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Introduction 
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fixed-target,  

missing-momentum  
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Figure 1: Schematic representation of the electron beam facility at CERN with the proposed beam cycles.

This document describes the concept of a primary electron beam facility at CERN, to be used for searching dark gauge
forces and light dark matter. The electron beam is produced through three stages: A Linac accelerates electrons from a
photo-cathode to 3.5GeV. This beam is injected into the Super Proton Synchrotron, SPS, and accelerated at up to 16GeV.
Finally, the accelerated beam is slowly extracted to an experiment, followed by a fast dump of the remaining electrons to
another beamline. The beam requirements are optimized using the requirements of the Light Dark Matter eXperiment,
LDMX [1], as benchmark

Electron acceleration and extraction

Electrons are produced and accelerated to 3.5GeV using a high-gradient Linac that employs the technologies devel-
oped by the Compact LInear Collider (CLIC) [2] research program.

A 0.1GeV S-band photo-injector produces the electron beam. Most relevant here is the laser allowing a wide range
of beam time-structure to be produced. Following the source is a 3.4GeV X-Band high-gradient Linac which technology
was developed by the CLIC research program. The design uses fixed cells 5.3m long capable of accelerating 200 ns trains
by 264MeV. Each cell makes use of a klystron, modulator and pulse compressor feeding power to 8 copper accelerating
structures.

Table 1 summarizes the beam and Linac parameters proposed. Both beam parameters and Linac elements are the product
of the CLIC research program and were experimentally proven feasible. Although highly technical this method to accelerate
electrons to 3.5GeV does not represent a technical risk as all elements exist commercially or can be ordered.

⇤PBC-acc-e-beams@cern.ch

1

arxiv:1805.12379
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FIG. 16: An overview of the LDMX detector showing the full detector apparatus with a person for scale.

positive signal in a scintillator pad overlaying the target that is coincident with low (or no) energy
deposition in the ECal in order to avoid triggering on empty buckets. Finally, the hadronic veto is
designed to be a Steel-Plastic Scintillator sampling calorimeter (HCal) with high sampling fraction
for extremely high neutron detection efficiency and good angular coverage for large-angle back-
ground processes. Like the ECal, the HCal could take advantage of technology being developed
for other experiments, such as high speed SiPM detector readout designed for the current CMS
hadronic calorimeter or the Mu2e experiment.

In the following sub-sections, we describe the LDMX beamline and detector sub-systems in
more detail.

A. Beamline and Spectrometer Magnet

The LDMX beamline consists of a large-diameter beampipe terminating in a thin vacuum win-
dow immediately upstream of an analyzing magnet inside of which the tagging and recoil trackers
are installed. The analyzing magnet is a common 18D36 dipole magnet with a 14-inch vertical
gap and operated at a central field of 1.5 T. The magnet is rotated by approximately 100 mrad
about the vertical axis with respect to the upstream beamline so that as the incoming 4 GeV beam
is deflected by the field, it follows the desired trajectory to the target. In particular, the incoming

https://arxiv.org/abs/1805.12379
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White Paper
major milestone last year: comprehensive summary of design status 

•  detailed simulation studies of relevant background processes and their rejection 

• expect <1 background events for 4 x 1014 EOT (4 GeV beam energy)
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FIG. 73: Distribution of recoil electron transverse momentum pT for backgrounds (solid histograms)
and dark matter signals with mediator masses of 0.001, 0.01, 0.1, and 1 GeV after all analysis selections.
Signal yields are scaled to the thermal freeze-out elastic scalar dark matter model, assuming ↵D = 0.5 and
m�/mA0 = 1/3. Among other kinematic measurements, both recoil electron transverse momentum and
missing momentum will provide considerable kinematic discrimination between background and signal, as
well as sensitivity to the mediator and dark matter mass.
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LDMX Phase I Sensitivity & Impact of Backgrounds

FIG. 74: Projected sensitivity in the y vs. m� plane for a 4 ⇥ 1014 EOT 4 GeV beam energy LDMX run
(solid blue curve), for the case of on-shell mediator production and decay into dark matter. Thermal relic
targets are shown as black lines. Grey regions are (model-dependent) constraints from beam dump experi-
ments and BABAR. The dashed and dotted curves illustrate the robustness of this search to any unexpected
photo-nuclear backgrounds at the 10-event level. In this case, a mass-dependent optimized pT cut can be
used to reduce the background level, recovering nearly the same sensitivity at high dark matter masses. The
dotted line further assumes, pessimistically, that such background can only be normalized to within a 50%
systematic uncertainty using veto sidebands as control regions.

arxiv:1808.05219

in the following: (some of the) important pieces that went into this

https://arxiv.org/abs/1808.05219
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Detector & Simulation

!4

Draw from existing designs/systems 
• magnet: e.g. 18D36 in storage at SLAC  
• tracking: Silicon Vertex Tracker of HPS experiment 
• electromagnetic calorimeter: CMS high-granularity calorimeter  
• hadronic calorimeter: scintillator/steel, inspiration from Minos/

Mu2e/CMS 

—> moderate R&D needs 
7 August 2017 TeV Particle Astrophysics 2017 9
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GDML Detector Description
All detectors are described using the XML based Geometry 
Description Markup Language (GDML)
    <structure>
        <volume name="target">
            <materialref ref="C" />
            <solidref    ref="target_box" />
        </volume>
        <volume name="World" >
            <materialref ref="Vacuum"  />
            <solidref ref="world_box" />
            <physvol>
                <volumeref ref="target" />
                <positionref ref="target_pos" />
                <rotationref ref="identity" />
            </physvol>
        </volume>
    </structure>

Has allowed LDMX to perform design studies using > 10 
detectors! 

Auxiliary information can be used to specify 
⏣ Is a volume sensitive i.e. hits will be created
⏣ Visualization attributes
⏣ Detector regions ← Can be used to set sub-detector 

specific properties
⏣ What magnetic field map to load 
⏣ Addition auxiliary information can be added any time

detector.gdml

tagger.gdml ecal.gdml hcal.gdml
recoil.gdml

Configurable simulation 
• based on customised Geant4 version (more later) 
• all detectors described in GDML files 

• studied >10 different detectors 
• filtering/biasing tools to efficiently simulate specific processes 
• event displays 
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Event Display

Event display is built upon TEve
⏣ Displays the position of strip hits in the tracker 

and calorimeter hits in the ECal and HCal on an 
event by event basis

⏣ Can show trajectories of daughter particles
⏣ Subdetector geometry is hardcoded
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Hadronic Calorimeter (White Paper)

!5

Veto instrument for Dark Matter search, but also important for 
displaced signatures, electro-nuclear cross-section measurements 
+ triggering  

Originally least defined subdetector 
• extensive studies past ~year led to ‘conceptual design’  
• plastic scintillator bars + WLS fibres (200 x 5 x 2 cm3) 
• steel absorber (50 mm) 
• back (13λ) + side (~5λ) HCal, 2-3m in each direction

34

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.

36

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

63
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Preliminary simulation studies show 
potential to get close to 0 background 
in phase 1,  

while retaining decent energy 
resolution
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Improved Background Simulation

!6

Observed unphysical photo-nuclear events with hard, 
backward going hadrons 

Related to details of Bertini Cascade model in Geant4 

Modifications in LDMX version of Geant4 eliminate these 
events 

(for white paper handled via reweighting) 

—> Background estimate will be redone 

In contact with Geant4 developers to update official 
version as well
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FIG. 86: The energy-angle distribution of the leading hadron in a photo-nuclear reaction prior to the imple-
mentation of a modified reflection condition (left) and after re-generation (right). After re-generation, the
cumulative tail is greatly reduced.

Unphysical events are disregarded in the background event counts given throughout the paper.
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[8] J. Baur, N. Palanque-Delabrouille, C. Yèche, C. Magneville, and M. Viel, JCAP 1608, 012 (2016),

1512.01981.
[9] Y. Hochberg, E. Kuflik, H. Murayama, T. Volansky, and J. G. Wacker, Phys. Rev. Lett. 115, 021301

(2015), 1411.3727.
[10] Y. Hochberg, E. Kuflik, and H. Murayama, JHEP 05, 090 (2016), 1512.07917.
[11] A. Berlin, N. Blinov, S. Gori, P. Schuster, and N. Toro (2018), 1801.05805.
[12] E. Kuflik, M. Perelstein, N. R.-L. Lorier, and Y.-D. Tsai, Phys. Rev. Lett. 116, 221302 (2016),

1512.04545.
[13] E. Kuflik, M. Perelstein, N. R.-L. Lorier, and Y.-D. Tsai, JHEP 08, 078 (2017), 1706.05381.
[14] K. Petraki and R. R. Volkas, Int. J. Mod. Phys. A28, 1330028 (2013), 1305.4939.
[15] K. M. Zurek, Phys. Rept. 537, 91 (2014), 1308.0338.
[16] S. Dodelson and L. M. Widrow, Phys. Rev. Lett. 72, 17 (1994), hep-ph/9303287.
[17] L. J. Hall, K. Jedamzik, J. March-Russell, and S. M. West, JHEP 03, 080 (2010), 0911.1120.
[18] X. Chu, T. Hambye, and M. H. G. Tytgat, JCAP 1205, 034 (2012), 1112.0493.
[19] Y. Kahn, G. Krnjaic, N. Tran, and A. Whitbeck (2018), 1804.03144.
[20] T. Raubenheimer, A. Beukers, A. Fry, C. Hast, T. Markiewicz, Y. Nosochkov, N. Phinney, P. Schuster,

and N. Toro (2018), 1801.07867.
[21] C. W. Leemann, D. R. Douglas, and G. A. Krafft, Ann. Rev. Nucl. Part. Sci. 51, 413 (2001).
[22] T. Akesson et al. (PBC-acc-e-beams working group) (2018), physics.acc-ph/1805.12379.

114

Lead Hadron Kinetic Energy (MeV)
0 500 1000 1500 2000 2500 3000 3500 4000

zθ
Le

ad
 H

ad
ro

n 

0

20

40

60

80

100

120

140

160

180

0

200

400

600

800

1000

1200

1400

1600

hist

Lead Hadron Kinetic Energy (MeV)
0 500 1000 1500 2000 2500 3000 3500 4000

zθ
Le

ad
 H

ad
ro

n 

0

20

40

60

80

100

120

140

160

180

0

200

400

600

800

1000

1200

hist

FIG. 86: The energy-angle distribution of the leading hadron in a photo-nuclear reaction prior to the imple-
mentation of a modified reflection condition (left) and after re-generation (right). After re-generation, the
cumulative tail is greatly reduced.

Unphysical events are disregarded in the background event counts given throughout the paper.
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Schedule and Budget

Anticipate 2 years to complete design + 2 years for construction

Phase I Run beginning in late 2021. Phase 2 two years later.

Details depend upon accelerator schedules.

LDMX Phase I+II costs are <$10M.
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Extending LDMX

Design studies focused on  
4 GeV,  
~1 electron per bunch every 20ns,  
W target of 0.1 X0 

to reach 4 x 1014 EOT in ~1 year 
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The impact of (ii), raising the beam energy, is also relatively straightforward to estimate since
it can directly impact the signal production cross section. The increase is negligible in the lowest
mass range, but becomes increasingly significant at higher masses, as illustrated in Figure 75.
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FIG. 75: Both beam energy and target material affect the dark photon production cross-section, with
especially large effects at high masses. This figure illustrates how increasing the LDMX beam energy to
8 or 16 GeV, and/or switching from Tungsten to Aluminum targets (at 10% X0 in each case), impacts the
signal production cross-section for different dark photon masses. In each case, we assume the kinematic
selection Erecoil < 0.3Ebeam as was used in 4 GeV studies. This is conservative for higher-energy beams.

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

It follows that an increase in the average number of electrons per sample period will mainly
reduce acceptance. For exactly two electrons randomly distributed over a 2 ⇥ 8 cm2 target area,
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TABLE XIV: Extrapolating to Phase II. The “Factor needed” is the increase in luminosity relative to Phase
I that is needed to reach the pseudo-Dirac fermion thermal relic sensitivity for mA0/m� = 3 and ↵D = 0.5
for masses in the range indicated. This is by no means the only useful figure of merit for improvement, but
it nonetheless provides a concrete starting point for design and performance considerations. The ”Factor
achieved” is the approximate increase for a combination of changes to the Phase I experiment as indicated.
The scenario denoted by “*” is reflected in Figure 76

Mass Range Factor Ee Ee Target Target µe Years Factor
[MeV] needed [GeV] Factor [X0] Factor running achieved

4 1 0.15 W 1.5 1.5 1
0.01  M� < 20 2 4 1 0.1 W 1 1.5 1.5 ⇠2

4 1 0.15 W 1.5 1 1.5
8 2 0.1 W 1 2 1.5

20  M� < 75 6 8 2 0.15 W 1.5 1 2 ⇠6
4 1 0.15 W 1.5 2 2
8 4 0.4 W 4 2 3

75  M� < 150 80 8 4 0.4 Al 6 2 2 ⇠ 80
16 8 0.4 W 4 1.5 1.5
16 8 0.4 Al 4 1 2

* 8 8 0.4 Al 13 2 4 ⇠ 8 ⇥ 102

150  M� < 300 6 ⇥ 103 16 45 0.4 W 4 2 4 ⇠ 1 ⇥ 103

16 45 0.4 Al 8 5 4 ⇠ 7 ⇥ 103

16 45 0.4 Al 8 10 2 ⇠ 7 ⇥ 103

events, these detectors could be relatively simple in comparison to the trackers, such as overlapping
layers of scintillator that surround the tracking volume.

From a conservative viewpoint, these changes to the Phase I detector presented earlier would
enhance the ability of LDMX to achieve excellent coverage to the pseudo-Dirac fermion scenario
in all four mass ranges in Table XIV. From a more ambitious viewpoint, they could enable LDMX
coverage to be extended to higher dark matter and mediator masses, and to explore far beyond the
sensitivity milestones considered in this note. Projected Phase II sensitivity for conservative and
optimistic scenarios are considered in the next section. A quantitative analysis of these possibilities
will be the subject of a future note.

Phase II Projected Sensitivity
While several run configurations are given in Table XIV for illustrative purposes, in practice

only one or two such configurations would be used for a “Phase II” LDMX run. For concreteness,
we show the sensitivity of just one representative future scenario, denoted by the “*” line in Table
XIV. This corresponds to an 8 GeV beam energy, 0.4X0 Al target, and µe = 2, with a total run
time of 4 years (assuming ⇠ 30% duty cycle). The sensitivity of this “extended” configuration is
compared to the sensitivity of a “Phase I” configuration in most of the figures shown in the next
section, as well as in Figure 76 below.

Varying these parameters allows in principle 
to increase luminosity to reach pseudo-Dirac 
target up to few hundred MeV 

Expression of Interest IV DETECTION, SENSITIVITIES AND ... THE BEAM

Al, 16 GeV, 0.4 X0
W, 16 GeV, 0.1 X0

8 GeV

4 GeV

⟶

10 102 103
103

104

105

106

107

108

109

1010

1011

1012

1013

mA' [MeV]

Ev
en
ts
/ϵ
2

e- N → e- N A′ Inclusive Event Yield, 4⨯1014 EOT

FIG. 20: Inclusive cross-section normalized to ✏ = 1 for dark matter pair production off Aluminum (blue)
and Tungsten (red) targets. The figure is adapted from [12], but utilises signal samples for a 16 GeV electron
beam normalised to a luminosity of 4 ⇥1014 EOT with a target thickness of 0.1X0 for Tungsten and 0.4X0.
for Aluminum. t

only on particle masses. Throughout this section, we assume the common benchmark value mA0 =
3m�. This is a conservative choice as shown in Fig. 7. The normalised DM production cross-
section on a tungsten target, as a function of DM mass, is shown in Fig. 20. For low masses,
the production cross-section scales as 1/m2

A0 ; for higher masses it is further suppressed by the
steeply falling form-factor for scattering off the nucleus with high enough momentum exchange
to produce an on-shell mediator.

The kinematics of the electron in DM production also depend on the A0 mass. In general, as
long as the A0 or ��̄ pair that is produced is heavy relative to the electron mass, the differential
cross-section for DM production is peaked in the phase space where the DM carries away the
majority of the beam energy and the electron carries relatively little. This is, of course, the exact
opposite of the structure for the kinematics of the vast majority of bremsstrahlung events (with
the tiny remainder constituting the backgrounds, as discussed in the next section), and the primary
kinematic handle for a missing momentum search. This qualitative behavior is accentuated for
larger � and A0 masses, and less dramatic for lower masses comparable to me, as shown in the
top left panel of Figure 21. The selection efficiency of a requirement Ee < Ecut is shown on the
bottom left panel as a function of Ecut (the fraction of events accepted saturates below 100% for
some mass points since backward-going recoil electrons are not included for this plot). A nominal
value Ecut = 0.3Ebeam = 1.2 GeV (for 4 GeV beam energy) is assumed as a signal selection.
While this cut has not yet been optimized, it does keep 75-90% of signal events over the full
range of masses considered. Reducing it by a factor of 2 would only slightly degrade the signal
efficiency. In the remainder of this section, we also impose a cut Ee > 50 MeV, motivated by
what would be required for efficient tracking at lower energies.

The top right panel of Figure 21 shows the distribution of the electron transverse momentum
(pT ) for events that pass this Ee < 1.2 GeV cut for a range of DM and A0 masses. These are
to be contrasted with the sharply falling pT distribution from bremsstrahlung, which (even after
accounting for multiple scattering in a 10% X0 target) falls off as 1/p3T for pT & 4 MeV. As
we will see below, bremsstrahlung-originated events dominate the background, so this kinematic

34
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Anticipate 2 years to complete design + 2 years for construction

Phase I Run beginning in late 2021. Phase 2 two years later.

Details depend upon accelerator schedules.

LDMX Phase I+II costs are <$10M.

Funding in FY18 is critical to support engineering and technical design.

LDMX	Final	Design

Install

HiLum	Physics	Run

LDMX	Build

FY22 FY23FY17 FY18 FY19 FY20

LDMX	Prelim	Design

FY21 FY24

Eng.	
Run

1st	Physics	Run

LDMX	Upgrade

Sensitivity

What happens when deviating from 
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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.

Dark Photon “golden channel”,  
but sensitivity to much broader 
range of new physics,  
collected also in arxiv:1807.01730 
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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. 81: Projected sensitivity of LDMX in the y vs m� plane for light dark matter models coupled to the
Standard Model via a B-L gauge boson Z 0. Thermal relic curves are shown for ↵D = 0.5 and mZ0/m� = 3.
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.

• Freeze-in of dark matter with keV-scale mass through a ⇠ 100 MeV-mass mediator in mod-
els with a low reheating temperature.

In addition, a missing momentum search at LDMX is sensitive to a range of other new-physics
scenarios, potentially unrelated to dark matter. Figure 82 illustrates the sensitivity of LDMX to
invisible dark photons and to minimal B-L Z 0 gauge bosons, via their invisible decays to neutrino
final states. Figure 83 illustrates the sensitivity of the LDMX missing momentum search to produc-
tion of millicharged particles. Millicharge production in LDMX occurs through off-shell photon
exchange, and particles with sufficiently small millicharge Q�/e have no additional interactions in
the detector.

To close, we comment on how LDMX sensitivity is related to scattering rates in terrestrial
direct detection experiments. As underscored, accelerator experiments probe dark matter coupling
vs mass, and are therefore complementary to direct detection scattering rates. However, for a given
model, one can map coupling sensitivity into scattering rates. In the case of Majorana dark matter,
this mapping is straightforward — direct detection cross sections for electron scattering are

��e = 32⇡
↵↵D✏2µ2

�e

m04
A

✓
µ�evrel

m�

◆2

, (9)

where µ�e is the � � e reduced mass. In this case, the LDMX sensitivity (again, assuming a mass
ratio mA0/m� = 3 and ↵D = 0.5) is shown in Figure 84. The effective cross-section sensitivity
improves as ↵D is decreased; as the mass ratio is increased the LDMX sensitivity region moves
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FIG. 83: Sensitivity to millicharge fermion particles with charge Q�/e vs mass. Production in LDMX oc-
curs through an off-shell photon. Grey regions are existing constraints. The green shaded region represents
parameter space where a millicharged dark matter subcomponent can accommodate the 21 cm absorption
anomaly reported by the EDGES collaboration [64–67]. 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 ex-
tended run scenario highlighted in Table XIV is illustrated by the red line.
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LDMX@CERN — eSPS

!9

Triggered idea of having a new Linac into SPS,  
quickly became active field of study

Requirements for an experiment like LDMX 
• multi-GeV (ideally ~15 GeV) 
• low current (resolve individual particles) 
• large beam spot (separation of particles) 
• high repetition rate (high integrated number of EoT)

flexible parameters:  
• energy: 3.5 - 16 GeV  
• electrons per bunch:  1 - 40 
• bunch spacing: multiples of 5 ns 
• adjustable beam size
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Figure 1: Schematic representation of the electron beam facility at CERN with the proposed beam cycles.

This document describes the concept of a primary electron beam facility at CERN, to be used for searching dark gauge
forces and light dark matter. The electron beam is produced through three stages: A Linac accelerates electrons from a
photo-cathode to 3.5GeV. This beam is injected into the Super Proton Synchrotron, SPS, and accelerated at up to 16GeV.
Finally, the accelerated beam is slowly extracted to an experiment, followed by a fast dump of the remaining electrons to
another beamline. The beam requirements are optimized using the requirements of the Light Dark Matter eXperiment,
LDMX [1], as benchmark

Electron acceleration and extraction

Electrons are produced and accelerated to 3.5GeV using a high-gradient Linac that employs the technologies devel-
oped by the Compact LInear Collider (CLIC) [2] research program.

A 0.1GeV S-band photo-injector produces the electron beam. Most relevant here is the laser allowing a wide range
of beam time-structure to be produced. Following the source is a 3.4GeV X-Band high-gradient Linac which technology
was developed by the CLIC research program. The design uses fixed cells 5.3m long capable of accelerating 200 ns trains
by 264MeV. Each cell makes use of a klystron, modulator and pulse compressor feeding power to 8 copper accelerating
structures.

Table 1 summarizes the beam and Linac parameters proposed. Both beam parameters and Linac elements are the product
of the CLIC research program and were experimentally proven feasible. Although highly technical this method to accelerate
electrons to 3.5GeV does not represent a technical risk as all elements exist commercially or can be ordered.

⇤PBC-acc-e-beams@cern.ch

1

Expression of interest to SPSC in October 2018
https://cds.cern.ch/record/2640784

Submission to European Strategy Update

Details in Steinar’s talk tomorrow

https://arxiv.org/abs/1805.12379
https://cds.cern.ch/record/2640784
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Schedule and Budget

Anticipate 2 years to complete design + 2 years for construction

Phase I Run beginning in late 2021. Phase 2 two years later.

Details depend upon accelerator schedules.

LDMX Phase I+II costs are <$10M.

Funding in FY18 is critical to support engineering and technical design.
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Recent Developments: Detector

Refining HCal design 
• performance tests on scintillator bars/fibres 
• baseline for read-out system (with trigger capabilities)  
• geometry optimisation ongoing

!10

p. 30

Mechanics and assembly

We have a generic concept but final engineered design needed for mechanics 
and assembly

Open questions
• Back HCal support structure 
• Side HCal module structure
• Back HCal assembly
• Services
• Interface with ECal

p. 14

Scintillator / fiber performance

-13  0  13   22

z=2000mm

15mm

pa
rt

ic
le

 b
ea

m

SiPM 0

z=0

SiPM 1

Simulation (Ralf Ehrlich - Mu2e) to compare light collection for 20mm x 50mm bar with one 
or two fibers (top) with 15mm x 50mm bar and one fiber (bottom)

Almost no difference in light collection efficiency/fiber between 15mm and 20mm
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Scintillator / fiber performance

Photo-electron yields measured at 120 GeV proton beam at FNAL for a 50mm x 20mm 
bar with a 1.4mm Kuraray fiber 

68 p.e./fiber/end for a minimum-ionizing track at 1m from bar end

End bar treatment (reflector) can increase this value to ∼85 p.e/MeV at 1.5m for single 
ended readout
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Scintillator / fiber performance

Photo-electron yields measured at 120 GeV proton beam at FNAL for a 50mm x 20mm 
bar with a 1.4mm Kuraray fiber 

68 p.e./fiber/end for a minimum-ionizing track at 1m from bar end

End bar treatment (reflector) can increase this value to ∼85 p.e/MeV at 1.5m for single 
ended readout

p. 18

Direct readout scheme (Mu2e-based)

Each fiber is directly read out by SiPM at the end of the bar.

Key advantages:
• Fine granularity (bar level)
• High photo-electron yield
• Individual bar calibration with flasher
• Good robustness against SiPM failure

FEB
ROC

16 CMB (64 SiPM) / FEB
scintillator

CMB

SiPM

24 FEB / ROC

Optical link 
to DAQ

CMB

Trigger & DAQ considerations 
• trigger menu, rates/bandwidths/latencies 
• subdetector inputs/interfaces 
• clock and controls

Internal review last week 
• baseline designs, R&D needs, resources, costs… 
• “practicalities" (TDAQ, integration, software/computing…)

DAQ AND CONTROL/CLOCK SYSTEM  50

ECal DAQ RCE
~8x

Target Scint RCE
~2x

Event building, control/
monitoring, etc. workstations

HCal DAQ RCE
~2x

Network Switch

Tracker DAQ 
RCE~10x

~4x

Central control/
clock RCE

Subsystem 
control/clock RCE

~4x

Global Trigger 
RCE

Total = ~27 RCEs

HCAL FEB, MAIN READOUT DRIVER  42

MAC 
Microcontroller

PHY
Data requests 
Event data 
(100 Mbs)

Trigger bit

Lemo connector (100 Mbs)Or gate

10 unused 
debug pins Data bus

�42

Spartan 6  
FPGAs

DAUGHTER CARD WITH  
FPGA LOGIC AND  
GBT CONNECTION

Gigabit ethernet to 
trigger/DAQ system

ECAL RCES  39
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Control RCE communicate with DAQ DPMs?

ECal DAQ  
RCE #1

ECal DAQ  
RCE #2

ECal DAQ  
RCE #3

ECal “Control” 
RCE

HCAL TRIGGER TOPOLOGIES  13

MUON EVENTS

�7

NOT TriggerECal+SciPad + HCAL trigger: at least 1 MIP track, not a cosmic 

γ*→ μμ

EM  
shower

PN EVENTS

�9

NOT TriggerECal+SciPad + HCAL trigger: EHCal > X GeV, Y GeV, …

EM  
shower

PN/EN event calibration sample

Should have multiple HCal trigger energy thresholds,  
X GeV, Y GeV, … with different prescales (EX, EY, …)

Hadronic Shower(s)

n.b. size of triangles not indicative 
of energy of shower (just representative) 

SOFT RECOILS

�11

NOT TriggerECal+SciPad + SideCal trigger: EHCal > X GeV, Y GeV, …

EM  
shower

Very soft recoil calibration sample

To study the rates of soft recoils, we should 
be able to save this event topology ̶ even at 
a prescaled rate

EM  
shower

Rate: ~KHz (?)

Again probably need rates above a few 
thresholds

BACKGROUNDS
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cosmics

EM  
shower

NOT TriggerECal+SciPad + HCAL trigger: at least 1 MIP track, not a cosmic 

BACKGROUNDS

�15

NOT TriggerECal+SciPad +  HCAL trigger: EHCal > X GeV, Y GeV, …

EM  
shower

Veto inclusive 4 GeV electrons, “leakage MIPs”

See talk by UMN group pointing out this effect here: 
https://indico.fnal.gov/event/17223/  

At a non-trivial rate, you have signals from normal 
EM showers 
which leak into the HCal.  

HCAL TRIGGER SIGNATURES

�19

NOT TriggerECal+SciPad +  HCAL trigger: EHCal > X GeV

EM  
shower

EN event measurement

No prescales above energy X GeV 
Do not want to bias any measurement

Hadronic Shower

Rate: ~100s - 1000s Hz (?) 
Depends on energy threshold

Without track trigger information,  
Target PN, Target EN, Ecal EN, Ecal PN look the 
same to the trigger 

HCAL TRIGGER SIGNATURES
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Trigger: EECal + EHCal ~ 4 GeV and EHCal > X GeV

EM  
shower

Displaced vertex search

EM  
shower

Rate: (?)

γ*(μμ) Comics Displaced EM

PN sideband Wide angle brem

EN MeasurementInclusive haze (bad)

RCE PLATFORM TECHNOLOGY (RPT)
Reconfigurable Cluster Element, generic DAQ solution 
https://confluence.slac.stanford.edu/display/RPTUSER/Home
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ECal 
• CMS module testing ongoing 
• higher granularity (CMS) modules underway

Test setup

Environmental chamber: 
temperature and humidity 
dependent tests
Range of -80C to +200C

Components and modules are always kept in cabinets with dry air. 
The measured humidity in the cabinets is ~15% 

Simple test stand: IV curves and data acquisition 
at <1% humidity, room temperature

2

Test setup

Environmental chamber: 
temperature and humidity 
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Range of -80C to +200C

Components and modules are always kept in cabinets with dry air. 
The measured humidity in the cabinets is ~15% 

Simple test stand: IV curves and data acquisition 
at <1% humidity, room temperature
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Schedule and Budget
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Details depend upon accelerator schedules.

LDMX Phase I+II costs are <$10M.
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Recent Developments: Physics
Photo-nuclear background simulation being 
re-done with Geant4 patch 

• will feed into further HCal/ECal studies
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Began study of higher energies (8 GeV)

Began study of 2-electron events

LDMX Preliminary

LDMX Preliminary
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Schedule and Budget

Anticipate 2 years to complete design + 2 years for construction

Phase I Run beginning in late 2021. Phase 2 two years later.

Details depend upon accelerator schedules.

LDMX Phase I+II costs are <$10M.

Funding in FY18 is critical to support engineering and technical design.
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Plans for the next year

Refine detector design 
• HCal geometry/performance (simulation studies, prototype+beam test 2020) 
• feasibility of higher-granularity modules (PCBs) for central ECal  
• TDAQ system 
• …

!12

Studies on multi-electron & higher-energy scenarios 
• background rejection, triggering…

seek funding for and do design/engineering of various components

towards a CDR…

Further develop detector simulation/reconstruction
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Anticipate 2 years to complete design + 2 years for construction

Phase I Run beginning in late 2021. Phase 2 two years later.

Details depend upon accelerator schedules.

LDMX Phase I+II costs are <$10M.

Funding in FY18 is critical to support engineering and technical design.

LDMX	Final	Design

Install

HiLum	Physics	Run

LDMX	Build

FY22 FY23FY17 FY18 FY19 FY20

LDMX	Prelim	Design

FY21 FY24

Eng.	
Run

1st	Physics	Run

LDMX	Upgrade

Summary 

!13

Concrete design ideas for all detector components  

• details to be finalised  

Detailed background/sensitivity estimates for phase 1 

Developing more concrete ideas for phase 2  

next stop: funding for R&D, CDR



Additional Material
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Plans per system

!15

tracking:  
sharpen conceptual design into something ready for engineering + tracking in fringe field

beamline/magnet:  
understand better status of magnet and how to operate it at experimental site + shielding requirements

target area:  
R&D for baseline design, answer open questions beyond baseline (passive/active, geometry…)

HCal:  
finalise design studies, build prototype and test in beam, get ready for engineering

Computing/software:  
improve biasing/filtering, digitisation simulation, Geant4 modelling + develop comprehensive computing model

ECal:  
investigate higher granularity, understand readout specifics/performance, get ready for engineering

TDAQ:  
understand interfaces to subsystems + integration, refine trigger menu
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Details depend upon accelerator schedules.
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Possible eSPS Timeline 
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Backgrounds
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Introduction Experimental setup Background Experiment reach Conclusions

A fixed target LDM experiment

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

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

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

(both on-shell or o�-shell).

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

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

elastic, p quasi-elastic,. . . )

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

m4
A

1For a comprehensive introduction: E. Izaguirre et al, Phys. Rev. D 88, 114015
3 / 25
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Projected Sensitivity
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LDMX can explore a lot of new 
parameter space 

sensitive to various thermal targets 
already with phase 1 

ultimately potential to probe all 
thermal targets up to O(100) GeV 

timescale: few years
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FIG. 76: The blue line is the sensitivity of the “Phase I” LDMX discussed throughout this whitepaper,
conservatively assuming 0.5 background events. A scaling estimate of the sensitivity of the scenario de-
noted by the “*” line in Table XIV is illustrated by the red line. We have again assumed low background,
which is consistent with the expected reductions (relative to our 4 GeV study) in both the yield of potential
background, and improved rejection power at higher energies.
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Why not just direct detection?

!19

direct detection:  

strong spin/velocity dependency

Asymmetric Fermion

Elastic Scalar

Inelastic Scalar Hsmall splittingL

Majorana Fermion

Pseudo-Dirac Fermion
Hsmall splittingL
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Thermal and Asymmetric Targets for DM-e Scattering

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!


