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The Light Dark Matter eXperiment (LDMX) is an electron-beam fixed-target experiment
designed to probe the existence of dark matter particles in the sub-GeV mass region with
unparalleled sensitivity. An upgrade to the LCLS-II accelerator will increase the beam en-
ergy available to LDMX from 4 to 8 GeV. Using detailed GEANT4-based simulations, we
investigate the effect of the increased beam energy on the capabilities to separate signal and
background, and demonstrate that the veto methodology developed for 4 GeV successfully
rejects photon-induced backgrounds for at least 2 x 10'* electrons on target at 8 GeV.
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I. INTRODUCTION

The Light Dark Matter eXperiment (LDMX) is a planned experiment designed primarily to
search for dark matter particles with masses in the MeV to GeV region. It aims to observe the
production of such particles in interactions of a primary electron beam with a thin target by mea-
suring the energy loss and momentum change the electron undergoes in the target. All relevant
background reactions are accompanied by the production of detectable Standard Model (SM) par-
ticles, albeit with low multiplicity and/or low energy in some cases. Thus, achieving the desired
sensitivity depends on the efficiency with which these particles can be detected. The most chal-
lenging backgrounds arise from photo-nuclear (PN) reactions of hard bremsstrahlung photons,
where ‘hard’ is defined as carrying more than about three-quarters of the initial electron’s energy.
Rejecting these reactions is particularly difficult if their final state is only a single neutral hadron
(mainly a neutron or K'?), or a single charged particle that decays in-flight with most of its energy
being carried away by a neutrino.

LDMX intends to take its first data with a low-intensity electron beam extracted from the Linac
Coherent Light Source II (LCLS-II) at SLAC with an initial beam energy of 4 GeV. The majority
of the LDMX data, 10'¢ electrons on target (EoT) or more, will be collected at a beam energy
of 8 GeV after a corresponding upgrade of LCLS-II [1]. A higher beam energy is expected to
improve the sensitivity of LDMX for a number of reasons: (i) the signal yield will increase [2],
(11) the rates of several challenging PN event classes will decrease, and (ii1) the PN reactions will
typically have higher-multiplicity final states with more energetic particles, making them more
likely to be detected. In this paper, we focus on aspect (iii) and quantify the energy increase’s
impact on the photon-induced background rejection, based on simulation studies. The baseline is
the corresponding simulation studies done for a beam energy of 4 GeV as reported in Ref. [3]. They
show that photon-induced backgrounds at 4 GeV beam energy can be rejected with the currently
envisioned detector design to the level of less than 1 event for 2 x 10'* electrons on target.

The paper is organised as follows: in Sec. II we review the LDMX detector design used in this
study, as well as the signal and background characteristics. The simulation samples employed are
summarised in Sec. III. Sec. IV shows comparisons of important variables at 4 GeV and 8 GeV.
In Sec. V we briefly recapitulate the selections applied at 4 GeV, as well as their performance,
followed by a description of the corresponding selections at 8 GeV. The results are discussed in
Sec. VI, and we conclude in Sec. VII.

II. THE LIGHT DARK MATTER EXPERIMENT

A detailed description of the conceptual design of LDMX can be found in [2, 3]. Here,
we briefly summarise the design-driving physics aspects and the chosen detector solutions, a
GEANT#4-based simulation [4, 5] of which was used to obtain the results presented in this pa-
per. While the discussion in the following sections is centered around the main motivation of
searching for sub-GeV thermal relic dark matter, we emphasise that the resulting detector design
has a much broader potential: quite generally, LDMX will enable measurements with electron
beams in the forward region, using both invisible and visible signatures, as discussed for example
in [6, 7].



A. Light Dark Matter: Motivation and Signature

A compelling hypothesis explaining the origin of dark matter (DM) is that DM is a thermal relic
from the early Universe. Within this simple yet predictive formalism, the observed abundance of
DM can be correctly reproduced for DM particle masses in the range of MeV to O(100) TeV,
assuming some (small) non-gravitational interaction between DM and SM particles. For DM
particles to be lighter than a few GeV, this interaction has to be mediated by a new, light particle, to
avoid overproduction of DM compared to the relic abundance. The existence of such an interaction
implies a DM production mechanism at accelerators, which LDMX aims to exploit.

In this paper, we employ the widely-used benchmark of a kinetically-mixed dark photon
(A") [8] as our signal model. Despite its simplicity, it captures all important features of a DM
signal and is representative for a wide range of models. It contains four parameters: the kinetic
mixing parameter, ¢, the coupling between the dark photon and DM, ap, and the masses of the
DM particles, m,, and the dark photon, m .. We consider the case m4 > 2m,, such that the
dark photon will predominantly decay invisibly into dark matter. The common benchmark of
mar = 3m,, is used throughout this paper. The production of dark matter in the target will proceed
via bremsstrahlung of a dark photon and its subsequent decay into dark matter. The kinematics
are qualitatively similar for production through an off-shell mediator or a contact interaction. In
contrast to ordinary bremsstrahlung, the massive dark photon will carry more of the incoming
electron’s energy. Momentum conservation then requires the outgoing electron to have a sizeable
transverse momentum. The LDMX detector design aims to measure both the energy of the outgo-
ing recoil electron, F....;;, and its transverse momentum, ppr. The recoil energy, or equivalently
the missing energy, Eiss = Ebeam — Erecoil, 1S measured with an electromagnetic calorimeter
(ECal) downstream of the target. Upstream of the target, as well as between the target and the
ECal, tracking detectors in a magnetic field will measure the momentum difference before and
after the electron has passed through the target. A hadronic calorimeter (HCal) surrounds the
ECal as much as possible to catch products of SM reactions that would be invisible to the ECal.
With this setup, the DM signature is an electron losing most of its energy and acquiring sizeable
transverse momentum in an otherwise completely empty detector.

Fig. 1 shows projections of the exclusion sensitivity of LDMX for different scenarios in terms
of the interaction strength parameter y = ape?(m,/mas)* and the DM particle mass, m,. The
thermal targets, i.e. the (y,m,) combinations that reproduce the measured abundance of dark
matter as a thermal relic for different dark matter particle types, are not yet excluded by other
experiments for these benchmark models. The LDMX projections, all assuming a flat 50% signal
efficiency across the m, mass range, would exclude yet uncovered regions of the parameter space.
This figure considers only the reach of LDMX for dark bremsstrahlung production, while the
sensitivity at higher m, may be improved by also considering invisible vector meson decays [17].

The projection for the 4 GeV running period is shown, assuming that all background events
can be vetoed. A corresponding dataset of the same size at 8 GeV illustrates the gain purely
from increasing the beam energy, which is most relevant at dark matter masses above 10 MeV,
and continues to increase for larger masses. A data set of 10'° EoT collected at 8 GeV would
significantly extend the reach over the entire mass range. Variations of the number of non-rejected
background events or its uncertainty affect the potential reach, emphasising the need to minimise
both the expected rate of such false-positive background events and its uncertainty.
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FIG. 1: The projected reach of LDMX in the dark bremsstrahlung model at 4 and 8 GeV beam energies.
Several scenarios are shown for the 10! electrons on target (EoT) run at 8 GeV assuming different back-
ground levels. The A’ to DM coupling constant is set to aup = 0.5 > ¢, and the ratio m, /my = 1/3
allows for the A’ — yx decay channel to dominate. Three thermal relic targets are shown as black lines,
corresponding from top to bottom, to scalar, Majorana fermion, and Pseudo-Dirac fermion models of DM
[2]. The region in grey is already excluded by other experiments [9—16]. A 50% signal efficiency is assumed
across the entire m, mass spectrum at both beam energies. The discrimination between signal events and re-
maining background events is improved by recoil electron pr information, with the strongest improvement
for higher m,.

B. Detector Components

As outlined in the previous section, the LDMX detector concept consists of three main parts:
a tracking system to measure the transverse momentum, an ECal to determine the energy, and an
HCal as a veto instrument. The conceptual design is depicted in Fig. 2.

The nominal target is a tungsten sheet with a thickness corresponding to 0.1 radiation lengths
(Xo). Located upstream of the target inside a 1.5 T magnetic field is the tagging tracker, consist-
ing of seven silicon-strip modules. Downstream of the target, in the fringe field of the magnet,
a recoil tracker based on similar silicon-strip modules enables tracking of charged particles with
p > 50MeV. The ECal is a highly-granular Si-W sampling calorimeter with 34 layers and a total
depth of 40 X,. This depth enables the full containment and precise measurement of electro-
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FIG. 2: A diagram of the LDMX detector apparatus, illustrating production of DM in the target from
a scattering beam electron, and the corresponding response of the various sub-systems to the missing-
momentum signature. The drawing is not to scale.

magnetic showers. The high granularity, with cells of about 0.5 cm?, makes it possible to dis-
tinguish electromagnetic showers from other energy depositions, such as hadronic products of
photo-nuclear reactions and tracks from minimum-ionising particles. The ECal is surrounded by
the large HCal, except on the beam-facing side. The HCal is a sampling calorimeter with steel ab-
sorber layers and scintillator bars as active material, read out via silicon photomultipliers (SiPMs).
Its depth corresponds to about 17\, (nuclear interaction lengths) in the forward direction. It is
designed to contain highly-penetrating neutral hadrons and capture scattering products at large an-
gles. The main physics trigger is the missing energy signature, obtained from a fast measurement
of the energy deposited in the first 20 layers of the ECal.

C. Background Processes and Veto Handles

As stated in Sec. II A, the signature of dark matter production in LDMX consists of missing
energy and missing transverse momentum after the electron has interacted in the target. Potential
backgrounds to this signature and their rate relative to the rate of incoming electrons are shown
in Fig. 3. First, it is worth noting that there are no irreducible physics backgrounds, since the rate
for neutrino processes generating genuine missing energy lies below the envisaged sensitivity up
to O(10'7) EoT. In other words, all relevant backgrounds are instrumental backgrounds, related to
limitations in the efficiencies with which visible reaction products can be detected. For most back-
ground processes, LDMX can exploit complementary information from several detector systems,
as illustrated on the right of Fig. 3.

The most common class of visible backgrounds are processes in which the full beam energy
is deposited in the form of electromagnetic showers in the ECal, including: the electron passing
through the target without any significant reaction, the emission of a bremsstrahlung photon, and
trident production of an additional eTe™ pair. All of these can be efficiently rejected by a measure-
ment of the deposited energy. In cases of a non-interacting electron or trident production, tracking
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FIG. 3: Relative rates of background processes at 8§ GeV beam energy, along with the veto handles used to
reject them, down to a relative rate of < 10716, The colour shading groups different background classes:
The upper green section corresponds to events in which the full beam energy is deposited in the ECal; the
middle blue section is rarer reactions resulting in anomalous energy depositions in the ECal or particles
escaping the ECal; and the bottom red section corresponds to irreducible backgrounds with real missing
energy.

information further improves the rejection.

More challenging backgrounds originate from bremsstrahlung events in which the photon does
not shower in the ECal, but instead converts into a " .~ or hadron pair, or undergoes other photo-
nuclear reactions. These photon-induced processes are the focus of this paper. Muon conversion
events in the ECal can be rejected by several different veto handles. The high-granularity of
the ECal enables the observation of tracks that sufficiently energetic muons leave as minimum
ionising particles (MIP). Moreover, the muons will also deposit energy in the HCal, allowing for
an additional veto handle to reject this background. In case the muon conversion happens in the
target, the additional tracks in the recoil tracker provide a veto handle.

Several orders of magnitude rarer are photo-nuclear reactions resulting in the production of a
single energetic neutral hadron that is accompanied by only low-energy particles. Vetoing these
backgrounds relies mainly on the HCal, designed to achieve an inefficiency of less than 1076 for
detecting few-GeV neutrons. The production of single charged kaons again occurs at a slightly
lower rate and can be rejected using event topology and MIP track information from the ECal, as
well as activity in the HCal. An exception are cases in which the kaon decays inside the ECal,
and its visible decay products, i.e. particles other than neutrinos, are contained in the ECal. In this
case, the ECal information is the only handle to reject these processes. The rate of single charged



kaons decaying inside the ECal is expected to be reduced by a factor of around two, compared to
4 GeV beam energy, due to the larger distance typically traveled by the more energetic kaons.

III. SIMULATED EVENT SAMPLES

The simulations employed in this paper are based on the same software suite as described in
Ref. [3], using a customised version of the GEANT4 toolkit (10.02.p03). The simulation of
signal events is done in two steps: First, the interaction of the 8 GeV electron with a tungsten
nucleus is generated with MadGraph/MadEvent [18], using a dark photon model originally used
for the APEX test run [19] and the HPS experiment [20], which has been extended to include
light DM particles. For this analysis, simulated event samples for dark photon masses of 1 MeV,
10MeV, 100 MeV, and 1GeV are generated. The resulting particles, i.e. mainly the deflected
electron, are then passed to GEANT4 to model the detector response. These events are used to
both develop the analysis selection and to evaluate the signal efficiency. Each event is simulated
with exactly one incoming beam electron, such that no pile-up is present.

The simulation of background events is done purely in GEANT4, including the same modifica-
tions as described in Ref. [3] to better model some of the design-driving final states. As motivated
in Sec. I C, the four following background processes are considered: photo-nuclear reactions and
photon conversion to a p~ pair, occurring either in the target or in the ECal. Using dedicated
event filters, separate simulated data sets are prepared for these four processes. All require the
electron to emit a hard bremsstrahlung-photon of at least 5 GeV in the target. They are then fur-
ther filtered according to the fate of the photon by selecting either photo-nuclear reactions or the
conversion into two muons from the FTFP_BERT physics list of GEANT4, augmented with the
G4GammaConversionToMuons list.

The four background samples are listed in Tab. I together with the corresponding number of
events generated and the equivalent number of EoT. The latter differs from the number of simu-
lated events due to the use of the GEANT4 occurrence biasing method. This allows the generation
of high-statistics samples of rare processes more efficiently, by modifying the interaction proba-
bilities such that the cross-section for a specific process can be enhanced. For the simulations in
this paper, the photo-nuclear interaction cross-section was increased by a factor of 550 and the
muon-conversion cross-section by a factor of 10000 for the conversion happening in the target,
and 30000 for the conversion in the ECal. The PN biasing factor and the large muon-conversion
biasing factors are validated to ensure that the position distribution of where reactions occur in
the detector have a profile consistent with the unbiased simulation. Each event is then assigned a
weight to account for this change and ensure that the total cross section remains constant. These
biasing techniques allowed for the simulation of an ECal PN sample equivalent to 1.98 x 1014 EoT,
as listed in Tab. I, and further efforts are required to reach a 10'® EoT sample, as expected for the
full 8 GeV run.

For signal events and the main background, PN reactions occurring in the ECal, additional
smaller samples with 4 GeV beam energy were generated for comparison with the larger 8 GeV
data set. All background simulations except for the ECal PN background at 8 GeV were performed
using the Lightweight Distributed Computing System developed for LDMX [21].



Simulated sample | Total events simulated | EoT equivalent

ECal photo-nuclear 3.60 x 101! 1.98 x 1014
ECal v — pup 8.00 x 1019 2.40 x 101°
Target photo-nuclear 1.63 x 10'2 8.99 x 1014
Target v — pup 9.45 x 101 9.45 x 101°

TABLE I: The background simulations used in this analysis along with the corresponding statistics. The de-
tector volume (ECal or Target) specifies where the interaction is simulated. The number of EoT is estimated
from the number of simulated events, taking the biasing factor into account.
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FIG. 4: Classification of daughter particles from bremsstrahlung photon PN interactions in the ECal, con-
sidering only hard particles above 200 MeV, for events passing the trigger, shown as a fraction of EoT. The
kaon rows consider exactly one kaon and any number of other particles. Note that the categories are not
exclusive.

IV. COMPARISONS BETWEEN DIFFERENT BEAM ENERGIES

This section showcases some of the differences resulting from an increase in the beam energy.
We focus on the main background, PN processes occurring in the ECal, and the signal for a dark-
photon mass of 1 MeV. Higher masses will be shown to generally exhibit larger differences to the
background. All of the distributions shown include only events that are retained by the missing
energy trigger, which places a requirement on the maximum amount of energy deposited in the
20 front layers of the ECal. For details on the trigger see Sec. V A. Comparisons for additional
variables can be found in App. A.

The most challenging ECal PN reactions to identify are those resulting in low-multiplicity final
states of either long-lived neutral particles or charged particles that decay with most of their energy
being carried away by neutrinos. Fig. 4 illustrates how the higher beam energy impacts the relative
frequencies of specific PN final states that pass the trigger, as a fraction of EoT. The classification
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FIG. 5: Distributions of key variables for dark photon signal events (blue) and ECal PN background events
(orange) at 8 GeV (solid) and 4 GeV (dashed). All distributions are normalised to the number of events in
the respective sample after the trigger requirement. a) The summed energy of all ECal hits. Due to the
experimental resolution, the total energy can sometimes exceed the energy of the incoming beam electron.
b) The energy in isolated hits, with no energy deposits in neighboring ECal cells. ¢) The average layer index
of hits. d) The transverse spread of energy depositions in the ECal. The rightmost bins are overflow bins.

counts final state particles with 200 MeV or more kinetic energy. The number of such triggered
events generally decreases by roughly an order of magnitude. A similar decrease is seen in the
nothing hard category, where there are no particles above 200 MeV in the final state. A larger
relative decrease is seen in the low-multiplicity bin, with two or fewer particles above 200 MeV in
the final state, and the pure neutron categories that rely on the HCal veto performance.

The rate of K events, which in their most challenging form may decay inside the ECal, with
most of the energy being carried away by a neutrino, is similarly more rare at 8 GeV. The ap-
parent higher rate for K production compared to K¢ is a trigger effect, explained by K events
depositing energy deeper into the ECal in layers not considered by the trigger, unlike the promptly
decaying K?2.

Fig. 5 shows a comparison of several variables from activity in the ECal, in events passing the
trigger requirement, that can be used to discriminate between a dark matter signal and the main
PN background, for different beam energies. The total amount of reconstructed energy deposited
in the ECal is typically higher at 8 GeV, as is to be expected. For both beam energies, the signal
is characterised by lower energy depositions than the background. The signal distributions are
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truncated by the trigger selection, since most of the energy is deposited close to the front of the
ECal in signal events. For the PN background, a considerable fraction of the energy might be
deposited deeper into the ECal, such that the total amount of energy can be greater than the energy
threshold applied at the trigger level.

The total isolated energy is defined as the energy deposited in calorimeter cells that have no
neighboring cell with significant energy depositions around them in the same layer. This variable
helps to capture features separated from the electron shower, in particular diffuse hadronic show-
ers that might originate from PN reaction products. It is observed that the amount of energy in
such isolated cells increases with higher beam energy. The background is characterised by more
energy being deposited in isolated cells, i.e. the energy deposits from the background process are
indeed more sparse compared to the dense showers from the recoil electron in signal events. At
4 GeV beam energy, this variable was found to be one of the most discriminating ones [3], and the
distributions in Fig. 5 suggest a similar discrimination power at 8 GeV.

Fig. 5 further shows the distribution of the average ECal layer of hits. For each event, an
average is computed by weighting the layer number with the amount of energy deposited in it.
This variable is sensitive to differences in the longitudinal profile between signal and background
events, exploiting the fact that the hadronic activity from PN reactions will penetrate deeper into
the ECal than the recoil electron shower. This is reflected in a higher average layer number for
PN events compared to signal at both beam energies. There is a slight shift to higher values when
going from 4 GeV to 8 GeV, indicating that showers penetrate deeper into the ECal, as expected
for more energetic particles.

Lastly, the RMS of the transverse positions of ECal hits exploits differences in the lateral pro-
file. It is significantly larger for the background than for the signal, due to the additional, often
hadronic, activity from the PN reactions further away from the electron shower. It is observed that
the transverse profile of the electron shower in signal events become slightly narrower at 8 GeV.
The background has a similar distribution at both beam energies, as this variable is dominated by
the separation between the electron shower and the PN reaction products, rather than the individual
shower profiles.

V. VETO METHODOLOGY AND PERFORMANCE

In this section, the veto handles outlined in Sec. II C are described in more detail and their
performance is quantified based on the simulations summarised in Sec. III. The analysis consists
of missing energy and missing momentum conditions, a veto based on the topology of energy
deposits in the ECal, an independent HCal activity veto, and a fine-grained MIP tracking step to
address certain rare photo-nuclear backgrounds.

A. Trigger and Kinematic Selection

The vast majority of ECal showers started by the signal electron will be contained within the
front of the ECal, and whether there is significant missing energy will be evident even if the
whole ECal volume is not considered. In this study, the first 20 layers of the ECal are considered
in the calculation of the deposited energy for the trigger decision. Only events with less than
3160 MeV deposited in this detector region are retained for further analysis, corresponding to a
missing energy requirement of 4840 MeV. This value was chosen to match the trigger efficiency
for the signal obtained in the 4 GeV analysis. There, 1500 MeV of deposited energy in the front
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nuclear reactions in the ECal. The rightmost bin is an overflow bin.

ECal was required instead, a change roughly consistent with the factor two difference in beam
energy.

Following the trigger selection, a more stringent missing energy criterion with all ECal layers
included is introduced, with the complete information from the ECal that would be available of-
fline. Using the same numerical value as in the previous online trigger decision, events with more
than 3160 MeV total energy in the whole ECal will be vetoed.

Additionally, events are required to have exactly one track in the recoil tracker with a momen-
tum less than 2400 MeV/c, to ensure that momentum was lost in the target. This is twice the value
used at 4 GeV beam energy.

B. ECal Shower Shape Veto

Background events selected by the trigger and not rejected by the track-momentum requirement
will predominantly be events in which the electron loses most of its energy to a bremsstrahlung
photon, which does not deposit all of its energy visibly in the ECal. One critical channel for photon
energy loss is PN reactions, as discussed in Sec. II C. The granularity of the ECal is utilized
to discriminate whether the recoil electron shower, which is the only feature present in signal
events, is accompanied by other, photon-induced energy depositions. The pr distribution of the
recoiling electron for ECal photo-nuclear events is shown in Fig. 6, along with dark photon signal
events with different dark photon mediator masses. The bremsstrahlung background and signal
events with lighter mediator masses m 4 both have similar low pp distributions, with less spatial
separation between the electron shower and recoiling photon in the forward ECal than in more
massive m 4/ signal events.

As exemplified in Fig. 5, there are many variables providing discrimination between signal and
PN backgrounds. To comprehensively exploit these differences, a boosted decision tree (BDT)
classifier is used. It is trained on 10° signal events, containing equal amounts of the four simulated
dark photon masses, as well as a set of 10¢ ECal PN events. Fig. 7 shows a typical PN event that
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FIG. 7: Event display of ECal activity for a photo-nuclear event vetoed by the BDT. A small electron shower
(red) is deposited in the first few ECal layers along the expected trajectory of the recoil electron (orange).
Proton and charged pion showers (blue) induced by the bremsstrahlung photon are deposited deeper in the
ECal, with significant deposits seen near the expected photon trajectory (cyan).

the BDT classifies as background. It displays pion and a proton showers resulting from the PN
reaction, clearly discernible from the short recoil electron shower.

In the following, we first introduce the variables used as input to the BDT and show some of
their distributions. Then, we present the performance of the BDT in terms of background rejection
and signal efficiency.

1. Input Variables

The purpose of the BDT is to leverage topological features of the energy depositions in the ECal
to discriminate signal from the challenging ECal PN backgrounds. For the sake of comparability,
the same 42 input variables as in Ref. [3] are used, with some adjustments for the increased beam
energy. They fall into three categories: global features, such as the sum of energy in isolated
cells, features describing the transverse or longitudinal distribution of energy in the whole ECal
volume, and features describing the energy distribution around the projected electron and photon
trajectories. The latter is inferred from the initial momentum of the electron before the target, and
the trajectory of the electron measured in the recoil tracker.

For each ECal layer, a radius is defined such that on average 68% of the energy of an electro-
magnetic shower in this layer is contained within this radius. These containment radii depend on
the incident angle and momentum of the recoil electron at the ECal face, and four sets of radii are
computed to coarsely capture the change in shower shape development depending on the recoil
electron kinematics, resembling the binning used in the 4 GeV analysis. The containment radii are
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FIG. 8: The containment radius in each ECal layer is defined as the radius containing on average 68% of
a signal electron’s electromagnetic shower. The phase space of electron momentum p and electron angle
to the beamline at the target 6 is split into four regions, corresponding to the four curves. In the last five
layers for the high angle electrons, a polynomial fit is used to extrapolate the containment radii due to low
statistics. The relative distribution of energy between layers, in a certain category of radii, is expressed by
the color of the scattered points.

shown in Fig. 8. For angles less than 15°, the radii are similar in a given layer, while electrons
leaving the target with large angles with respect to the beam direction need considerably larger
containment radii. For electrons, the four sets of containment radii shown in Fig. 8 are used, with
the kinematics of the electron inferred from simulation truth. Around the photon trajectory, the
radii for p < 1000 MeV and 6 < 6° are used. A set of input variables to the BDT is defined based
on the distribution of energy and hits inside and outside the containment radii around the electron
and bremsstrahlung photon path. These variables include the energy within the electron and pho-
ton containment radii, as well as the number of hits and the transverse spread of hits that are well
separated from both the electron and the photon paths. In addition, the energy and hit distribution
in volumes determined by multiples of the containment radius, from one to five containment radii,
is used to give a more granular description of the transverse energy distribution.

Fig. 9 shows the distributions of some of the BDT input variables for the PN background and
four different signal masses; additional distributions can be found in App. B. The energy deposited
in the back 14 layers of the ECal that are not considered for the trigger, and the energy sum of hits
outside a region corresponding to four containment radii around both the photon and the electron
paths, are both variables that provide good separation of signal and background. The separation is
less pronounced when comparing the energy inside the photon and electron containment radii.
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FIG. 9: A selection of BDT input variables. a) Energy in the last 14 ECal layers. b) The total energy
(in all ECal layers) outside four times the containment radii around the electron and bremsstrahlung photon
trajectories. ¢) The energy within the containment radii around the photon bremsstrahlung photon trajectory,
summed over all ECal layers. d) The energy within the containment radii around the electron trajectory,
summed over all ECal layers. The rightmost bins are overflow bins.

2. BDT Performance

The BDT achieves good separation between signal and background for all considered mediator
masses, as displayed in Fig. 10. The discriminator value is a score between 0 and 1, where 0 is
defined as background-like, and 1 as signal-like. Fig. 11 shows the relationship between signal
and PN background efficiency when varying the requirement on the BDT score. The similarly
trained BDT used in the 4 GeV analysis is shown alongside the results at 8 GeV for comparison.
The 8 GeV BDT outperforms the 4 GeV BDT for all simulated mediator masses. A requirement
on the BDT discriminator value is used to reject PN background events, and the threshold value is
chosen to maintain 85% signal efficiency for the 1 MeV mediator mass, similar to the efficiency
used at 4 GeV. The 1 MeV mass point is chosen as the benchmark since it is the most difficult to
distinguish from background. The corresponding background efficiency is 2.6 x 107*, illustrated
in Fig. 11. The fraction of ECal PN events remaining after veto at 4 GeV, while requiring the same
1 MeV signal efficiency, is approximately a factor of three larger.
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bin is an overflow bin.

C. HCal Activity Veto

Some background events leave little activity in the ECal apart from the recoil electron shower,
such as events in which only a single neutron is produced in the PN reaction. These events are
very similar to signal events in the ECal, and will typically not be vetoed by the ECal BDT score.
They will, however, in most cases produce significant activity in the HCal. In contrast, most of
the activity will be contained in the ECal for signal events. Energy depositions in the HCal can
thus be used as an additional handle to reject background events. The HCal veto is defined to
reject an event when any scintillator bar in the HCal registers a signal corresponding to 8 or more
photo-electrons (PEs) in one SiPM for side HCal bars with single-ended readout, or 8 PEs in total
from the two SiPMs at opposite read-out ends for the back HCal bars. This requirement lies well
above the expected noise level of 1 PE equivalent with a tail at the level of 107° extending to at
most 6 PE equivalents. Fig. 12 shows the maximum number of PEs detected in any HCal bar
for the PN background and for m4 = 1 MeV signal events, at both 4 GeV and 8 GeV. A strong
discrimination between signal and background is seen, that is considerably more pronounced at
8 GeV, with at most a few percent of signal events rejected by this criterion.

Fig. 13 shows the BDT discriminator value versus the maximum number of PEs in any HCal
bar for a my = 1GeV signal, compared to v — pu conversion events and PN processes in the
ECal. The signal, as expected, accumulates at high BDT values and low HCal activity. The insets
show a zoomed-in view of the signal region, i.e. events with a BDT score higher than the chosen
threshold and at most 8 PEs in any HCal bar. Only three simulated PN events and five simulated
muon conversion events are found in the signal region. A plot showing the distribution of ECal
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The signal rate for m 4 = 1000 MeV is shown underneath.

PN events further away from the signal region can be found in App. C.

Fig. 14 further illustrates the BDT and HCal veto complementarity, showing the number of
events passing the BDT and subsequent HCal veto, while varying the BDT’s required m4 = 1
MeV signal efficiency. The ECal v — pp background is largely vetoed by the BDT with large
signal efficiencies, unlike the PN background, showing that the ECal is a strong veto handle for the
muon conversion background, despite training it on PN events only. While both the v — 0 and
PN backgrounds have a small number of events passing the additional HCal veto, these straggling
events are removed at lower required signal efficiencies, meaning that they have potential to be
vetoed by energy features in the ECal.

D. MIP Tracking

Background events that pass both the ECal BDT and the HCal veto will typically have very
small, if any, energy depositions in both detector systems. Such signatures can arise from muon
conversion if one muon is very soft and the other decays before reaching the HCal, imparting most
of its energy to a neutrino and leaving only a short track in the ECal. Similarly, PN reactions can
result in the production of charged kaons that decay inside the ECal, leaving only a short track as a
detectable signature. A dedicated MIP tracking algorithm is used to reject these backgrounds and
other topologies with similar challenges.

First, we search for axial tracks perpendicular to the ECal face, along the beam-axis in a single
row of ECal cells. Possible hits within one containment radius around the projected recoil electron
trajectory are not considered, as activity within that volume is likely to come from the electron
shower. If the electron and photon trajectories are sufficiently collinear with a separation of less
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FIG. 14: The number of events passing up to and including the BDT discriminator value threshold (above)
and additionally the HCal activity requirement (below), depending on the chosen BDT signal efficiency
for my = 1 MeV. Both the ECal PN sample (orange) and the ECal v — ppu sample (blue) reach zero
events remaining with sufficiently loose signal efficiency requirements. Both backgrounds are scaled to
2 x 10 EoT in this figure. The performance with an 85% signal efficiency requirement is marked by the
intersections with the dashed grey line.

than 14 degrees, then hits within the containment radius are also considered. The collinear case
occurs more frequently at higher beam energies, due to the larger boost. If the electron and photon
trajectories are very collinear, with a separation less than 8 mm at the ECal face and an angular
separation of less than 6 degrees, the two showers will be almost fully overlapping. In such
limiting cases, the algorithm searches for short axial tracks outside the containment radius of the
electron trajectory, to find features of photo-nuclear products that leave the shower volume, and
additionally, it then searches for long axial tracks. The long axial tracks can possibly be near
the electron trajectory, to find tracks from very boosted particles that extended further into the
detector than the typical electron shower. A second step searches for line-like tracks using linear
regression, among the ECal hits that are not part of an axial track found so far, to identify MIP
tracks from secondaries with a large angle with respect to the incoming bremsstrahlung photon.

The number of tracks counted in signal events, that pass all other veto steps, is shown in Fig. 15.
Only events with no tracks are considered signal event candidates. The signal efficiency of this
criterion is around 90% for m 4 = 1 GeV, while about 50% at m 4 = 1 MeV. When the electron
and bremsstrahlung trajectories are collinear and produce overlapping showers, it is challenging
to resolve MIP tracks, limited by the spatial resolution of the ECal, and the algorithm opts for
searching near the electron trajectory as well, where fake tracks may be found in hits from the elec-
tron shower. The electron trajectory and apparent bremsstrahlung trajectory are more collinear in
lighter m 4. signal events than for heavier mediator masses, and the lower MIP tracking efficiency
for m4 = 1 MeV is due to fake tracks being found in the recoil electron shower.
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various mediator masses.

Photo-nuclear Muon conversion
Target-area| ECal |Target-area| ECal
EoT Equivalent 2.00 x 1014 ]2.00 x 10'4]2.00 x 10'*|2.00 x 10
Trigger (front ECal energy < 3160 MeV)| 7.57 x 107 | 4.43 x 10% | 2.37 x 107 | 8.12 x 107
Total ECal energy < 3160 MeV 2.73 x 107 | 7.27 x 107 | 1.76 x 107 | 6.06 x 107
Single track with p < 2400 MeV/c 3.03 x 108 | 6.64 x 107 | 5.32 x 10* | 5.69 x 107
ECal BDT (85% eff. m 4 = 1 MeV) 1.50 x 10° | 1.04 x 10° <1 <1
HCal max PE < 8 <1 2.02 <1 <1
ECal MIP tracks =0 <1 <1 <1 <1

TABLE II: Number of simulated background events remaining at the different selection stages, scaled to
an EoT equivalent of 2 x 10'4. The background classes are separated by where in the detector the reaction
took place, either in the target or in the ECal.

VI. RESULTS AND DISCUSSION

The number of background events remaining after applying the rejection criteria described in
Sec. V is summarised for all four background samples in Tab. II, scaled to an EoT equivalent of
2 x 10'*. A corresponding table with the unscaled event numbers can be found in App. D. No
background events remain after the full veto sequence.

The single-track requirement mainly removes backgrounds originating in the target, as the re-
action products can leave additional tracks in the recoil tracker. This requirement is particularly
effective for muon-conversion in the target. For the target PN background, on the other hand, ad-
ditional charged particles will often leave a sizeable signal in the ECal and could thus be removed
by the trigger rather than the subsequent track requirement, or if neutral particles are produced in



21

the target, these will not be seen in the recoil tracker. For the backgrounds in which the photon
interacts only in the ECal, the track criterion only removes a small fraction of events in the rare
occasions where particles back-scatter from the ECal.

The BDT reduces the ECal PN background further by more than two orders of magnitude. It
is also highly efficient in discarding the muon backgrounds, both from the target and the ECal,
leaving less than one event for 2 x 10'* EoT. The BDT also reduces the background from PN
reactions in the target considerably, yet the HCal veto proves to be most efficient in removing this
background, rejecting all events that survive the BDT requirement. The HCal veto also removes
all but 2 ECal PN events. This may be compared to results obtained with a beam energy of
4 GeV, where it was found that 10 events remained for a similar sample size, including a small
set of charged kaon events that required the introduction of the MIP tracking. After the HCal
veto, all of the muon-conversions events in the target are removed, and all but 0.25 of the ECal
muon-conversions (tabulated as < 1 in Tab. II). The few events surviving after the HCal veto
are eventually removed by the MIP tracking algorithm, such that all photon-induced background
events are rejected for 2 x 101 EoT at a beam energy of 8 GeV.

VII. CONCLUSION

The Light Dark Matter eXperiment will use a unique fixed-target, missing-momentum ap-
proach to search for sub-GeV dark matter and other new physics in forward electron-scattering
with outstanding sensitivity. The main backgrounds arise from photon-induced reactions in which
the energy carried by the photon is transferred to a small number of final state particles that in-
teract only very weakly or not at all with the detector. Particularly challenging examples are
photo-nuclear reactions resulting in single neutral or charged particles.

LDMX is being designed for an initial beam energy of 4 GeV, and the majority of the data
will be collected at 8 GeV. Employing detailed GEANT4-based simulations, this paper shows that
the rejection strategy developed for 4 GeV is successful in rejecting photon-induced backgrounds
equivalent to at least 2 x 10 electrons on target at 8 GeV, and no new limiting background event
types are found to become relevant at 8 GeV.
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Appendices

Appendix A ENERGY DEPENDENCE OF BDT VARIABLES
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FIG. 16: Distributions of selected BDT variables, comparing signal events with m4 = 1 MeV and
ECal photo-nuclear events, at both 4 GeV and 8 GeV beam energy. a) Total energy in the last 14 ECal
layers. b) Total energy in cells more than four containment radii away from the projected recoil electron
and bremsstrahlung photon trajectories. c) Total energy in cells within one containment radii around the
projected bremsstrahlung photon trajectory. d) Total energy in cells within one containment radii around
the projected recoil electron trajectory. The rightmost bins are overflow bins.
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FIG. 17: Distributions of selected BDT variables, comparing signal events with m 4 = 1 MeV and ECal
photo-nuclear events, at both 4 GeV and 8 GeV beam energy. a) The largest energy deposit made to any
one ECal cell. b) Standard deviation of all ECal hit’s y-position. c) Standard deviation of all ECal hit’s
x-position. d) Standard deviation of all ECal hit’s layer index. The rightmost bins are overflow bins.
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Appendix B BDT VARIABLES AT 8 GEV
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FIG. 18: Distributions of selected BDT variables at 8 GeV, comparing signal events of various mediator
masses and ECal photo-nuclear events. a) The sum of the energy in each ECal cell. The effect of the trigger
is seen in the steep drop in signal events around 3160 MeV, while photo-nuclear events often deposit energy
deeper in the ECal. b) Sum of energy in ECal cells for which neighbouring cells in the same layer have no
activity. c) Average layer index of ECal hits. d) Energy-weighted RMS of ECal hit’s transverse distance
from the energy centroid. The rightmost bins are overflow bins.
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FIG. 19: Distributions of selected BDT variables at 8§ GeV, comparing signal events of various mediator
masses and ECal photo-nuclear events. a) The largest deposit made to any one ECal cell. b) Standard
deviation of ECal hit’s y-position. ¢) Standard deviation of ECal hit’s x-position. d) Standard deviation of
ECal hit’s layer index. The rightmost bins are overflow bins.



Appendix C

BDT AND HCAL COMPLEMENTARITY
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FIG. 20: Distribution of BDT discriminator values and maximum photo-electrons in the HCal, in ECal

photo-nuclear events. The inset shows the signal region. The rate of m4 =

shown underneath.

Appendix D

SIMULATION CUTFLOWS

Photo-nuclear

Muon conversion

Target-area ECal Target-area ECal
EoT Equivalent 8.99 x 10 [1.98 x 10™[9.45 x 10 [2.40 x 10!
Trigger (front ECal energy < 3160 MeV)| 3.40 x 10° | 4.39 x 10% | 1.12 x 10° [ 9.73 x 108
Total ECal energy < 3160 MeV 1.23 x 10% | 7.19 x 107 | 8.29 x 10% | 7.27 x 108
Single track with p < 2400 MeV/c 1.36 x 107 | 6.57 x 107 | 2.51 x 105 | 6.82 x 108
ECal BDT (85% eff. ma = 1 MeV ) 6.76 x 10° | 1.03 x 10° 2.0 5.0
HCal max PE < 8 0 2.0 0 3.0
ECal MIP tracks =0 0 0 0 0

1000 MeV signal events is

TABLE III: Number of simulated background events surviving the different selection stages. The top row
gives the number of EoT corresponding to the generated sample size.
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