/8 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 a primary user.

S30XL AIP is currently under construction alongside LCLS-II.

LESA is expected to deliver beam to End Station A in FY25.

S30XL/LESA  
Beamline

Existing 
A-Line

S30XL Kicker

End Station A

LCLS

— existing LCLS 
— existing ESA 
— S30XL/LESA

SLAC Linac
7

End  Station A

ESA

BSY dump

Soft X-Ray FEL

Hard X-Ray FEL

Beam Kickers

LCLS-II SCRF Linac

S30XL/LESA
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Light Dark Matter eXperiment

LDMX Whitepaper arXiv:1808.05219

18D36 dipole 36”

tagging tracker recoil 
tracker

⃗B

target and 

trigger scintillator

side HCal

main 
HCal

ECal

4/8 GeV e−

trigger scintillator

LDMX is an electron missing momentum experiment designed for up to 1016 electrons

https://arxiv.org/abs/1808.05219
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Silicon Sensors
~1 m HPS SVT

LDMX Detector Subsystems

Tracking based on HPS (orig. CMS)
• refurbish existing dipole
• reuse HPS designs for detector 

modules and readout
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~60 cm

1 X0 15 X05 X0 10 X0

Bertrand Echenard – TeVPA 2019 p.14

EM calorimeter

Si-W sampling calorimeter

• Fast, dense and radiation hard
• ∼40X0 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 γ → µµ)

Bertrand Echenard – TeVPA 2019 p.14

EM calorimeter

Si-W sampling calorimeter

• Fast, dense and radiation hard
• ∼40X0 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 γ → µµ)

𝜇-

e-

p+

CERN Test Beam Data

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

LDMX Detector Subsystems

Tracking based on HPS (orig. CMS)
• refurbish existing dipole
• reuse HPS designs for detector 

modules and readout

ECal based on CMS
• silicon/tungsten High Granularity 

Calorimeter for Phase 2 upgrade
• powerful for rejection 

of rare backgrounds
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p. 15

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

LDMX Detector Subsystems

Tracking based on HPS (orig. CMS)
• refurbish existing dipole
• reuse HPS designs for detector 

modules and readout

ECal based on CMS
• silicon/tungsten High Granularity 

Calorimeter for Phase 2 upgrade
• powerful for rejection 

of rare backgrounds

HCal based on Mu2e Cosmic Ray Veto
• extruded plastic scintillator/iron
• low veto threshold for neutrons
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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

LDMX Detector Subsystems

Tracking based on HPS (orig. CMS)
• refurbish existing dipole
• reuse HPS designs for detector 

modules and readout

ECal based on CMS
• silicon/tungsten High Granularity 

Calorimeter for Phase 2 upgrade
• powerful for rejection 

of rare backgrounds

HCal based on Mu2e Cosmic Ray Veto
• extruded plastic scintillator/iron
• low veto threshold for neutrons

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

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

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

Intensity-Frontier Synergy: Electronuclear Measurements for Neutrino Program

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

2.1 LDMX On the World Stage

2.1.1 Accelerator-Based Experiments

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

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

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

⇢0 – 2.4 ⇥ 10�13 [24] – unknown

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

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

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

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

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

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

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

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

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

M )4.

e�

e�

Z

A0(⇤)

 

 

. . .e�
e�

Z Z 0

�
V A0⇤  

 

calorimeter

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

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

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

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

II. MISSING ENERGY/MOMENTUM
EXPERIMENTS

Fixed target experiments have emerged as a powerful
probe of light dark sectors [48–50]. In this paper, we focus
on the missing energy approach [51], exemplified by NA64,
and the missing momentum approach [52], exemplified by
the proposed LDMX experiment. In both cases, individual
electrons from a low-intensity electron beam are tagged
and directed at a target. Dark matter production through
A0 Bremsstrahlung, shown at the top of Fig. 1, leads to
an observed final state consisting solely of a much lower-
energy (and transversely deflected) recoil electron, with
the rest of the energy carried by the produced DM parti-
cles, which pass through the detector without interacting.
These events are identifiable with order-one e�ciency by

<latexit sha1_base64="G7tQh9728hL2FZSzSyEAXDuX3og=">AAACF3icbVDLSsNAFJ34rPFVdekmWARXJRFfy6IblxXsA9pQJtObZuhkJsxMhBD6C27Vr3Enbl36M+KkzcK2HrhwOPde7j0nSBhV2nW/rZXVtfWNzcqWvb2zu7dfPThsK5FKAi0imJDdACtglENLU82gm0jAccCgE4zvin7nCaSigj/qLAE/xiNOQ0qwLqQ+ieigWnPr7hTOMvFKUkMlmoPqT38oSBoD14RhpXqem2g/x1JTwmBi91MFCSZjPIKeoRzHoPx8+uvEOTXK0AmFNMW1M1X/buQ4ViqLAzMZYx2pxV4h/tfrpTq88XPKk1QDJ7NDYcocLZzCuDOkEohmmSGYSGp+dUiEJSbaxDN3hRhjILnQc1byEDIeJxPbNoF5i/Esk/Z53buqXz5c1Bq3ZXQVdIxO0Bny0DVqoHvURC1EUISe0Qt6td6sd+vD+pyNrljlzhGag/X1C/5HoJ0=</latexit>�
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probes hadronic 
couplings in mass range 
relevant to freeze-out
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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.

11

LDMX Sensitivity

Fit to  spectrum of recoiling electron allows measurement of mediator massΔpT

different mediator masses

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

Invisible Signatures

• different mediators

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

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

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

• freeze-in DM

Visible Signatures

• Dark Photons

• Axion-like particles (ALPs)

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

2. Predictive Dark Matter with Spin-0 Mediators

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

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

+meson decays  
(not shown)

+meson decays  
(not shown)

+meson decays  
(not shown)

https://arxiv.org/abs/1807.01730
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• different mediators

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

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

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

• freeze-in DM

Visible Signatures

• Dark Photons

• Axion-like particles (ALPs)

45

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].

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

ARTUR M. ANKOWSKI et al. PHYS. REV. D 101, 053004 (2020)
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accessible to LDMX
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Status, Budget and Schedule

2018 DMNI Basic Research Needs report identifies1000-fold sensitivity improvement for accelerator 
experiments for MeV-GeV freeze-out thermal relics as “Thrust 1 of Priority Research Direction 1” 
and calls out unique capability of electron missing momentum technique to achieve this goal.

2020 LDMX selected for development as a two-year DMNI pre-project, awarded at $1.5 M, currently 
stretched out through FY24 ($1.55M to date).
LDMX design and project execution plan is mature, design report in draft.  We are ready now!

FY21 Cost Estimate for the LDMX Project

M&S Labor Total w/

WBS Item Total Total Total Cont. Cont.

(K$) (K$) (K$) (K$) (K$)
1 LDMX Detector 4,214 7,435 11,649 5,242 16,890

1.1 Beamline 113 445 558 251 809

1.2 Trigger Scintillator 103 109 212 95 307

1.3 Tracker 499 1,555 2,054 924 2,978

1.4 ECal 1,353 973 2,327 1,047 3,374

1.5 HCal 1,085 1,109 2,194 987 3,181

1.6 Trigger/DAQ 482 1,594 2,076 934 3,010

1.7 Computing 442 0 442 199 641

1.8 Installation 109 434 542 243 785

1.9 Management 28 1,217 1,246 561 1,807

Table 5: The FY21 estimate of the cost of the LDMX project broken down by WBS, assuming funding of
the DMNI project at the planned amount of $1.5M. Given the preliminary nature of this estimate, an overall
contingency rate of 45% was assumed (excluding international contributions).

Current Cost Estimate for the LDMX Project

M&S Labor Total w/

WBS Item Total Total Total Cont. Cont.

(K$) (K$) (K$) (K$) (K$)
1 LDMX Detector 5,179 8,241 13,420 4,090 18,842

1.1 Beamline 192 842 1,034 504 1,538

1.2 Trigger Scintillator 208 95 303 85 388

1.3 Tracker 541 1,738 2,279 747 3,026

1.4 ECal 1,655 1,151 2,806 717 3,522

1.5 HCal 1,499 906 2,405 654 3,059

1.6 Trigger/DAQ 449 1,887 2,336 748 3,085

1.7 Computing 481 0 481 169 650

1.8 Installation 123 439 562 249 811

1.9 Management 30 1,184 1,214 216 1,430

Risk Contingency 1,332 1,332

Table 6: A current (June 2022) estimate of the cost of the LDMX project broken down by WBS. Total
contingency, including risk-based contingency, is 40% of expected project cost.

3.7 Other Contributions

LDMX is a Collaboration of eight institutions of which five are US universities, two are national laboratories,
and one is a Swedish university. This section outlines other contributions than the DMNI funding used (and
for Lund University also to be used) by those institutions. When the project becomes fully funded, we expect
these other contributions to grow commensurately with the level of e↵ort required to support the project.

36

Budget (for FY23 start from FY22 DMNI Review) Schedule summary (from FY22 DMNI Review)

• Earliest possible project start in FY25

• Construction and installation in 3 years 
⇒ Operations beginning in FY28

• LDMX will achieve new sensitivity with 
only weeks of data

• Full luminosity achieved in 5 years

LDMX program can be completed in a decade
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Summary

• With modest effort, a program of small experiments can achieve broad sensitivity to particle- and wave-
like dark matter below the WIMP mass range, including highly motivated scenarios with specific targets.

• Direct detection and small-scale accelerator based experiments have complementary sensitivity to sub-
GeV dark matter, with simple DM freeze-out scenarios implying clear predictions for accelerator signals.

• Freeze out of the observed DM abundance implies DM production at accelerators with interaction 
strengths within reach of a missing momentum search for DM production with ~1016 electrons. 

• LDMX is a missing momentum search for production of dark matter with definitive discovery potential 
for MeV-GeV freeze-out thermal relics and the ability to explore the properties of the dark sector.

• LDMX also has groundbreaking sensitivity for DM candidates with other thermal histories and dark 
sector physics beyond DM.  In addition, LDMX does important “bread-and-butter” physics for the 
neutrino program.

• LDMX deploys technologies developed for other experiments and free electron beam provided by 
LCLS-II to realize the experiment with minimal risk and cost

• An endorsement of these smaller experiments is very important to the DM search program, where 
specific efforts with high scientific impact should be called out regardless of scale.
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LDMX: Broader Physics Case

Invisible Signatures

• other mediators

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

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

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

• freeze-in DM

Visible Signatures

• Dark Photons

• Axion-like particles (ALPs)

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

m c @MeVD

Q
c
êe

Millicharged Fermion

EDG
ES

SN
198

7A

SLAC M
illiQ

LD
MX

milliQan

n exp.

n
ex
p
. colliders

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

https://arxiv.org/abs/1807.01730


LDMX

15

LDMX: Broader Physics Case

Invisible Signatures

• other mediators

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

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

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

• freeze-in DM

Visible Signatures

• Dark Photons

• Axion-like particles (ALPs)

21

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

m1 @GeVD
y
=
e2
a D
Hm

1êm
A¢
L4

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

JSNS2

SeaQuest

pseu
do-

Dirac
LSND Hdec.L

beam dumps

BaBar

LD
MX

Belle II HextrapolatedLBDX Hdec.L

MiniBooNE Hdec.L

thermal target

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

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

B. Predictive Dark Matter with Other Mediators

In this section, we generalize the above discussion to include spin-1 mediators (Sec. III B 1)
and spin-0 mediators (Sec. III B 2) with more general couplings to the SM. In the vast majority of
these models, the electron coupling dominantly controls DM freeze-out. Hence, direct searches
for these mediators through electron couplings is a well-motivated and powerful technique. The
leptophilic scalar and baryonic coupled vector are extreme examples of this; even though the
electron coupling is highly suppressed in these models, it is the coupling that controls freeze-out
for light DM. Furthermore, LDMX can probe interaction strengths motivated by thermal freeze-
out. The exception to this rule is if the dominant annihilation channel for light dark matter is into
neutrinos, as is the case, for example, for a vector coupled to Lµ � L⌧ . These scenarios motivate
a muon-beam variant to LDMX [6], and are discussed in Sec. III B 3. For simplicity, we group
together in this discussion the different possibilities for DM spin (as discussed in Sec. III A) that
are compatible with CMB bounds for each choice of mediator.

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

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

HPS

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

arXiv:1807.01730 [hep-ph] 
Phys. Rev. D 99, 075001 (2019)
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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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Missing Momentum Design 
Drivers: Backgrounds

K± decay  
in ECal

� ! µ+µ�
� ! hadrons

� ! 1n/K0
L + soft
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one cell of the photon trajectory in the first 6 layers of the ECal, the event is rejected. The full
chain of these cuts rejects all remaining background events, at a moderate cost in signal efficiency.
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FIG. 12: Left: visualization of a simulated PN event that survives both the ECal BDT and HCal activity
vetoes, but is rejected by the ECal tracking algorithm. Hits are color-coded according to whether they are
inside or outside the electron and photon containment radii, and the black line indicates the reconstructed
track. Right: number of ECal tracks detected per event in a sample of 10,000 events each for signal and PN
background after ECal vetoes; normalized to unit area.

VI. RESULTS AND DISCUSSION

The number of background events left after each selection stage as described in Sec. V is sum-
marized in Table II. In this table, the trigger selection and the cut on the total energy reconstructed
in the ECal have been combined. The signal efficiency for the same sequence of cuts varies be-
tween approximately 30% and 50% in the mediator/pair mass range from 1 MeV to 1 GeV.

Muon conversion backgrounds in LDMX are expected to be rejected completely by the selec-
tions on tracks and energy depositions in the ECal, even for a number of EoT far beyond the initial
4 ⇥ 1014 EoT run at 4 GeV that is currently envisioned. No target-area PN events remain after
the BDT selection for 4⇥ 1014 EoT. The statistics of the ECal PN simulation used in this analysis
corresponds only to 2⇥1014 EoT, but given that all of these events are rejected by the full analysis
chain, at most a few events could be expected for the full initial run. As was illustrated in Fig. 1,
this would reduce the reach in the low-mass region, but still allow to probe beyond several thermal
targets.

However, further development of the analysis techniques should make it possible to improve
the background rejection in the future. Some of the improvements being explored are refinements
of the cutflow presented above, using the same basic information from the detectors — for exam-
ple, extending the HCal veto to reject clusters of nearby hits that are individually below the 5PE
threshold, integrating the track-identification into the feature-based BDT, and adding longitudinal
segmentation to the shower containment variables in the BDT.

Tracking minimum 
ionizing particles 
in ECal 
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LDMX Phase I Sensitivity 
(4 GeV)

Initial LCLS-II operation provides 4 GeV beam,  
1 year ≈ 4000 hours operation ⟹ 4×1014 e-

Analysis strategy developed on full simulation
Photo-nuclear Muon conversion

Target-area ECal Target-area ECal

EoT equivalent 4 ⇥ 1014 2.1 ⇥ 1014 8.2 ⇥ 1014 2.4 ⇥ 1015

Total events simulated 8.8 ⇥ 1011 4.7 ⇥ 1011 6.3 ⇥ 108 8 ⇥ 1010

Trigger, ECal total energy < 1.5 GeV 1 ⇥ 108 2.6 ⇥ 108 1.6 ⇥ 107 1.6 ⇥ 108

Single track with p < 1.2 GeV 2 ⇥ 107 2.3 ⇥ 108 3.1 ⇥ 104 1.5 ⇥ 108

ECal BDT (> 0.99) 9.4 ⇥ 105 1.3 ⇥ 105 < 1 < 1

HCal max PE < 5 < 1 10 < 1 < 1

ECal MIP tracks = 0 < 1 < 1 < 1 < 1

Table 2. The estimated levels of photo-nuclear and muon conversion backgrounds after applying
the successive background rejection cuts outlined in this paper. Here, the total events simulated
corresponds to the total electrons fired on target in the simulation. The biasing factor passed to
the Geant4 occurrence biasing toolkit is used to scale the total events simulated to the electron
on target (EoT) equivalent.

⇠ 10 ⇥ 103 ECal PN events surviving the preceding ECal and tracker vetoes, but prior to

applying the HCal veto, then applied to the ten events that were not vetoed by the HCal.

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 visualization 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 figure 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 pro-

duced, but in which potentially isolated hits are present in the vicinity of the photon

trajectory in the early ECal layers. If any hits above the readout threshold of 0.024 MeV

that are outside the electron radius of containment are found to be within one cell of the

photon trajectory in the first 6 layers of the ECal, the event is rejected. The full chain of

these cuts rejects all remaining background events, at a moderate cost in signal e�ciency.

6 Results and Discussion

The number of background events left after each selection stage as described in section 5 is

summarized in table 2. In this table, the trigger selection and the cut on the total energy

reconstructed in the ECal have been combined. The signal e�ciency for the same sequence

of cuts varies between approximately 30% and 50% in the mediator/pair mass range from

1 MeV to 1 GeV.

Muon conversion backgrounds in LDMX are expected to be rejected completely by

the selections on tracks and energy depositions in the ECal, even for a number of EoT far

– 24 –

22

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

        ECal photo-nuclear (2.1 × 1014 EoT)

• have put major development work into GEANT 4 photonuclear 
modeling: also studying variation among simulation tools 
(FLUKA, PHITS, MCNP)

• pT can always be used to eliminate remaining backgrounds but 
also allows reconstruction of mediator mass

• Most difficult backgrounds strongly suppressed with 8 GeV beam

JHEP 04 (2020) 003   



LDMX19

10 MeV

100 MeV
200 MeV

500 MeV

1000 MeV

1500 MeV

Inclusive
Single e-
Background

�

0 100 200 300 400 500

10-3

10-2

10-1

1

Electron |PT | [MeV]

Ev
en
tF
ra
ct
io
n
/5
M
eV

Electron |PT | Distributions, 50 MeV < Ee < 1.2 GeV, pZ > 0

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.
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Figure 1. Projected sensitivity in the y vs. m� plane for an LDMX run with 4 ⇥ 1014 electrons
on target 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 di↵erent background assumptions converge towards the
zero-background sensitivity because a transverse momentum cut e�ciently reduces the background
while maintaining high signal e�ciency.

matter at accelerators. Scenarios 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 combinations of interaction strength y and dark matter

particle mass m� that result in the appropriate thermal relic abundance for di↵erent types

of particles are shown as black solid lines in figure 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 program for dark matter. It calls for an experiment sensitive enough

to explore the thermal targets shown in figure 1, which implies interaction rates a few

orders of magnitude beyond the sensitivity of current accelerator-based experiments (gray

regions in figure 1).

To achieve this important goal, the “Light Dark Matter eXperiment” (LDMX) collab-

oration 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 tracking detectors both up- and down-stream of a thin tungsten target,

– 2 –
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LDMX Phase I Sensitivity 
(4 GeV)

Initial LCLS-II operation provides 4 GeV beam,  
1 year ≈ 4000 hours operation ⟹ 4×1014 e-

Analysis strategy developed on full simulation
Photo-nuclear Muon conversion

Target-area ECal Target-area ECal

EoT equivalent 4 ⇥ 1014 2.1 ⇥ 1014 8.2 ⇥ 1014 2.4 ⇥ 1015

Total events simulated 8.8 ⇥ 1011 4.7 ⇥ 1011 6.3 ⇥ 108 8 ⇥ 1010

Trigger, ECal total energy < 1.5 GeV 1 ⇥ 108 2.6 ⇥ 108 1.6 ⇥ 107 1.6 ⇥ 108

Single track with p < 1.2 GeV 2 ⇥ 107 2.3 ⇥ 108 3.1 ⇥ 104 1.5 ⇥ 108

ECal BDT (> 0.99) 9.4 ⇥ 105 1.3 ⇥ 105 < 1 < 1

HCal max PE < 5 < 1 10 < 1 < 1

ECal MIP tracks = 0 < 1 < 1 < 1 < 1

Table 2. The estimated levels of photo-nuclear and muon conversion backgrounds after applying
the successive background rejection cuts outlined in this paper. Here, the total events simulated
corresponds to the total electrons fired on target in the simulation. The biasing factor passed to
the Geant4 occurrence biasing toolkit is used to scale the total events simulated to the electron
on target (EoT) equivalent.

⇠ 10 ⇥ 103 ECal PN events surviving the preceding ECal and tracker vetoes, but prior to

applying the HCal veto, then applied to the ten events that were not vetoed by the HCal.

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 visualization 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 figure 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 pro-

duced, but in which potentially isolated hits are present in the vicinity of the photon

trajectory in the early ECal layers. If any hits above the readout threshold of 0.024 MeV

that are outside the electron radius of containment are found to be within one cell of the

photon trajectory in the first 6 layers of the ECal, the event is rejected. The full chain of

these cuts rejects all remaining background events, at a moderate cost in signal e�ciency.

6 Results and Discussion

The number of background events left after each selection stage as described in section 5 is

summarized in table 2. In this table, the trigger selection and the cut on the total energy

reconstructed in the ECal have been combined. The signal e�ciency for the same sequence

of cuts varies between approximately 30% and 50% in the mediator/pair mass range from

1 MeV to 1 GeV.

Muon conversion backgrounds in LDMX are expected to be rejected completely by

the selections on tracks and energy depositions in the ECal, even for a number of EoT far
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• have put major development work into GEANT 4 photonuclear 
modeling: also studying variation among simulation tools 
(FLUKA, PHITS, MCNP)

• pT can always be used to eliminate remaining backgrounds but 
also allows reconstruction of mediator mass

• Most difficult backgrounds strongly suppressed with 8 GeV beam
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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.
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Initial LCLS-II operation provides 4 GeV beam,  
1 year ≈ 4000 hours operation ⟹ 4×1014 e-

Analysis strategy developed on full simulation
Photo-nuclear Muon conversion

Target-area ECal Target-area ECal

EoT equivalent 4 ⇥ 1014 2.1 ⇥ 1014 8.2 ⇥ 1014 2.4 ⇥ 1015

Total events simulated 8.8 ⇥ 1011 4.7 ⇥ 1011 6.3 ⇥ 108 8 ⇥ 1010

Trigger, ECal total energy < 1.5 GeV 1 ⇥ 108 2.6 ⇥ 108 1.6 ⇥ 107 1.6 ⇥ 108

Single track with p < 1.2 GeV 2 ⇥ 107 2.3 ⇥ 108 3.1 ⇥ 104 1.5 ⇥ 108

ECal BDT (> 0.99) 9.4 ⇥ 105 1.3 ⇥ 105 < 1 < 1

HCal max PE < 5 < 1 10 < 1 < 1

ECal MIP tracks = 0 < 1 < 1 < 1 < 1

Table 2. The estimated levels of photo-nuclear and muon conversion backgrounds after applying
the successive background rejection cuts outlined in this paper. Here, the total events simulated
corresponds to the total electrons fired on target in the simulation. The biasing factor passed to
the Geant4 occurrence biasing toolkit is used to scale the total events simulated to the electron
on target (EoT) equivalent.

⇠ 10 ⇥ 103 ECal PN events surviving the preceding ECal and tracker vetoes, but prior to

applying the HCal veto, then applied to the ten events that were not vetoed by the HCal.

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 visualization 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 figure 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 pro-

duced, but in which potentially isolated hits are present in the vicinity of the photon

trajectory in the early ECal layers. If any hits above the readout threshold of 0.024 MeV

that are outside the electron radius of containment are found to be within one cell of the

photon trajectory in the first 6 layers of the ECal, the event is rejected. The full chain of

these cuts rejects all remaining background events, at a moderate cost in signal e�ciency.

6 Results and Discussion

The number of background events left after each selection stage as described in section 5 is

summarized in table 2. In this table, the trigger selection and the cut on the total energy

reconstructed in the ECal have been combined. The signal e�ciency for the same sequence

of cuts varies between approximately 30% and 50% in the mediator/pair mass range from

1 MeV to 1 GeV.

Muon conversion backgrounds in LDMX are expected to be rejected completely by

the selections on tracks and energy depositions in the ECal, even for a number of EoT far

– 24 –

• have put major development work into GEANT 4 photonuclear 
modeling: also studying variation among simulation tools 
(FLUKA, PHITS, MCNP)

• pT can always be used to eliminate remaining backgrounds but 
also allows reconstruction of mediator mass

• Most difficult backgrounds strongly suppressed with 8 GeV beam

JHEP 04 (2020) 003   
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WBS 1.1 – Beamline and Magnet: (SLAC core competency)
• final section of beam pipe with vacuum window
•common dipole magnet provides high(low) field for incoming(recoiling) e-

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,  
𝚫pT resolution limited by multiple scattering in target
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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
• ∼40X0 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 γ → µµ)

Bertrand Echenard – TeVPA 2019 p.14

EM calorimeter

Si-W sampling calorimeter

• Fast, dense and radiation hard
• ∼40X0 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 γ → µµ)

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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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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p. 15

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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�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

Advanced Processor demonstrator (APd)

Bittware XUP-VV8

15

TDAQ

Trigger/DAQ system designed to 
calculate primary missing energy 
trigger and a range of  triggers which 
enable additional physics including 
nuclear scattering measurements 
and visible dark-matter signatures
● System includes DAQ, trigger and 

integration with LCLS-II timing system

Key deliverables for DMNI
● Demonstrate readout for each section of  LDMX
● Demonstrate trigger critical path meets latency requirements 
● Define software and firmware interfaces for timing, fast control, and clock distribution
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integration with LCLS-II timing system

Key deliverables for DMNI
● Demonstrate readout for each section of  LDMX
● Demonstrate trigger critical path meets latency requirements 
● Define software and firmware interfaces for timing, fast control, and clock distribution

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 PCIe FPGA  
platform developed at SLAC

•trigger DAQ based on APx DAQ  
developed for CMS

https://www.bittware.com/fpga/xup-vv8/
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WBS 1.7 – Computing and Software

LDMX requires significant computing resources:  
Datasets and MC will total ~8 PB (disk+tape) after 
filtering and require ~15M CPU hours to process.

•SLAC Shared Scientific Data Facility (SDF)

•LDMX distributed computing pilot project:  
Lightweight Distributed Computing System (LDCS)

ldmx-sw: C++ software framework for event 
generation and reconstruction

https://github.com/LDMX-Software/ldmx-sw/

• A user-facing layer (yet-to-be developed) will provide indirect access to LCSC sites via the
aCT component.

Figure 1 illustrates the LDCS architecture. The components are described below.

Figure 1. The LDMX distributed computing system components. The LCSC sites are federated via the
ARC middleware and the two central services aCT and Rucio.

2.2 Advanced Resource Connector

The Advanced Resource Connector (ARC) [6] is developed by the NorduGrid collaboration
and has been used for almost 20 years as a means of providing computing resources to WLCG
experiments. Its lightweight design makes it an attractive choice for data centers who want
to add a secure gateway to allow batch job submission from the outside. It also provides
sophisticated data handling tools which relieve the jobs themselves from dealing with data
transfer. Finally, the fact that ARC supports the batch systems used at all four centers made
it the obvious choice for connecting them to the LDCS system.

ARC’s main service is the ARC Resource-coupled EXecution service (A-REX) which
runs on top of a computing center’s batch system and allows users authenticated via X.509
credentials to submit and run jobs on the batch system. Each center in LDCS runs an A-REX
service and accepts jobs submitted by the LDCS production certificate. When the job finishes
on the batch system, the output is uploaded by A-REX to the selected LCSC storage. Having
A-REX perform the data handling instead of the job itself brings several advantages: batch
system CPUs are not idle while the job uploads data, controlled data staging by one service
avoids chaotic transfer which may overload the remote storage, and if the remote storage is
temporarily o✏ine A-REX can automatically retry until the transfer succeeds.

2.3 ARC Control Tower

ARC Control Tower (aCT) [7] is a service used by the ATLAS experiment to submit and
manage jobs on ARC sites in the WLCG. It consists of two parts: an application-facing side
and a resource-facing side. The application-facing side either pulls work from an experiment-
specific workflow management system or generates work from tasks defined in aCT itself.

arXiv:2105.02977 [hep-ex] LDCS Pilot Project

• Prepare Radiation Protection Documentation

Hazards associated with the project are identified and evaluated at both the subsystem level and for the
integrated experiment. The risks associated with all identified hazards are controlled to acceptable levels
and documented in standard hazard assessment matrices.

3.1.6 Computing and Data Management Plan

The design of the computing infrastructure for the experiment is described in detail in Section 3.1.1, and
meets the needs of the experiment with the deployment of 360 TB of disk space, 6.3 PB of tape storage,
and 1500 cores of CPU. These resources will be hosted at the SLAC Shared Scientific Data Facility (SDF),
which is being developed as the next-generation pooled resource for scientific computing at SLAC. SDF is
aimed at serving the major storage and data processing needs of LCLS-II and the Vera Rubin Observatory,
as well as smaller experiments such as LDMX. SDF currently consists of 88 dual 64-core Rome servers (11264
cores and ⇠ 400 TFLOPS) and 2 DataDirect Networks ES18K storage appliances with a capacity of 17 PB
interconnected via high speed networking fabric. As shown in Figure 14, the total computing and storage
capacity is expected to increase dramatically by FY25, when LDMX could begin the pilot run. The figure
also shows the expected LDMX needs, which amount to a tiny fraction of the total projected capacity. The
current SDF compute model grants all SLAC users access to baseline computing capabilities including 25
GB of storage per user and access to the shared CPU node partitions. However, higher priority goes to
groups that have contributed hardware to SDF. The cost for LDMX’s storage and CPU needs assume that
LDMX will contribute to SDF the full needs of the experiment, which will ensure dedicated access to the
required storage and CPU. However, as a pooled (batch) processing resource, the availability of CPU can
often be larger.
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Figure 14: Projected SDF computing and storage capacity. The LDMX needs amounts to a small fraction
of the total capacity.

To augment the production of MC and o✏ine analysis, LDMX will continue to develop the LDMX
Distributed Computing System (LDCS)[68]; a distributed computing system currently consisting of 4 sites:
Caltech, Lund, SLAC and UCSB. All sites have access to local storage along with 100 TB of storage at
SLAC accessible via GridFTP. All simulation jobs are run at all sites and the resulting files are catalogued
using Rucio. LDCS has played a key role in generating the large scale MC samples needed for design studies
and is expected to continue contributing in an auxiliary capacity.

The data distribution and access policy is set by the Collaboration Board on behalf of the LDMX
collaboration. The policy can be revised by the Collaboration Board at any time after a review process with
input from the collaboration.

Data Description & Processing of Products LDMX will produce data from the following sources

• Raw data from testing and calibration of detector prototypes at collaborating institutions

• Monte Carlo data generated using SDF and LDCS as described in Section 3.1.1
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• Prepare Radiation Protection Documentation

Hazards associated with the project are identified and evaluated at both the subsystem level and for the
integrated experiment. The risks associated with all identified hazards are controlled to acceptable levels
and documented in standard hazard assessment matrices.

3.1.6 Computing and Data Management Plan

The design of the computing infrastructure for the experiment is described in detail in Section 3.1.1, and
meets the needs of the experiment with the deployment of 360 TB of disk space, 6.3 PB of tape storage,
and 1500 cores of CPU. These resources will be hosted at the SLAC Shared Scientific Data Facility (SDF),
which is being developed as the next-generation pooled resource for scientific computing at SLAC. SDF is
aimed at serving the major storage and data processing needs of LCLS-II and the Vera Rubin Observatory,
as well as smaller experiments such as LDMX. SDF currently consists of 88 dual 64-core Rome servers (11264
cores and ⇠ 400 TFLOPS) and 2 DataDirect Networks ES18K storage appliances with a capacity of 17 PB
interconnected via high speed networking fabric. As shown in Figure 14, the total computing and storage
capacity is expected to increase dramatically by FY25, when LDMX could begin the pilot run. The figure
also shows the expected LDMX needs, which amount to a tiny fraction of the total projected capacity. The
current SDF compute model grants all SLAC users access to baseline computing capabilities including 25
GB of storage per user and access to the shared CPU node partitions. However, higher priority goes to
groups that have contributed hardware to SDF. The cost for LDMX’s storage and CPU needs assume that
LDMX will contribute to SDF the full needs of the experiment, which will ensure dedicated access to the
required storage and CPU. However, as a pooled (batch) processing resource, the availability of CPU can
often be larger.
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Figure 14: Projected SDF computing and storage capacity. The LDMX needs amounts to a small fraction
of the total capacity.

To augment the production of MC and o✏ine analysis, LDMX will continue to develop the LDMX
Distributed Computing System (LDCS)[68]; a distributed computing system currently consisting of 4 sites:
Caltech, Lund, SLAC and UCSB. All sites have access to local storage along with 100 TB of storage at
SLAC accessible via GridFTP. All simulation jobs are run at all sites and the resulting files are catalogued
using Rucio. LDCS has played a key role in generating the large scale MC samples needed for design studies
and is expected to continue contributing in an auxiliary capacity.

The data distribution and access policy is set by the Collaboration Board on behalf of the LDMX
collaboration. The policy can be revised by the Collaboration Board at any time after a review process with
input from the collaboration.

Data Description & Processing of Products LDMX will produce data from the following sources

• Raw data from testing and calibration of detector prototypes at collaborating institutions

• Monte Carlo data generated using SDF and LDCS as described in Section 3.1.1
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SLAC Shared Scientific Data Facility (SDF)

https://github.com/LDMX-Software/ldmx-sw/
https://arxiv.org/abs/2105.02977


LDMX

23

LDMX DMNI Project Plan: 
technical development

LDMX DMNI project consists of development work required to adapt existing technologies and prepare a design report and execution plan ready 
to be reviewed and baselined for a small project fabrication, as well as final engineering work that enables the immediate start of construction.

8

Trigger Scintillator Progress and Plans

Full prototype system demonstrated at 
testbeam April 2022
● Multibar array with final-format digitizer and final 

SiPMs
● Data taken with both plastic scintillator and LYSO
● Analysis ongoing, expect to meet all goals for 

understanding performance of  this detector 
element

Design/engineering remaining for 
construction phase
● Final backend electronics (CMS APx) was not 

available for testbeam, firmware development 
remaining

● Minor updates to control system (simplified 
based on prototyping experience), final full 
integration with tracker

SiPM mounting card

Single photoelectron
spectrum

MIP spectrum

Readout electronics

Mounted on front frame 
of  Hcal at testbeam

14

HCal Plans

FY22
● Analyze testbeam data samples to compare predicted 

(from Geant4) and observed performance
● Use testbeam data to develop reconstruction and 

calibration techniques and software

Engineering replanned to the construction project
● Final engineering of  full absorber structure, installation and 

assembly tooling
● Small updates of  prototype board designs based on 

experience of  testbeam

HCal detector elements are well-advanced, with 
only minor adjustments needed to the active 
elements and readout before production start
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elements and readout before production start

LDMX Test Beam at CERN

13

HCal Progress

Prototypes of  all components 
constructed, integrated into testbeam 
system
● Scintilator+fiber, SiPM mounting board, readout 

card, backplane
● Uses common readout chip, Polarfire mezzanine 

with ECal, allows validation of  design, firmware, 
and software for both systems

● Testbeam used original baseline RCE o�-
detector electronics

Preliminary mechanical design for full 
detector completed
● First round of  FEA analysis completed, including 

earthquake simulation

7

Trigger Scintillator System

The Trigger Scintillator System is 
responsible for determining the number 
of  incoming electrons, which is critical for 
the operation of  the primary missing-
energy trigger
● Technology: arrays of  2mm x 3mm x 30mm PVT 

scintillator bars viewed by HPK SiPMs
● Continuous readout using CMS QIE boards

Key deliverables for DMNI
● Demonstrate designs which will provide reliable 

trigger using testbeam data
● Determine number of  stations and algorithms 

required for low fake electron rate

Prototype bar holder
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Trigger Scintillator Progress and Plans

Full prototype system demonstrated at 
testbeam April 2022
● Multibar array with final-format digitizer and final 

SiPMs
● Data taken with both plastic scintillator and LYSO
● Analysis ongoing, expect to meet all goals for 

understanding performance of  this detector 
element

Design/engineering remaining for 
construction phase
● Final backend electronics (CMS APx) was not 

available for testbeam, firmware development 
remaining

● Minor updates to control system (simplified 
based on prototyping experience), final full 
integration with tracker

SiPM mounting card

Single photoelectron
spectrum

MIP spectrum

Readout electronics

Mounted on front frame 
of  Hcal at testbeam

HCal prototype

Trigger Scintillator (TS) 
prototype

HCal MIPs

HCal MIPs

TS MIPs TS PE spectrum

Beamline: magnet design and radiation studies
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Physics Requirements Document 
Document Title:  S30XL Proposed Radiological Safety Systems 
Document Number:  (SLAC-I-120-103-110-00-R0)  
(S30XL-PR-002) Page 8 of 10 

 

The only official copy of this file is located in the Controlled Document Site.  
Before using a printed/electronic copy, verify that it is the most current version. 

The BSOICs are set to trip at 5 mrem/h. It should be noted that the 3 BSOICs at ground level outside ESA 
are of the new HPI type, while the BSOIC in the counting house is a classic BSOIC. This one should be 
upgraded to the new type. 

Figure 7. Dose rates (mrem/h) around ESA for ~10 W of 14 GeV beam hitting a target in the open area of 
ESA. Dose rates in SSRL are expected to be ~ 0.02 mrem/h. 

 

The dose rates plot shown in Figure 7 illustrate a worst case scenario of beam loss in ESA (in the 
unshielded open area) at beam height. There is at most 0.02 mrem/h/W immediately outside ESA. For 
250 kW of MCB power this accounts to 5 rem/h, below the required 25 rem/h.   
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ECal Progress

LDMX-specific work on the development 
of  the ECAL support and absorber 
structure
● Integration/support concept with 

magnet/tracker
● Thermal tests of  carbon fiber cooling planes

Readout development advancing in HCal 
context (testbeam)
● Same ASIC (HGCROC), common firmware 

validates concepts equally for ECal

Progress from CMS
● Assembly of  high-density modules required for 

CMS, LDMX completed at UCSB
● Good module performance demonstrated in 

CMS Fall 2021testbeam

CMS Fall 2021 Testbeam
MIP event response

Cooling plane testsMaximum deflection 160 Im

CMS Module under 
wirebonding at UCSB

ECal cooling tests and mechanical studies
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ECal

The ECal detects the scattered electron and other 
products of  each beam particle (active beam 
stop).  Primary triggering detector (missing 
energy)
● Design is based on modules from CMS HL-LHC endcap 

calorimeter, including HGCROC readout ASIC
● UCSB is lead module assembly facility for CMS, LDMX module requirements 

are 1% of  CMS

● Trigger/DAQ/control via radiation-tolerant Polarfire 
FPGAs

Key deliverables for DMNI
● Engineering of  support and absorber structure, integration 

with magnet and Hcal
● Demonstrate readout and trigger via HGCROC  Polarfire →

 o�-detector system→

Polarfire readout mezzanineECal/HCal/Trigger Scintillator: readout prototypes

8

Trigger Scintillator Progress and Plans
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element

Design/engineering remaining for 
construction phase
● Final backend electronics (CMS APx) was not 

available for testbeam, firmware development 
remaining

● Minor updates to control system (simplified 
based on prototyping experience), final full 
integration with tracker
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