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How to make sub-GeV scale DM
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To probe models consistent with observed relic abundance:  electrons on target (EoT)1014 − 1016

+ measure each of them individually!

—> Special beam!
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Dedicated beamline completed in late 2025 (~$17M, DOE)

S30XL/LESA  
Beamline

Existing A-
Line

S30XL Kicker

End Station A

LCLS

— existing LCLS 
— existing ESA 
— S30XL/LESASLAC Linac

5

arXiv:2205.13215

LESA: Linac to End Station A

Energy: 8 GeV (start 2027), 4 GeV until 2025 

Bunch frequency: ~40 MHz (186 MHz) 

With <µ> = 2: 4x1014 EoT in 12 months

J NIMA (2026) 171709Milestone early 2025: Dark current characterisation

Parasitic!

https://inspirehep.net/literature/2087919
https://www.sciencedirect.com/science/article/pii/S0168900226004353?via=ihub
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LESA: Linac to End Station A

28 Nov 2025: First beam to ESA since 2018 (FEL pulse)
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LDMX Experiment
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Figure 3.1: Overview of the LDMX detector solid model.

a thin tungsten target interposed between them. Behind the SRT is a compact and highly segmented Si-W1

electromagnetic calorimeter (ECal) with excellent MIP sensitivity that is surrounded by a large scintillator-2

based hadronic veto system (HCal) with low energy thresholds. Two important details follow from this3

picture. First, because the beam passes directly through the trackers and into the ECal, these detectors4

must contend with high radiation doses corresponding to 10
16 EoT. To mitigate this issue, and also reduce5

the peak occupancies in these devices, a large, rectangular beamspot with an area of 16 cm2 is used. As a6

result, only the ECal has challenging requirements for radiation tolerance. Second, the rates in the detector7

prohibit streaming readout: a fast trigger is required. Because signal events have unusually large missing8

energy in the ECal, and such events are very rare, the simplest strategy is to trigger on low energy in the9

ECal. To set an appropriate energy threshold for this trigger, the number of incoming electrons in each10

beam bunch must be known. This can be easily accomplished with an array of small scintillator bars – a11

Trigger Scintillator (TS) system – placed in the path of the beam to count the number of incoming electrons12

in each bunch.13

These detector subsystems – Beamline and Magnet, Trigger Scintillator, Tracking, ECal and HCal –14

along with the trigger and data acquisition electronics (TDAQ) and the software and computing environment15

required for simulation and analysis of the data define the scope of the technical systems for the experiment16

that have been developed under the DMNI project in preparation for construction. The following provides17

an overview of the technical details of these systems.18

3.2 Requirements19

To achieve the objective of recording high-missing energy events, the ability to resolve the ECal responses20

to individual electrons sets the overall ceiling on the beam repetition rate (. 40 MHz) as well as limiting21

30

Hadronic 

Calorimeter

Magnet

Electromagnetic 
Calorimeter

Tracking 
& Target

Draw on proven designs:  
- Tracker: HPS SVT 
- ECal: CMS HGCal 
- HCal: Mu2e CRV 
- TS: CMS HCal 

Want more details?

arxiv:2508.11833

+ Verena Hehl’s 
talk on HCal 
Electronics!

https://arxiv.org/abs/2508.11833
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Main Background Source (Much less rare)

Sampling 
Calorimeters

E < EBeam

Beam

Target

TrackingX
—> ∆p

?

Many possible fates of the 

photon.

Our studies: We can reject 

photon-induced backgrounds 

down to 10-13.
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Figure 2.5: Left: The expected sensitivity of LDMX (thick red), a 4 · 1014 EoT pilot run (thick dashed red),
and an early running EaT analysis in 3 · 1013 EoT (thick dashed orange) compared with constraints (shaded) from
[35, 18, 36, 8, 6, 37, 20, 38], with expected near-term analyses (dashed) and long-term projections (dotted) from
ongoing experiments NA64 (blue) and Belle II (magenta), DMNI project CCM (green), and COHERENT detectors
at Neutrino Alley (dark green). NA64 projections are scaled from [37] assuming zero background and unchanged
acceptance for the maximum 3 × 1012 EoT that can be obtained before LS3. We also include a background free
projection for a possible muon beam run currently under discussion at CERN for 2 × 1013 MOT (possible by early
2030’s), though this does not probe the electron interactions that LDMX measures; CCM projections are scaled from
[19] to 2.8 events in 1 and 3 years respectively; COHERENT projections are from [20] and Belle II curves from
the Snowmass whitepaper [39] (the dotted line terminates at masses below which unknown systematics dominate
and increasingly degrade sensitivity). We note that while there are more recent results e.g. from NA64 [29] and
COHERENT [40] they do not surpass the projections shown here. Right: Milestones for thermal relic freeze-out
and asymmetric fermion DM in electron-recoil direct detection, which vary over 20 orders of magnitude depending
primarily on whether the structure of DM-SM interactions induces velocity-independent (dotted), v2-suppressed
(solid), or 1-loop (dashed) scattering. LDMX sensitivity can also be mapped onto this parameter space for each
scenario (for LDMX, only dark brem sensitivity is shown here). Direct detection constraints are taken from [41] and
the solar reflection constraint from [42]. We note that while more recent direct detection results exist, e.g. Ref. [43],
they do not change the overall message of this figure.

The broad complementarity between low-threshold direct detection and LDMX extends beyond the
thermal freeze-out paradigm. For example, IR freeze-in through an ultra-light mediator [48, 49, 50] has
couplings well below LDMX’s sensitivity, but can be observable in direct detection because low-momentum
scattering is enhanced. By contrast, UV-dominated freeze-in [51, 52, 11] produces observable signals at
LDMX without a direct detection signal. The overarching conclusion from these model-specific
comparisons is that the physical parameter spaces for dark matter detection in accelerators
and direct detection are fundamentally different and highly complementary.

2.4 Additional Physics Opportunities with LDMX

2.4.1 Broader Potential of the Missing Momentum Signature

2.4.1.1 Spin-1 Dark Matter

Although considerably less studied than scalar, pseudoscalar, or fermionic DM, models for light spin-1
DM with a mass in the MeV to GeV range have attracted considerable attention over the past few years [53,
54, 55, 56, 57, 58, 59, 60]. Here, we consider both a set of simplified models for light spin-1 DM that extends
the SM by a spin-1 DM candidate and a spin-1 particle mediator only, and an ultraviolet complete model
based on a non-abelian gauge group where DM is a strongly interacting massive particle (SIMP). For details

15

arxiv:2508.11833
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and an early running EaT analysis in 3 · 1013 EoT (thick dashed orange) compared with constraints (shaded) from
[35, 18, 36, 8, 6, 37, 20, 38], with expected near-term analyses (dashed) and long-term projections (dotted) from
ongoing experiments NA64 (blue) and Belle II (magenta), DMNI project CCM (green), and COHERENT detectors
at Neutrino Alley (dark green). NA64 projections are scaled from [37] assuming zero background and unchanged
acceptance for the maximum 3 × 1012 EoT that can be obtained before LS3. We also include a background free
projection for a possible muon beam run currently under discussion at CERN for 2 × 1013 MOT (possible by early
2030’s), though this does not probe the electron interactions that LDMX measures; CCM projections are scaled from
[19] to 2.8 events in 1 and 3 years respectively; COHERENT projections are from [20] and Belle II curves from
the Snowmass whitepaper [39] (the dotted line terminates at masses below which unknown systematics dominate
and increasingly degrade sensitivity). We note that while there are more recent results e.g. from NA64 [29] and
COHERENT [40] they do not surpass the projections shown here. Right: Milestones for thermal relic freeze-out
and asymmetric fermion DM in electron-recoil direct detection, which vary over 20 orders of magnitude depending
primarily on whether the structure of DM-SM interactions induces velocity-independent (dotted), v2-suppressed
(solid), or 1-loop (dashed) scattering. LDMX sensitivity can also be mapped onto this parameter space for each
scenario (for LDMX, only dark brem sensitivity is shown here). Direct detection constraints are taken from [41] and
the solar reflection constraint from [42]. We note that while more recent direct detection results exist, e.g. Ref. [43],
they do not change the overall message of this figure.

The broad complementarity between low-threshold direct detection and LDMX extends beyond the
thermal freeze-out paradigm. For example, IR freeze-in through an ultra-light mediator [48, 49, 50] has
couplings well below LDMX’s sensitivity, but can be observable in direct detection because low-momentum
scattering is enhanced. By contrast, UV-dominated freeze-in [51, 52, 11] produces observable signals at
LDMX without a direct detection signal. The overarching conclusion from these model-specific
comparisons is that the physical parameter spaces for dark matter detection in accelerators
and direct detection are fundamentally different and highly complementary.

2.4 Additional Physics Opportunities with LDMX

2.4.1 Broader Potential of the Missing Momentum Signature

2.4.1.1 Spin-1 Dark Matter

Although considerably less studied than scalar, pseudoscalar, or fermionic DM, models for light spin-1
DM with a mass in the MeV to GeV range have attracted considerable attention over the past few years [53,
54, 55, 56, 57, 58, 59, 60]. Here, we consider both a set of simplified models for light spin-1 DM that extends
the SM by a spin-1 DM candidate and a spin-1 particle mediator only, and an ultraviolet complete model
based on a non-abelian gauge group where DM is a strongly interacting massive particle (SIMP). For details
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The broad complementarity between low-threshold direct detection and LDMX extends beyond the
thermal freeze-out paradigm. For example, IR freeze-in through an ultra-light mediator [48, 49, 50] has
couplings well below LDMX’s sensitivity, but can be observable in direct detection because low-momentum
scattering is enhanced. By contrast, UV-dominated freeze-in [51, 52, 11] produces observable signals at
LDMX without a direct detection signal. The overarching conclusion from these model-specific
comparisons is that the physical parameter spaces for dark matter detection in accelerators
and direct detection are fundamentally different and highly complementary.

2.4 Additional Physics Opportunities with LDMX

2.4.1 Broader Potential of the Missing Momentum Signature

2.4.1.1 Spin-1 Dark Matter

Although considerably less studied than scalar, pseudoscalar, or fermionic DM, models for light spin-1
DM with a mass in the MeV to GeV range have attracted considerable attention over the past few years [53,
54, 55, 56, 57, 58, 59, 60]. Here, we consider both a set of simplified models for light spin-1 DM that extends
the SM by a spin-1 DM candidate and a spin-1 particle mediator only, and an ultraviolet complete model
based on a non-abelian gauge group where DM is a strongly interacting massive particle (SIMP). For details
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Several Electrons (Pile-Up)
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Trigger based on missing energy:   
Emiss

th = neEbeam − EECal

—> Measure  event-by-eventne

Trigger Scintillator

—> Understand 
overlapping signals 
in ECAL

Need to handle higher electron multiplicities!

Promising first results in Design Report, more work to do

(See backup for LU work)
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LK Bryngemark, RP, Hans Alin, with studentsUnderstand overlapping signals in ECAL

Neural Nets for hit 
assignment in Showers

Eliot Montesino Petrén, MSc 

22

The configuration was based on the ldmx-sw in-time pile-up validation workflow
[35]. Poisson sampling (of electron multiplicity) was disabled: every output contained
one main electron and either one or two overlaid electrons. Disjoint input source files
were assigned so that no simulated electron was reused in the generated multi-electron
sample, a principle of unique simulated electrons in every input event were held. The
production logic details is found in Appendix 7.1.

Figure 12 provides an example view of this construction. The 1e event contains one
electron shower, whereas the 2e and 3e events contain several truth-labelled hit groups
in the same readout Their spatial overlap is the hit-classification problem addressed in
this thesis.

Figure 12. Three-dimensional ECal event displays of randomly selected 1e, 2e and 3e events. Each marker represents
a selected ECal hit and is coloured by the electron origin with the largest summed deposited-energy contribution
to that hit. Noise hits are omitted and only simulation truth is shown; the event displays also represent a would-be
perfectly predicted electron shower separation.

The target of 107 events for each pile-up multiplicity was selected to provide a large
independent pool for model development and the study of infrequent reconstruction
failures. The resulting dataset contains 10

7 events of each multiplicity. This sample size
is not a direct test of the experiment-level background rejection required by LDMX:
those requirements are process-specific and can reach twelve orders of magnitude for
backgrounds associated with few-GeV bremsstrahlung [36]. The overlay release in-
cluded an origin-identifier fix implemented by the author so that source-electron labels
remain available after overlay [37]. Table III summarises the generated samples.

Table III
SIZES AND CONSTRUCTION OF THE INCLUSIVE (NON-SIGNAL) EVENT SAMPLES.

Sample Event construction Events per file Total events Release
1e Inclusive event 8GeV beam 104 → 109 ldmx-sw v4.6.2
2e 1 main + 1 overlay electron 104 107 ldmx-sw v4.7.3
3e 1 main + 2 overlay electrons 5↑ 103 107 ldmx-sw v4.7.3

43

Figure 22. Distribution of permutation-aligned event hit accuracy for the 100,000 2e and 100,000 3e test events.
Every event contributes equally to the histogram and box-plot summary. Dashed lines indicate the sample medians.

The confusion matrices in figure 23 show pooled hit accuracy, which means we
are inspecting the model performance for predicting individual hits rather than whole
events, and the accuracy is still reported as permutation invariant where the global swap
that yielded the highest accuracy classifying the electron into groups is considered. The
predicted group is still reported in the original canonical ordering and from the 3e events
it is apparent that the performance is weaker in predicting the origin electron with the
label 2. This is not a coincidence as this electron shower is the one with a centroid in
between the other two in the y-direction. This explains why the accuracy is lower for
the hits that belong to this shower, it is placed in between two showers and it should
thus have more overlap and hits that are in between the showers have higher ambiguity.
The confusion also show that for incorrect label predictions, the origin electron label
is most likely to be confused with the nearest electron shower. The confusion matrices
implies that closeness of the showers makes them harder to separate, this will be studied
in subsequent parts.

The pooled hit accuracy across all layers of the ECal does not tell the whole story,
as it is evident that there is a decrease in the last twelve ECal layers, visible for both
multiplicities. The pooled accuracy is 0.705 for 2e and 0.565 for 3e, compared with
0.844 and 0.751 in layers 1–20, and these are very close to the accuracy across all layers,
mainly because most hits occur in this grouping. Layers 21–32 contain only 1.45% and
1.51% of the respective test-set hits, so their lower accuracies does not have the same
statistical weight as the all-layer result, but there are enough to state that the models
perform worse in the layers furthest in the ECal. This is likely due to the fact that the

Pile-up removal
Hans Alin, Ph.D. student
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Computing and software development at LU
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Lightweight Distributed Computing System (LDCS):  

For small-scale experiments that do not have THE GRID, but 
still need larg-ish, shared simulations + proper bookkeeping

arxiv:2105.02977

CASTALIA (Einar Elén, Pico Sarmiento) 

Interface that allows mix-and-match of features from PYTHIA8 
and Geant4, circumvents the usual factorisation of the two 

Paper coming soon!

https://arxiv.org/abs/2105.02977


Other Recent and Upcoming Milestones
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CERN Testbeam 
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2022: HCal (and trigger scintillator) beam tests at CERN

Figure 12. Example event display from the 3.0 GeV 𝐿→ dataset. Vertical bars (odd layers) and horizontal
bars (even layers) are shown separately.

Figure 13. Total energy distributions for 0.5 GeV, 1.0 GeV, and 4.0 GeV 𝐿→ events, comparing data and
simulation.
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connections for up to 16 HDMI cables. A custom backplane PCB hosts up to four H2GCROC116

boards, and a Polarfire FPGA Mezzanine card providing the communication with the DAQ, trigger,117

clock, and control!. The H2GCROC chip configuration and SiPM bias control on the CMBs were118

managed from the Mezzanine card over an I2C interface. Two backplane boards, each with three119

H2GCROC boards, were used for the prototype readout, for a total of 384 read-out channels.120

Eight digitized samples, spaced by 25 ns, are read out every event. The H2GCROC utilizes a121

preamplifier to convert input charge to an output voltage pulse, sampled by an Analog-to-Digital122

converter (ADC) every 25 ns. The amplitude of the preamplifier pulse is proportional to the input123

charge until a saturation point. After the saturation point, the width of the preamplifier pulse124

becomes proportional to the input charge. For such large pulses above a configurable voltage125

threshold, a time-over-threshold (TOT) measurement is made to extend the dynamic range in the126

saturation region.127

Due to the timing of individual particles in a spill being unsynchronized to the H2GCROC128

clock, there was an inherent time jitter between pulses reaching the readout compared to the regular129

40 MHz sampling in the ADC. At LCLS-II, the sampling frequency will be synchronized to the130

37.2 MHz accelerator brunch frequency and the phase of the ADC would be tuned to always sample131

near the peak of pulses, which would improve the energy resolution for pulses within the ADC132

dynamic range.133

3 Calibration134

A channel-by-channel tuning of the H2GCROC was performed to equalize the ADC pedestal levels135

around 100 ADC, still leaving 90% of the dynamic range in the 10 bit ADC.136

Figure 4. The pedestal-subtracted sum of ADC distribution in an example channel, from a high-statistics run
with a 4 GeV muon beam. A Landau-Gaussian distribution is fit to this distribution and the most-probable-
value (MPV) of the fit will be used for the conversion from sum of ADC to MIP equivalents.

!The LDMX HCal backplane now uses the ECON-D/ECON-T concentrator and lpGBT serializer/deserializer ASICs,
like the CMS HGCAL, instead of the Polarfire FPGA.
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Figure 3. Readout electronics consisting of one backplane board, two H2GCROC boards each with 16
HDMI cables connected (another two H2GCROC boards are mounted on the other side of the backplane),
and one Polarfire FPGA mezzanine board.

and scintillator paddles at the exit of the beam line to produce a fast trigger signal (see [5] for97

details). The pressure in the !erenkov detectors can be adjusted to discriminate between electrons,98

pions and heavier particles, which, in coincidence with the scintillator paddle signal, is used to99

trigger on the desired particle species.100

A Geant4 Monte Carlo simulation of the prototype is performed within the LDMX simulation101

and analysis software framework [1], using the Geant4 FTFP_BERT physics list. Simulated energy102

deposits in the scintillator bars are passed to a simplified light propagation model, simulating timing103

and attenuation of the signals. The analog front-end and digitization electronics are emulated, using104

pedestal levels, noise, gain, and dynamic range matched with the real detector prototype as input105

conditions. The simulated beam travels collinearly with the beam axis, and has a Gaussian beam106

spot with 𝐿 = 5 mm for the electron samples and 𝐿 = 500 mm for the defocused muon samples.107

2.3 Readout and DAQ108

Four SiPMs are mounted to each end of the quad-counters together with LEDs for calibration109

flashes into the scintillator, in a unit called the Counter Mother-Board (CMB), which borrows its110

design from the Mu2e experiment’s Cosmic Ray Veto [6]. The SiPM signals are transmitted to the111

readout electronics via commercial HDMI cables, which also carry SiPM and LED voltage bias,112

LED flashing trigger signals, and communication with a temperature sensor on the CMB.113

The High Granularity Calorimeter Read Out Chip (H2GCROC) ASIC [7] from the CMS114

Phase-II upgrade is used to digitize the signal. It is mounted on a custom H2GCROC board with115
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Paper on HCal results coming soon

Preliminary

Preliminary

Large fraction of LunDMX on site, Erik Wallin lead analyser HCal
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ESA Slice-Test
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Late 2025: Setup with prototypes/DAQ for all subsystems in End-station A (where LDMX will be)

3 GeV electrons hitting HCal scintillators

Learned a lot about subsystems and beamline.

CJ Barton & Erik Wallin on site, Hannah Herde co-coordinator
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Coming up
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For now: Cosmics test with h/w from CERN+ESA test beam (Fall 2026)

Geometry implementation & simulation

LCLS-II shut down since end of 2025, upgrade to 8 GeV
Expected back: Summer 2027 —> Beam tests with more complete detector setup

sections of the HCal prototype had di!erent MPVs. An additional factor that could be
causing an incorrect digitization and reconstruction of the simulated data is that, unlike
the side HCal, the HCal prototype has a double-ended readout.

In order to verify or deny these possibilities, further investigation and understanding
of how the HCal geometry is interpreted and used in ldmx-sw is required.
Because of the unusual results acquired when using HcalDigiproducer and HcalRecPro-
ducer; HcalSimpleDigiAndRecProducer was used for the rest of the analysis.

5.3 Detected energy vs polar angle

Figure 20: Detected energy in bars vs polar angle.

Figure 20 shows the detected energy in the scintillator bars with respect to the polar
angle of the incoming muons. Most cosmic muons that enter the HCal prototype will
have small polar angles and therefore travel through approximately 20 mm of material in
each scintillator bar, which should result in an energy deposition of 4.66 MeV. As the angle
increases, the muons pass through more material, causing them to deposit more energy
per scintillator bar. As expected, there is a MIM-band that increases approximately
proportional to ω2. However, at small polar angles, the muons do not deposit 4.66 MeV,
but instead around 3.6 MeV, as presented in Table 4. Thus, the MIM-band is located
lower than theory suggests. Instead of depositing 0.233 MeV/mm, the muons deposit
only 0.180 MeV/mm. This result is similar to observations made by an earlier student
who studied cosmic muon interactions with the HCal. In this study, the observed energy
deposition was 0.170 MeV/mm [9]. A possible explanation to the energy discrepancy
was that daughter particles decayed and deposited some energy in the absorber layers.
Observing similar results in a detector that does not include absorber layers may point
to the exclusion of this idea. Instead, as also suggested by the other student, the energy
the muons deposit in the scintillator bars might be lower than previously thought.

21

Wilde Hedin, BSc

}

https://lup.lub.lu.se/student-papers/search/publication/9246704
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• LDMX powerful tool to search for sub-GeV dark matter 

• Recent milestones in detector development and physics studies 

• LU group actively contributing in various areas 

• More detector tests during 2026/27
More information: 
LDMX Confluence Webpage (with links to talks etc.)

ECal as Target analysis JHEP12(2025)150
LESA Dark Current  J NIMA (2026) 171709

Snowmass contributed White Paper: arxiv:2203.08192 

Looking forward to new 
things to share next year!

LDMX White Paper: arxiv:1808.05219

Photon Veto Paper, 4 GeV: J. High Energ. Phys. 2020, 3 (2020) 

New physics with LDMX: Phys. Rev. D 99, 075001

Photon Veto Paper, 8 GeV: JHEP12(2023)092

Visible signatures  JHEP08(2026)062
Design report  arxiv:2508.11833

Electro-nuclear measurements for DUNE: PhysRevD.101.053004

https://confluence.slac.stanford.edu/display/MME/Light+Dark+Matter+Experiment
https://link.springer.com/article/10.1007/JHEP12(2025)150
https://www.sciencedirect.com/science/article/pii/S0168900226004353?via=ihub
https://arxiv.org/abs/2203.08192
https://arxiv.org/abs/1808.05219
https://link.springer.com/article/10.1007/JHEP04(2020)003
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.075001
https://link.springer.com/article/10.1007/JHEP12(2023)092
https://link.springer.com/article/10.1007/JHEP08(2026)062?utm_source=rct_congratemailt&utm_medium=email&utm_campaign=oa_20260822&utm_content=10.1007/JHEP08(2026)062
https://arxiv.org/abs/2508.11833
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.053004


Thank you!

[Craig Group & Son]

 H. Herde (Lund)

LDMX Collaboration
Lund University and 9 US institutions 

16! in LDMX |

Crafoord foundation 

Reading list:  
• Åkesson, Torsten et al. 2022. “Current Status and Future Prospects for the 

Light Dark Matter eXperiment.” arXiv. https://doi.org/10.48550/
arXiv.2203.08192.


• Åkesson, Torsten et al. 2023. “Photon-Rejection Power of the Light Dark 
Matter eXperiment in an 8 GeV Beam.” Journal of High Energy Physics 12 
(12): 092. https://doi.org/10.1007/JHEP12(2023)092.


• Bryngemark, Lene Kristian et al. 2021. “Building a Distributed Computing 
System for LDMX: Challenges of Creating and Operating a Lightweight e-
Infrastructure for Small-to-Medium Size Accelerator Experiments.” EPJ 
Web of Conferences 251:02038. https://doi.org/10.1051/epjconf/
202125102038.
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Measure  event-by-eventne LK Bryngemark with students

mm, and the bar width remains 3.05 mm. A decreased number of y bars1 conserves the number
of readout channels even after adding x bars, while not causing gaps, since the second layer
(3 mm width) covers this space. Furthermore, this also allows electrons to hit only one layer
of y bars most of the time, which helps reduce scattering e!ects from the material that can
potentially increase with the addition of another layer.

The final layer works with two sets of 8 vertical bars, in a 2x1 layout. However, this last
layer has a di!erence between pads, which also allows the electrons to be divided into 4 groups
along the y axis (explained in section 2.3.2). Each set of bars in each layer has a di!erent length
distribution along the y axis. Each fourth of length along the y axis is defined as one quad (such
that there are 4 quads). For the first pad, each bar occupies half of the length along the y axis.
For the second pad, the bars follow a 75/25 length distribution, and this distribution is reversed
for the third pad (Figure 3b).

(a) First pad full geometry (b) Layout of the vertical bars for each pad2

Figure 3: Alternative geometry layout: purple/light blue = first two layers of y bars; orange/red
= upper/lower x bars in the final layer.

When there are multiple electrons through the same quad, the precision is reduced. This is
the reason why we use quads. As the example on the left side of Figure 4 shows, when there are
hits along two di!erent vertical and horizontal bars, one is unable to match the pairs. With the
use of 4 di!erent quads, it is possible to avoid this for around 3/4 of the cases, since they are in
di!erent quads (Figure 4, right side).

1
From here on, the horizontal bars will be called y bars since they give the position along the y axis, and the

same applies for the vertical bars.
2
Opacity of the horizontal bars is set to a low value.

7

Add vertical TS bars

Figure 19: Y tracks: Position comparison for 2 electrons/event

Figure 20: Y tracks: Uncertainty along y comparison for 2 electrons/event

Geometry sx [mm] sy [mm]
Baseline 15.00 0.25
Alternative (NC) 6.47

0.97
Alternative (LC) 5.66

Table 6: Y tracks: Uncertainty average for 2 electrons/event

21

Pattern-based electron counting

The TS comprises three modules, all connected to a support plate which also houses
the STT, located between modules 2 and 3. The first two modules are closely positioned,
while the third lies further downstream just in front of the target. The construction of the
TS—not including the STT and target—is shown in Figure 3. Each module is built from
two staggered columns of 24 PVT scintillator bars, for a total of 48 bars per module. The
columns are o!set such that a beam electron cannot pass through the TS without being
detected at every module. A thin layer of reflective film surrounds each bar to prevent
photon leakage between the transparent scintillators. Located behind each module, on
the opposite side of the support plate to minimize interaction with beam electrons, sits a
Silicon Photomultiplier (SiPM) board. Light pipes connect each bar to the boards.

Figure 3: TS setup indicating three modules, scintillator bars, light pipes, support plate.
SiPMs are hidden on the other side of the plate. Readout electronics not included.

An electron passing through a bar results in a number of scintillated photons, referred
to as a hit. The SiPMs give each hit an associated photoelectron (PE) count, which acts as
a quantization of the hit’s energy deposition. Frontend electronics sit coupled to the SiPMs
on the other side of the support plate, responsible for converting the SiPM output to ADC
(Analog-to-Digital Converter) and TDC (Time-to-Digital Converter) values, representing
the PE count and the timing of each hit, respectively[3].

5

LUT Threshold ωT rk /% rfake /%

0.0 99.73 0.2604
0.0002 99.72 0.09464
0.0004 99.65 0.01324
0.0005 99.60 0.004065
0.0008 99.37 0.001668
0.0015 99.03 0.001563
0.005 98.15 0.001355

Tolerance algorithm 98.00 0.0007296
0.06 94.57 0.0007296
0.5 76.81 0.0006254

Table 2: Tracking e!ciency ωT rk and fake rate rfake as found for di"erent LUT thresholds
(and tolerance algorithm in red), as seen in Fig. 16 for all hits included.

Figure 16: Tracking e!ciency ωT rk (upper panel) and fake rate rfake (lower panel) for pattern-
LUT tracking method, tested for di"erent LUT thresholds (blue). ωT rk (dashed red line) and
rfake (red points) also displayed for tolerance-method tracking (labeled "Baseline"). All hits
included. The maximum permitted fake rate rmax

fake labeled (lower panel) in green.
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Lucia Kvarnstorm Meissner, BSc 

Ricardo Fernandes, BSc 

Figure 19: Y tracks: Position comparison for 2 electrons/event

Figure 20: Y tracks: Uncertainty along y comparison for 2 electrons/event

Geometry sx [mm] sy [mm]
Baseline 15.00 0.25
Alternative (NC) 6.47

0.97
Alternative (LC) 5.66

Table 6: Y tracks: Uncertainty average for 2 electrons/event

21

Performance studies of default design 
+ exploration of alternative designs

https://lup.lub.lu.se/luur/download?func=downloadFile&recordOId=9241777&fileOId=9241779
https://lup.lub.lu.se/student-papers/search/publication/9232752
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Erik Wallin, CJ Barton, RP with student

Photon Coupling Anton Holmberg, BSc From e.g. long-lived particles, ALPs…
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Figure 2. Feynman diagrams for the production and decay of an A′ (left) and an ALP (a) (right).

recoil electrons, which requires a different triggering scheme from the one described below.
Therefore, this paper will concentrate on the case where the electron coupling is dominant,
projected sensitivity to ALP-γ with an upgraded trigger scheme is presented in [1].

Although the physics governing these two signal modes (A′ and ALP) differ, the signatures
within the LDMX detectors will be similar. Consequently, in this article, we present a single
analysis procedure and apply it to both signal searches. We present a reach estimate for a
visibly decaying, displaced, A′ or ALP using a full detector simulation for the expected run
schedule of an 8GeV electron beam with 1014 EoT. The results of 1014 EoT are extrapolated
to estimate the sensitivity for the full anticipated dataset of 1016 EoT.

2 Detector components

A mechanical mock-up of the full detector apparatus is shown in figure 3. LDMX will utilize
a low current, high duty-factor 8GeV electron beam fired at a thin (0.1 X0) tungsten target.
The tracking system consists of one silicon-strip tracker upstream of the target (the tagging
tracker) and one downstream of the target (the recoil tracker) to measure the multiplicity,
positions, and four-momenta of charged particles with p → 50MeV. Downstream of the tracker
is the ECal, which measures the energy of the recoil electron and other interaction products.
The ECal is a high-granularity, high-density silicon-tungsten sampling calorimeter, capable of
full electromagnetic shower containment at 8GeV and resolving individual products from the
target interaction at 1016 EoT. The ECal is based on the design of the CMS High Granularity
Calorimeter for the CMS Phase-2 upgrade [8].

The HCal is a steel-scintillator sampling calorimeter using the scintillator counter design
from Mu2e’s cosmic ray veto [9]. Each scintillator counter is 50mm wide and 20mm thick
and is co-extruded with a TiO2 reflector coating. A 1.8mm diameter wavelength-shifting
fiber is threaded through each counter. Light produced in the scintillator is collected by
the wavelength-shifting fiber and read out via silicon photomultipliers on both ends of the
counter. Each 2m-by-2m HCal layer consists of 40 doped polystyrene scintillator counters
glued to a 25-mm thick steel absorber. The counter orientation alternates between layers.
The portion of the HCal surrounding the top, bottom, and sides of the ECal is called the
Side HCal, while the portion behind the ECal is called the Back HCal. LLPs are typically
emitted forward in the detector, so we only consider the Back HCal in this analysis. The
Back HCal begins at 87 cm from the target and extends to 587 cm.
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Figure 5. Left: the signal and background distributions for one of the top performing BDT features,
the average distance of HCal hits from the projected photon trajectory. Right: the Visibles BDT
discriminator value output. Events in these plots have all cuts applied except the Visibles BDT.

closely resemble the hadronic showers of the background. The discriminator threshold for the
Visibles BDT is chosen based on a Figure of Merit (FOM) proposed by Punzi [17]. At the
FOM’s optimal threshold, zero background events remain; however, to ensure more robust
background rejection and to take into account random fluctuations, a slightly higher, more
conservative discriminator threshold is chosen that further reduces the signal efficiency by
5% [18]. This decision acknowledges the inherent variability of the background sampling in our
simulation, but is at the expense of signal efficiency. The choice of discriminator threshold also
provides further background rejection for larger sample sizes like the targeted 1 → 1016 EoT.

4.4 Total background
The set of selection criteria outlined in the earlier sections are tested on the simulated PN and
muon photoproduction events samples discussed in section 3.2. The sizes of these samples
range from 1014–1015 EoT. Table 1 shows how the expected yields of each background change
as each selection criterion is applied. The most challenging backgrounds to veto come from
single, neutral kaons produced in PN reactions in the ECal and decaying to π0 mesons in
the HCal. These events appear signal-like due to their electromagnetic final states. Our
requirement on the Visibles BDT discriminator value vetoes these remaining events. Muon
photoproduction backgrounds are easy to veto due to the presence of MIP tracks, with none
remaining following the requirement on ECal BDT score. For all backgrounds, zero events
remain, and the presented analysis is capable of rejecting all photon-induced backgrounds
at 1014 EoT. In section 5, we discuss our current dependence on simulation and summarize
studies that were carried out to quantify the effect of hadronic modeling uncertainties.

4.5 Signal efficiency
The effectiveness of the detailed selection criteria in identifying signal events is summarized
by the signal efficiencies presented in table 2, and the final signal efficiency as a function of
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Figure 6. 90% CLs sensitivity to ALP-e for LDMX projected for 4 → 1014 EoT and 1016 EoT.
Existing limits from previous experiments [23–25] are shown in the gray shaded region. The solid curve
assumes a mean background of 0.5 events. The dashed curves assume different mean backgrounds
at 1 → 1016 EoT: 0.5 background events (dashed), 5 background events (dotted), and 50 background
events (dash-dotted).

In addition, this analysis focuses on LLPs produced at the target, which must travel ∼1m
before decaying to be fully contained in the HCal. The sensitivity of LDMX to visibly decaying
LLP signatures could be extended to shorter lifetimes by using the ECal as a target [37]
while continuing to utilize the HCal as the primary detector. In addition, the production
of LLPs through the decay of neutral mesons in the ECal would increase the yield of signal
events. An auxiliary search such as this one strengthens the broader physics case for LDMX.

Another method to improve LDMX’s sensitivity to shorter lifetimes is through a recoil
tracker search for “dark tridents” (the recoil electron together with an e+e− pair from a LLP
decay) [38]. This would require a new trigger and a very different analysis approach from
what is presented here, which will be the subject of future work.

When the ALP-γ coupling dominates the kinematics of the outgoing ALP are very
different. The invisible ALP takes a much smaller fraction of the beam energy, consequently,
the majority of events fail the current missing energy trigger. A custom HCAL trigger is
currently under development to achieve an efficiency comparable to that of the ALP-e channel.
Due to the distinct trigger scheme and the differing set of backgrounds requiring mitigation,
this analysis will be discussed in detail in a future publication.
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Focussing on coupling to electrons

Sensitive to new ALP parameter space

Figure 10.3’s logarithmic scale shows that this effect persists throughout several orders of magnitude in 
normalized counts. This implies that the difference is not limited to the distribution’s bulk and is therefore 
present in the tails too.  

The observed energy sharing between the two calorimeters reflects the underlying events kinematics, with 
the relative energy deposited in each calorimeter depending on how the beam energy is distributed between 
the recoil electron and the ALP. 

The combined information from the calorimeters therefore captures correlations that are not accessible 
through single-variable distributions alone. It therefore acts as an efficient input feature for multivariate 
classification methods, in cases where such observables are combined to optimize the separation of the two 
classes.  

The hypotheses of different masses display consistent and physically interpretable trends to the underlying 
physics parameters. This motivates the implementation of multivariate machine learning techniques to 
optimize these correlations. 

10.4 BDT performance 
The analysis’ final stage was composed of 
evaluating the performance of the BDT 
classifier. The BDT was trained using the 
reconstructed observables (Section 7.2) to 
distinguish signal events from background. The 
BDT’s output corresponds to a probabilistic 
score from the collection of decision trees. 

Figure 10.4a shows the distribution of the BDT 
score, with the classifier assigning values close 
to 1 to signal-like events and close to 0 to 
background-like events. The signal distribution 
peaks at high scores, while the background is 
concentrated at lower scores, indicating a strong 
separation between signal and background.  
However, the remaining overlap between the 
distributions illustrates that the chosen 
observables yield robust discriminating power 

Page  of 20 26

Figure 10.3 ( ). Distribution of the HCal-to-ECal energy ratio
 for ALP signal events with corresponding masses..

EHCal /EECal
EHCal /EECal

Figure 10.4a. (BDT score). Distribution of the BDT classifier score 
for ALP signal events with corresponding masses and background 

events.

energy deposits (Section 2.5). Therefore, this mass-separation relationship will be used across the analysis 
and will not be repeated in later sections. 

For this project, simulated events are used, in which event generation and particle interactions are modeled 
within the detector framework. Thus, the analysis is performed on these reconstructed observables, yielding 
information stored in ROOT7 format (a specialized software framework for large scientific datasets, 
statistical analysis, and visualization)3,6. From Section 3, the observables are derived from calorimeter 
information, i.e. ECal & HCal energy deposits, and, furthermore, this approach operates on reconstructed 
ROOT-level data, where detector-level quantities are directly accessible. This means that instead of 
performing full detector reconstruction, relevant observables are extracted from calorimeter hit collections 
using analysis scripts. Therefore, these observables represent simplified, high-level quantities constructed 
from detector hits approximating the underlying electromagnetic shower properties. Consequently, this 
modified LDMX analysis directly connects the underlying ALP decay kinematics to detector-level 
observables, i.e. quantities derived from reconstructed calorimeter information. Although a full event 
reconstruction is not performed, the detector simulation and reconstruction provide calorimeter-level 
quantities that serve as the basis for the observables used in this analysis. Therefore, the extracted features 
represent reconstructed detector responses rather than reconstructed physics objects and the dataset then 
contains signal samples for each different ALP mass (Table 5.1).  

4.2 Detector response: energy deposition in ECal and HCal 
Figure 4.2 illustrates the location of the longitudinal ALP decay. Thus, it shows the decay location derived 
from generator-level information using simulated signal events. This means the extracted information is from 
the simulated signal events in the LHE files (Section 5.1).  

Hence, the distribution extends approximately throughout the decay volume, consistent with the simulation 
setup, in which decay is defined to occur in the HCal region3. This assumption is repeatedly used throughout 
the analysis and motivates interpreting the HCal energy as part of the signal signature. In this analysis, the 
dominant background came from photonuclear interactions, in which high-energy photons interact with 
nuclei in the detector material, producing hadrons and secondary particles. Furthermore, these interactions 
typically yield wider, more diffuse energy deposition in the HCal than purely electromagnetic showers.  

Furthermore, electromagnetic showers are not confined to a specific location, and the secondary particles 
produced in the shower propagate both longitudinally and transversely. In addition, the recoiling beam 
electron typically deposits most or all of its energy in the ECal. Consequently, the detector response consists 
of energy deposited by the recoiling electron in the ECal together with the electromagnetic shower initiated 
by the ALP decay in the HCal. This implies that signal events display energy deposition in both calorimeters, 
as electromagnetic showers may develop throughout detector boundaries depending on the decay location. 
Ultimately, this behavior implies a distinctive energy-sharing pattern between the calorimeters. Conversely, 
in the HCal’s veto-based interpretation, the energy deposited here provides vital information about the event. 
Therefore, the combination of the calorimeters’ energy response provides a key physically observable 
quantity and is directly linked to the decay location. This is a vital feature for constructing the analysis.  
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Figure 4.2. ALP decay location. The position distribution of the decay.

https://lup.lub.lu.se/student-papers/search/publication/9250741
https://link.springer.com/article/10.1007/JHEP08(2026)062?utm_source=rct_congratemailt&utm_medium=email&utm_campaign=oa_20260822&utm_content=10.1007/JHEP08(2026)062
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Background Processes 
Relative rate: 10-2

γ → μμ

10-6

“Easy"

But our studies 
indicate we can do it.

SM brems

Neutral hadrons

10-8Relative rate: 10-12

Kaon production Photo-nuclear reactions with 
only single veto handle  

Not so easy.
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Detailed Geant4 based study of most challenging backgrounds

BDT-based analysis (default*):

*Also GNN and cut-based vetoes in design report

4.2.5 Results and Discussion1

The results of the veto requirements described above are shown in Table 4.2. The veto performance is shown2

for the most challenging background processes, each of which drive the experiment’s physics requirements.3

After all selections, the 10
14 EoT sample of backgrounds is reduced to a negligible level, while maintaining4

signal e!ciencies of 50-68%.5

Two Monte Carlo events from the PN sample remains by construction, as discussed in Sec. 4.2.4.2. This6

event contains an energetic neutrino from kaon decay: a challenging process that is nevertheless reducible7

with ECal MIP-tracking capabilities.8

While we take these results to indicate that LDMX is well positioned to conduct a background-free search9

with 4 → 10
14 EoT, the impact of a modest remaining background is shown in Fig. 4.17. Though some e"ect10

on the projected limit is visible, only the lowest DM masses are impacted, where LDMX anyhow tests the11

complete range of thermal relics due to the large production rate of light A
→s.12
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Thermal targets
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8 GeV, 5.0 ± 5.0 bkg, 10
16 EoT

4 GeV, 0.5 ± 0.0 bkg, 4 → 10
14 EoT

8 GeV, 0.5 ± 0.0 bkg, 4 → 10
14 EoT

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 10

16 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 mω 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 ↑ 50 MeV. The ECal is a highly-granular Si-W sampling calorimeter with 34 layers and a total
depth of 40 X0. 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

Figure 4.17: Projected reach of the missing-momentum search for several possible background levels.

From this study, we conclude that LDMX will be capable of carrying out a robust missing momentum13

search with the Phase 1 data set, delivering order-of-magnitude improvements over the current sensitivity14

to light DM. In the section to follow we build on this work with a number of supporting studies, which15

collectively aim to demonstrate how this search technique may be extended to the ultimate Phase-2 10
16

16

EoT equivalent data sample.17

Cut Number of Background Remaining Signal E!ciency for di"erent mA→

target PN target conv. ecal PN ecal conv. 1 MeV 10 MeV 100 MeV 1000 MeV
EoT equivalent 10

14
10

15
10

14
10

14

All / Acceptance 1,941,296 7,091,907 299,299,867 18,720,663 100% 100% 100% 100%
Triggered 756,661 4,280,536 170,993,364 14,042,193 78.2% 89.6% 91.3% 94.3%

ptagger > 5.6 GeV 745,494 4,224,191 168,725,637 13,856,953 77.1% 88.4% 90.0% 93.0%
Nrecoil = 1 72,927 21,625 154,191,349 12,685,692 72.2% 82.4% 83.0% 72.4%

Ecal BDT > 0.9974 1,529 <1 64,353 <1 52.9% 68.6% 73.1% 67.8%
Nstraight < 3 1,412 <1 61,771 <1 51.8% 67.2% 71.7% 64.3%

HCal maxPE < 8 <1 <1 2 <1 49.9% 64.3% 68.3% 59.3%

Table 4.2: Cutflow with trigger, tracker veto, ECal BDT, HCal veto and MIP tracking cuts, in the target
/ ECal conversion and photo-nuclear events, together with a target electro-nuclear sample as backgrounds,
and signal samples with masses from 1 MeV to 1 GeV.

226

Signal efficiency 50-70% for dark photon benchmark model 
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Several Electrons — Trigger
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3.5 Trigger Scintillator

3.5.1 Introduction and Overview
The TS consists of three arrays of scintillator bars that are used to estimate the number of beam

electrons within each beam pulse. One array of 48 bars will be placed directly upstream of the target while
two other identical arrays will be upstream of the tagger tracker. Requiring a coincidence of hits consistent
with an electron track provides an accurate determination of the number of electrons in each beam pulse.

Each scintillator bar will be connected to a light pipe of the same dimension and read out with an
independent Silicon Photomultiplier (SiPM). The SiPM signals will be digitized by deadtimeless readout
electronics developed for the CMS HCal high luminosity LHC upgrades. These boards produce low noise
charge integrating amplitude measurements and pulse arrival time measurements with 0.5 ns precision. The
front-end electronics will be controlled via a Kria1-based interface that will deliver both fast and slow control
signals to the front end electronics and SiPM boards. Data will be continuously streamed to ATCA trigger
boards over 5 GHz fiber optics, where trigger primitives for the TS are computed and data pipelines are
managed.

Figure 3.27: Model of the tracker, trigger scintillator and target system. The TS modules are shown in cyan,
their front end electronics are in light gray and magenta.

The TS trigger primitives determine the number of electrons incident on the target with high fidelity
and low latency. This is a primary input to online missing energy triggers. The missing energy will be
computed by subtracting the measured energy in the ECal from the nEbeam, where n is the number of
incoming electrons the TS has inferred and Ebeam is the typical energy of a beam electron.

Emiss = nEbeam − EECal (3.1)

In cases where the TS measures more than the true number of electrons, the online missing energy will be
large, having a significantly higher chance of being triggered. These events appear to have “fake” missing
energy and will cause background events to pass the missing energy trigger at an increased rate. In cases
where the TS measures less than the true number of electrons, the online missing energy will be smaller,
making such events fail the trigger thresholds. These events contribute to a signal inefficiency.

1https://www.amd.com/en/products/system-on-modules/kria.html

54

previous beam crossings would lead to a false trigger rate. The efficiency is decreased by 3% for a 1 electron
sample due to the existence of extra hits. We believe we can mitigate this effect with a simple pile-up hit
identification algorithm. The over-counting rate is not affected significantly as we reject hits which have a
TDC which indicates the bar is already above threshold in this sample. There is no observed over-counting
in the 0 electron case. We additionally studied the cases where there was on average 0.001 electrons 5 ns
before the beam arrived. This led to no change in the over-counting rate.

We varied the size of the gap between scintillator bars in simulation to understand the effect of the
geometry on the TS track finding performance. Reducing the gap size from the nominal 0.3mm spacing
slightly reduced the efficiency and slightly increased the over counting rate. Increasing the gap size slightly
reduced the over counting rate, and slightly increased the efficiency up to gap sizes of 0.7mm, after which the
efficiency reduced. Fig. 3.40 summarizes the contents of the confusion matrices. We note that each electron
has a 2% chance of not hitting the target, contributing to the under counting rate.

Figure 3.39: (Left) Reconstructed versus true electron count for nominal geometry with no out of time
pile-up. (Right) Reconstructed versus true electron count with out of time pile-up.

64

arxiv:2508.11833

Avoid electron overcounting 

—> Fake missing energy

https://arxiv.org/abs/2508.11833
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Feb/March 2025: Placed a trigger scintillator module at end of S30 transfer line (S30XL)

—> Measure dark current + demonstrate parasitic running with LCLS-II 

Arrival times of electrons 
within kicker window

Kicker magnet ramping

Transverse 
to beam

Low dark current
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Sufficient electrons
First run: 4x1014 electrons in O(1) year

Eventually: Up to 1016 electrons in O(10) years 

—> Need more than one electron at a time

With only single-e events: 1016 EoT take 60 years

With <µ>=2 and capability to analyse both 1e and 2e events

4x1014 in 12 months 

5x1015 in 12 years 

1016 in 25 years 

With <µ>=2 and capability to analyse up to 4e events
1016 in 12 years 

Beam will have Poisson distribution around mean value <µ>
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Amount Emission Factor Total 
Emissions

Comments
Steel (HCal) ~80t 0.4 - 2.3 [1] 32 - 184 t Depends on supplier, recycling fraction

Aluminum (HCal) ~3t 14.3 (World Average) 
6.5 (North America) [2]

43 t 
19.5t Depends on supplier, recycling fraction

Extruded Polystyrene 
(HCal) ~8t 6.9 [3] 55 t Emission factor not exactly for the extrusion 

process LDMX will use

Silicon (ECal) ~6kg 11.3 (world average) [2] 68 kg

Energy consumption 2 GWh/year 220kg/MWh [4] 440t/year Dominated by magnet, based on numbers for 
CA 2020

LunDMX group's flights 
to SLAC 20/year ~5t/roundtrip 

[5] 100t/year Assuming that e.g. Collaboration meetings 
and shift taking can be combined

LDMX Collaboration 
Meeting 3/year ~70t/meeting 210t/year Assuming location in the US, little 

dependence on where exactly

Operations (24/7) 2700 shifts/
year Depends on institute ~200t/year Very simplistic model for shift distribution, but 

not unrealistic, would mean 40% from LU

Reducing time needed to collect sufficient statistics crucial for reducing emissions! —> Multi-e
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Benchmark Model
Dark (Heavy) Photon (A’) 

• spin-1 particle, mass mA’ ≠ 0 (MeV - GeV)  
• mixes with photon (ε)
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 Four “minimal” LDM 
scenarios:

– Dirac fermion
– (Elastic) Complex Scalar

– Majorana (Inelastic)
 fermion

– (Inelastic) Complex Scalar

Landscape of Scenarios

The four minimal models all have a 
thermal DM parameter range of interest!
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not allowed 
down here!

13

What about MA′ > 2MDM?

Assume abundance of light dark 
matter with dark photon 
interaction is determined by 
thermal origins.

Can calculate minimum cross 
section allowed to avoid producing 
too much DM.

Defines a parameter space with 
clear targets for light DM searches.
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y ≡ dimensionless parameter
controlling cross-section

Oct. 11, 2017David Hitlin                              Brookhaven Forum Oct. 11, 2017 4

Current constraints

• Some assumptions are needed to plot constraints from 
missing mass/momentum/energy experiments

• We choose very conservative parameters: αD = 0.5 and mA/mχ = 3.
• These parameters lead to weak(est) constraints

For smaller values of αD or larger mass ratio, the constraints are weaker, while the 
targets are invariant.

clear experimental 
thermal targets

conservative: ↵D = 0.5
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Interaction strength
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Main background: ‘Ordinary’ bremsstrahlung  
                               of a SM photon
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LDMX Potential

32

Sensitive to rich spectrum of invisible and visible 
signatures of new physics 

• Light (sub-GeV) thermal relic dark matter 
• Dark matter with quasi-thermal origin 

(asymmetric, SIMP/ELDER scenarios) 
• New invisibly decaying mediators in general 

(A’ one example) 
• Displaced vertex signatures                           

(e.g. co-annihilation, SIMP) 
• Milli-charged particles 
• ALPs…

 arxiv:1807.01730 arxiv:2203.08192

In addition: Measurement of photo- and electro-
nuclear processes (for neutrino experiments), e.g. 
Phys. Rev. D 101, 053004

105

BaBar

NA64

(g- 2)e

(g- 2)μ + 2σ

LDMX

Extended LDMX

10-1 100 10 102 103
10-14

10-13

10-12

10-11

10-10

10-9

10-8

10-7

10-6

10-5

mA' [MeV]

ϵ2

Invisibly Decaying Dark Photon (Laboratory Bounds Only)

FIG. 82: Sensitivity to invisibly decaying dark photons (top) and B-L gauge bosons (bottom). The blue
line is the sensitivity of the “Phase I” LDMX run with 4 GeV beam energy and 4 ⇥ 1014 EOT. A scaling
estimate of the sensitivity of the extended run scenario highlighted in Table XIV is illustrated by the red
line.

down (greater sensitivity) and to the left (lower masses). The effective cross-section sensitivity is
model-dependent — for elastic scalar dark matter, LDMX sensitivity maps to higher cross-sections
than those shown in the plot, while for inelastic models (scalar or fermion) LDMX sensitivity maps
to lower cross-sections.
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FIG. 17: LDMX sensitivity to B � L gauge boson via its decay to neutrinos is shown by the solid (dot-
dashed) red line in the gBL � mX plane for a 8 (16) GeV electron beam, 1016 EOT and a tungsten (alu-
minum) target. Regions excluded by beam dumps [92, 110], neutrino scattering experiments [112, 113],
BaBar [19] and SN1987A [151] are shaded in gray. Projections for Belle II and NA64 are also shown as
blue and yellow dashed-dotted lines, respectively.

region of parameter space that can explain the EDGES signal is highlighted in green [126, 149].
We note that LDMX can improve on the SLAC MilliQ and neutrino experiment results, and it
can probe a significant portion of the EDGES-motivated parameter space. While we extend the
LDMX curves to large masses and charges, we expect that for Q� ⇠ e millicharged particles will
deposit energy in the detector through ionization. At this point � behaves as a minimum-ionizing
particle and so the missing momentum technique becomes inappropriate. We also show the sensi-
tivity of the proposed milliQan experiment at the LHC [145] and the reach of the proposed SHiP
experiment [143] as the dot-dashed blue and yellow lines, respectively. Finally, we note that cos-
mological relic millicharges may be constrained from kinetic heating of galactic gas [150]. While
this astrophysical bound is potentially extremely powerful, it is subject to uncertainties relating
to cloud chemical composition and the resulting standard cooling rates, DM distribution, and the
direction and magnitude of galactic magnetic fields.

C. B � L Gauge Bosons Decaying to Neutrinos

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

! ⌫⌫. The LDMX sensitivity to this decay mode is shown in Fig. 17 for a 8 or 16
GeV electron beam, 10

16 EOT, and tungsten and aluminum targets (solid red and dot-dashed red
lines, respectively). The existing constraints from beam dumps [92, 110], neutrino scattering
experiments [112, 113], and BaBar [19] are shown in gray. Projections for Belle II and NA64 are
also shown as dot-dashed lines.

explicitly below, these codes are often not in agreement with
each other. More importantly, they are often also not in
agreement with recent high-statistics data from the
MINERvA experiment, collected in the kinematic regime
relevant to DUNE. For example, the default models in GENIE

seem to significantly overestimate neutron production [12],
mispredict the ratio of charge-current interactions across
different nuclear targets [13], and mismodel single-pion
production [14]. Thus, there is direct experimental evidence
that existing models need to be improved.
Importantly, simple phenomenological tuning of param-

eters within the existing models may not be sufficient. For
example, Ref. [14] reports that no tune could describe all
different exclusive final states in their analysis. Crucially, the
paper also notes that the physical origin of the discrepancies
is difficult to pinpoint, based on only the available data.
This brings us to an important question: what new data are

needed to improve the physics in these generators? A priori,
one might think that all that is needed is more neutrino-
nucleus scattering data, with higher statistics and precision,
as will be collected with the future near detectors. In reality,
while better neutrino data would certainly be desirable, it is
unlikely to be sufficient. To date, neutrino experiments only
have access to broadband beams, extract flux-integrated
cross sections [15–23], and neutrino-energy reconstruction
itself suffers from sizable uncertainties. In turn, the process of
energy reconstruction relies on neutrino generators. The
reason is that even today’s state-of-the-art neutrino detectors
are imperfect calorimeters at several GeV energies, with
event generators being used to fill in themissing information.
Hence, complementary probes that are free from these
limitations are highly desirable for accurately validating
the physical models in event generators.
Precise electron-nucleus scattering data provide just such a

complementary probe. While electron and neutrino inter-
actions are different at the primary vertex, many relevant
physical processes in the nucleus are the same in the two
cases, as discussed below in Sec. II. What electron scattering
offers is precisely controlled kinematics (initial and final
energies and scattering angles), large statistics, in situ
calibrationof the detector response using exclusive reactions,
and a prospect of easily swapping different nuclear targets.
This allows one to easily zero in on specific scattering
processes and to diagnose problems that are currently
obscured by the quality of the neutrino scattering data.
In this paper, we point out that the proposed LDMX (Light

Dark Matter eXperiment) setup at SLAC [24], designed to
search for sub-GeV darkmatter, will have very advantageous
characteristics to also pursue electron-scattering measure-
ments relevant to the neutrino program. These include a
4-GeVelectron beam and a detector with high acceptance of
hadronic products in the ∼40° forward cone and low-energy
threshold. Figure 1 shows the distribution, in the ðω; Q2Þ
plane, of charged-current (CC) events for muon neutrino
scattering on argon nuclei in the near detector of DUNE,

simulated with the GiBUU generator code. As can be
immediately seen, the LDMX coverage in the relevant
kinematic window is excellent. Below, we quantify how
future LDMX data can be used to test and improve physics
models in lepton-nucleus event generator codes.

II. ELECTRON-SCATTERING MEASUREMENTS
AND NEUTRINO CROSS SECTIONS

Let us now define the connection between electron- and
neutrino-nucleus scatteringmore precisely. Superficially, the
mere existence of such a connection is not obvious, since the
weak and electromagnetic forces have a number of important
differences. The differences are immediately apparent in the
elastic scattering regime: while CC neutrino interactions
occuron initial-state neutrons in the nucleus, electromagnetic
scattering also involves initial-state protons (neutrons couple
through their magnetic moments). The situation is similar in
the DIS regime, where the primary vertex is treated at the
quark level: while CCneutrino (antineutrino) interactions are
controlled by the distribution of initial-state down (up)
quarks, electron scattering involves both up and down
quarks. Additional differences come from the chiral nature
of theweak interactions.While the electron-nucleonvertex is
sensitive only to the electric charge distribution inside a
nucleon and its magnetic moment, neutrino scattering also
depends on the distribution of the axial charge. The effect
of this axial coupling is not small; in fact, at 1-GeV neutrino
energy, the axial part of the weak interaction provides a

FIG. 1. Simulated event distribution for charged-current muon
neutrino scattering on argon in the DUNE near detector, shown as
a heat map, compared with the kinematics accessible in inclusive
and (semi)exclusive electron scattering measurements at LDMX.
Blue lines correspond to constant electron-scattering angles of
40°, 30°, and 20°. Green lines represent contours of constant
transverse electron momenta pT of 800, 400, and 200 MeV. As
currently envisioned, LDMX can probe the region with θe < 40°
and pT > 10 MeV (below the scale of the plot).

ARTUR M. ANKOWSKI et al. PHYS. REV. D 101, 053004 (2020)

053004-2

https://arxiv.org/abs/1807.01730
https://arxiv.org/abs/2203.08192
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.053004
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Very different from SM bremsstrahlung, 
the main background
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FIG. 5: Top: Electron energy (left) and pT (right) spectra for DM pair radiation process, at various dark
matter masses. Bottom Left: Selection efficiency for energy cut Ee < Ecut, as a function of Ecut, on
inclusive signal events, The nominal cut is Ecut = 0.3Ebeam.Bottom Right: Selection efficiency for pT cut
pT,e > pT,cut, as a function of pT,cut, on events with 50MeV < Ee < Ecut. In all panels, the numbers next
to each curve indicate A0 mass. Also included in each plot is the corresponding inclusive single electron
background distribution.

Mediator carries most of the energy 

—> soft recoil electron, large missing energy
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FIG. 5: Top: Electron energy (left) and pT (right) spectra for DM pair radiation process, at various dark
matter masses. Bottom Left: Selection efficiency for energy cut Ee < Ecut, as a function of Ecut, on
inclusive signal events, The nominal cut is Ecut = 0.3Ebeam.Bottom Right: Selection efficiency for pT cut
pT,e > pT,cut, as a function of pT,cut, on events with 50MeV < Ee < Ecut. In all panels, the numbers next
to each curve indicate A0 mass. Also included in each plot is the corresponding inclusive single electron
background distribution.

Measurement of pT: strong discriminator AND information about (missing) mass! 
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Figure 4.31: The number of expected signal events after the cuts for 4× 1014 (left) and 1× 1016 EoT (right)
for each model
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arxiv:2508.11833

Assuming 1016 EoT

https://arxiv.org/abs/2508.11833
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Backgrounds
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essentially only 
instrumental backgrounds
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Neutrino Backgrounds
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slide by Natalia Toro

Prompt Neutrino Reactions
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Detector Design
design paper on arxiv     
arxiv:1808.05219

extremely rare signal                     
—> need large statistics
goal: 1014 - 1016 EoT in few years

beam requirements: 
• low current, high duty-cycle

primary, multi-GeV e-beam

leverage techniques from 
existing/planned experiments                                                                                               

detector requirements: 
• high-rate capabilities 
• radiation hard 
• high-granularity
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the first four layers of the recoil tracker are identical to the layers of the tagging tracker and
share the same support and cooling structure, as shown in Figure 16. The key element of this

FIG. 16: An overview of the tracking systems and target inside the LDMX magnet.

upstream support structure is a vertically-oriented aluminum plate onto which the stereo modules
are mounted. To provide cooling, a copper tube through which coolant flows is pressed into a
machined groove in the plate. This support plate slides from the upstream end of the magnet into
precision kinematic mounts in a support box that is aligned and locked in place inside the magnet.
Another similar plate slides into the support box on the positron side of the chamber and hosts the
Front End Boards (FEBs) that distribute power and control signals from the DAQ and digitize raw
data from the modules for transfer to the external DAQ. The last two layers of the recoil tracker,
being much larger, are supported on another structure: a cooled support ring onto which the single-
sided, axial-only modules are mounted. This support ring is installed from the downstream end
of the chamber, engaging precision kinematic mounts in the support box for precise alignment
to the upstream stereo modules. The cooling lines for all three cooled structures—the upstream
and downstream tracker supports and the FEB support—are routed to a cooling manifold at the
upstream end of the magnet which, in turn, connects to a cooling feedthrough with dielectric
breaks on the outside of an environmental enclosure which shields the detector from light and RF
and maintains an environment of dry gas.

Overall, this design is similar to that of the HPS tracker, although with some important simpli-
fications. First, because the radiation dose in LDMX is modest, cooling is needed only to remove
heat from the readout electronics and not to keep the silicon itself cold. Therefore, cooling water
that is close to room temperature can be used and there are no significant issues of differential
thermal expansion to be concerned with. Second, the LDMX detector is in no danger from the
nominal beam, so it does not need to be remotely movable, in contrast to HPS. Finally and most
significantly, the LDMX detector does not need to operate inside the beam vacuum as is the case
for HPS, which greatly simplifies many elements of the design, the material selection, and the
construction techniques. Because the tracking systems are very similar to, but are a significant

~1m

tagger

recoil 

tracker

target

simplified copy of Silicon 
Vertex Tracker of HPS@JLab 
(visible Dark Photon search)

Oct. 11, 2017David Hitlin                              Brookhaven Forum Oct. 11, 2017 17

Electromagnetic calorimeter
The electromagnetic calorimeter is a Si-W sampling device
• Fast, dense and radiation hard
• 40 X0 deep for shower containment
• High granularity, to exploit transverse & longitudinal 

shower shapes to reject background events
• Can provide fast trigger 

The ECAL is based on technology currently being developed 
for the CMS upgrade, which is readiliy adaptable to LDMX 

High granularity enables 
muon/electron discrimination, 
which is important to reject 
γ→ µµ background

ECal: draw on design of CMS SiW HGCal 
• 32 layers with 7 modules each, 40 X0 
• fast, radiation hard, dense 
• high granularity (MIP ‘tracking’)
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FIG. 21: A possible realization of the hadronic veto (HCal) system. Dark areas represent the steel plate
radiators and white areas represent the extruded plastic scintillator bars. The Side HCal, which surrounds
the ECAL, is also shown.

Based on our studies of the backgrounds from hadronic processes, the hadronic veto system
must identify neutral hadrons in the energy range from approximately 100 MeV to several GeV
with high efficiency. The most problematic events typically contain either a single very high energy
neutral hadron, or multiple lower energy neutral hadrons. The required efficiency for lower energy
neutrons can be achieved with sampling thickness of the absorber plates in the range of 10% to
30% of a strong interaction length. To identify single high energy forward-going neutrons, a depth
of approximately 16 nuclear interaction lengths (�A) of the primary steel radiator is required, in
order to reduce the probability for a neutron to escape without interacting to the required negligible
level.
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FIG. 22: Photograph of the end of a 20mm
⇥ 50mm extruded polystyrene bar, coextruded
with a TiO2 diffuse reflecting layer and contain-
ing a single hole for a wavelength-shifting fiber.

FIG. 23: Detail of the front corner of the HCal,
showing the 20mm ⇥ 50mm bars, each contain-
ing a single wavelength-shifting fiber.

for independent monitoring and calibration of each 50 mm bar. In the event of a SiPM failure,
the Counter Mother Boards, which hold the four SiPMs for each quad-bar, can be replaced by
removing two mounting screws. The four SiPM signals are transmitted to a Front End Board
(FEB) on four shielded twisted pairs via an HDMI-2 cable.

A Front End Board (FEB) services 16 CMBs, digitizing a total of 64 SiPM signals. The Read-
out Controller (ROC) chassis, which receives the signals from 24 FEBs, also provides the 48 volt
bias to the SiPMs and the power to the FEBs, all over a CAT 6 cable. The readout of the bars in the
Side HCal is similar to that described for the Main HCal. As the energy of wide angle hadronic
showers is lower, the sampling is reduced to 12.5mm steel and the scintillator bar thickness is also
reduced to 15 mm. This necessitates designing a reduced thickness version of the CMB. The rest
of the FEB to ROC readout chain is unchanged.

The second readout system is based on the CMS hadronic calorimeter system. In contrast to
the Mu2e system, the CMS readout electronics system is a fiber plant scheme where fibers are
taken from the scintillator to a centralized SiPM location called a readout box (RBX). The RBX
is described in more detail below. Signals from wavelength-shifting fibers in the scintillating bars
are transported to the RBX via clear fiber cables. The CMS system can optically gang up to 6 clear
fibers onto a single large area SiPM thus reducing the channel count and effective segmentation.
The light transmission efficiency of the wavelength-shifting fiber-to-clear fiber combination is
approximately 75%.

The clear fibers transport the signal from the scintillating fibers to a readout module (RM). An
RM consists of an optical decoder unit (ODU) which organizes the clear fibers for ganging and is
installed directly onto the SiPM mounting unit. There are 64 SiPMs in a single RM. The SiPM
signals are then sent to the QIE board which includes a QIE11 digitizer ASIC that digitizes the
SiPM signal, which is then sent to the backend electronics via the CERN VTTX transceiver. Four
RMs are contained in one RBX. A schematic of the front-end electronics readout chain is given in

HCal inspired by Minos/Mu2e 
• plastic scintillator with steel absorber 
• readout via WLS fibres 
• optimise for neutral hadron rejection

https://arxiv.org/abs/1808.05219
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Hadronic Calorimeter (probably skip)
• Highly efficient veto of neutral hadrons (n, K0L) 
• Steel absorber (back: 25mm, side: 20mm) 

• Single-neutron inefficiency of 10-6 (17λ) 
• Plastic scintillator (2m x 5cm x 2cm)  
• Read out via SiPMs 
• Readout electronics developed & tested at LU 

—> Verena Hehl's talk
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Figure 3.94: SolidWorks model of the HCal.
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2m
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Combine into ‘quadbars'

Matt Solt

3) Quad-counters fiber inserted

17

Matt Solt

5) Quad-counter QC tests/measurements?

20

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

the full calorimeter. The quad-counter design draws heavily on the di-counter manufactured for the Mu2e
Cosmic Ray Veto, with fabrication techniques optimized to the HCal requirements. The module design has
drawn from the experience acquired during the assembly of detector elements for the MINOS experiment.
The HCal structural elements are reviewed below, while the fabrication and integration procedures are
described in Sec. 3.8.8.

3.8.3.1 Scintillator and Fiber

The scintillator bars are made of STYRON 665 W polystyrene, with 2,5-diphenyloxazole (PPO, 1% by
weight) as primary dopant, and 1,4-bis(5-phenyloxazol-2-yl) benzene (POPOP, 0.05% by weight) as secondary
dopant. A co-extruded TiO2 reflective coating of 0.25 mm nominal thickness surrounds the core. This outer
reflective coating is added through material injected from a second extrusion machine (co-extruder) that
mixes the polystyrene and TiO2 pellets. Each counter also has one co-extruded hole at the bar center of a
nominal 2.6 mm diameter into which wavelength-shifting (WLS) fibers are to be placed. A cross-sectional
view of a bar is shown in Fig. 3.97, where the shape of the counter, the holes, and the TiO2 coating are
visible.

The WLS fiber is a 1.8 mm diameter Kuraray double-clad Y11 fiber doped with 175 ppm K27 dopant [106].
Approximately 10 km of fiber is required by the HCal, and about 11 km of fiber delivered on spools will
be purchased to account for wastage during the fabrication process. Quality tests are performed on the
first 25 m of each spool to compare the absolute light yield and attenuation of light in the fiber. Similar
measurements for the fiber in the Mu2e CRV are documented in Ref. [107].

Figure 3.97: Photo from the end of a typical counter. The shape of the counter, the hole, and the TiO2

coating are visible.

3.8.3.2 Quad-counter

Four scintillator bars are assembled into units called quad-counters. The extrusions are first cut to length
simultaneously using a chop saw fixture. An adjustable stop for tuning the length and squareness of the
cut is placed at one end of the apparatus. Each cut counter is prepared for bonding by scoring the bonding
surfaces using Scotch-Brite. Excess dust is removed, and the surface is cleaned using isopropanol. A vertical
fixture is employed to hold the counters, and the ends of each counter are made flush with one another,
while 3M DP420 epoxy cures to bond them together. Springs apply pressure to the stack to ensure adequate
contact between the bonding surfaces and to minimize the overall curvature of the assembly. Fig. 3.98 shows
four counters in the vertical fixture.

While the quad-bar epoxy cures, wavelength-shifting fibers are inserted into the hole of every extrusion.
Approximately 50 mm to 100 mm of fiber is left protruding from both ends of the extrusions, which aids
in mounting the Fiber Guide Bars (FGBs). A fast-curing epoxy, 3M DP100, is used to fix the fibers within
the holes of the FGB as well as to bond the FGB to the scintillator. The FGB is designed with a funnel-
shaped fiber guide hole to allow for variation in the extrusion fiber hole while registering the fiber position
precisely relative to the SiPM. Each fiber guide bar is checked with go/no-go jigs to ensure that fiber holes
are within size and position tolerances before installation. The installation of an FGB is shown in Fig. 3.98.
Additionally, #4-20 3/8” Plastite screws are used to affix the FGB to the scintillator. The presence of these
screws does not impact the light yield near the ends of the scintillator.

The excess fiber protruding from the fiber guide bars in the previous step is cut off using a nichrome-
wire hot knife. The use of light pressure prevents cracks from developing that would negatively impact
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Figure 3.103: Left: Photograph of the SiPM mounting block (SMB) and the Counter Mother Board (CMB).
Right: Schematics of the CMB.

may read out when followed by an L1 fast command.
In the SiPM version of the HGCROC, an additional circuit denoted the conveyor is placed before all

analog electronics to attenuate the large signal produced in the SiPM, which is not in place in the silicon
version. The strength of the attenuation is variable, from keeping 5% of the signal amplitude in beam
conditions, up to keeping 37.5% when the single photon spectrum of the SiPM is to be resolved. The pre-
amplifier (denoted PA in Fig. 3.105) provides the charge-to-voltage conversion of the incoming pulse, and
the time-constant of the amplifier is responsible for the initial shaping of the pulse. A dedicated shaping
circuit before the ADC is used to further reduce out-of-time pile-up by adjusting the shaping time by ±20%.
Furthermore, the pulse that exits the shaper should ideally be sampled at its maximum to help with pulse
reconstruction. A phase shift may therefore be applied to the timing of the recurring ADC measurements,
to sample the ADC once at the pulse maximum.

The successive approximation analog-to-digital converter provides a 10-bit ADC measurement of the
pulse height every time sample, allowing reconstruction of the signal pulse shape from 8 samples read out
by an L1 trigger signal. For large pulses where the pre-amplifier has a non-linear behavior or if the ADC has
saturated, a TDC measuring the time-over-threshold (TOT) of the pulse is available, counting between 2 and
200 ns, with 10-bit precision. The TOT is linearly correlated to the incoming charge for large pulses, and
may therefore be used to extend the dynamic range of the measurement far beyond the ADC’s saturation,
necessary for reconstructing shower energies in the HCal. An additional TDC measuring the time-of-arrival
(TOA) is available to assist in measuring the pulse timing, which the sparse sampling by the ADC is not
suited for, by timestamping the rising edge of the pulse with 25 ps precision. The TOA is especially useful
for determining the hit position along a scintillator bar in the Back HCal.

After the attenuating conveyor, a charge injection circuit can inject charges of known amplitude syn-
chronized in time with the readout into individual channels. This feature allows the calibration of the ADC
response as a function of charge. The charge is controlled by an internal 11-bit DAC, and can choose between
a small capacitor producing charges up to 0.5 pC for aiding fine measurements in the low ADC range, while
the more coarsely tuned 8 pC circuit will bring the readout into the TOT range, which in conjunction can be
used to calibrate a linear response of the chip over both the ADC and TOT region. In the trigger path, the
HGCROC is configured to transmit sums of four channels; these four channels correspond to one quad-bar
or one CMB. After summing, the trigger results are compressed into a seven-bit floating point scale with four
exponent bits and three mantissa bits. The trigger sums are packed in groups of four into 1.2Gb/s electrical
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FIG. 17: Direct annihilation thermal freeze-out targets and asymmetric DM target for (left)
non-relativistic e-DM scattering probed by direct-detection experiments and (right) relativistic
accelerator-based probes. The thermal targets include scalar, Majorana, inelastic, and pseudo-
dirac DM annihilating through the vector portal. Current constraints are displayed as shaded ar-
eas. Both panels assume mMED = 3mDM and the dark fine structure constant ↵D ⌘ g2D/4⇡ = 0.5.
These choices correspond to a conservative presentation of the parameter space for accelerator-
based experiments (see section VIG).

dump experiments, the mediator can be emitted by the incoming proton, or if kine-
matically allowed, from rare SM meson decays, while detection could proceed through
DM-nucleon scattering. Thus, proton beam-dump experiments are uniquely sensitive
to the coupling to quarks. On the other hand, leptonic couplings can be studied in
electron beam-dump and fixed target experiments, where the mediator is radiated o↵
the incoming electron beam. The DM is identified through its scattering o↵ electrons
at a downstream detector, or its presence is inferred as missing energy/momentum.

C. Experimental approaches and future opportunities

The light DM paradigm has motivated extensive developments during the last few years,
based on a combination of theoretical and proposed experimental work. As a broad orga-
nizing principle, these approaches can be grouped into the following generic categories:

• Missing mass: The DM is produced in exclusive reactions, such as e+e� ! �(A0
!

��̄) or e�p ! e�p(A0
! ��̄), and identified as a narrow resonance over a smooth

background in the recoil mass distribution. This approach requires a well-known initial
state and the reconstruction of all particles besides the DM. A large background usually
arises from reactions in which particle(s) escape undetected, and detectors with good
hermeticity are needed to limit their impact.
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Current constraints

• Some assumptions are needed to plot constraints from 
missing mass/momentum/energy experiments

• We choose very conservative parameters: αD = 0.5 and mA/mχ = 3.
• These parameters lead to weak(est) constraints

For smaller values of αD or larger mass ratio, the constraints are weaker, while the 
targets are invariant.

at accelerators: relativistic production 

—> spin/velocity dependency reduced 

all thermal targets in reach!
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FIG. 6: The panels above demonstrate that the ↵D = 0.5 and mA0 = 3m� benchmarks shown in Fig. 5 are
conservative choices; deviations away from these vales largely improve the coverage of missing momentum
style techniques – except near the mA0 ⇡ 2m� resonance (see Fig. 79) Top Left: ↵D is fixed as the
mA0/m� ratio varies relative to the benchmarks in Fig. 5. The sensitivity of accelerators is shown in the ✏2

vs. mA0 plane. Note that the thermal freeze-out curves move to larger values of ✏2 as mA0/m� is increased,
while the accelerator sensitivity does not change. Top Right: ↵D is fixed as the mA0/m� ratio varies
relative to the benchmarks in Fig. 5, but now shown in the y vs. m� plane. Thermal freeze-out curves do
not vary, but the accelerator sensitivity shifts to lower values of y and lower m� as mA0/m� is increased.
Bottom: parameter space in the y vs. m� plane where the solid curves are identical to those shown in
Fig. 5 (with ↵D = 0.5), but the dotted curves show how the constraints and projections vary for the choice
↵D = 10�3. For fixed values of y, a smaller ↵D requires a larger ✏2 (i.e. larger mediator coupling), which
makes that parameter point easier to constrain. Hence, accelerator sensitivity generally improves in the y
vs. m� plane for smaller ↵D. Note that the thermal freeze-out curves in this plane are identical for both
values of ↵D shown here because the thermal abundance scales with y.
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FIG. 79: Sensitivity in the ✏2 vs mA0 plane to A0 production, with A0
! ��̄ (on-shell mediator production

of dark matter). In much of the viable parameter space for light dark matter, this type of reaction dominates
the dark matter yield in accelerator experiments. Shown for comparison are curves corresponding to direct
thermal freeze-out reaction accounting for the observed density of dark matter for Majorana (left) and
Pseudo-Dirac (right) dark matter; the gray regions are excluded by existing constraints. The mass ratio
mA0/m� is varied from 50 to 2.2, while ↵D = 0.5. The thermal relic sensitivity is most challenging to
reach as the parameters approach the narrow resonance region mA0/m� = 2 with large ↵D. The blue line is
the sensitivity of the “Phase I” LDMX run with 4 GeV beam energy and 4⇥1014 EOT. A scaling estimate of
the sensitivity of the extended run scenario highlighted in Table XIV is illustrated by the red line. Note that
as ↵D is decreased relative to the reference value shown here, the relic curves and beam dump constraints
shift uniformly upwards in the parameter space, whereas the BABAR exclusion region is unchanged.

The projected LDMX sensitivity can also be interpreted as an upper bound on the coupling
↵D of light dark matter to the mediator, as a function of mass, if we assume that the product of
couplings ↵D✏2 lies precisely at the thermal relic line. This interpretation of the expected LDMX
sensitivity is shown in Figure 80 for both Majorana and pseudo-Dirac dark matter. These figures
also show several complementary direct and indirect constraints: direct searches for dark matter
production at BABAR [61] and LSND [34] exclude the coupling ranges shaded in brown (in the
case of pseudo-Dirac dark matter, the best existing constraints at low mass come from LSND [34]
and NA64 [5, 6], but are below the range of the plot). Demanding that the U(1)D coupling remain
perturbative up to 1 TeV (“TeV perturbativity”) leads to a constraint that the running coupling at
m� must be below the “TeV perturbativity” line. Finally, demanding that the DM self-interaction
cross-section lie below �/m = 1 cm2/g excludes the light-gray shaded region (a thin gray line
illustrates the weaker constraint �/m < 10 cm2/g).

As discussed in detail in [23], the range of dark matter and mediator physics probed by fixed-
target missing momentum measurements extends far beyond dark photon mediators, and has
many other applications to new physics searches as well. For example, Figure 81 illustrates the
LDMX sensitivity to dark matter interacting via a B-L Z 0 gauge boson. The thermal targets and
other experiments’ sensitivity change by O(1) factors relative to the dark photon mediator case.
Other models feature more dramatically altered constraints and thermal targets, to which LDMX
nonetheless has substantial sensitivity, as catalogued in [23]. For example:

• Thermal freeze-out through mediators coupled to anomaly-free combinations of lepton
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FIG. 5: The parameter space for LDM and future experimental projections in the y vs. m� plane plotted
against the thermal relic targets for representative scalar and fermion DM candidates coupled to a dark
photon A0 – see text for a discussion. The red dashed curve represents the ultimate reach of an LDMX-style
missing momentum experiment.

The annihilation cross section for this model is p-wave suppressed, so �v(��⇤
! ff̄) /

v2 and therefore requires a slightly larger coupling to achieve freeze out relative to other
scenarios. This model also yields elastic signatures at direct detection experiments, so it
can be probed with multiple complementary techniques. The thermal target and parameter
space for this model are presented in the lower left panel of Fig. 5.

• Scalar Inelastic Dark Matter: In this scenario, � is a complex scalar particle with U(1)D
breaking mass terms (by analogy to the SU(2)W breaking mass terms of particles in the
Standard Model). Therefore, � couples to A0 inelastically and must transition to a slightly
heavier state in order to scatter through the current

Jµ
D = i(�⇤

1@
µ�2 � �⇤

2@
µ�1) , (6)

which typically suppresses direct detection signals even for small mass differences between


