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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.
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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.)
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THE CASE FOR LIGHT DARK 
MATTER

Theoretical motivation
NASA, ESA, M. J. Jee and H. Ford (Johns Hopkins University)

Hubble Space Telescope: Galaxy cluster CI 0024+17 Mass distribution: Galaxy cluster CI 0024+17

https://hubblesite.org/contents/articles/gravitational-lensing
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Dark matter candidates
Possible DM mass: 

~80 orders of magnitude!

Tight experimental limits on WIMPs inspire exploring other models

ICHEP2022: LDMX 3
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Plot: Snowmass 2021 Cosmic Frontier dark matter direct detection status and prospects, fig 1, https://arxiv.org/abs/2203.08084 

https://arxiv.org/abs/2203.08084
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Thermal DM window: MeV ~ 10s TeV

Ruled out under thermal freeze out 
scenario

Co
ns

tr
ai

nt
 o

n 
λD

M
D

B Ruled out under thermal freeze out scenario

Thermal relic density guides us 
Guaranteed:  now 


Assumption: Thermal contact history between SM and DM

ρDM

ρbaryonic
∼ 𝒪(1)

ICHEP2022: LDMX 4
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Based on LDMX design paper, fig 2, https://arxiv.org/abs/1808.05219 
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https://arxiv.org/abs/1808.05219


H. Herde (Lund)	 	 	 	 	 	 	

 [GeV]mχ
10-30 10-20 10-10 100 1010 1020

>≈

Thermal relic density guides us 
Inside thermal DM window:

Relic abundance → minimum annihilation rate → minimum cross section (otherwise too much DM produced)


∴ scannable production cross sections. Accelerator-based searches possible!

ICHEP2022: LDMX 5

✓

mχ
keV

Classic freeze-out “WIMP”Sub-GeV / “light” DM

MeV GeV TeV

Well-motivated with hidden sector models & 
largely unexplored

Based on slide from T. Ekman



H. Herde (Lund)	 	 	 	 	 	 	ICHEP2022: LDMX

Benchmark scenarios for light dark matter

6

MeV-GeV mass range

★ Light forces 


• Low-mass force carriers mediate 

efficient annihilation rate for thermal 

freeze-out


★ Neutrality 


• DM & mediator singlets under full SM 

gauge group 


‣ Otherwise, we’d have seen 

them already! 

“Dark QED”

DM particle charged under U(1) gauge field


Mediator = dark photon, A’

Signature with accelerator production 

Beam on thin target 

DM

DM

A'

SM

SM

DM

DM

Deflected SM particle → 
missing momentum search

Nothing in our 
detector… → 

missing energy 

LDMX design paper, https://arxiv.org/abs/1808.05219; Cartoon adapted from R. Pöttgen

https://arxiv.org/abs/1808.05219
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Dark photon models and…

★ Millicharged particles


★ Strongly interacting dark sectors 


★ Minimal dark photons


★ Minimal U(1) gauge bosons 


★ Axion-like particles 


★ Light new leptophilic scalar particles… 


Phys. Rev. D 99, 075001 (2019), https://arxiv.org/

abs/1807.01730 

Broad physics potential for missing-momentum-style experiments

7
Phys. Rev. D 99, 075001 (2019) figs 4, 11, 13 https://arxiv.org/abs/1807.01730

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


LDMX DESIGN
Bullet cluster (X-ray: NASA/CXC/CfA/M.Markevitch et al.; Optical: NASA/STScI; Magellan/U.Arizona/D.Clowe et al.; Lensing Map: NASA/STScI; ESO WFI; Magellan/U.Arizona/D.Clowe et al.) overlayed w. LDMX concept, R. Pöttgen

https://chandra.harvard.edu/photo/2006/1e0657/
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Detector design drivers
Flagship objective: Missing momentum signatures • Phase 1: 4 GeV e beam • Phase 2: 8 GeV e beam

★ Resolve electrons’ energy & momentum


• Individually measure energy & 

momentum for up to 1016 e- 

scattered off thin tungsten target 


• Beamline under construction at 

SLAC 


★ Eliminate neutral backgrounds 


• SM ɣ bremsstrahlung 


• Photonuclear reactions → neutral 

final states 

ICHEP2022: LDMX 9
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Snowmass 2021 LDMX status and prospects, fig 1 , https://arxiv.org/abs/2203.08192 

https://arxiv.org/abs/1808.05219
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Design overview
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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.
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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.)

Tracking: HPS Silicon Vertex Tracker 


Electromagnetic calorimeter, ECal: CMS high granularity calorimeter 


Hadronic calorimeter, HCal: MINOS/Mu2e

Leverage technologies developed for ongoing experiments

Snowmass 2021 LDMX status and prospects, fig 2a & 2b , https://arxiv.org/abs/2203.08192 

https://arxiv.org/abs/1808.05219
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Missing particle signature distinctive from SM bremsstrahlung

Kinematics

★ Mediator A’ carries bulk of energy 


• Soft recoil electron 


• Large missing energy 

ICHEP2022: LDMX 11
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★ Recoil electron kicked in transverse 
momentum 


• Large missing transverse 
momentum 

LDMX measures energy 

(calorimeters) AND momentum 

(trackers either side of target) 
Cartoon: R. Pöttgen; Plots: LDMX design paper, fig 10 top row, https://arxiv.org/abs/1808.05219 

https://arxiv.org/abs/1808.05219
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Main background: 

SM ɣ bremsstrahlung  

Challenge: Neutral background processes

★ Photo-nuclear reactions producing 

neutral final states 


• Relative rate: ~10-8


★ LDMX backgrounds = 

measurements of photo- and 

electro-nuclear processes for 

neutrino experiments 


• Phys. Rev. D 101, 053004, 

https://arxiv.org/abs/

1912.06140 

12

Beam
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Cartoon: R. Pöttgen

https://arxiv.org/abs/1912.06140
https://arxiv.org/abs/1912.06140
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Analysis strategy
1. Trigger on 2.5 

GeV missing 

energy 


2. Combine ECal 

features with BDT 


3. Veto activity in 

HCal 


4. Require MIP 

tracking in ECal
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Figure 10. Left: distributions of the ECal BDT discriminator value for signal and photo-nuclear
events passing the trigger. All distributions are normalized to unit area. Right: signal e�ciencies
as a function of the background e�ciency obtained by varying BDT thresholds for the ECal BDT
evaluated for signal and photo-nuclear background events passing the trigger. The pink markers
indicate the e�ciencies corresponding to a discriminator threshold of 0.99 in this sample.

5.3.3 Performance of the Boosted Decision Tree

The containment variables, as well as the discriminating variables sensitive to the global

transverse and longitudinal profiles and the energy-related variables described previously,

are exploited in a multivariate analysis based on a BDT. This BDT is trained on PN

background events and a mixture of signal events at the four mediator mass hypotheses

listed in section 4.2.

Figure 10 (left) shows the distributions of the BDT discriminator values for signal and

background events selected by the trigger. The signal vs. background e�ciency obtained

by varying discriminator thresholds is drawn in figure 10 (right) for each mediator mass

considered. The pink markers indicate the e�ciencies in each sample corresponding to a

discriminator threshold of 0.99. Requiring the BDT value to be greater than 0.99 retains

approximately 85-99% of the signal, depending on the mediator mass, while rejecting more

than 99.9% of photo-nuclear reactions occurring in the ECal.

The same BDT and discriminator cut is used for all of the background samples. For

muon conversions in the ECal and target, the BDT requirement rejects all of the remaining

events. Here, the BDT veto is particularly useful for events that contain one soft muon that

does not leave the ECal, and one hard muon that decays into an electron and neutrinos,

since such events are hard to veto by the other detector systems. The BDT also rejects

95% of target PN events surviving the preceding vetoes.

5.4 HCal Veto

The energy deposited in the HCal o↵ers a complementary veto for photo-nuclear reactions.

For the present study, we define a vetoable hit to be a single scintillator bar in which at

– 21 –

Figure 11. Distribution of the ECal BDT discriminator value (y axis) and maximum number
of photoelectrons (PEs) in any scintillating bar in the HCal (x axis) for an ECal photo-nuclear
background sample (black) equivalent to 2.1 ⇥ 1014 electrons on target. A representative 100 MeV,
A

0 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.

least five photoelectrons are produced in-time with the beam electron. The HCal veto

requires there to be no such hit in the entire HCal, otherwise the event is rejected. The

veto threshold of five PEs is chosen to minimize the signal ine�ciency due to the noise.

The rejection capability is not, however, especially sensitive to this threshold.

Figure 11 illustrates the combined power of the ECal BDT and HCal veto for back-

ground rejection. The horizontal axis of the figure is the maximum number of photoelec-

trons in any HCal bar, in time with the event. The signal region defined by the previously

described ECal BDT and HCal PE cuts is also shown in yellow. Typical photo-nuclear

events are vetoed by both the ECal and the HCal, and many of these are vetoed by the

HCal by a wide margin (e.g. a typical hadronic shower will leave a large number of hits,

some of these with hundreds of PEs in individual hits; a muon penetrating into the HCal

will also leave a large number of hits well above the threshold). However, there are several

types of events where the ECal has limited rejection capability. The majority of events

– 22 –

@ 4 GeV: close to zero background for 4 x 1014 electrons on target (simulation studies)

No requirements on electron transverse momentum…yet
J. High Energ. Phys. 2020, 3 (2020), fig 10 left & fig 11, https://arxiv.org/abs/1912.05535

2 3

https://arxiv.org/abs/1912.05535
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Projected sensitivities 

★ Phase-1 LDMX run (baseline)


• 4 x 1014 electrons on target 


• 4 GeV beam energy 


★ Phase-2 LDMX run 


• ~ 1016 electrons on target (+ x100) 


• 8 GeV beam energy 


★ Limits calculated with < 1 background event


• Achievable based on detailed simulation studies 

at 4 GeV (see J. High Energ. Phys. 2020, 3 (2020) 

https://arxiv.org/abs/1912.05535)


★ Limits calculated without electron transverse momentum 

selection criteria 

14
Snowmass 2021 LDMX status and prospects, fig 6 , https://arxiv.org/abs/2203.08192 

https://arxiv.org/abs/1912.05535
https://arxiv.org/abs/2203.08192
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Strength: Transverse momentum in addition to energy 

15
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LDMX Simulation

Dark Photon
↵D = 0.5,mA0 = 3m�

Scalar relic target
Generated (mA’,y) values
mA’ = 4 MeV
mA’ = 10 MeV
mA’ = 40 MeV
mA’ = 100 MeV
          uncertainties1�, 2�

Excellent signal-background discriminant to confirm observation Combine pT & E → reconstruct mediator mass 

LDMX design paper, fig 10 top right, https://arxiv.org/abs/1808.05219 Snowmass 2021 status and prospects, fig 8, https://arxiv.org/abs/2203.08192 

4 x 1014 Electrons on Target

per test sample

https://arxiv.org/pdf/1808.05219.pdf
https://arxiv.org/abs/2203.08192
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Mixed beam • Emax = 15 GeV

Data collected at 500 MeV-8 GeV

CERN East Area: T9 beamline

★ PS protons → East Area


★ Beam via North Target to T9: e, μ, π


• Beamline’s configuration isolates final 

particle species from secondary beam 


‣ ~1k particles/spill


‣ Particle ID: Cherenkov 

detectors


★ Maximum intensity: Few million particles/

spill 

17

LDMX prototype

T9 beamline

Experimental hutch

CERN test beam, March-April 2022
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Prototype in the beam area

ICHEP2022: LDMX 18

Trigger scintillator

(TS)

Hadronic Calorimeter 

(HCal)

CERN test beam, March-April 2022
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Prototype subdetectors

19

Matt Solt

5) Quad-counter QC tests/measurements?

20

● Cosmic-ray test?
● Dimensional measurements (See Sydney’s slides)
● Fly-cut squareness

Trigger scintillator prototype 

Inset: Fibre optic cable pokes through bare 

scintillator bar

Hadronic calorimeter scintillator bars layer

Matt Solt

3) Quad-counters fiber inserted

17

CERN test beam, March-April 2022
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First steel absorber layer 

of the hadronic calorimeter

Trigger scintillator (TS) prototype

ICHEP2022: LDMX 20

TS plastic scintillator 

encased in black tape 


for light tightness

TS readout electronics

Gantry to adjust 

position of TS in beamspot

CERN test beam, March-April 2022
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LDMX 2022

Gain calibration 

TS: Single photoelectron spectrum 

★ Integrated charge/event for 

each TS channel


★ Peaks 


• 1st: System pedestal 


• Additional: integer 

numbers of Si 

photomultiplier pixels 

firing 

21

CERN test beam, March-April 2022

Example fit for peak’s 
central value to 

calibrate SiPM gain & 
pedestal 

LDMX upcoming testbeam outcomes paper, LDMX 2022 preliminary
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Data
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Fit

0.5±Gaussian MPV: 82.4⊕Landau

/NDF = 69.7/59 = 1.182χFit 

LDMX 2022
4 GeV electron beam

TS: Plastic MIP response

★ Amplitude: Sum of charge 

measured for several time samples


• Normalised to 1 

photoelectron equivalent 


★ Most probable value of cell’s 

response to MIP = 82 

photoelectrons


• Model: Landau + Gaussian 

convolution 

22
LDMX upcoming testbeam outcomes paper, LDMX 2022 preliminary

CERN test beam, March-April 2022
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Hadronic calorimeter (HCal) prototype
19 alternating layers, usually1 Al cover • scintillator bars • steel absorber plate

ICHEP2022: LDMX 23
1 First HCal layer is steel absorber, then scintillator bars

9 layers with 

2 quad bars

10 layers with

3 quad bars

6 HGCRoc boards (384 total channels; 64 per board) required for readout

Scintillator bars 
with readout

Example: Section of a vertical layer of the HCal

Readout manifold

HDMI cable

Steel absorber

Aluminium cover

CERN test beam, March-April 2022
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4 GeV muon beam  

HCal: MIP response

★ Sum of ADC counts in a 

single layer and strip of 

HCal prototype





★ Require MIP-like 

signature in entrance & 

exit of HCal

NMIPeq =
∑ ADC counts

Measured value for 1 MIP

24
LDMX upcoming testbeam outcomes paper, LDMX 2022 preliminary

CERN test beam, March-April 2022
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HCal: Event displays

25

MIP candidate 
MIP-like deposits followed by 

cloud in HCal

Pion candidate 
Sequential, crisp signature in 

HCal 

Ve
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Beam → 

Beam & HCal orientation    	

LDMX upcoming testbeam outcomes paper, LDMX 2022 preliminary

CERN test beam, March-April 2022
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PROJECT OUTLOOK
CERN test beam, March-April 2022 - A crane lifts HCal prototype into beam area
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LDMX improves search sensitivity for sub-GeV dark matter by up to 3 orders of magnitude 
★ LDMX scientific potential


• Interpret missing momentum measurements → secluded dark matter 
models, millicharge particles, invisibly decaying dark photons, axions, 
dark Higgs particles,…


• Interpret as short baseline beam dump → displaced visibly decaying 
dark photons, axions, inelastic dark matter, dark Higgs, long-lived 
particles…


★ First results shown for test beam data collected at CERN in March-April 2022


★ Recent DOE review finds project and technical development on track to start 
construction in FY23


★ Earliest funding availability for construction in FY24


★ Electron beam will be available in experimental area before construction can 
be completed

Key messages

27

C. Group & son



CERN test beam, March-April 2022

Crafoord foundation 



H. Herde (Lund)	 	 	 	 	 	 	

If:

Then:
Dark matter & visible matter → thermal equilibrium ∴ relic abundance achieved


Relic abundance → minimum annihilation rate → minimum cross section 

We can scan production cross sections. 

Thermal freeze-out scenario
Using present-day relic abundance & thermal freeze-out hypothesis → scannable production cross sections

ICHEP2022: LDMX 29

Interaction strength > Hubble 
expansion rate at some point during 

early hot Universe

LDMX design paper, https://arxiv.org/abs/1808.05219 

https://arxiv.org/pdf/1808.05219.pdf
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Thermal DM window: MeV ~ 10s TeV

Ruled out under thermal freeze out 
scenario


Perturbative annihilation rate fails 
correct relic abundance,  
Ωχ > ΩDM

Fo
rb

id
de

n:
 C

on
st

ra
in

t o
n 

λD
M

D
B

Ruled out under thermal freeze out scenario


Neutrinos already decoupled from SM — 
mess up eff



Thermal relic density guides us 
Guaranteed:  now 


Assumption: Thermal contact history between SM and DM

ρDM

ρbaryonic
∼ 𝒪(1)

ICHEP2022: LDMX 30

✓
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Based on LDMX design paper, fig 2, https://arxiv.org/abs/1808.05219 

SM

SM

DM

DM
annihilation

production

https://arxiv.org/pdf/1808.05219.pdf
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Dark QED
General Lagrangian • A’: U(1) gauge boson & χ: light dark matter particle

★ Relic density same dependence on model parameters {ϵ, gD, mχ, mA’}


• We’re OK even if each value of χ technically different JD

ICHEP2022: LDMX 31

ϵ: kinetic mixing parameter
mA’: dark photon mass

Dark matter current

SM electromagnetic current
gD: U(1)D coupling constant

LDMX design paper, https://arxiv.org/abs/1808.05219 

https://arxiv.org/pdf/1808.05219.pdf
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LDMX goals
Flagship objective: High-luminosity missing momentum measurement via fixed-target collisions 

★ Interpret missing momentum measurements → secluded dark matter models, millicharge particles, 

invisibly decaying dark photons, axions, dark Higgs particles,…


★ LDMX as short baseline beam dump → displaced visibly decaying dark photons, axions, inelastic 

dark matter, dark Higgs, long-lived particles…

ICHEP2022: LDMX 32

“Dark bremsstrahlung” process 

E-beam incident on thin target makes DM, carrying 

away most of incident e’s energy (energy appears to 
disappear)

LDMX design paper, https://arxiv.org/abs/1808.05219 

https://arxiv.org/pdf/1808.05219.pdf
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LDMX operations strategy
2 experimental phases 

ICHEP2022: LDMX 33

Phase I Phase II

Total luminosity 0.8 pb-1


Tagged e on target 4 x 1014 ~1016

Beam energy 4 GeV 8+ GeV

Established detector technologies 
(eg, from HL-LHC developments, 
Mu2e, HPS)

LDMX design paper, https://arxiv.org/abs/1808.05219 

https://arxiv.org/pdf/1808.05219.pdf
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Beamline considerations
Goal: Individually measure energy & momentum for up to 1016 e- scattered off thin tungsten target

★ Motivation: Generate high statistics! 1014-1016 electrons on target within few years 


★ Requirements


• Beam energy: 4-16 GeV range 


‣ >16 GeV: Churn out neutrinos (= irreducible background)


• Low-current (~pA), high-bunch repetition (~40 MHz) e beam 


• 108 electrons/second on target 


• Resolve individual particles 


‣ Low number of electrons per bunch 


‣ Large beam spot 

ICHEP2022: LDMX 34
LDMX design paper, fig 10, https://arxiv.org/abs/1808.05219 

★ Intended beam line: dedicated 4-8 

GeV beam transfer line @ SLAC on 

LCLS (under construction) 


★ Possibility to exceed 8 GeV with third 

run of LDMX: 


• 3.5-16 GeV beam from slow SPS 

extraction at CERN

https://arxiv.org/pdf/1808.05219.pdf
https://arxiv.org/abs/1801.07867
https://arxiv.org/abs/1801.07867
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LESA @ LCLS-II @ SLAC
Linac to end station A

★ S30 Accelerator Improvement Project                                                                                      
(kicker & ~100m beamline – ending in beam switchyard) 
currently under construction


★ LESA expected to deliver beam to ESA before LDMX 
construction completed 


• Laser must also be installed at the injector for bunch 
frequency

ICHEP2022: LDMX 35
37

DASEL Phase I

BSY dump 

DASEL 

Soft X-Ray FEL 

Hard X-Ray FEL 

Beam Kickers 

LCLS-II SCRF Linac 

Laser system to fill “unused” buckets with 
electrons for DASEL 
•  Use rejected pulses from LCLS-II laser 

(46 MHz) 

Beamline connecting to ESA line 
•  3 dipoles & 11 quads (all refurbished) 

DASEL kicker/septum system 
downstream of FEL kickers to minimize 
interference 
•  Based on LCLS-II design but with 

longer kicker pulse 

laser system to fill unused 
buckets with electrons for LESA

LESA beamline 
to Endstation A

LESA kicker/septum system

downstream of FEL kickers 
(min. interference)

Endstation A

https://confluence.slac.stanford.edu/display/MME/Publications+and+Presentations 

★ Energy: 4 (8) GeV


★ Bunch frequency: ~40 MHz (186 

MHz)


★ 1st year: 4 x 1014 Electrons on Target


★ Parasitic

https://confluence.slac.stanford.edu/display/MME/Publications+and+Presentations
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Veto power in LDMX
Study in simulation at 4 GeV beam energy 

ICHEP2022: LDMX 36
J. High Energ. Phys. 2020, 3 (2020), fig 10 left & fig 11, https://arxiv.org/abs/1912.05535

https://arxiv.org/abs/1912.05535
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Simulation: Final state particle species

★ Blue: 4 GeV e beam 


★ Green: 8 GeV e beam 
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Snowmass 2021 LDMX status and prospects, fig 9b, https://arxiv.org/abs/2203.08192 

https://arxiv.org/abs/2203.08192


H. Herde (Lund)	 	 	 	 	 	 	ICHEP2022: LDMX

8 GeV beam energy 

Projected sensitivities: Minimal dark photon

★ Invisible signatures 


★ Visible signatures 

38
Snowmass 2021 LDMX status and prospects, fig 12a, https://arxiv.org/abs/2203.08192; Figures created with tools from Phys. Rev. D, 99(7):075001, 2019, https://arxiv.org/abs/1807.01730 

https://arxiv.org/abs/2203.08192
https://arxiv.org/abs/1807.01730
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Background processes

ICHEP2022: LDMX 39

Essentially only instrumental 
backgrounds

incoming outgoing
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<latexit sha1_base64="iT5ducBH5LqT5xYbVMX4sPuLey8=">AAACEHicbVDLSgNBEJz1bXxFPXoZDKIgxF0R9Ch4EfSgYBIhiaF3MpsMzmOZ6VXCkk/w4q948aCIV4/e/BsnMQdfBQ1FVTfdXXEqhcMw/AjGxicmp6ZnZgtz8wuLS8XllaozmWW8wow09jIGx6XQvIICJb9MLQcVS16Lr48Gfu2GWyeMvsBeypsKOlokggF6qVXcbHRAKaANKzpdBGvNLY30zslV2Dql215WuTMJ9lvFUlgOh6B/STQiJTLCWav43mgblimukUlwrh6FKTZzsCiY5P1CI3M8BXYNHV73VIPirpkPH+rTDa+0aWKsL410qH6fyEE511Ox71SAXffbG4j/efUMk4NmLnSaIdfsa1GSSYqGDtKhbWE5Q9nzBJgV/lbKumCBoc+w4EOIfr/8l1R3y1FYjs73SocHozhmyBpZJ1skIvvkkByTM1IhjNyRB/JEnoP74DF4CV6/WseC0cwq+YHg7RNSiZwX</latexit><latexit sha1_base64="iT5ducBH5LqT5xYbVMX4sPuLey8=">AAACEHicbVDLSgNBEJz1bXxFPXoZDKIgxF0R9Ch4EfSgYBIhiaF3MpsMzmOZ6VXCkk/w4q948aCIV4/e/BsnMQdfBQ1FVTfdXXEqhcMw/AjGxicmp6ZnZgtz8wuLS8XllaozmWW8wow09jIGx6XQvIICJb9MLQcVS16Lr48Gfu2GWyeMvsBeypsKOlokggF6qVXcbHRAKaANKzpdBGvNLY30zslV2Dql215WuTMJ9lvFUlgOh6B/STQiJTLCWav43mgblimukUlwrh6FKTZzsCiY5P1CI3M8BXYNHV73VIPirpkPH+rTDa+0aWKsL410qH6fyEE511Ox71SAXffbG4j/efUMk4NmLnSaIdfsa1GSSYqGDtKhbWE5Q9nzBJgV/lbKumCBoc+w4EOIfr/8l1R3y1FYjs73SocHozhmyBpZJ1skIvvkkByTM1IhjNyRB/JEnoP74DF4CV6/WseC0cwq+YHg7RNSiZwX</latexit><latexit sha1_base64="iT5ducBH5LqT5xYbVMX4sPuLey8=">AAACEHicbVDLSgNBEJz1bXxFPXoZDKIgxF0R9Ch4EfSgYBIhiaF3MpsMzmOZ6VXCkk/w4q948aCIV4/e/BsnMQdfBQ1FVTfdXXEqhcMw/AjGxicmp6ZnZgtz8wuLS8XllaozmWW8wow09jIGx6XQvIICJb9MLQcVS16Lr48Gfu2GWyeMvsBeypsKOlokggF6qVXcbHRAKaANKzpdBGvNLY30zslV2Dql215WuTMJ9lvFUlgOh6B/STQiJTLCWav43mgblimukUlwrh6FKTZzsCiY5P1CI3M8BXYNHV73VIPirpkPH+rTDa+0aWKsL410qH6fyEE511Ox71SAXffbG4j/efUMk4NmLnSaIdfsa1GSSYqGDtKhbWE5Q9nzBJgV/lbKumCBoc+w4EOIfr/8l1R3y1FYjs73SocHozhmyBpZJ1skIvvkkByTM1IhjNyRB/JEnoP74DF4CV6/WseC0cwq+YHg7RNSiZwX</latexit><latexit sha1_base64="iT5ducBH5LqT5xYbVMX4sPuLey8=">AAACEHicbVDLSgNBEJz1bXxFPXoZDKIgxF0R9Ch4EfSgYBIhiaF3MpsMzmOZ6VXCkk/w4q948aCIV4/e/BsnMQdfBQ1FVTfdXXEqhcMw/AjGxicmp6ZnZgtz8wuLS8XllaozmWW8wow09jIGx6XQvIICJb9MLQcVS16Lr48Gfu2GWyeMvsBeypsKOlokggF6qVXcbHRAKaANKzpdBGvNLY30zslV2Dql215WuTMJ9lvFUlgOh6B/STQiJTLCWav43mgblimukUlwrh6FKTZzsCiY5P1CI3M8BXYNHV73VIPirpkPH+rTDa+0aWKsL410qH6fyEE511Ox71SAXffbG4j/efUMk4NmLnSaIdfsa1GSSYqGDtKhbWE5Q9nzBJgV/lbKumCBoc+w4EOIfr/8l1R3y1FYjs73SocHozhmyBpZJ1skIvvkkByTM1IhjNyRB/JEnoP74DF4CV6/WseC0cwq+YHg7RNSiZwX</latexit>

� ! K± + soft
<latexit sha1_base64="YGmCwETJd3qqi7jUO40ATfD/o2E=">AAACDXicbVA9SwNBEN3zM8avqKXNYhQEIdyJYMqAjWATwaiQi2Fus5cs7t4eu3NKOPIHbPwrNhaK2Nrb+W/cxBSa+GDg8d4MM/OiVAqLvv/lzczOzS8sFpaKyyura+uljc1LqzPDeINpqc11BJZLkfAGCpT8OjUcVCT5VXR7MvSv7rixQicX2E95S0E3EbFggE5ql3bDLigFNDSi20MwRt/Ts5swVfTAaSq3OsZBu1T2K/4IdJoEY1ImY9Tbpc+wo1mmeIJMgrXNwE+xlYNBwSQfFMPM8hTYLXR509EEFLetfPTNgO45pUNjbVwlSEfq74kclLV9FblOBdizk95Q/M9rZhhXW7lI0gx5wn4WxZmkqOkwGtoRhjOUfUeAGeFupawHBhi6AIsuhGDy5WlyeVgJ/EpwflSuVcdxFMg22SH7JCDHpEZOSZ00CCMP5Im8kFfv0Xv23rz3n9YZbzyzRf7A+/gGGWCbiQ==</latexit><latexit sha1_base64="YGmCwETJd3qqi7jUO40ATfD/o2E=">AAACDXicbVA9SwNBEN3zM8avqKXNYhQEIdyJYMqAjWATwaiQi2Fus5cs7t4eu3NKOPIHbPwrNhaK2Nrb+W/cxBSa+GDg8d4MM/OiVAqLvv/lzczOzS8sFpaKyyura+uljc1LqzPDeINpqc11BJZLkfAGCpT8OjUcVCT5VXR7MvSv7rixQicX2E95S0E3EbFggE5ql3bDLigFNDSi20MwRt/Ts5swVfTAaSq3OsZBu1T2K/4IdJoEY1ImY9Tbpc+wo1mmeIJMgrXNwE+xlYNBwSQfFMPM8hTYLXR509EEFLetfPTNgO45pUNjbVwlSEfq74kclLV9FblOBdizk95Q/M9rZhhXW7lI0gx5wn4WxZmkqOkwGtoRhjOUfUeAGeFupawHBhi6AIsuhGDy5WlyeVgJ/EpwflSuVcdxFMg22SH7JCDHpEZOSZ00CCMP5Im8kFfv0Xv23rz3n9YZbzyzRf7A+/gGGWCbiQ==</latexit><latexit sha1_base64="YGmCwETJd3qqi7jUO40ATfD/o2E=">AAACDXicbVA9SwNBEN3zM8avqKXNYhQEIdyJYMqAjWATwaiQi2Fus5cs7t4eu3NKOPIHbPwrNhaK2Nrb+W/cxBSa+GDg8d4MM/OiVAqLvv/lzczOzS8sFpaKyyura+uljc1LqzPDeINpqc11BJZLkfAGCpT8OjUcVCT5VXR7MvSv7rixQicX2E95S0E3EbFggE5ql3bDLigFNDSi20MwRt/Ts5swVfTAaSq3OsZBu1T2K/4IdJoEY1ImY9Tbpc+wo1mmeIJMgrXNwE+xlYNBwSQfFMPM8hTYLXR509EEFLetfPTNgO45pUNjbVwlSEfq74kclLV9FblOBdizk95Q/M9rZhhXW7lI0gx5wn4WxZmkqOkwGtoRhjOUfUeAGeFupawHBhi6AIsuhGDy5WlyeVgJ/EpwflSuVcdxFMg22SH7JCDHpEZOSZ00CCMP5Im8kFfv0Xv23rz3n9YZbzyzRf7A+/gGGWCbiQ==</latexit><latexit sha1_base64="YGmCwETJd3qqi7jUO40ATfD/o2E=">AAACDXicbVA9SwNBEN3zM8avqKXNYhQEIdyJYMqAjWATwaiQi2Fus5cs7t4eu3NKOPIHbPwrNhaK2Nrb+W/cxBSa+GDg8d4MM/OiVAqLvv/lzczOzS8sFpaKyyura+uljc1LqzPDeINpqc11BJZLkfAGCpT8OjUcVCT5VXR7MvSv7rixQicX2E95S0E3EbFggE5ql3bDLigFNDSi20MwRt/Ts5swVfTAaSq3OsZBu1T2K/4IdJoEY1ImY9Tbpc+wo1mmeIJMgrXNwE+xlYNBwSQfFMPM8hTYLXR509EEFLetfPTNgO45pUNjbVwlSEfq74kclLV9FblOBdizk95Q/M9rZhhXW7lI0gx5wn4WxZmkqOkwGtoRhjOUfUeAGeFupawHBhi6AIsuhGDy5WlyeVgJ/EpwflSuVcdxFMg22SH7JCDHpEZOSZ00CCMP5Im8kFfv0Xv23rz3n9YZbzyzRf7A+/gGGWCbiQ==</latexit>

increasingly rare
photo-nuclear

... Hard Track

ECal Energy
ECal Feature
HCal Hits

Extra Tracks

LDMX design paper, fig 12, https://arxiv.org/abs/1808.05219, & additions from R. Pöttgen

https://arxiv.org/pdf/1808.05219.pdf
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Testbeam dataset
CERN East Area, T9 beamline • March-April 2022

★ Electrons 


• >100k at 500 MeV, 1 GeV, 2 GeV, 4 GeV, 8 GeV


★ Pions 


• >100k at 500 MeV, 1 GeV, 2 GeV, 4 GeV, 8 GeV 


• >100k samples at 4 different positions along HCal bar for position reconstruction studies 


• Samples at 100 MeV, 200 MeV, 300 MeV, 400 MeV 


★ Muons 


• >1M at 4GeV 

ICHEP2022: LDMX 40

CERN test beam, March-April 2022
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HCal readout manifold
SiPM Mounting Block (SMB) and Counter Motherboard (CMB)

ICHEP2022: LDMX 41

LED port

Screw hole 

(circular)

SMB CMB

SiPM

Screw hole 

(rectangular)

Screw hole 

(circular)

LED

HDMI port 

(other side)

Front panel with SiPMs visible

SiPM LED port/LED

Screw hole 

(rectangular)

Screw hole 

(circular)

Backside of control board, showing HDMI port & SiPM probe points

SiPM contacts (probe points)

CERN test beam, March-April 2022
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Backplane
HGCRoc and FPGA

★ 4 HGCRoc boards per backplane 


★ Each HGCRoc chip has 2 ~independent 

halves 


• Each HDMI connection = 4 readout 

channels


★ 2 halves/board x 4 boards → 8 ROC 

“true/false” during readout configuration

ICHEP2022: LDMX 42

Mezzanine card

Contains the FPGA

HGCRoc

HDMI port

Backplane

HGCRoc board HGCRoc board

Mezzanine 

card

CERN test beam, March-April 2022
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Happy searching!


