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ABSTRACT: The Light Dark Matter eXperiment (LDMX) is proposed to employ a thin
tungsten target and a multi-GeV electron beam to carry out a missing momentum search
for the production of dark matter candidate particles. We study the sensitivity for a
complementary missing-energy-based search using the LDMX Electromagnetic Calorimeter as
an active target with a focus on early running. In this context, we construct an event selection
from a limited set of variables that projects sensitivity into previously-unexplored regions of
light dark matter phase space — down to an effective dark photon interaction strength y of
approximately 2 x 1071 (5 x 10712) for a 1 MeV (10 MeV) dark matter candidate mass.
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1 Introduction

The origin and nature of dark matter (DM) remains among the most elusive areas of modern
physics [1-5]. The a priori extremely large viable mass range of DM candidates can be
significantly narrowed by assuming thermal contact of DM with ordinary matter in the early
universe [6, 7]. The MeV to GeV mass region of thermal DM remains relatively unexplored,
corresponds to the range where other matter is stable over the lifetime of the universe, and
can be probed in accelerator-based fixed target experiments [8, 9].

The planned Light Dark Matter eXperiment (LDMX) [10, 11] is designed to observe
the production of sub-GeV thermal DM and is anticipated to be constructed by the end
of the decade. In the nominal scenario, electrons incident on a thin target undergo a dark
bremsstrahlung (DB) process (inset in figure 1) where non-interacting DM particles are
radiated through a dark mediator. The detector design allows for measuring the missing
momentum carried by the DM particles through the measurement of the recoil electron track.
It includes a spectrometer dipole; a silicon tracker with sections before and after the thin
target; a high-granularity Si-Tungsten Electromagnetic Calorimeter (ECal) with a depth
of forty radiation lengths; and a Hadronic Calorimeter (HCal) as well as a scintillator-bar
detector for electron counting. LDMX will take data with a high-rate, low-intensity electron
beam with a typical current of one electron every 27 ns extracted from the Linac Coherent
Light Source II (LCLS-II) at SLAC [12]. The primary beam energy is expected to be
8 GeV using a planned upgrade to LCLS-II, however some data may be acquired with 4 GeV
depending on the accelerator and detector schedules.

The use of a thin target requires 4 x 10'* electrons-on-target (EoT) to obtain the sensitivity
projected for the first phase of LDMX [13]. However, the majority of beam electrons pass
through the target without significant interactions and then enter the ECal at full energy.
Given the density of material composing the ECal and the fine-grained ECal readout, the



ECal can be considered as a second effective target mass for LDMX. In this approach, the
components of the recoil electron momentum cannot be individually measured, which results
in a measurement of missing energy instead of missing momentum. Given the thickness of
the ECal, the effective luminosity of such a measurement can be higher than that with the
thin target, though the available handles for managing background are fewer. This paper
quantifies the sensitivity of a search using the LDMX ECal as a target for a first result with
10'3 EoT, equivalent to about two weeks of nominal LDMX beam exposure. Scenarios where
this initial exposure results from both a 4 GeV or 8 GeV beam are discussed in this paper.

The paper is organized as follows: in section 2 the LDMX detector design used in this
study is reviewed, as well as the signal and background characteristics. The samples of
simulated events are summarized in section 3. In section 4, the analysis strategy is described.
The results and conclusions are discussed in section 5 and 6.

2 The LDMX detector

LDMX will utilize a high-rate, low-current electron beam incident on a thin, solid (tungsten)
target to search for light thermal DM. The behavior of DM production is benchmarked
by a dark bremsstrahlung process, where electrons emit a dark mediator or dark photon
(A’) suppressed by the mixing strength ¢ < 1. In turn, the A’ subsequently decays to
non-interacting DM particles (x) which escape the detector leaving an energy imbalance
relative to the initial beam energy.

The LDMX detector, as diagrammed in figure 1, is designed to reject the high rate of
background events, including rare photon-nuclear (PN) and electron-nuclear (EN) reactions.
The tracking system consists of a tagging tracker utilizing a 1.5T magnetic field to measure
the electron’s incident momentum and a recoil tracker utilizing the magnet’s fringe field
to measure the momentum of charged particles leaving the target. The ECal measures the
recoil electron energy as well as interactions that may result from other forward particles
that are produced in background processes. In addition, a sampling HCal composed of steel
absorber layers and scintillator bars read out by silicon photo-multipliers provides additional
background rejection capabilities particularly for events with energetic neutral hadrons.

The ECal design for LDMX is adopted from the CMS High Granularity Calorimeter
for the CMS Phase-2 upgrade [14] which fulfills requirements for a fast, efficient, and finely-
segmented electromagnetic calorimeter system. The ECal, diagrammed in figure 2, is a
sampling calorimeter with 34 layers organized into 17 double-sided planes, corresponding to
approximately 40 X, of material. This large material budget contributes to both an increased
rate of DB production relative to the 0.1 X thin target, as well as excellent electromagnetic
shower containment. Each ECal layer contains tungsten absorbers as well as printed circuit
boards (PCB) for services and data transport to and from silicon sensors. The sensors
each contain 432 readout pads and there are seven sensors arranged in a “flower” (figure 2),
providing precise transverse shower reconstruction capable of distinguishing individual elec-
tromagnetic showers with small angular separation. The first pre-shower layer is not preceded
by tungsten absorber in order to prevent the shower from beginning before a sensitive layer.

The primary physics trigger of LDMX is based on the observation of missing energy
in the ECal. For a single incoming electron, the trigger requires the total reconstructed



11111}
1]

1

1111}

o Y

| »Y
i By A - *X
|/ 1.5T dipole / o ‘ 1
—T —T —T —T
— — — —T 1
/ / ===l
Tagger Trigger Thin Recoil lectromagnetic Hadronic
tracker Scintillator target tracker Calorimeter Calorimeter

Figure 1. A diagram of the LDMX detector apparatus, illustrating production of DM in the ECal

from a scattering electron, and the corresponding response of the various sub-systems.
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Figure 2. A diagram of the LDMX ECal system. The longitudinal layer structure is shown (top)
along with an exploded view of a single double-layer (bottom-right). The transverse view of the flower
petal arrangement of modules as seen from the direction of the beam (bottom-left).

energy in the first twenty layers of the ECal (E2y) to be no more than 1.5 (3.16) GeV for
the 4 (8) GeV beam. Multi-electron events can be removed from the sample by checking
the Trigger Scintillator, Tagger Tracker, and Recoil Tracker subsystems for multiple tracks.
These trigger thresholds were optimized for the missing momentum analysis search channel
in both the 4 GeV [13] and 8 GeV [15] beam cases and found appropriate for this ECal as
Target (EaT) missing energy search as well.



3 Simulated samples

Samples of events corresponding to several physical processes are simulated in order to design
the missing energy analysis and estimate the sensitivity of this technique to DM production.
The samples used for this study were generated with version 10.2.3 of the GEANT4 detector
simulation toolkit [16] with patches to nuclear interaction cross sections and kinematics that
are important for LDMX’s beam energies [10] utilizing LDCS [17] for large-scale sample
production. The background and signal samples share the same beam assumptions, namely
that electrons arrive upstream of the tagging tracker system with a kinetic energy of 4 or
8 GeV. Each event is simulated with exactly one incoming beam electron.

In order to avoid simulating events that would be removed with a tracker-based require-
ment for the electron to have a certain minimum momentum, events where the primary
electron falls below 87.5% of the beam energy before arrival at the face of the ECal are
rejected in all samples. Based on simulation studies, we expect 62% of electrons which enter
LDMX at full energy to meet this requirement.

Dedicated samples are produced for the signal and unbiased background processes,
which are further complemented by dedicated samples for showers that impart significant
momentum into nuclei systems (“enriched nuclear”) or produce muons (“di-muon”). More
efficient production of simulation events is achieved by artificially increasing the cross section
of chosen processes by some factor (the biasing factor) for particles above a certain energy
threshold (the biasing threshold). For example, in the photo-nuclear background simulation,
the photo-nuclear interaction cross section is increased for photons whose energy is above the
biasing threshold. The event generation setup is also configured to simulate the interactions of
all particles with total energy above the biasing threshold before any other particles in order
to improve computational efficiency. Table 1 outlines the biasing and filtering for each of the
samples used in this study and are explained in more detail in the following sections. Each
of the samples was generated and analyzed separately. The unbiased background contains
nuclear and di-muon background events, which are rare in the sample but can still be used to
validate the biasing and filtering infrastructure. Since the nuclear and di-muon backgrounds
are the dominant backgrounds for this analysis channel, the analysis methods are developed
mainly using the biased samples for those background processes.

3.1 Signal

The signal samples were generated using the G4DarkBreM [18] technique in order to account
for electron energy loss prior to undergoing a dark bremsstrahlung. The produced dark
photon masses were 1, 5, 10, 50, 100, 500, and 1000 MeV. The production rate for masses
above 100 MeV drops substantially necessitating an increased biasing factor as a function of
mass (table 1) and leading to weaker sensitivities. When comparing these samples to other
DM search literature, it is common to parameterize the DM phase space with an effective
interaction strength y and the mass of the candidate DM m, that would constitute the
astronomical DM observed today. Here, these parameters relate to the DM model used

4
o 2 mX
Y = ape
my

within the simulation as




Sample Biasing Factor Biasing Threshold
Signal mrjfx(loglo(mf‘m))/? 0.5EBeam
Enriched Nuclear 200 0.375EBeam
Di-Muon 10° 0.5FEBeam
Sample Filtering Cuts
Unbiased E. > 0.875EBeam
Signal E. > 0.875FEBecam & F 4 > 0.5 FBcam
Enriched Nuclear | E. > 0.875EBcam & Foue > 0.625 Epeam
Di-Muon E. > 0.875EBcam & E, > 0.5EBcam

Table 1. Configuration of the simulation samples used in this analysis. Fpeam is the beam energy
being studied (4 or 8 GeV in this work). m 4 is the mass of the A’ in MeV, ¢ is the dark photon mixing
strength, F. is the energy of the primary electron at the front of the ECal, E 4/ is the energy of the
generated A’, Ey, is the total energy transferred to nuclear interactions during the event, and E,, is
the total energy of produced muons.

where ap is the coupling between A’ and y and we make standard, benchmark choices
ap = 0.5 and my = 3m, connecting the free parameters (y, m,) and (e, my).

In addition to the selection on the primary electron’s energy upon entering the ECal,
events were also required to contain a dark photon with an energy of at least 50% of the
beam energy produced in the ECal to avoid phase space outside of the trigger acceptance
and improve computational efficiency.

Figure 3 shows the total energy deposited in the ECal as a fraction of the beam energy
without trigger requirements for selected mass points for the 8 GeV beam case, with the
4 GeV beam case being very similar. The amount of energy deposited in the ECal for dark
bremsstrahlung events is dependent on the mass of the dark photon. Dark photons with
larger masses carry a larger amount of energy from the incident electron resulting in a shift
of the total energy reconstructed in the ECal towards smaller values.

3.2 Enriched nuclear background

While the majority of interactions in the electron shower are electromagnetic, producing
photons, electrons, and positrons, hadronic showers are occasionally produced from EN and
PN interactions with nuclei in the ECal. The response of the ECal to these particles can
be significantly smaller than for pure electromagnetic showers. Hadrons have significantly
longer interaction distances in the dense materials of ECal compared to photons, electrons,
and positrons, which can result in them escaping the calorimeter. For this reason, both EN
and PN interactions are prominent backgrounds for this analysis. Since both electrons and
photons exist within the developing shower, one cannot easily separate these interactions
into distinct processes in the EaT search; therefore, both types of nuclear interactions are
included in this “enriched nuclear” background.

For the simulation, both EN and PN interactions are biased by the same factor of 200 in
order to maintain relative differences in rates. The energy threshold above which particles
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Figure 3. The total reconstructed energy summed over all layers in the ECal (Egca)) as a fraction
of the beam energy (Epgeam) for selected mass points, shown for the 8 GeV beam case. Heavier dark
photons carry a larger amount of energy from the incident electron resulting in a shift of the total
reconstructed energy in the ECal towards smaller values. The gray line indicates the trigger threshold.
All distributions are normalized so their integral equals one.

are biased is set to 37.5% of the beam energy. A running total of the energy transferred
from the initiating electron or photon to the nucleus (so-called “nuclear energy”) is kept
in each step of the simulation.

Only events where the total nuclear energy for all particles above the biasing threshold
is greater than 62.5% of the beam energy are kept. The 62.5% energy threshold was chosen
based on the features displayed in figure 4 which shows distributions of the total ECal energy
based on the amount of nuclear energy in unbiased background events.

In order to avoid confining processes to a single nuclear interaction, the biasing and
sorting threshold needs to be much less than the 62.5% total nuclear energy threshold.
Moreover, the biasing and sorting threshold needs to be high enough to avoid simulating the
entire shower before determining if an event should be kept. The value of 37.5% was found
to be a good balance between these physical and computational bounds.

Figure 4 also highlights another background process for this analysis: photo-production
of muon pairs. All of the simulated events in the low-nuclear-energy distribution below the

trigger threshold are due to photon conversion to two muons.

3.3 Di-muon background

Simulating the di-muon background is simpler than the enriched nuclear background since it is
a single process. The process is biased by a factor of 10° (10%) for 4 GeV (8 GeV) beam samples
and only photons above half the beam energy are biased. The total energy of both muons
produced (E,) must be greater than half the beam energy in order for the event to be kept.

4 Analysis methodology

The signature of a dark bremsstrahlung event in the electromagnetic calorimeter is a single
electromagnetic shower with significant energy loss relative to the beam energy. Figure 5



10° EoT (8 GeV)
——

LDMX Simulation _

— T 3
8 ok Nuclear Energy Fraction
& E— Al
‘CIC_.; 106;, -= >62.5% 4
U>J F Between 10% and 62.5% 3
105 =+ <10% =
F — < 10% with Muon Hits in HCal
10 E Below Trigger v E
103:, Threshold ______..?-'_ ————————————— :?
102k
10k
100% R R
0.0 0.6 0.8 1.0
EECaI/EBeam

Figure 4. Total reconstructed energy in the ECal (Fgcal) as a fraction of the beam energy (Epeam)
depending on the total amount of simulated energy transferred to nuclear interactions (the “Nuclear
Energy Fraction”) for an unbiased sample of 10° EoT. The maximum ECal energy allowed to pass the
trigger is drawn in light gray. The elongated tail of the blue distribution (Nuclear Energy Fraction
< 10%) is due to photon conversion to muon pairs as evidenced by simulated energy deposits caused
by muons within the HCal (“Muon Hits in HCal”). Events with Frcal > Fpeam due to resolution
effects are omitted from this plot.

compares background to various signal mass points using the unit area normalized distributions
of total reconstructed energy in the ECal summed over all layers. As the EaT search is
designed to operate with early data samples when the trigger energy scale may not be fully
calibrated, the energy requirement for event selection is tightened at the analysis level; the
sum for the energy is performed over all 34 layers of the calorimeter and the threshold is set
400 MeV lower than what was required by the trigger. Therefore, for the 8 GeV beam the
fully-calibrated sum over all layers Egrc, must be less than 2.76 GeV, while for the 4 GeV
beam FEgga must be less than 1.1 GeV. The sample with a full energy sum greater than the
selection threshold but an FEsy below the trigger threshold will serve as a side band sample
for evaluating the prediction for a range of backgrounds.

After the total energy requirement, the primary remaining backgrounds are those where
a significant fraction of the energy is carried by neutrons, Ky, or muons through the ECal.
To suppress these backgrounds, a requirement is placed on HCal that no scintillator bar in
the detector is observed to contain a readout signal corresponding to more than 10 photo-
electrons (PEs): max(PEpca1) < 10. For the side-HCal the measurement is made from a single
photo-detector, while for the back-HCal the requirement is placed on the summed readout
signal from the photo-detectors on both ends of the bar. The typical signal for a through-going
muon in a single bar is 80 PE summed over both ends while the typical noise in a bar is 1 PE.

Some PN reactions produce several low-energy particles that range out in the ECal,
often distributing a small amount of energy over a range of cells. To suppress such events,
an additional upper limit on the overall width of the energy deposition in the ECal is
applied. Each channel in the ECal which has an energy deposit above the readout threshold
(corresponding to 50% of the energy deposited by a muon passing through a cell) is called a
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Figure 5. The total reconstructed energy summed over all layers of the ECal (Egca) for all events
that pass the trigger threshold. The signal and background distributions are normalized such that
their integral is one. The events falling into bins with energy above the trigger threshold are omitted
from this plot but included in efficiency calculations and the normalization.

“hit”. The overall width of the energy deposition is then measured as the energy-weighted root-
mean-squared spread (RMS) of the hit locations in the transverse plane, which quantifies the
size of the event transverse to the particle impact direction on the calorimeter. This variable
is typically larger for PN and EN backgrounds than for the single truncated electromagnetic
shower present for a signal event. The event RMS is required to be less than 20 mm.

The variables used for selection are shown in figure 6. In this figure, the distributions are
shown after all other selections are applied (including the trigger selection and the selection
on the total ECal energy including all layers). The gray line indicates the selection on the
observable in question, and the background sample is composed of the enriched nuclear
and di-muon samples.

The final selection is tabulated in table 2. While not using the full power of the
LDMX detector design, these simple cuts still reject enough background while keeping signal
efficiencies high.

Figure 7 shows the signal and background total ECal energy distributions as a fraction
of the beam energy after all selections are applied. With this selection of events, we can
use the differing shapes between signal (close to uniform) and background (sharply falling)
distributions in order to further improve the signal sensitivity. We fit the cumulative
distribution of the background sample with a simple exponential function of the missing
energy fraction and then use this fit to estimate the background yield within each of the
three analysis bins. This fit utilizes the region above the final analysis threshold (dashed line
in figure 7) and below the trigger threshold to help constrain it. Table 3 shows the results of
this calculation. Moreover, this technique is well suited for first-contact with real data since
the region currently constraining the fit would act as a control region enabling a data-driven
background prediction. This fit is then used to give a background estimate and statistical
uncertainty on this estimate in the three final analysis bins (edges shown in gray in figure 7).
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Figure 6. Variables used in signal selection for the EaT analysis channel. Each figure is an “N-1"
plot where all other cuts are applied except for the variable in question. The signal samples are
shown with a choice of effective interaction strength y = ape?(m, /ma/)* to which this analysis is
sensitive. For empty bins, the uncertainty shown is derived from the Poisson uncertainty based on
nearby bins. The gray line shows the selection cut. The background event counts correspond to the
enriched nuclear and di-muon samples. The top (bottom) row shows the 4 GeV (8 GeV) beam.

Correlated systematic uncertainties on this background prediction were also estimated.
Systematic uncertainties arising from 10% uncorrelated ECal mis-calibrations were estimated
at 5% for all three final bins. Uncertainty in the background rate from 10 PE fluctuations
of the maximum PE deposited in the HCal was also determined, resulting in no observable
uncertainty in the lowest reconstructed ECal energy analysis bin and 60% (70%) in the middle
(high) analysis bins. For the tracking requirements, while some misalignment may be expected
for early analyses, this analysis does not see a strong dependence on the tracking requirement
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Figure 7. The total reconstructed energy in all layers of the ECal (Egca1) as a fraction of the beam
energy (Epeam) for all samples that pass the selection criteria except the selection on ECal energy.
The 4 GeV beam is shown on the left and the 8 GeV beam is shown on the right. The gray lines mark
the edges of the analysis bins used to estimate the expected exclusion limit and the dashed line is the
upper limit on the ECal energy which also serves as the upper limit of an analysis bin.

i Background Signal Efficiency (%)
Analysis Stage for 4 GeV Beam
Event Yield | 1MeV | 10MeV | 100 MeV | 1 GeV
ECal Trigger (Fa < 1.5GeV) | 5.11 x 107 | 58 67 71 83
Tracker Requirement (E, > 3.5GeV) | 4.60 x 107 52 60 64 75
ECal Energy (Egcal < 1.1GeV) | 1.95 x 106 32 43 48 65
max(PEpca) < 10 | 1.15 x 103 31 42 47 62
RMS Event Size < 20 mm 126 25 33 37 30
Analysis Stage for 8 GeV Beam Background Signal Efficiency (%)
Event Yield | 1MeV | 10MeV | 100 MeV | 1 GeV
ECal Trigger (Eog < 3.16GeV) | 6.78 x 107 66 74 79 89
Tracker Requirement (E, > 7GeV) | 6.10 x 107 59 67 71 80
ECal Energy (Egca < 2.76GeV) | 6.88 x 106 47 57 62 76
max(PEgca1) < 10 31.8 45 55 60 73
RMS Event Size < 20 mm 7 39 47 50 47

Table 2. Cut flow analysis comparing background and various signal hypotheses for the simple cuts
used in this analysis. The event yield for the background sample is calculated using the event weights
and represent the number of events out of 103 EoT equivalent. The signal efficiency is relative to
the simulation sample. The efficiency and event yield values on a given row are reported after the
analysis stage of that row. The top table is the cut flow for the 4 GeV beam, and the bottom table is

for the 8 GeV beam.
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Beam Energy Bin 1 Bin 2 Bin 3
4 GeV 0.87+0.09 | 15.6 £0.9 | 127.6 £ 3.4
8 GeV 0.0873% | 04738 | 47+1.2

Table 3. Background prediction and its uncertainty on the number of events within the analysis bins.

and so it will be set such that 90% of tracks connected to full-energy clusters pass it. Based
on simulation studies, the analysis will require a tracker performance reliable-enough to reject
tracks below half the beam energy, which can be achieved with minimal alignment, so no
systematic uncertainty is considered for the tracker.

5 Results

The expected reach of the EaT analysis in the y — m, plane is shown in figure 8 which used
the COMBINE[19] statistical framework to perform a 3-bin expected exclusion estimate using
the CLs criterion [20, 21] with the modified profiled likelihood ratio [22] as test statistic
and using a log-normal model for nuisance parameters affecting yields. The signal yield
limit estimated by COMBINE is converted to a limit on y using an estimate of the expected
production rate of dark photons from the simulation described above. This rate estimate
is taken with a 20% systematic uncertainty representing uncertainty in the effective target
material composition. The leading experimental systematic uncertainty is the HCal veto
efficiency, which has a 10% impact on the expected sensitivity.

The EaT lines reflect the results from this study for the 8 GeV (orange) and 4 GeV (blue)
beams. The red line is the LDMX Missing Momentum (MM) analysis sensitivity [13, 15] for
a total exposure of 4 x 10 electrons-on-target. The EaT analysis is expected to achieve
world-leading sensitivity in the early stages of LDMX operation, and to extend that sensitivity
as the data sample increases. The MM search provides additional measurement possibilities
to confirm an observation of DB such as the transverse-momentum distribution of the recoil
electron, which can not be precisely measured in the EaT analysis channel.

6 Conclusions

The Light Dark Matter eXperiment will use a fixed-target, missing-momentum approach to
perform a search across a range of mixing strengths for thermal-relic DM with a mass of
1MeV to 1 GeV. This paper has described the use of the ECal as a secondary active target,
which allows world-leading sensitivity in the early running stages of LDMX and provides a
second analysis channel with different systematic uncertainties and background characteristics
compared with the primary missing-momentum search channel. A detailed evaluation of this
EaT analysis was described, employing a limited set of selection variables appropriate for use
during early data-taking and evaluating the impact of a range of systematic uncertainties
on the analysis result. These variables are sufficient to suppress the known background
processes while maintaining substantial signal efficiency. The final background prediction
and statistical analysis follows a structure that is applicable to beam data, preparing the
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Figure 8. The 95% confidence level sensitivity of the EaT analysis for the 4 GeV (blue) and
8GeV (orange) beam cases compared to other experiments led by NA64 [23], BABAR [24], and
COHERENT [25] (gray); scalar, Majorana, and Pseudo-Dirac theory expectations (black, top-to-
bottom); and the LDMX MM analysis sensitivity (red).

collaboration to conduct dark matter physics searches with a novel apparatus with only
a few weeks of beam time.

As the beam sample size collected by LDMX grows, the EaT analysis channel is antici-
pated to maintain comparable exclusion sensitivity to the MM analysis by having access to
a higher signal rate and through the staged introduction and validation of more advanced
variables to suppress the backgrounds which will become relevant for larger detector exposures.
The EaT analysis is therefore expected to complement the MM analysis and extend the
reach of LDMX data.
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