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Introduction 
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this talk: mostly LDMX@eSPS, invisible signature (missing energy/momentum)

BUT: experiments have sensitivity to broad range of new phenomena,  

         both visible and invisible

can profit greatly from opportunities and accelerator R&D at CERN!

—> NA64++(e,µ), AWAKE++, LDMX@eSPS

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

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

proposal of [20]) and has sensitivity that extends beyond
any existing or planned experiment by several orders of
magnitude, in a manner largely insensitive to model de-
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FIG. 2: a) Schematic diagram of Scenario A described in
Sec. IV. Here a single electron first passes through an up-
stream tagger to ensure that it carries high momentum. It
then enters the target/calorimeter volume, and radiatively
emits an A0, which carries away most of the beam energy
and leaves behind a feeble electron in the final state. b)
Schematic diagram of Scenario B described in Sec. V. In this
scenario, the target is thin to reduce straggling and charged-
current neutrino reaction backgrounds, the calorimeter is spa-
tially separated from the target itself to allow clean identifi-
cation of single charged particle final states. Additionally,
the energy-momentum measurement of the recoil electron is
used for signal discrimination, to reduce backgrounds associ-
ated with hard bremsstrahlung and virtual photon reactions,
and to measure residual backgrounds in situ with well-defined
data-driven control regions. For both scenarios, the produc-
tion mechanism in the target is depicted in Fig. 3.

tails.

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

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

missing energy missing momentum

higher signal yield/EoT (thicker target)

greater signal acceptance

no e-γ particle ID

includes missing energy

pT as discriminator & signal identifier

e-γ particle ID
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Kinematics
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measurement of pT: strong discriminator 
AND information about (missing) mass! 
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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.
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very different from SM bremsstrahlung 
(main background)
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LDMX
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Sampling 
Calorimeters

Beam

Tracking

DM

DM

E < EB

energy EB, 
4-16 GeV

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

Target

Light Dark Matter eXperiment

individually measure up to 1016 electrons on target (EoT), 
missing energy & missing (transverse) momentum

small-scale experiment
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Detector Design

!6

design paper on arxiv     
arxiv:1808.05219

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

https://arxiv.org/abs/1808.05219
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extremely rare signal                     
—> need large statistics
goal: 1014 - 1016 EoT in few years

beam requirements: 
• low current, high duty-cycle

https://arxiv.org/abs/1808.05219
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Detector Design
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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

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

https://arxiv.org/abs/1808.05219
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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
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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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• 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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options (neither approved yet) 
• dedicated transfer line at LCLS-II at SLAC 

• 4 GeV or  maximum 8 GeV, parasitic 

• eSPS at CERN 
• get e- back in CERN accelerators, next step for X-

band linac developed for CLIC, accelerator R&D 
• 3.5 - 16 GeV, flexible beam parameters 

• optimal catering
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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

arxiv:1805.12379

Input to Strategy Update (#36)

see Mike Lamont’s talk for details

ideally: 2 experimental setups with reach 
beyond thermal targets  
(full LDMX Collaboration involved in both)

Expression of Interest VI A LIGHT DARK MATTER EXPERIMENT, LDMX

and temporally distributed 16 GeV electron beams. The experiment would have the ability to cover
the most well-motivated light dark matter models in the intuitively important sub-GeV mass range.
It is an exceptional opportunity to provide unrivaled experimental coverage of this crucial hiding
place for the nearly ubiquitous but still enigmatic dark matter.
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Extended: 1.6 1015 EOT H8 GeVL on 40% Al Hme=2,2 yrL
Future: 1.6 1016 EOT H16 GeVL on 40% Al
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FIG. 51: The blue line is the sensitivity of the Phase I LDMX reference study discussed in Ref. [27], that
conservatively assumes 0.5 background events for 4 ⇥ 1014 EOT. A scaling estimate of the sensitivity of
the configuration for the mass range 150  M� < 300 in Table III is illustrated by the solid red line. The
dashed red line represents a similar estimate of the projected reach for µe ⇠ 12 and roughly 3 years of
running. For the latter two examples we have again assumed low background, consistent with reductions in
yields of potential background sources, and better rejection, while increasing the effective luminosities to
1.6 ⇥ 1015 and 1.6 ⇥ 1016 EOT, respectively.
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Why higher energy?

!8

increased in signal yield improved background rejection possibilities 
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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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Preliminary Analysis Strategy
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trigger on missing energy

+ combine ECal features into a BDT

64
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FIG. 46: Distributions of the ECal BDT discriminator value for signal and photo-nuclear events passing
the trigger in which the recoil electron is within the ECal fiducial region. All distributions are normalized
to unit area.

Muons and minimum ionizing particles Another important class of signals that could be
distinguished in the ECal are those of minimum ionizing particles (MIPs). Long tracks from MIPs
can be observed in the ECal due to its high degree of transverse and longitudinal segmentation.
Efficiently identifying such MIP tracks can provide a strong handle for vetoing backgrounds that
would be complementary to vetoes from the HCal system which does not have adequate segmen-
tation to track MIPs. This is a particularly important ECal capability for identifying muons which
will frequently, but not always penetrate into the HCal. In order to understand the energy range
for muons that do not reach the HCal, we perform a simple study to understand the MIP energy
loss of muons in the ECal. This is shown in Fig. 49 where it is seen that muons typically lose
⇠500 MeV or more in the ECal. Therefore, for most muons at or below ⇠500 MeV, we would
rely solely on the ECal information for muon background rejection.

Of course, it is also possible for a muon to decay in flight in the ECal; µ�
! e� + ⌫e + ⌫̄µ,

so that it produces no veto signal in the HCal. This is a much more rare occurrence and since the
muons are pair-produced, this rarer background is found to be negligible relative to the dominant
backgrounds.

G. HCAL Simulation and Performace

The HCAL performance is studied using simulations based on the GEANT4 framework, com-
bined with a model of the scintillator and readout responses to convert the energy deposited inside
the active medium into photoelectrons (PEs). As described previously (see section IV D), the scin-
tillator layers are longitudinally segmented in an alternate (x, y) configuration to allow ambiguity
resolution. In the current simulation, each bar is 20 mm thick and 50 mm wide.

+ veto on activity in HCal

+ additional vetoes on activity in trackers/ECal front layer
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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.

at 4 GeV: close to 0-background based on simulation studies

important: 
several handles not exploited yet, in particular pT! 

HCal optimisation ongoing 

things get easier at higher energy!

redundancy in vetoes —> data control samples, verify rejection 

comprehensive kinematic information —> establish signal-likeness

with data:

arxiv:1808.05219

https://arxiv.org/abs/1808.05219
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NA64++
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FIG. 1: Schematic illustration of the setup to search for A0 ! invisible decays of the bremsstrahlung A0s produced in the
reaction eZ ! eZA0 of 100 GeV e� incident on the active ECAL target.

A0 o↵er new intriguing possibilities to explain the gµ � 2
and various other anomalies [44] and are subject to dif-
ferent experimental constraints [45–48]. The most severe
limits on the invisible sub-GeV A0s decays have been ob-
tained from the results of beam dump experiments LSND
[49] and E137 [50], under assumptions on the strength of
the coupling gD, and properties of the DM decay parti-
cles. In this Letter we report the first results from the
experiment NA64 specifically designed for a direct search
of the A0 ! invisible decay at the CERN SPS.

The method of the search is as follows [51, 52]. If the A0

exists it could be produced via the kinetic mixing with
bremsstrahlung photons in the reaction of high-energy
electrons scattering o↵ nuclei of an active target of a her-
metic detector, followed by the prompt A0 ! invisible
decay into dark matter particles (�):

e�Z ! e�ZA0;A0 ! invisible (1)

A fraction f of the primary beam energy EA0 = fE0 is
carried away by �’s which penetrate the detector with-
out interactions resulting in an event with zero-energy
deposition. While the remaining part Ee = (1� f)E0 is
deposited in the target by the scattered electron. Thus,
the occurrence of A0 produced in the reaction (1) would
appear as an excess of events whose signature is a single e-
m shower in the target with energy Ee accompanied by a
significant missing energy Emiss = EA0 = E0 �Ee above
those expected from backgrounds. Here we assume that
the �s have to traverse the detector without decaying vis-
ibly in order to give a missing energy signature. No any
other assumptions on the nature of the A0 ! invisible
decay are made.

The NA64 detector is schematically shown in Fig. 1.
The experiment employed the upgraded 100 GeV electron
beam from the H4 beamline. The beam has a maximal
intensity ' (3 � 4) · 106 per SPS spill of 4.8 s produced
by the primary 450 GeV/c proton beam with an inten-
sity of few 1012 protons on target. The detector utilized
the beam defining scintillator (Sc) counters S1-S3, and
magnetic spectrometer consisting of two successive dipole
magnets with the integral magnetic field of '7 T·m and

a low-material-budget tracker. The tracker was a set of
two upstream Micromegas chambers (T1, T2) and two
downstream GEM stations (T3, T4) allowing the mea-
surements of e� momenta with the precision �p/p ' 1%
[53]. The magnets also served as an e↵ective filter re-
jecting low energy component of the beam. To enhance
the electron identification the synchrotron radiation (SR)
emitted by electrons was used for their e�cient tagging.
A 15 m long vacuum vessel between the magnets and the
ECAL was installed to minimize absorption of the SR
photons detected immediately at the downstream end of
the vessel with a SR detector (SRD), which was either
an array of BGO crystals or a PbSc sandwich calorime-
ter of a very fine segmentation [51]. By using the SRD
the initial level of the hadron contamination in the beam
⇡/e� . 10�2 was further suppressed by a factor ' 103.
The detector was also equipped with an active target,
which is an electromagnetic (e-m) calorimeter (ECAL)
for measurement of the the electron energy with the ac-
curacy �E/E ' 10%/

p
E. The ECAL is a matrix of 6⇥6

Shashlik-type modules assembled from Pb and Sc plates
with wave-shifting fiber read-out. Each module is ' 40
radiation lengths. Downstream the ECAL the detector
is equipped with a high-e�ciency veto counter V2, and a
massive, hermetic hadronic calorimeter (HCAL) of ' 30
nuclear interaction lengths. The HCAL served as a dump
to completely absorb and measure the energy of hadronic
secondaries produced in the e�A ! anything interac-
tions in the target. Four muon plane counters, MU1-
MU4, located between the HCAL modules were used for
the muon identification in the final state. The events
were collected with the hardware trigger requiring an in-
time cluster in the ECAL with the energy EECAL . 80
GeV. The results reported here came mostly from a set of
data in which neot = 1.88 ·109 of electrons on target (eot)
were collected with the beam intensity ' 1.4 · 106 e� per
spill with the PbSc calorimeter. While a smaller sample
of neot = 0.87 · 109 and an intensity Ie = 0.3 · 106 e� was
also recorded with the BGO detector. Data of these two
runs (hereafter called the BGO and PbSc run) were an-
alyzed with similar selection criteria and finally summed
up, taking into account the corresponding normalization

NA64: 3 successful runs with 100 GeV e- 
from H4 beamline, 3 x 1011 EoT

missing energy signature (configurable to look for visible signature as well)

goal after LS2: 5 x 1012 EoT with NA64++

key issues: beam purity  &  detector hermeticity

40 X0

4 x 7 λ

planned upgrades to detector/DAQ to circumvent pile-up limitations

in addition: extend Dark Photon search to muon beams (g-2, Dark Sector)
CERN-SPSC-2018-024 ; SPSC-P-348-ADD-3

https://indico.cern.ch/event/765096/contributions/3295517/apologies for brevity!

https://cds.cern.ch/record/2640930?ln=en
https://indico.cern.ch/event/765096/contributions/3295517/
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AWAKE++
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goal after LS2: demonstrate scalability of AWAKE concept by acceleration of e-beam to 5-10 GeV

successful demonstration of AWAKE principle ~1 year ago https://www.nature.com/articles/s41586-018-0485-4

potential application of the concept: NA64-like experiment  

                                                            visible configuration —> can use high number of e-/bunch

energy of O(50) GeV, 5 x 109 e/bunch, 1016 EoT integrated luminosity in 12 weeks

γ

Z

e−

e−e−
A′

e+

Fig. 1: A representation of the production of a dark photon, A0, in a fixed-target experiment with an
electron beam. The dark photon subsequently decays to an e+e� pair.

mised target thickness. Therefore a dark photon decay is determined via detection of the decay products,
reconstruction of a displaced vertex and reconstruction of the A0 invariant mass. The sensitivity to dark
photon production is evaluated at 90% confidence level in the ✏�mA

0 plane, assuming a background-free
case and an overall signal reconstruction efficiency of ⇠50%.

23 cm

Tungsten target
width, 10 cm

50 GeV

decay volume ~ 10 m MM1 MM2 MM3

ECALMagnet

9 electron bunch5x10

Fig. 2: A sketch of the experimental setup for a bunch of 5⇥ 109 electrons each of 50 GeV produced via
the AWAKE scheme impinging on a tungsten target of depth 10 cm. The target is followed by a decay
volume and a dipole magnet to separate the electrons and positrons which are then tracked through three
tracker planes (MM1, MM2 and MM3), followed by an electromagnetic calorimeter (ECAL).

The NA64 experiment is, however, already making significant progress investigating new regions
of phase space for dark photons and as shown in Fig. 3 will cover much new ground in the ✏�mA

0 plane.
Given the limitations of the number of electrons on target, the AWAKE acceleration scheme could make
a real impact as the number of electrons is expected to be several orders of magnitude higher. Assuming
a bunch of 5 ⇥ 109 electrons and a running period of 3 months gives 1016 electrons on target and this
is shown in Fig. 3; to visualise the effect of the number of electrons on target, the expectation for 1015

electrons is also shown. Our results in the figure clearly show that we will be able to probe a new region,
in particular extending to higher masses in the region of 10�3 < ✏ < 10�5. Also shown in the figure
are results using bunches of electrons, each of energy 1 TeV, again with 1016 electrons on target. Such
a search could be part of a future collider programme, e.g. a very high energy ep collider (discussed in
Section 3.3), in which active use of the beam dump is made. The higher energy electron beam extends the
sensitivity significantly to higher mass dark photons, covering a region unexplored by current or planned
experiments, between the regions covered by current colliders and previous high intensity beam-dump
experiments.

Further studies are ongoing and a higher number of electrons on target should be possible de-
pending on the SPS injection scheme as well as the success of AWAKE in accelerating bunches of
electrons. An optimised detector configuration will be investigated, as will other decay channels, such
as A0

! µ+µ� or A0
! ⇡+⇡� as well as the invisible modes, and effects of the beam energy. Such an

experiment could be realised during and after LS3 in extensions of the current AWAKE area; technical
studies of this possibility and infrastructure requirements are discussed elsewhere [4].

4

https://cds.cern.ch/record/2651302

(TeV energies with LHC as driver)

https://cds.cern.ch/record/2651319
apologies for brevity!

https://www.nature.com/articles/s41586-018-0485-4
https://cds.cern.ch/record/2651302
https://cds.cern.ch/record/2651319
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Benchmark Sensitivities (Examples)
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AWAKE50 1016

AWAKE1k 1016

AWAKE50 1015
AWAKE50 1016

AWAKE1k 1016

AWAKE50 1015
AWAKE50 1016

AWAKE1k 1016

AWAKE50 1015

Fig. 3: Limits on dark photon production decaying to an e+e� pair in terms of the mixing strength, ✏ and
dark photon mass, mA

0 , from previous measurements (light grey shading). The expected sensitivity for
the NA64 experiment is shown for a range of electrons on target, 1010

� 1013. Expectations from other
potential experiments are shown as coloured lines. Expected limits are also shown for 1015 (orange line)
or 1016 (green line) electrons of 50 GeV (“AWAKE50”) on target and 1016 (blue line) electrons of 1 TeV
(“AWAKE1k”) on target provided to an NA64-like experiment by a future AWAKE accelerator scheme;
these are the the results of work performed here.

3.2 Strong-field quantum electrodynamics

The theory of electromagnetic interactions, QED, has been studied and tested in numerous reactions,
over a wide kinematic range and often to tremendous precision. The collision of a high-energy electron
bunch with a high-power laser pulse creates a situation where QED is poorly tested, namely in the
strong-field regime. In the regime around the Schwinger critical field, ⇠ 1.3⇥ 1018 V/m, QED becomes
non-linear and these values have so far never been achieved in controlled experiments in the laboratory.
Investigation of this regime could lead to a better understanding of where strong fields occur naturally
such as on the surface of neutron stars, at a black hole’s event horizon or in atomic physics.

In the presence of strong fields, rather than the simple 2 ! 2 particle scattering, e.g. e� + � !

e� + �, multi-particle absorption in the initial state is possible, e.g. e� + n� ! e� + �, where n is an
integer (see Fig. 4). Therefore an electron interacts with multiple photons in the laser pulse and a photon
can also interact with multiple photons in the laser pulse to produce an e+e� pair, also shown in Fig. 4.
For more details on the processes and physics, see a recent review [21].

The E144 experiment [22] at SLAC investigated electron–laser collisions in the 1990s using
bunches of electrons, each of energy about 50 GeV, but due to the limitations of the laser, they did not
reach the Schwinger critical field in the rest frame of the electrons. With the advances in laser technol-
ogy over the last 20 years, these strong fields are now in reach [23]. However, the current highest-energy
bunches of electrons of high charge are delivered by the European XFEL at 17.5 GeV and the AWAKE

5

Figure 21: Current limits (filled areas) and experimental landscape for projects not PBC
related (solid or dashed lines) for Dark Photon in invisible decays in the plane mixing
strength ‘ versus dark photon mass mAÕ .

Figure 22: Dark Photon decaying to invisible final states. Prospects for PBC projects
on a timescale of 5 years (NA64++(e), green line) and 10-15 years (LDMX, red line and
KLEVER, cyan line) compared to the current bounds (solid areas) and future experimental
landscape (other solid and dashed lines) as explained in Figure 21.

On the contrary, results from accelerator-based experiments, are largely independent
of the assumptions on a specific DM nature as DM in this case is produced in relativistic
regime and the strength of the interactions with light mediators and SM particles is only
fixed by thermal freeze-out.

Future initiatives that could explore a still uncovered parameter space in the plane

– 85 –

invisible visible

further sensitivity estimates in backup (and other talks, PBC report)

e-

DM
DMA'

e-

SM
SMA'

NA64µ, 5x1012 MoT

added by hand, from 
arxiv:1903.07899

https://arxiv.org/abs/1903.07899


Ruth Pöttgen EPPSU Symposium, Granada 14 May 2019

Summary
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lepton-beam fixed-target experiments explore important new parameter space

great opportunities possible at CERN within the next <10 years

LDMX benefits significantly from a beam as could be provided by eSPS

in particular in high mass range

potential for NA64 to considerably extend its reach for invisible signatures

extends reach in (coupling, mass)-plane far beyond other e-beam experiments

additional coverage in appearance mode with AWAKE++



Additional Material
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Timelines/Costs

upgrade of NA64e: 671k CHF

!15

Contents

1 Timeline 1

1.1 NA64e: measurements at H4 beamline 1
1.2 NA64µ: possible running scenario at M2 beamline 1
1.3 NA64h: searches with hadron beams 2

2 The detector cost estimation 2

2.1 The NA64e detector upgrade and operating costs 2
2.2 Construction and operating costs of the NA64µ experiment 3
2.3 Construction and operating costs of the NA64h experiment 3

1 Timeline

Our plans to construction and running of the experiment are shown in Fig.1 and discussed in more
detail below

1.1 NA64e: measurements at H4 beamline

NA64 has been running well at the H4 beamline over the last three years. The running in 2018
has shown that for most of the high-intensity runs with ' 7� 8⇥ 106 e�/spill and average number
of 3500 spills /day about 2⇥ 1010 e� EOT/day can be accumulated. To achieve our goals for the
A0 ! invisible decay and sub-GeV DM searches the accumulation of ' 5⇥1012 EOT or 6-7 months
of running is required. A similar running period and statistics are needed for reach the planned
sensitivity for the searches for the X,A0 ! e+e� decays. Assuming 2.5 months of running at H4
per year, at least five years are needed to achieve our goal, as shown in Fig. 1.

Figure 1. Plan for the construction and running of the NA64 experiment.

1.2 NA64µ: possible running scenario at M2 beamline

To achieve the physics goals described in Ref.[1] we would request the following two periods of
running time:

– 1 –

https://cds.cern.ch/record/2300189

NA64µ: 1.1M CHF

LDMX detector: ≤ 10M CHF 
(excluding computing)

NA64++

AWAKE++ installation during LS3 the earliest

Year 1 Year 2 Year 3 Year 4 Year 5

R&D, final design
Procurement
Construction
Installation, 
Commissioning
Data Taking

https://cds.cern.ch/record/2300189
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Possible eSPS Timeline 
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eSPS
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slide courtesy Mike Lamont

eSPS
• ~70 m long X-band based linac (CLIC technology) in TT4-5  accelerates e- to 3.5 

GeV 
• SPS filled in 1 to 2 s via TT60 
• Acceleration to 16 GeV in the SPS 
• Slow resonant extraction down the TT10 transfer line in ~10 s 
• Beam delivered via the existing TT10 line to the Meyrin site 
• A new, short beamline would branch from TT10 to the experimental hall (LDMX)

 1

R&D 
facility
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eSPS
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slide courtesy Mike Lamont

eSPS: Feasibility
• Feasibility – following initial study looks good 
– Additional RF in SPS to be studied (old LEP or FCC-ee cavities) 

• Maximal use of existing structures, small foot print, and 
thus relatively inexpensive.  

• SPS cycle sharing implications 
– ~12 s cycle, 10 s slow extraction giving 1e8 – 1e9 EOT/s 

• Material cost: ~80 MCHF

Well developed proposal:  
 “Dark Sector Physics with a Primary Electron Beam Facility at 

CERN” presented as EoI to SPSC

 2
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eSPS
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slide courtesy Mike Lamont

eSPS: Motivation
• Electrons back in the complex – good given CERN’s apparent long term options 
• Staged deployment of X-band – return on the significant  investment  
• Possible deployment of FCC-ee RF cavities and high-efficiency power generation 
• Strong case made for accelerator based R&D and other studies at the linac R&D 

facility 
• Physics case -  unique LDM search reach 

Preparing for future – staged deployment of FCC-ee/CLIC technology while preparing the long 
term strategic vision; at the same time performing a competitive LDM search - a game changer in 
the case of positive result and naturally important input to future plans.

 3
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Background Overview
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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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Background Challenges
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main background:  
SM photon bremsstrahlung

Beam

Tracking

E < EB

energy EB, 
4-16 GeV nn,…

Target

Sampling 
Calorimeters

particularly challenging:  

photo-nuclear reactions producing 
neutral final states (relative rate: ~10-9)

—> most design work currently on 
HCal to optimise rejection power, 
seeking funding for R&D/prototype 
(testbeam 2020)
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Preliminary Analysis Strategy
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What if an excess was observed?

13
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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.

additional kinematic information (wrt missing energy only) 
to investigate signal-likeness

test veto efficiency in control samples  
(e.g. higher Ee or ‘almost missed’ by one detector)

pass 
HCal

pass 
ECal

no

yes

yesno
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t f
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Background

10

exploit different composition of energy bins 
at different beam energies
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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)

!23
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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.

93

Pse
udo
-D
irac
Fer
mio
n

Ma
jora
na F
erm
ion

Ela
stic
& I
nela
stic
Sca
lar

Pse
udo
-D
irac
Fer
mio
n

Ma
jora
na F
erm
ion

Ela
stic
& I
nela
stic
Sca
lar

0.5 evt bkg HexpectedL
10 evt bkg

10±5 evt bkg

aD=0.5, mA'=3 mc

1 10 102 103
10-14

10-13

10-12

10-11

10-10

10-9

10-8

mc @MeVD

y
=
e2
a D
Hm
cêm

A
'L4

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

https://arxiv.org/abs/1808.05219
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Sensitivities to thermal targets
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Physics reach of PBC projects on 5 and 10-15 years timescales
PBC projects able to put bounds on the y versus m‰ plane are NA64++(e) on a 5-year

timescale and LDMX and SHiP on a 10-15 year timescale, as shown in Figure 24. NA64++(e)
and LDMX will use the missing energy/missing momentum techniques, respectively. SHiP,
instead, will exploit the elastic scattering of DM candidates with the electrons in the medium
of the emulsion-based neutrino detector. As such, SHiP is fully complementary to the other
two.

Figure 24: Dark Photon decaying to DM Elastic Scalar (top) or Pseudo-Dirac fermion
(bottom) particle. Prospects for PBC projects on a timescale of 5 years (NA64++, green
line) and 10-15 years (LDMX, red line and SHiP, blue line) are compared to the current
bounds (solid areas) and future experimental landscape (other solid and dashed lines). In
the limit computation we assume a dark coupling constant value –D = 0.1 and a ratio
between the dark photon AÕ and LDM ‰ masses mAÕ/m‰ = 3.

– 89 –
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Various Future Projections 12

→

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

arxiv:1808.05219

https://arxiv.org/abs/1808.05219
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FIG. 5: Thermal targets for a subset of the dark photon mediated models in Fig. 4, but presented in the
✏2 � mA0 plane with fixed ↵D = 0.5. The different thermal targets (black contours) correspond to various
choices of mA0/m� just above the resonance (mA0 ⇡ 2 m�) where � freezes out through annihilations
to SM fermions, �� ! A0⇤

! ff̄ . The thermal targets presented here are consistent with the results of
Ref. [94]. The shaded gray regions are excluded from previous experiments, such as a BaBar monophoton
analysis [89], and beam dump searches at LSND [78], E137 [16, 79], and MiniBooNE [88]. In dot-dashed
blue is the projected sensitivity of a monophoton search at Belle II presented in Ref. [1] and computed
by rescaling the 20 fb�1 background study up to 50 ab�1 [80]. Also shown in dot-dashed purple is the
projected reach of the beam dump experiment BDX [76, 95]. The projected sensitivity of LDMX is shown
in solid (dot-dashed) red, assuming 1016 EOT from a 8 (16) GeV electron beam and a 10% radiation length
tungsten (aluminum) target.

projected LDMX sensitivity in Fig. 4 corresponds to a 10% radiation length tungsten target scaled
up to an 8 GeV beam and 10

16 EOT relative to a background study with a 4 GeV beam and
4 ⇥ 10

14 EOT [1]. This is a reasonable extrapolation because the photonuclear background rate
and the background veto inefficiency dramatically decrease with a larger beam energy.

arXiv: 1807.01730
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Further Potential for LDMX
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Beyond LDM: Axions, SIMPs, Millicharges, 5th Forces…

Berlin, Blinov GK, Schuster, Toro (to appear, 2018) 
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FIG. 10: LDMX Sensitivity to invisibly decaying dark photons. The dashed purple curve is the projected
sensitivity �+missing energy search at Belle II presented in [10] and computed by rescaling the 20 fb�1

background study up to 50 ab�1 [11]. The red dashed curve is the Phase 2 LDMX projection for a 10% ra-
diation length Tungsten target presented in [10] , which was scaled up to 1016 EOT relative to a background
study with 4 ⇥ 1014 EOT. The green dashed curve is the NA64 sensitivity projection assuming 1012 EOT
[10]

IV. MISSING MOMENTUM BEYOND DARK MATTER

A. Invisibly Decaying Dark Photons

The discussion in Sec II considers an invisibly dark photon mediator coupled to various thermal
dark matter candidates with the current interactions

L � A
0
µ (✏eJµ

EM + gDJ
µ
D) , (22)

where JEM is the SM electromagnetic current and J
µ
D is a dark sector current with coupling gD that

allows A
0 to decay invisibly with a large branching fraction. In this section, we consider the same

A
0 particle, but interpret this signal agnostically with respect to the final state decay products. In

Fig. 10 we show the parameter space for this scenario int the ✏ vs. mA0 plane. Also shown are
LDMX and NA64 projections taken from [10]. Unlike the y vs m� plots in Sec. II, here we remain
agnostic about the identity of the A

0 decay products; they need not have any connection to dark
matter as long as they are (meta)stable on the relevant experimental length scales.

B. B � L and Other Light Gauge Bosons Decaying to Neutrinos

C. Millicharges

18
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V. VISIBLE SIGNALS IN MISSING MOMENTUM EXPERIMENTS

Discuss backgrounds!
If dark matter is heavier than twice the mediator mass, its relic abundance is determined by dark

sector interactions alone [26]. This means that there is no sharp target for the coupling with SM
particles. However, this class of secluded dark matter models gives rise to a different set of signals
that can also be searched for at missing momentum experiments. If a mediator is produced, only
decays to SM particles are kinematically allowed. Weakly-coupled mediators tend to be long-lived
and can travel macroscopic distances before decaying, leading to, e.g., displaced electromagnetic
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FIG. 15: Sensitivity of an LDMX-style experiment to axion-like particles (ALPs) dominantly coupled to
photons (top row) or electrons (bottom row) via late-decay and invisible channels. The solid red lines show
the reach of a search for late visible decays within the detector, while the green-dashed lines correspond to
the missing momentum channel where the ALP escapes the detector. In both cases, the two sets of lines
correspond to 8 and 16 GeV beams, with Ebeam = 16 GeV having slighter better reach in mass; the left
(right) column assumes 1016 (1018) EOT. In the top row, recasts of constraints from beam dump experiments
E141, E137, ⌫Cal, and the BaBar monophoton search from Ref. [42], and LEP [43] are shown as gray
regions. Projections for SHiP [41], Belle II 3 photon search (50 ab�1 integrated luminosity) [42] are shown
as thin dashed lines. In the bottom row, existing constraints from E141, Orsay, BaBar [35] and electron
g � 2 are shaded in gray, while the estimated sensitivity of DarkLight [44], HPS [10], MAGIX [10, 45] and
Belle II are indicated as thin dashed lines.
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FIG. 8: Projected reach of an LDMX-style experiment to missing momentum (green solid and dashed
lines) and visible late decay (purple solid and dashed lines) in a model with a strongly interacting dark
sector. The visible channel is described in more detail in Sec. V. The solid (dashed) lines correspond to 8
(16) GeV electron beam, with other experimental parameters given in the text. Regions excluded by existing
data from the BaBar invisible search [22], DM scattering at LSND [8], E137 [9], and MiniBooNE [23], as
well as electon beam dumps E137 [24] and Orsay [25] are shown in gray. The projections for an upgraded
version of the SeaQuest experiment (dotted purple) and the Belle-II invisible search (dotted/solid blue) are
also shown. We have fixed ↵D = 10�2, m0

A/m⇡ = 3, mV /m⇡ = 1.8, and m⇡/f⇡ = 3 in computing
experimental limits. Contours of the dark matter self-interaction cross-section per mass, �scatter/m⇡, are
shown as vertical gray dotted lines. The dot-dashed gray contours denote regions excluded by measurements
of the cosmic microwave background. The black solid (dashed) line shows the parameters for which hidden
sector pions saturate the observed DM abundance for mV /m⇡ = 1.8 (1.6).
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Tracking System
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simplified copy of Silicon Vertex Tracker (SVT) of 
HPS experiment@JLab (visible Dark Photon search) 

• fast (2ns hit time resolution) 
• radiation hard 
• technology well understood
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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
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includes the effect of intrinsic resolutions and multiple scattering in the tracker planes. Second,
full simulation is used to confirm these resolutions and understand reconstruction efficiencies and
susceptibility to background from both physics processes and mis-reconstruction effects.

For incoming 4 GeV electrons, the analytic model finds a longitudinal momentum resolution
of approximately 1%. The corresponding full simulation results show good general agreement, as
shown in Fig. 37. The transverse momentum resolutions are found to be 1.0 MeV and 1.4 MeV
in the horizontal and vertical directions, respectively, which are small compared to the 4 MeV
smearing in transverse momentum from multiple scattering in the 10%X0 target. Meanwhile, the
impact parameter resolution for 4 GeV electrons is expected to be approximately 7 µm (48 µm)
in the horizontal(vertical) direction. Again, the full simulation shows good general agreement, as
shown in Fig. 38. These results indicate that tight requirements can be made in both the energy
and trajectory at the target, which serve to reject off-momentum particles that could be present in
the incoming beam, as described above.
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 0.00008± = 0.048 σ

FIG. 37: The longitudinal momentum reconstructed by the tagging tracker for a sample of 4 GeV beam
electrons. Excellent momentum resolution allows tight selection against any off-energy component of the
beam.

In summary, the design of the tagging tracker appears robust enough to provide unambiguous
tagging of incoming electrons with the nominal beam energy for Phase I of LDMX. Further study
will be required to find the beam intensity limits for any future upgrade.

2. Recoil Tracker Performance

The recoil tracker must have a large acceptance for recoiling electrons characteristic of signal
events with good resolution for transverse momentum and impact position at the target, both of
which are critical for unambiguously associating those recoils with incoming electrons identified
by the tagging tracker. While good reconstruction efficiency for signal recoils is important, it is
even more important to have good efficiency for charged tracks over the largest possible acceptance

tagging tracker 
• in 1.5T dipole field 
• measure incoming electron 

• momentum filter 
• impact point on target

recoil tracker 
• in fringe field 
• measure recoil electron

target 
• ~0.1 - 0.3 X0 tungsten 
• balance signal rate & momentum smearing
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Electromagnetic Calorimeter
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ECal 
• draw on design of CMS forward SiW calorimeter upgrade 

• 32 layers with 7 modules each, 40 X0 
• fast, radiation hard, dense 
• high granularity (MIP ‘tracking’) 

• potentially increase granularity in central module
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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
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2. Transverse shower distributions: In photonuclear interactions, the photon is found to also
have a much wider transverse profile than the recoil electron. The separation of the photon
and recoil electron from the magnetic field also contributes to the wider transverse profile
of photonuclear events. The variables listed below characterize the broad transverse profile
of photonuclear events.

• Transverse RMS: a two dimensional, energy weighted RMS centered on the shower
centroid. The shower centroid is defined as the energy weighted average x,y position
of all hits in an event.

• X and Y standard deviations: the energy weighted standard deviations for the x and
y positions of all hits in an event. As before, the x and y positions of each hit are
individually weighted by the energy of the hit.

The BDT is trained against photonuclear events; the signal sample used for training corresponds
to a mixture of events simulated with four different mediator masses (0.001 GeV, 0.01 GeV, 0.1
GeV, and 1 GeV). Figure 51 shows the distribution of the BDT discriminator value for signal
and background events after requiring that they pass the trigger and have a recoil electron that is
within the ECal. The ROC curves showing the signal efficiencies for different mediator masses
as a function of the background efficiency corresponding to different BDT thresholds are plotted
in Fig. 52. A BDT threshold of 0.94 corresponds to a rejection of 96% of photonuclear events in
the fiducial sample, for signal efficiencies ranging between 65 and ⇠ 80%. By applying a more
stringent BDT cut, we can achieve background efficiencies at the percent level, while still retaining
reasonably high signal efficiencies.

BDT discriminator value
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FIG. 51: Distributions of the ECal BDT discriminator value for signal and photonuclear events passing the
trigger in which the recoil electron is within the ECal fiducial region. All distributions are normalized to
unit area. (This plot needs to be fixed.)
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Hadronic Calorimeter
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HCal 
• need highly efficient veto for low- and high-energy 

neutrons 
• plastic scintillator with steel absorber 
• surround ECal as much as possible (back and side)
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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
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FIG. 51: Top: Single neutron veto inefficiency as a function of the sampling fraction for (left) 500 MeV
and (right) 2 GeV incident neutrons. Bottom: Single neutron veto inefficiency as a function of the incident
neutron energy for (left) 10 mm and (right) 50 mm absorber thickness.

65

E (GeV)
1 2 3 4 5

/E
Eσ

0.2

0.4

0.6

0.8

1

1.2 10 mm
20 mm
50 mm
100 mm

E (GeV)
1 2 3 4 5

/E
Eσ

0.2

0.4

0.6

0.8

1

1.2

1.4
10 mm
20 mm
50 mm
100 mm

E (GeV)
1 2 3 4 5

/E
Eσ

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6
10 mm
20 mm
50 mm
100 mm

FIG. 54: The energy resolution as a function of the incident particle energy for (top left) electrons, (top
right) pions and (bottom) neutrons. The data are fit with a function of the form a � b/

p
E.

LDMX Preliminary LDMX Preliminarypreliminary simulation 
studies show potential to 
get close to 0 background in 
phase 1, while retaining 
decent energy resolution


