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FIG. 2: The allowed mass range over which DM can thermalize with the SM in the early universe and
yield the observed relic abundance via annihilation. For DM masses below . MeV, freeze out occurs after
neutrinos decouple from the SM, so the DM annihilation heats SM photons relative to neutrinos (or vice
versa), thereby changing Ne↵ , the effective number of relativistic species. Independently of this issue, for
masses below ⇠ 10 keV, DM is too hot to accommodate the observed matter power spectrum [26] and
for masses above & 10 TeV, a perturbative annihilation rate cannot achieve the correct relic abundance in
simple models [27].

B. Light Thermal Dark Matter (LDM)

If DM is realized in the upper half of the thermal mass window ⇠ GeV - 10 TeV, it can be a
WIMP charged under the electroweak force. This has been the traditional focus of dark matter
direct and indirect detection experiments, driven in part by the well known connection between
WIMPs and supersymmetry (SUSY), whose DM candidates realize this paradigm. However, pow-
erful null results from direct and indirect detection experiments have largely ruled out the simplest
WIMP scenarios by several orders of magnitude, and the remaining parameter space is largely
cornered by upcoming experiments.

The lower half of the thermal mass window, ⇠ MeV - GeV, has remained stubbornly difficult
to test with traditional experiments designed to probe WIMPs and is not well explored. This is un-
fortunate because the sub-GeV mass range is well-motivated by “hidden sector” (or “dark sector”)
scenarios in which dark matter is simply a particle with its own forces and interactions, neutral
under the Standard Model, but with sufficient coupling to visible matter that thermal equilibrium
is achieved in the early Universe. This mass range is also independently motivated by asymmet-
ric dark matter scenarios, in which dark matter carries a net particle number in analogy with the
baryon asymmetry observed in visible matter. The particle physics community has highlighted
these scenarios as among the most important to test in the P5 report [24], the recent Dark Sectors
2016 community report [1], and the US Cosmic Visions New Ideas in Dark Matter community
report [2]. For these reasons, and to help focus our design efforts, the primary science driver for
LDMX is the exploration of dark matter interactions with electrons to a level of sensitivity needed
to decisively test most predictive thermal dark matter scenarios over nearly the entire sub-GeV
mass range. At the same time, many other dark matter and dark sector scenarios will also be
explored, as discussed in [23].

C. A Benchmark Scenario for LDM

In the MeV-GeV mass range, viable models of LDM have the following properties:

• Light Forces: There have to be comparably light force carriers to mediate an efficient
annihilation rate for thermal freeze-out (this follows from a simple generalization of the
Lee-Weinberg bound [28, 29]).
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Precisely-controlled experimental setup:
Beam particle species (p, e, μ, v,…)
DM/mediator masses (beam energy, q2)
Interaction strengths (search strategy, lumi)

DM with accelerators
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Why Accelerators? Accessible Thermal Targets beams to investigate the muon g-2 anomaly and search generically for light dark matter 83	
physics preferentially coupling to muons. 84	

	85	
Figure	1:	Thermal	relic	dark	matter	targets	for	direct	detection	(left)	and	accelerator-based	experiments	(right)	86	

Figure 2 (left) illustrates the comprehensive capability of LDMX to confront the low- 87	
mass thermal relic hypothesis. LDMX employs a low current 4 to 12 GeV high-88	
repetition-rate electron beam, from, for example, the JLab CEBAF or proposed SLAC 89	
DASEL beamlines. The dark force carrier is produced via dark bremsstrahlung in the 90	
interaction of the electron beam with a thin target. The experimental signature is a soft 91	
wide-angle scattered electron and missing momentum. The detector shown in Fig. 2 92	
(right) is composed of a tracker surrounding the target, to measure each incoming and 93	
outgoing electron individually, and a fast hermetic calorimeter system capable of 94	
sustaining an O(100) MHz rate while vetoing low-multiplicity Standard Model 95	
backgrounds. LDMX leverages mature and developing detector technologies and 96	
expertise from the HPS (Heavy Photon Search) and CMS experiments to achieve the 97	
required detector performance to discover light dark matter.  This proposal focuses on the 98	
LDMX HCal, or hadronic veto system, which plans to leverage Fermilab and CMS 99	
investments in fast electronics and scintillator production. 100	

						 	101	
Figure	2:	Left,	reach	of	the	LDMX	compared	against	current	constraints	and	thermal	relic	targets.	Right,	LDMX	102	

detector	concept	103	
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DM/mediator masses (beam energy, q2)
Interaction strengths (search strategy, lumi)
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FIG. 76: The blue line is the sensitivity of the “Phase I” LDMX discussed throughout this whitepaper,
conservatively assuming 0.5 background events. A scaling estimate of the sensitivity of the scenario de-
noted by the “*” line in Table XIV is illustrated by the red line. We have again assumed low background,
which is consistent with the expected reductions (relative to our 4 GeV study) in both the yield of potential
background, and improved rejection power at higher energies.

arXiv:1808.05219 [hep-ex]
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Light Dark Matter eXperiment (LDMX)

Missing momentum search for MeV-GeV Dark Matter 
DOE-HEP experiment being developed for operation at SLAC LESA beamline by SLAC-led consortium with 
contributions by Sweden (Lund University) 

! uses 4/8 GeV LCLS-II electron beam and mature detector technologies to detect dark matter or other 
invisible dark sector states via missing momentum (or energy) in the production reaction 

Prototyping and Technical Design: $1.5M FY20-22(planned), $1.05M (received) 
                                                                      $150K(5/20)+$150K(7/21)+$250K(9/21)+$500K(10/21) 

R&D: ongoing physics studies to optimize design (outside DMNI-scope: required scientific effort not 
supported through DMNI funds.)Proposed search for Light DM with a fixed-target electron beam setup.

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

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

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

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

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

Key requirements:
Precise beam (high rate, low current)
Hermetic detector (background veto)
Fast electronics (Emiss trigger)

Experiment whitepaper
arXiv:1808.05219 [hep-ex]

https://arxiv.org/abs/1808.05219
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FIG. 3. Relative rates of background processes at 8 GeV beam energy, along with the veto handles used to
reject them, down to a relative rate of < 10�16. The colour shading groups different background classes:
The upper green section corresponds to events in which the full beam energy is deposited in the ECal; the
middle blue section is rarer reactions resulting in anomalous energy depositions in the ECal or particles
escaping the ECal; and the bottom red section corresponds to irreducible backgrounds with real missing
energy.

nuclear reactions. These photon-induced processes are the focus of this paper. Muon conversion
events in the ECal can be rejected by several different veto handles. The high-granularity of
the ECal enables the observation of tracks that sufficiently energetic muons leave as minimum
ionising particles (MIP). Moreover, the muons will also deposit energy in the HCal, allowing for
an additional veto handle to reject this background. In case the muon conversion happens in the
target, the additional tracks in the recoil tracker provide a veto handle.

Several orders of magnitude rarer are photo-nuclear reactions resulting in the production of a
single energetic neutral hadron that is accompanied by only low-energy particles. Vetoing these
backgrounds relies mainly on the HCal, designed to achieve an inefficiency of less than 10�6 for
detecting few-GeV neutrons. The production of single charged kaons again occurs at a slightly
lower rate and can be rejected using event topology and MIP track information from the ECal, as
well as activity in the HCal. An exception are cases in which the kaon decays inside the ECal,
and its visible decay products, i.e. particles other than neutrinos, are contained in the ECal. In this
case, the ECal information is the only handle to reject these processes. The rate of single charged
kaons decaying inside the ECal is expected to be reduced by a factor of around two, compared to
4 GeV beam energy, due to the larger distance typically traveled by the more energetic kaons.



C. Herwig — 42nd Symposium on Physics in CollisionOct 12, 2023

Magnet and trackers
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LDMX
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LDMX Subsystems and 
Technology Choices

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,  
!pT resolution limited by multiple scattering in target
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Electromagnetic calorimeter

11

Based on the CMS high-
granularity endcap calorimeter.

Effectively a beam dump: must 
be highly radiation-tolerant!

34 Si/W layers (40 X0)
432 sensor pads / hex module

LDMX

9

~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)

!-

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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FIG. 20: A beam’s eye view of the tagging and recoil trackers.

it must work together with the calorimeters to correctly distinguish low-momentum signal recoils
from scattered beam electrons and multi-particle backgrounds. The key elements of the design
are determined by this goal. First, the recoil tracker is placed at the end of the magnet in the
beginning of the fringe field to optimize tracking for particles up to two orders of magnitude softer
than the beam-energy electrons measured by the tagging tracker. Second, the recoil tracker is
wide for good acceptance in angle and momentum and is longitudinally compact to minimize
the distance from the target to the calorimeters to maintain good angular coverage. Finally, the
recoil tracker provides 3-d tracking near the target for measurement of both direction and impact
parameter with good resolution, but emphasizes low mass density over the longest possible lever
arm further downstream to deliver the best possible momentum resolution. This design delivers
good momentum resolution for both multiple-scattering limited, low-momentum tracks and beam
energy electrons that travel along a nearly straight path in the fringe field.

The layout and resolution of the recoil tracker are summarized in Table II. It consists of four
stereo layers located immediately downstream of the target and two axial layers at larger intervals
in front of the ECal. The stereo layers are double-sided modules of silicon microstrips arranged
at 15 mm intervals downstream of the target, with the first module centered at z = +7.5 mm
relative to the target. These modules are laterally centered on the target and the center of the
magnet bore and are identical to the modules of the tagger tracker that are mounted upstream on
the same support plate.

CPAD 2019Zoltan Gecse

Technology Choices

• Dissipated power ~250kW 
• Removed with two-phase CO2 cooling operated at -35C

!4

CMS 
HGCal
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Hadronic calorimeter

12

Based on Mu2e cosmic veto technology.
2x2m steel / scintillating bars (17λ)

LDMX

9

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

re-using existing technologies, 
LDMX is inexpensive, shovel ready

LDMX
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LDMX Detector Subsystems
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• low veto threshold for neutrons
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LDMX is inexpensive, shovel ready

LDMX
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LDMX Subsystems and 
Technology Choices

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

• extruded polystyrene scintillator with WLS fibers and SiPM readout

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

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

p. 15

Standalone studies

Neutron inefficiency (10.2.3) Energy resolution (10.2.3)

veto definition of 3 PE 

Neutron / KL inefficiencies

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

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

Bertrand
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Readout - counter motherboard (CMB)

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

Good progress on modifying the circuit and 
testing new SiPM.

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

CMB for Mu2e CMB for LDMX

Mu2e CRV

p. 8

Counter readout (or counter manifold) 

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

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

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

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

Fiber guide bar
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Manifold

LDMX HCal Scintillator extruder facility @ FNAL

main HCal

side
HCal

Main HCal: veto hard neutrons, KL.
Side HCal for wide-angle emissions.

LDMX
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LDMX Subsystems and 
Technology Choices

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

• extruded polystyrene scintillator with WLS fibers and SiPM readout

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

• 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

N
eu

tro
n 

In
ef

fic
ie

nc
y

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



C. Herwig — 42nd Symposium on Physics in CollisionOct 12, 2023

Beam test for HCal, TS prototypes

13

Partial HCal (20 layers of 4/6 bars) and Trigger Scintillator 
sent to CERN for several weeks in 2022 (data with e, π, μ).

Beam area

Readout 
electronics

Scintillator 
bars

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

14
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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

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

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

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
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FIG. 7: Fraction of events reconstructed with a certain total energy in the ECal. For each distribution,
a selection has been applied according to how much of the energy, EPN , is transferred to photo-nuclear
reactions (see legend). In all cases, 4 GeV incident electrons are used. The black points show the inclusive
sample with no EPN selection applied. The dashed lines are Gaussian fits to the distributions. The trigger
and offline ECal energy requirement select events to the left of the gray line, i.e. those with reconstructed
energy < 1.5 GeV.

by a Gaussian fit, as shown by the dashed curves in the figure. The maroon points correspond
to pure and almost-pure electromagnetic showers (those with less than 50 MeV, or 1.25% of the
beam electron’s energy, going into photo-nuclear interactions), which dominate the core of the
reconstructed energy distribution. The lower tail of reconstructed energy for such events is very
well modeled by a Gaussian fit (dashed maroon curve) over 9 orders of magnitude. In a 4 ⇥ 1014

EoT run, no such events are expected to survive the 1.5 GeV energy cut. The distribution of
events with 50 MeV to 1.2 GeV (i.e. 1.25% to 30% of the beam electron’s energy) going into
photo-nuclear reactions (blue error bars) have a discernibly longer tail, but none of these events
are expected to survive either, once a further cut on the electron track momentum is applied, as
described in the next subsection. Instead, the low-energy tail is entirely dominated by events with
a hard bremsstrahlung photon with E > 2.8 GeV (i.e. 70% of the incident electron’s energy,
purple error bars). These reactions can transfer an appreciable fraction of the shower’s energy into
MIPs and neutral hadrons, giving rise to low reconstructed energy in the ECal. Events with 1.2
GeV < EPN < 2.8 GeV (30%–70% of the beam electron’s energy transferred to hadrons, yellow
error bars) appear as a subleading component. The vetoes described in the following sections
take advantage of the other signatures that these particles produce, in the spatial distribution of
energy in the ECal, particle penetration into the HCal, and production of tracks in the ECal by
short-ranged MIPs.

B. Track Selection

In addition to the energy reconstruction above, we require exactly one track with a momentum
of less than 1.2 GeV. This selection ensures that the electron lost its energy in the target, rather than
in the thicker ECal. This requirement suppresses the purple background component in Fig. 7 by a
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2. ECal shower discriminants → BDT
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FIG. 8: Distributions of quantities related to the energy deposited in the ECal for photo-nuclear and
signal processes in events passing the trigger. From top left to bottom right: total reconstructed energy,
total isolated energy, energy-weighted average layer number hLi, energy-weighted transverse RMS. The
distributions are shown for events in which the total energy reconstructed in the ECal is less than 1.5 GeV.
All distributions are normalized to unit area. For more detail about the definition of these variables, we refer
the reader to the corresponding text.

longitudinal energy distribution is the energy-weighted average layer number hLi computed from
the energy sums of all readout hits in all 34 layers of the ECal, with the first layer being layer 0.
The distribution of hLi is shown in the bottom left of Fig. 8. The tails in the signal hLi distribu-
tions come from events where the recoil electron misses or grazes the ECal, so that the average is
dominated by noise hits.

The transverse energy profiles also differ between signal and PN events. Two effects broaden
the transverse profiles of PN events. First, the energy depositions resulting from the PN reaction
have a broader transverse profile than the shower from the recoil electron. Second, the magnetic
field separates the recoil electron from the photon, which also enlarges the region over which
energy is deposited. The bottom right plot in Fig. 8 shows as an example the transverse RMS,
defined as the energy-weighted RMS of the transverse distance of all hits from the position of
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LDMX Simulation

FIG. 7. Event display of ECal activity for a photo-nuclear event vetoed by the BDT. A small electron shower
(red) is deposited in the first few ECal layers along the expected trajectory of the recoil electron (orange).
Proton and charged pion showers (blue) induced by the bremsstrahlung photon are deposited deeper in the
ECal, with significant deposits seen near the expected photon trajectory (cyan).

1. Input Variables

The purpose of the BDT is to leverage topological features of the energy depositions in the ECal
to discriminate signal from the challenging ECal PN backgrounds. For the sake of comparability,
the same 42 input variables as in Ref. [3] are used, with some adjustments for the increased beam
energy. They fall into three categories: global features, such as the sum of energy in isolated
cells, features describing the transverse or longitudinal distribution of energy in the whole ECal
volume, and features describing the energy distribution around the projected electron and photon
trajectories. The latter is inferred from the initial momentum of the electron before the target, and
the trajectory of the electron measured in the recoil tracker.

For each ECal layer, a radius is defined such that on average 68% of the energy of an electro-
magnetic shower in this layer is contained within this radius. These containment radii depend on
the incident angle and momentum of the recoil electron at the ECal face, and four sets of radii are
computed to coarsely capture the change in shower shape development depending on the recoil
electron kinematics, resembling the binning used in the 4 GeV analysis. The containment radii
are shown in Fig. 8. For angles less than 15°, the radii are similar in a given layer, while elec-
trons leaving the target with large angles with respect to the beam direction need considerably
larger containment radii. For electrons, the four sets of containment radii shown in Fig. 8 are used.
Around the photon trajectory, the radii for p  1000MeV and ✓ < 6° are used.

A set of input variables to the BDT is defined based on the distribution of energy and hits
inside and outside the containment radii around the electron and bremsstrahlung photon path.
These variables include the energy within the electron and photon containment radii, as well as the
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FIG. 7: Fraction of events reconstructed with a certain total energy in the ECal. For each distribution,
a selection has been applied according to how much of the energy, EPN , is transferred to photo-nuclear
reactions (see legend). In all cases, 4 GeV incident electrons are used. The black points show the inclusive
sample with no EPN selection applied. The dashed lines are Gaussian fits to the distributions. The trigger
and offline ECal energy requirement select events to the left of the gray line, i.e. those with reconstructed
energy < 1.5 GeV.

by a Gaussian fit, as shown by the dashed curves in the figure. The maroon points correspond
to pure and almost-pure electromagnetic showers (those with less than 50 MeV, or 1.25% of the
beam electron’s energy, going into photo-nuclear interactions), which dominate the core of the
reconstructed energy distribution. The lower tail of reconstructed energy for such events is very
well modeled by a Gaussian fit (dashed maroon curve) over 9 orders of magnitude. In a 4 ⇥ 1014

EoT run, no such events are expected to survive the 1.5 GeV energy cut. The distribution of
events with 50 MeV to 1.2 GeV (i.e. 1.25% to 30% of the beam electron’s energy) going into
photo-nuclear reactions (blue error bars) have a discernibly longer tail, but none of these events
are expected to survive either, once a further cut on the electron track momentum is applied, as
described in the next subsection. Instead, the low-energy tail is entirely dominated by events with
a hard bremsstrahlung photon with E > 2.8 GeV (i.e. 70% of the incident electron’s energy,
purple error bars). These reactions can transfer an appreciable fraction of the shower’s energy into
MIPs and neutral hadrons, giving rise to low reconstructed energy in the ECal. Events with 1.2
GeV < EPN < 2.8 GeV (30%–70% of the beam electron’s energy transferred to hadrons, yellow
error bars) appear as a subleading component. The vetoes described in the following sections
take advantage of the other signatures that these particles produce, in the spatial distribution of
energy in the ECal, particle penetration into the HCal, and production of tracks in the ECal by
short-ranged MIPs.

B. Track Selection

In addition to the energy reconstruction above, we require exactly one track with a momentum
of less than 1.2 GeV. This selection ensures that the electron lost its energy in the target, rather than
in the thicker ECal. This requirement suppresses the purple background component in Fig. 7 by a
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FIG. 8: Distributions of quantities related to the energy deposited in the ECal for photo-nuclear and
signal processes in events passing the trigger. From top left to bottom right: total reconstructed energy,
total isolated energy, energy-weighted average layer number hLi, energy-weighted transverse RMS. The
distributions are shown for events in which the total energy reconstructed in the ECal is less than 1.5 GeV.
All distributions are normalized to unit area. For more detail about the definition of these variables, we refer
the reader to the corresponding text.

longitudinal energy distribution is the energy-weighted average layer number hLi computed from
the energy sums of all readout hits in all 34 layers of the ECal, with the first layer being layer 0.
The distribution of hLi is shown in the bottom left of Fig. 8. The tails in the signal hLi distribu-
tions come from events where the recoil electron misses or grazes the ECal, so that the average is
dominated by noise hits.

The transverse energy profiles also differ between signal and PN events. Two effects broaden
the transverse profiles of PN events. First, the energy depositions resulting from the PN reaction
have a broader transverse profile than the shower from the recoil electron. Second, the magnetic
field separates the recoil electron from the photon, which also enlarges the region over which
energy is deposited. The bottom right plot in Fig. 8 shows as an example the transverse RMS,
defined as the energy-weighted RMS of the transverse distance of all hits from the position of
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the transverse profiles of PN events. First, the energy depositions resulting from the PN reaction
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field separates the recoil electron from the photon, which also enlarges the region over which
energy is deposited. The bottom right plot in Fig. 8 shows as an example the transverse RMS,
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FIG. 11: Distribution of the ECal BDT discriminator value (y axis) and maximum number of photoelec-
trons (PEs) in any HCal module (x axis) for an ECal photo-nuclear background sample (black) equivalent to
2.1⇥1014 electrons on target. A representative 100 MeV, A0 signal sample is also shown as a heatmap. The
signal band at large max PE is populated by events where the recoil electron is produced softly, misses the
ECal and showers in the side HCal. The signal band at low max PE is composed of events where the recoil
electron shower is fully contained in the ECal. In the analysis, the signal region (yellow box) is defined by
events with a BDT score < 0.99 and an a maximum number of PEs in an HCal module of < 5. As is evident
from the figure, a majority of the signal lies within the defined signal region. The background events within
the signal region are rejected by additional requirements on the tracks in the Recoil tracker and the ECal.

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

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

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

3. Veto HCal activity + extra tracks →
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Background-rejection with 8 GeV beam
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FIG. 5. Distributions of key variables for dark photon signal events (blue) and ECal PN background events
(orange) at 8 GeV (solid) and 4 GeV (dashed). All distributions are normalised to the number of events in
the respective sample after the trigger requirement. a) The summed energy of all ECal hits. Due to the
experimental resolution, the total energy can sometimes exceed the energy of the incoming beam electron.
b) The energy in isolated hits, with no energy deposits in neighboring ECal cells. c) The average layer index
of hits. d) The transverse spread of energy depositions in the ECal. The rightmost bins are overflow bins.

parent higher rate for K0
L production compared to K0

S is a trigger effect, explained by K0
L events

depositing energy deeper into the ECal in layers not considered by the trigger, unlike the promptly
decaying K0

S .
Fig. 5 shows a comparison of several variables from activity in the ECal, in events passing the

trigger requirement, that can be used to discriminate between a dark matter signal and the main
PN background, for different beam energies. The total amount of reconstructed energy deposited
in the ECal is typically higher at 8 GeV, as is to be expected. For both beam energies, the signal
is characterised by lower energy depositions than the background. The signal distributions are
truncated by the trigger selection, since most of the energy is deposited close to the front of the
ECal in signal events. For the PN background, a considerable fraction of the energy might be
deposited deeper into the ECal, such that the total amount of energy can be greater than the energy
threshold applied at the trigger level.

The total isolated energy is defined as the energy deposited in calorimeter cells that have no
neighboring cell with significant energy depositions around them in the same silicon layer. This
variable helps to capture features separated from the electron shower, in particular diffuse hadronic
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FIG. 4. Classification of daughter particles from bremsstrahlung photon PN interactions in the ECal based
only on particles with at least 200 MeV kinetic energy. Events passing the trigger are shown as a fraction
of EoT. The kaon rows consider exactly one kaon and any number of other particles, and the categories are
not required to be exclusive.

using the Lightweight Distributed Computing System developed for LDMX [21].

IV. COMPARISONS BETWEEN DIFFERENT BEAM ENERGIES

This section showcases some of the differences resulting from an increase in the beam energy.
We focus on the main background, PN processes occurring in the ECal, and the signal for a dark-
photon mass of 1 MeV. Higher masses will be shown to generally exhibit larger differences to the
background. All of the distributions shown include only events that are retained by the missing
energy trigger, which places a requirement on the maximum amount of energy deposited in the
20 front layers of the ECal. For details on the trigger see Sec. V A. Comparisons for additional
variables can be found in App. A.

The most challenging ECal PN reactions to identify are those resulting in low-multiplicity final
states of either long-lived neutral particles or charged particles that decay with most of their energy
being carried away by neutrinos. Fig. 4 illustrates the reduction in the relative number of PN events
expected when moving from a 4 to 8 GeV beam energy. The relative frequencies of specific final
states are shown, based on particles with 200 MeV or more kinetic energy. The number of such
photo-nuclear events passing the trigger requirement generally decreases by roughly an order of
magnitude. A similar decrease is seen in the nothing hard category, where there are no particles
above 200 MeV in the final state. A larger relative decrease is seen in the low-multiplicity bin,
with two or fewer particles above 200 MeV in the final state, and the pure neutron categories that
rely on the HCal veto performance.

The rate of K0
L events, which in their most challenging form may decay inside the ECal, with

most of the energy being carried away by a neutrino, is similarly more rare at 8 GeV. The ap-
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Majority of LDMX data will likely be 
taken with an 8 GeV beam.

Several advantages over 4 GeV.
95

The impact of (ii), raising the beam energy, is also relatively straightforward to estimate since
it can directly impact the signal production cross section. The increase is negligible in the lowest
mass range, but becomes increasingly significant at higher masses, as illustrated in Figure 75.
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FIG. 75: Both beam energy and target material affect the dark photon production cross-section, with
especially large effects at high masses. This figure illustrates how increasing the LDMX beam energy to
8 or 16 GeV, and/or switching from Tungsten to Aluminum targets (at 10% X0 in each case), impacts the
signal production cross-section for different dark photon masses. In each case, we assume the kinematic
selection Erecoil < 0.3Ebeam as was used in 4 GeV studies. This is conservative for higher-energy beams.

One consequence of (iii), doubling the mean number of electrons on target per 20 ns sampling
time, is a somewhat more challenging environment for triggering and reconstruction. It should not
present any show-stoppers. Nevertheless, it is not as straightforward to extrapolate the impact of
this change. The most common signal-like event type would be one in which there is a potential
signal, as defined for the case of one electron on target, but now accompanied by another beam
electron that loses very little energy in the target and tracker, and showers in the calorimeter. The
final state would contain an electron at beam energy and either a soft recoil electron and noise in the
case of signal, or noise and the remnants of a photo-nuclear interaction in the case of background.
Our Phase I configuration assumes a beam distribution of �x ⇥ �y = 2 ⇥ 8 cm2 at the target.
It would be necessary to isolate and identify all products of the two electrons in this region. The
electromagnetic shower produced in the ECal by the electron at or near full beam energy could
overlap with the photon or recoil electron from the electron that interacted in the target. If the
photon undergoes a photo-nuclear interaction yielding hadrons that do not produce a large signal
in the ECal, then the potential to miss it is increased. One must either reject all events in which a
beam electron in the ECal is near to where a hard photon is expected to be, or the HCal must be
relied upon to veto such events. The latter is feasible, given the performance of the HCal.

It follows that an increase in the average number of electrons per sample period will mainly
reduce acceptance. For exactly two electrons randomly distributed over a 2 ⇥ 8 cm2 target area,
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lar interest during early data-taking campaigns, due to the larger signal production cross section
per EoT.

A preliminary ECal-as-Target (EaT) analysis has been conducted, based on a DM signal gen-
erated through the developing shower of the beam electron as well as backgrounds enriched with
EN and PN backgrounds, targeting an early data sample of 1013 EoT. The methodology is similar
to that of the missing-momentum analysis described in Section III B in its use of ECal and HCal
data to reject rare SM backgrounds. After the missing energy trigger, a BDT requirement on the
ECal shower shape, an HCal activity veto, and dedicated ECal track rejection, less than one back-
ground event is expected for the 1013 EoT sample. This leads to a projected sensitivity that covers
significant new territory across the y–m� plane, as shown in Figure 6. Ultimately, results from this
channel could be combined with the missing-momentum search, leading to further enhancements
to the sensitivity of later phases of the experiment.

F. Prospects with an 8 GeV beam

Searches for dark matter produced from 4 GeV electron interactions have been the focus of
previous sections, as this is the beam energy LESA plans to deliver in the initial stages of LDMX
running. However, while 4 GeV data will allow LDMX to access a significant new region of DM
models, even higher energy beams (. 20 GeV) are projected to further extend the experiment’s
sensitivity, shown in Figure 6. This is because signal yields increase at higher energies, while
the rates for several challenging final states of photonuclear reactions scale as 1/E3

� . Generally
speaking, a higher beam energy makes it more difficult for SM reactions to fake the missing
momentum signature.

These effects are illustrated in Fig. 9: The yield enhancement as a function of dark photon mass
is shown on the left. Different colours correspond to different beam energies, solid lines are for a
tungsten target, dashed lines for an aluminum target. The baseline is a tungsten target and a 4 GeV
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FIG. 1. The projected reach of LDMX in the dark bremsstrahlung model at 4 and 8 GeV beam energies.
Several scenarios are shown for the 1016 electrons on target (EoT) run at 8 GeV assuming different back-
ground levels. Three thermal relic targets are shown as black lines, corresponding from top to bottom,
to scalar, Majorana fermion, and Pseudo-Dirac fermion models of DM [2]. The region in grey is already
excluded by other experiments [9–16]. A 50% signal efficiency is assumed across the entire m� mass spec-
trum at both beam energies.

B. Detector Components

As outlined in the previous section, the LDMX detector concept consists of three main parts:
a tracking system to measure the transverse momentum, an ECal to determine the energy, and an
HCal as a veto instrument. The conceptual design is depicted in Fig. 2.

The nominal target is a tungsten sheet with a thickness corresponding to 0.1 radiation lengths
(X0). Located upstream of the target inside a 1.5 T magnetic field is the tagging tracker, consist-
ing of seven silicon-strip modules. Downstream of the target, in the fringe field of the magnet,
a recoil tracker based on similar silicon-strip modules enables tracking of charged particles with
p � 50MeV. The ECal is a highly-granular Si-W sampling calorimeter with 34 layers and a total
depth of 40X0. This depth enables the full containment and precise measurement of electro-
magnetic showers. The high granularity, with cells of about 0.5 cm2, makes it possible to dis-
tinguish electromagnetic showers from other energy depositions, such as hadronic products of
photo-nuclear reactions and tracks from minimum-ionising particles. The ECal is surrounded by
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a tracking system to measure the transverse momentum, an ECal to determine the energy, and an
HCal as a veto instrument. The conceptual design is depicted in Fig. 2.

The nominal target is a tungsten sheet with a thickness corresponding to 0.1 radiation lengths
(X0). Located upstream of the target inside a 1.5 T magnetic field is the tagging tracker, consist-
ing of seven silicon-strip modules. Downstream of the target, in the fringe field of the magnet,
a recoil tracker based on similar silicon-strip modules enables tracking of charged particles with
p � 50MeV. The ECal is a highly-granular Si-W sampling calorimeter with 34 layers and a total
depth of 40X0. This depth enables the full containment and precise measurement of electro-
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Dark Photon

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.
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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

Background-free (4e14 EoT, Geant4) Can characterize a potential signal!
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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)

45

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.

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

LDMX is sensitive to a 
broad set of DM models
• Millicharge particles
• Inelastic DM
• SIMPs (semi-vis.)
• Freeze-in DM
• Spin-1 DM
• …

Visible signatures too
• ‘Minimal Dark Photon’
• Axion-like particle
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FIG. 11. The rate of inclusive single-electron events passing a requirement on the total ECal energy
reconstructed from layers beyond a particular distance z from the target. Requirements that select displaced
deposits carrying a large fraction of the beam energy can be made to reduce rates to the order of 100 Hz.

FIG. 12. Estimates for the minimal dark photon model with visible decays at LDMX for an 8 GeV and
16 GeV beam energy. At left, projected sensitivities are shown for the missing-momentum and visible
searches with 1016 EoT. At right, projections for a visible search are shown for a 1018 EoT high-luminosity
run without tracker information. This figure is reproduced from Ref. [9]

final states and displaced decays of neutral kaons, can be mitigated using shower shapes in the
ECal and transverse momentum of the recoil electron, though the specific strategy will be depend
on the details of the model under study. Ref. [9] investigated the potential sensitivity of LDMX to
unexplored minimal dark photon models through displaced searches, shown in Figure 12.

As the visible signatures at LDMX do not explicitly rely on precise measurements of the recoil
momenta, one can consider the possibility of dedicated tracker-less data-taking runs that might al-
low increased signal production rates through a combination of higher beam current and a thicker

Developing 
new trigger 
algorithms for 
long-lived 
signatures.Berlin, Blinov, Krnjaic, Schuster, Toro 

Phys. Rev. D 99, 075001 (2019) 
Catena, Gray 
hep-ph:2307.02207
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We point out that the LDMX (Light Dark Matter eXperiment) detector design, conceived to search
for sub-GeV dark matter, will also have very advantageous characteristics to pursue electron-nucleus
scattering measurements of direct relevance to the neutrino program at DUNE and elsewhere. These
characteristics include a 4-GeV electron beam, a precision tracker, electromagnetic and hadronic
calorimeters with near 2� azimuthal acceptance from the forward beam axis out to �40� angle,
and low reconstruction energy threshold. LDMX thus could provide (semi)exclusive cross section
measurements, with detailed information about final-state electrons, pions, protons, and neutrons.
We compare the predictions of two widely used neutrino generators (genie, gibuu) in the LDMX
region of acceptance to illustrate the large modeling discrepancies in electron-nucleus interactions
at DUNE-like kinematics. We argue that discriminating between these predictions is well within
the capabilities of the LDMX detector.

I. INTRODUCTION

The discovery of neutrino masses and flavor mixing
represents a breakthrough in the search for physics be-
yond the Standard Model. As the field of neutrino
physics enters the precision era, accelerator-based neu-
trino oscillation experiments are taking center stage.
This includes NOvA, T2K, and MicroBooNE, which are
currently taking data, SBND and ICARUS detectors,
which will soon be deployed at Fermilab, and the Deep
Underground Neutrino Experiment (DUNE), for which
the technical design is being finalized.

The primary goal of the accelerator-based neutrino
program is the measurement of oscillation features in
a reconstructed neutrino-energy spectrum. Performing
this reconstruction accurately and consistently for both
neutrinos and antineutrinos requires a detailed under-
standing of how (anti)neutrinos interact with nuclei—
a subtlety that has already impacted past oscillation
fits [1–3], despite the availability of near detectors, which
can help tune cross section models and constrain other
systematic e�ects. The situation will be even more chal-
lenging at DUNE [4], where the science goal is to measure
the subtle e�ects of �CP and mass hierarchy, requiring a
much higher level of precision.

The origin of these di�culties stems from the com-
plexity of neutrino-nucleus interactions in the relevant
energy range, which for DUNE is approximately between
500 MeV and 4 GeV. At these energies, di�erent mech-
anisms of interaction yield comparable contributions to
the cross section (see Appendix C for details). One has
to model both quasielastic (QE) scattering, in which a
struck nucleon remains unbroken, ⌫µ + n ! µ� + p,
and various processes in which one or more pions are
produced. The latter can occur through the excita-
tion of baryonic resonances, as well as through non-
resonant channels. At su�ciently high values of four-
momentum transfer, Q2 = �(p��pµ)2, and energy trans-
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FIG. 1. Simulated event distribution for charged-current
muon neutrino scattering on argon in the DUNE near de-
tector, 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 �e < 40� and pT > 10 MeV (below
the scale of the plot).

fer, � = E� � Eµ, the deep inelastic scattering (DIS)
description of the interaction becomes appropriate, in
which the lepton scatters on individual quarks inside the
nucleon, followed by a process of “hadronization.”

As DUNE uses argon as a target, all this happens
inside a large nucleus, adding further complexity. The
presence of the surrounding nucleons means hadrons cre-
ated at the primary interaction vertex may undergo large
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FIG. 13: Comparison of the phase space of neutrino-nucleon interaction events anticipated in the
DUNE detector in comparison with the LDMX detector acceptance. Both neutrino-nucleon and

electron-nucleon interactions are specified in terms of the energy transfer from the incoming
lepton to the hadronic system and q2 of the interaction process. At left (right), the LDMX

acceptance is shown in terms of recoil electron angle and pT for a 4 GeV (8 GeV) electron beam.

beam (pT). This requires a complete reconstruction of the electron shower in the electromagnetic511

calorimeter as well as the correlation of its position with the corresponding TS hits to infer the512

recoil momentum. Ensuring an acceptable trigger rate depends on the ability to reject similar513

signatures arising from Bremsstrahlung in the inclusive electron background, as well as detector514

resolution and multi-electron effects.515

As tracking information is unavailable to the LDMX trigger, the electron pT determination must516

rely on information from the ECal and TS alone. ECal trigger cells are comprised of groups of517

3 ⇥ 3 sensors in a single hexagonal module, approximately 1 mm2 in area. The highest-energy518

trigger cells are transmitted to the global trigger system, where 2d clusters are formed in each519

ECal layer by adding nearest-neighbors to local maximum seed cells. Starting from the shower520

maximum, 2d clusters are propagated to the remaining layers to form 3d clusters, which are further521

refined to EM candidates by making loose cluster quality requirements. Finally the cluster can be522

combined with a TS track to form a trigger electron, whose pT is obtained from the cluster energy523

and target-to-ECal displacement obtained from the cluster centroid and 2d hit coordinate at the524

target.525

The efficiency for a trigger that selects events having one electron with pT > 400MeV is shown526

in Figure 14 (left), plateauing at full efficiency. To explore the possibility of further lowering527

the trigger rate for a given pT threshold, a tighter selection on the EM cluster quality is studied.528

Figure 14 (right) shows that rates may be reduced up to an order in magnitude for the price of a529

modest reduction in efficiency to collect the eN signal. Multi-electron backgrounds are found to530

be negligible after a requirement on the total reconstructed ECal energy.531

C. Neutral hadron reconstruction532

Once recorded via the high-pT electron tag at trigger level, a rich set of eN final states can533

be explored. These measurements can include inclusive cross sections, differential in the kine-534

matics of the recoil electron, as well as probes of exclusive final states, which hold the potential535
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FIG. 4. Event distribution as a function of electron energy transfer for the scattering angles of 10�  ✓e  12.5� (left panel)
and 20�  ✓e  22.5� (right panel). Scattered electrons are required to have the transverse momentum pT > 200 MeV. In our
nominal analyses, the trigger selection ! > 1 GeV is employed.

predicts fewer events at large scattering angles than ex-
pected according to genie.

This behavior is shown in Fig. 4. In the left panel,
corresponding to scattering angles 10�  ✓e  12.5�, the
prediction of gibuu is smaller by 30% than that of genie.
In the right panel, for scattering angles 20�  ✓e  22.5�,
this di↵erence increases to 50%. While the genie cross
section is dominated by the DIS channel, this is not the
case for the gibuu results, in which resonance excitation
is the main mechanism of interaction for energy transfers
below 2 GeV, and DIS dominates only at ! > 2 GeV.
The largest discrepancies occur at higher-energy trans-
fers (! >⇠ 2 GeV, W 2 >⇠ 4.4 GeV2), where events are pre-
dominately populated by DIS. Notably, there are visible
di↵erences between the results obtained using di↵erent
versions of the generators gibuu and genie. Neverthe-
less, they are much less significant than the di↵erences
between the predictions of di↵erent generators.

In the 20�  ✓e  22.5� slice, both the gibuu and ge-
nie cross sections result entirely from DIS interactions,
and agree at a factor of 2 level. Geant4, however, de-
viates significantly from genie and gibuu, and the de-
viation is even larger at higher scattering angles. This
is expected as Geant4 uses the equivalent-photon ap-
proximation to simulate electron-nucleus interactions. At
higher Q2, the exchanged photon becomes highly virtual
and this approximation is not valid. Because of this is-
sue, we do not show Geant4 predictions in later compar-
isons. We note that as Geant4 is not commonly used as
an event generator, the di↵erence between Geant4 and
other generators is not a fair representation of the current
modeling uncertainty. However, the di↵erence between
genie and gibuu is, and it may even be a conservative
estimate on modeling uncertainties. Comparably large
disagreements between genie and gibuu are seen in all

angular bins, as illustrated in Appendix B.
Notice that, in Fig. 4, the ranges of electron-scattering

angles are narrow and the final energies are well mea-
sured. This, combined with precise knowledge of the
initial electron energy, makes it possible to accurately
control the scattering kinematics, which in turn provides
a powerful tool for testing the underlying nuclear and
hadronic physics. The large discrepancies between the
generator predictions for the double-di↵erential cross sec-
tion seen in the figure may be less pronounced in more
integrated quantities. We explicitly confirmed this by
integrating the electron-scattering cross sections for a 4-
GeV beam energy over all scattering angles and energy
transfers (imposing the same Q2 > 0.03 GeV2 cut as
before). In this case, we find that the predictions of ge-
nie and gibuu are, in fact, in good agreement. Both
generators give 1.9⇥10�28cm2, with the underlying dis-
crepancies completely washed out upon integration.

One has to be mindful about this when interpreting
results of neutrino-scattering experiments, where averag-
ing can take place over several variables, including the
incoming beam energy. As an illustration, consider mea-
surements of pion production induced by charged-current
neutrino interactions in the MINERvA experiment, at
the kinematics similar to that of DUNE. The shape of the
single di↵erential d�/dQ2 cross sections from Ref. [79]
is reproduced reasonably well by both genie [79] and
gibuu [9].

This clearly illustrates a general point: for the pur-
pose of testing the physics models in the generators, de-
tailed measurements of multiply di↵erential cross sec-
tions are essential. Fortunately, many such measure-
ments are already available from MiniBooNE [15], MIN-
ERvA [16–20], MicroBooNE [21], and T2K [22, 23], and
more can be expected in the future (exploring various

Theory predictions vary widely
→ constrain w/ LDMX data!

Ankowski, Friedland, Li, Moreno, Schuster, Toro, Tran 
Phys. Rev. D 101, 053004 (2020)

Signature: high-pT electron + X
No missing momentum!
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We point out that the LDMX (Light Dark Matter eXperiment) detector design, conceived to search
for sub-GeV dark matter, will also have very advantageous characteristics to pursue electron-nucleus
scattering measurements of direct relevance to the neutrino program at DUNE and elsewhere. These
characteristics include a 4-GeV electron beam, a precision tracker, electromagnetic and hadronic
calorimeters with near 2� azimuthal acceptance from the forward beam axis out to �40� angle,
and low reconstruction energy threshold. LDMX thus could provide (semi)exclusive cross section
measurements, with detailed information about final-state electrons, pions, protons, and neutrons.
We compare the predictions of two widely used neutrino generators (genie, gibuu) in the LDMX
region of acceptance to illustrate the large modeling discrepancies in electron-nucleus interactions
at DUNE-like kinematics. We argue that discriminating between these predictions is well within
the capabilities of the LDMX detector.

I. INTRODUCTION

The discovery of neutrino masses and flavor mixing
represents a breakthrough in the search for physics be-
yond the Standard Model. As the field of neutrino
physics enters the precision era, accelerator-based neu-
trino oscillation experiments are taking center stage.
This includes NOvA, T2K, and MicroBooNE, which are
currently taking data, SBND and ICARUS detectors,
which will soon be deployed at Fermilab, and the Deep
Underground Neutrino Experiment (DUNE), for which
the technical design is being finalized.

The primary goal of the accelerator-based neutrino
program is the measurement of oscillation features in
a reconstructed neutrino-energy spectrum. Performing
this reconstruction accurately and consistently for both
neutrinos and antineutrinos requires a detailed under-
standing of how (anti)neutrinos interact with nuclei—
a subtlety that has already impacted past oscillation
fits [1–3], despite the availability of near detectors, which
can help tune cross section models and constrain other
systematic e�ects. The situation will be even more chal-
lenging at DUNE [4], where the science goal is to measure
the subtle e�ects of �CP and mass hierarchy, requiring a
much higher level of precision.

The origin of these di�culties stems from the com-
plexity of neutrino-nucleus interactions in the relevant
energy range, which for DUNE is approximately between
500 MeV and 4 GeV. At these energies, di�erent mech-
anisms of interaction yield comparable contributions to
the cross section (see Appendix C for details). One has
to model both quasielastic (QE) scattering, in which a
struck nucleon remains unbroken, ⌫µ + n ! µ� + p,
and various processes in which one or more pions are
produced. The latter can occur through the excita-
tion of baryonic resonances, as well as through non-
resonant channels. At su�ciently high values of four-
momentum transfer, Q2 = �(p��pµ)2, and energy trans-
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FIG. 1. Simulated event distribution for charged-current
muon neutrino scattering on argon in the DUNE near de-
tector, 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 �e < 40� and pT > 10 MeV (below
the scale of the plot).

fer, � = E� � Eµ, the deep inelastic scattering (DIS)
description of the interaction becomes appropriate, in
which the lepton scatters on individual quarks inside the
nucleon, followed by a process of “hadronization.”

As DUNE uses argon as a target, all this happens
inside a large nucleus, adding further complexity. The
presence of the surrounding nucleons means hadrons cre-
ated at the primary interaction vertex may undergo large
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FIG. 13: Comparison of the phase space of neutrino-nucleon interaction events anticipated in the
DUNE detector in comparison with the LDMX detector acceptance. Both neutrino-nucleon and

electron-nucleon interactions are specified in terms of the energy transfer from the incoming
lepton to the hadronic system and q2 of the interaction process. At left (right), the LDMX

acceptance is shown in terms of recoil electron angle and pT for a 4 GeV (8 GeV) electron beam.

beam (pT). This requires a complete reconstruction of the electron shower in the electromagnetic511

calorimeter as well as the correlation of its position with the corresponding TS hits to infer the512

recoil momentum. Ensuring an acceptable trigger rate depends on the ability to reject similar513

signatures arising from Bremsstrahlung in the inclusive electron background, as well as detector514

resolution and multi-electron effects.515

As tracking information is unavailable to the LDMX trigger, the electron pT determination must516

rely on information from the ECal and TS alone. ECal trigger cells are comprised of groups of517

3 ⇥ 3 sensors in a single hexagonal module, approximately 1 mm2 in area. The highest-energy518

trigger cells are transmitted to the global trigger system, where 2d clusters are formed in each519

ECal layer by adding nearest-neighbors to local maximum seed cells. Starting from the shower520

maximum, 2d clusters are propagated to the remaining layers to form 3d clusters, which are further521

refined to EM candidates by making loose cluster quality requirements. Finally the cluster can be522

combined with a TS track to form a trigger electron, whose pT is obtained from the cluster energy523

and target-to-ECal displacement obtained from the cluster centroid and 2d hit coordinate at the524

target.525

The efficiency for a trigger that selects events having one electron with pT > 400MeV is shown526

in Figure 14 (left), plateauing at full efficiency. To explore the possibility of further lowering527

the trigger rate for a given pT threshold, a tighter selection on the EM cluster quality is studied.528

Figure 14 (right) shows that rates may be reduced up to an order in magnitude for the price of a529

modest reduction in efficiency to collect the eN signal. Multi-electron backgrounds are found to530

be negligible after a requirement on the total reconstructed ECal energy.531

C. Neutral hadron reconstruction532

Once recorded via the high-pT electron tag at trigger level, a rich set of eN final states can533

be explored. These measurements can include inclusive cross sections, differential in the kine-534

matics of the recoil electron, as well as probes of exclusive final states, which hold the potential535

Broader physics impact: eN scattering
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Conclusions

19

Thermal dark matter motivates a broad search program for me < mDM < mp.
The missing momentum technique is a powerful accelerator probe.

LDMX will explore vast new territory, reaching thermal relic targets across 
most of the MeV-GeV mass range and testing models beyond dark photon.

Will also provide new tests of lepton-nucleon interaction models for DUNE.

Aim for a broad physics program, on short time scale! Eager to start soon!
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