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This note presents the physics motivation and a preliminary conceptual design study for
an experiment to search for low-mass dark matter at the DASEL facility, now under study
for the LCLS-II accelerator complex at SLAC. The experiment would use missing momen-
tum to search for dark matter produced via “dark bremsstrahlung” by scattering electrons
in a thin target. To identify rare signal events, the LDMX experiment would individually
tag incoming beam-energy electrons, unambiguously associate them with low energy, mod-
erate transverse-momentum recoils of the incoming electron, and establish the absence of
an energetic forward photon or any additional forward-recoiling charged particles or neu-
tral hadrons. Ultimately, LDMX aims to probe thermal dark matter over most of the viable
sub-GeV mass range to a decisive level of sensitivity, with orders of magnitude more sensi-
tivity than any previous or currently envisioned experiment. To integrate adequate statistics,
LDMX requires a beamline that can deliver of order 10® multi-GeV electrons per second
on target, which is compatible with the design parameters being proposed at SLAC with
the DASEL facility. Furthermore, the experimental apparatus requires tracking and electro-
magnetic calorimetry that can perform well with such an event rate. The LDMX conceptual
design makes use of a low-mass tracking system to tag incoming electrons with high purity,
and to cleanly reconstruct electron recoils. A high-speed, high-granularity, Si-W calorime-
ter with MIP sensitivity is used to reject the high rate bremsstrahlung background at trigger
level, and to work in tandem with a scintillator-based hadron calorimeter to veto rare photo-
nuclear reactions. The LDMX conceptual design leverages new calorimeter technology
under development for the HL-LHC, as well as existing tracking technology and experience
from the HPS experiment. This note summarizes the current status of the LDMX conceptual
design with layout and performance studies.
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I. INTRODUCTION

Discovering the particle nature of Dark Matter is perhaps the most pressing challenge facing
elementary particle physics today. Among the simplest possibilities is one in which dark matter
arose as a thermal relic from the hot early Universe, which only requires small non-gravitational
interactions between dark and familiar matter, and is robustly viable over the MeV to TeV mass
range. Testing the hypothesis that the dark matter abundance arises from weak W- and Z- boson
mediated interactions has been the primary focus of direct and indirect detection experiments to
date, which are most sensitive to dark matter particles with masses ranging from a few GeV to
a TeV. However, the lower mass range of MeV to GeV, where the most stable forms of ordinary
matter are found, has remained stubbornly difficult to test, and is largely unexplored.

In the last several years, powerful ideas to probe “light dark matter” (LDM) in the sub-GeV
mass range have emerged from efforts to test the well-motivated possibility that dark matter is part
of a dark sector that is neutral under all Standard Model (SM) forces. Building on several years
of experience with the first generation of dark sector experiments, the community has identified
probing thermal dark matter in the sub-GeV mass range as a key science priority [1]]. The most
powerful experimental strategies for addressing this goal call for the use of electron beams to
produce dark matter in fixed-target collisions, making use of missing mass, energy, or momentum
to identify this process [2,13]. Already, NA64 at CERN has carried out a test run for an experiment
using missing energy as the identifying signature. That experiment promises to reach a dark matter
sensitivity surpassing all existing constraints by 2020 [, 4]].

The “Light Dark Matter eXperiment” (LDMX) described in this note aims to explore dark mat-
ter interactions with sensitivity that extends four orders of magnitude beyond NA64’s eventual
2020 reach and so would be powerful enough to decisively test most predictive scenarios of ther-
mal dark matter in the sub-GeV mass range. To achieve sufficient statistics, LDMX proposes to
use a low-current (~pA) but high-repetition electron beam with multi-GeV energy. A beam with
108 electrons/second on target and energy in the 4 to 10 GeV range can explore most of the sub-
GeV dark matter parameter space, while remaining below threshold for production of neutrinos,
which are an irreducible background. The DASEL beamline at SLAC, discussed in a separate
LOI [3]], is ideal for this purpose. We envision running LDMX in SLAC’s End Station A.

An electron beam incident on a thin target can produce dark matter particles through a “dark
bremsstrahlung” process, in which most of the incident electron’s energy is typically carried away
by the invisible dark matter. To search for this process, LDMX reconstructs the kinematics of
each beam electron both up- and down-stream of the target using low-mass tracking. The up-
stream tracker tags the incoming beam electrons while the down-stream tracker selects the low-
energy, moderate transverse-momentum recoils of the beam electrons. The calorimetry then vetoes
events with an energetic forward photon or any additional forward-recoiling charged particles
or neutral hadrons. For the first-phase experiment described here, the total required luminosity
is a modest 0.2 pb~! corresponding to 10'* tagged electrons on target. Nonetheless, because
each electron passes through the detector, the experiment must contend with high event rates in
the tracker and electromagnetic calorimeter. Therefore, LDMX requires low-mass tracking that
provides high-purity tagging for incoming electrons and clean, efficient reconstruction of recoils
in a high-rate environment. The calorimetry for LDMX must be simultaneously fast enough to
support this high rate of background events, most of which are “easy” to reject based on their high
electromagnetic energy deposition, and sensitive enough to reject rare but subtle processes where a
hard bremsstrahlung photon undergoes a photo-nuclear reaction in the target or in the calorimeter
itself. These simultaneous requirements call for a high-speed, high-granularity calorimeter with



MIP sensitivity to identify photo-nuclear products, used in conjunction with a hadron calorimeter
that experiences much lower event rates. As described below, the LDMX concept plans to meet
these challenges by leveraging technology under development for the HL-LHC and experience
from the HPS experiment.

This note presents a self contained discussion of the dark matter science goals for LDMX (Sec-
tion II); a summary of the signal kinematics (Section III); a description of the detector design
concept and ongoing developments (Section IV); a summary of the simulation methodology (Sec-
tion V) and performance results (Section VI) from early design studies. Finally, this document
concludes with a detailed appendix on light dark matter theory. The primary design studies for
LDMX are being carried about by groups at University of California Santa Barbara, University
of California Santa Cruz, University of Minnesota, California Institute of Technology, Fermilab,
and SLAC. The collaboration is still growing, and has garnered strong interest from international
collaborators as well, particularly within INFN. Effort in FY 17 will be focused on developing a
full technical design for LDMX. It is very likely that some detailed aspects of the design will
change from those presented in the preliminary conceptual design described in this note. This is
particularly true of the target system and hadronic veto system.

II. SCIENCE GOALS

Dark matter is the dominant particle constituent of the Universe, yet its identity and origin
will remain mysterious until we explore its non-gravitational interactions. The primary goal of
LDMX is to search for dark matter particles in the sub-GeV mass range — a region that is simul-
taneously well motivated by the thermal freeze-out hypothesis for the origin of dark matter and
experimentally open territory. In simple models, a thermal origin for dark matter implies a mini-
mum interaction strength between dark and ordinary matter (as does any thermal contact between
dark and ordinary matter in the early Universe) — the “thermal relic target”. While many recent
experimental efforts aim to explore dark matter in this mass range, LDMX will have unprece-
dented sensitivity. In particular, for DM masses below 100 MeV LDMX aims in its first phase
to fully explore the scalar thermal DM parameter space in its first phase, and the fermion thermal
DM parameter space in its second phase. Exploring light dark matter to this level of sensitivity
is a science priority recently highlighted in the Dark Sectors 2016 community report [[1], and res-
onates with the dark matter priorities emphasized in the P5 report [6l]. This section provides a
self-contained discussion of thermal dark matter, realizations of sub-GeV thermal dark matter in
particular, and the precise sensitivity targets that this general hypothesis motivates; a more com-
prehensive discussion of light dark matter may be found in Appendix |A| (see also [, 3]. We also
briefly survey the various approaches that have been proposed to explore this parameter space, and
argue that the missing momentum approach used by LDMX is uniquely well suited to reach the
sensitivity target motivated by thermal dark matter. Beyond dark matter science, LDMX will also
be capable of supporting a range of important nuclear physics measurements, but we defer that
discussion to future reports.

A. Thermal Dark Matter: A Target of Opportunity

Perhaps the simplest, most physically grounded possibility for the origin of dark matter is that
its abundance arises from non-gravitational interactions with Standard Model particles in the hot
early Universe. This compelling scenario is largely model independent and only requires the DM-
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FIG. 1: The allowed mass range over which DM can thermalize with the SM in the early universe and
yield the observed relic abundance via annihilation. For masses below < 10 keV, DM is too hot to form
the observed structure of the universe on large scales [[7]] and for masses above = 10 TeV, a perturbative
annihilation rate cannot achieve the correct relic abundance in simple models [8]].

SM interaction rate to exceeds the Hubble expansion rate at some point in the early Universe.
If such a condition is satisfied, dark matter automatically reaches thermal equilibrium with visi-
ble matter and a residual DM abundance is guaranteed. This mechanism for generating the DM
abundance is attractive and important for many reasons. (See Appendix [A|for more detail.)

First, this mechanism is simple and generically realized because equilibrium is hard to avoid
even for tiny couplings between dark and visible matter. Therefore, most discoverable models
of DM with non-gravitational interactions fall into this category. Second, this mechanism im-
plies a minimum annihilation rate in order to avoid producing an overabundance of dark matter
at “freeze-out”. This minimum annihilation rate defines a minimum cross section which must be
experimentally probed to rule out dark matter of thermal origins. Finally, the thermal DM mass
range is well defined — see Fig. [I] The most natural mass range is comparable to that of Standard
Model matter, so that DM annihilation into SM final states is generically possible. These features
provide strong motivations and clear targets for exploration of thermally produced dark matter.

B. Primary Goal: Light Thermal Dark Matter (LDM)

If DM is realized in the upper half of the thermal mass window ~ GeV - 10 TeV, it can be a
Weakly Interacting Massive Particle (WIMP) charged under the familiar electroweak force. This
has been the traditional focus of dark matter direct and indirect detection experiments, driven
in part by the well known connection between WIMPs and supersymmetry (SUSY), whose DM
candidate naturally realizes this paradigm. However, despite decades of dedicated searches for DM
near the electroweak scale, there has been no discovery in this mass range and the simplest WIMP
scenarios are now ruled out by several orders of magnitude. Furthermore, years of null LHC
searches for SUSY [9] motivate a broad discovery effort that explores the full range of masses
compatible with a thermal origin, which is a powerful, physically grounded organizing principle
with minimal model dependence.

The lower half of the thermal mass window, ~ 10 keV - GeV, has remained stubbornly difficult
to test with traditional experiments designed to probe WIMPs and is not well explored. Indeed,
most of the constraints in this mass range derive from theorists’ reinterpretations of existing data
gathered for other purposes (see Appendix [A). This is particularly unfortunate because the sub-
GeV mass range is well-motivated by “hidden sector” (or “dark sector’”) scenarios in which dark
matter is simply a particle with its own forces and interactions, neutral under the Standard Model,
but with sufficient coupling to visible matter that thermal equilibrium is achieved in the early
Universe. This mass range is also independently motivated by asymmetric dark matter scenarios,



in which dark matter carries a net particle number in analogy with the baryon asymmetry observed
in visible matter. The particle physics community has highlighted these scenarios as among the
most important to test, in both the P5 report [6] and in the recent Dark Sectors 2016 community
report [1]].

The primary science goal of LDMX is to explore dark matter interactions with electrons to a
level of sensitivity needed to decisively test most predictive thermal dark matter scenarios over
nearly the entire sub-GeV mass range. To this end, LDMX aims to become the first ever dedicated
experiment to search for sub-GeV dark matter with sensitivity extending all the way down to the
lowest DM masses for which a thermal origin is empirically viable.

C. A Benchmark Scenario for LDM

In the keV-GeV mass range, viable models of LDM have the following properties:

* Light Forces: There have to be comparably light force carriers to mediate an efficient
annihilation rate for thermal freeze-out (this follows from a simple generalization of the
Lee-Weinberg bound [10]).

* Neutrality: Both the DM and the mediator must be singlets under the full SM gauge group;
otherwise they would have been produced and detected at LEP or at hadron colliders.

These properties single out the hidden sector scenario highlighted in [} [6], which is the focus
of considerable experimental activity. Thus, for the remainder of this note, we will use one of
the simplest and most representative hidden sector model in the literature — a dark matter particle
charged under a U (1) gauge field (i.e. “dark QED”). We note in passing that LDMX is also sensi-
tive to DM produced through several other vector-mediated interactions, as long as they couple to
the electron — see Appendix [A]for a comprehensive discussion.

We define the LDM particle to be x and the U(1) gauge boson (popularly called a “dark pho-
ton””) A’ with lagrangian

2
L =ix Px +myXx + gp A, XV"x — iF,’WF’“” + gF,in"” + %ALA’“ : (1)
where F), = 0, A;, — 0, A, € < 1is the kinetic mixing parameter, which controls A" mixing with
the SM photon, and gp = v/4map is the A’ coupling to the DM. Although we consider fermionic
DM above for concreteness, LDMX sensitivity to scalar DM is essentially identical.
After diagonalizing the kinetic mixing interaction, the dark photon A’ acquires a coupling to
the SM electromagnetic current
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where f is a SM fermion and (); is its electromagnetic charge.
This model permits two annihilation scenarios depending on the A’ and y masses.

* Secluded Annihilation: For m 4 < m,, DM annihilates predominantly into A’ pairs Fig.
left). This annihilation rate is independent of the SM-A’ coupling e. While this makes
direct A’ or DM production difficult in laboratory experiments, the simplest version of this



scenario is robustly constrained by CMB data [11]], which rules out DM masses below O(10)
GeV for simple secluded annihilation models. More complex secluded models remain vi-
able for low DM masses; these are potentially discoverable by LDMX but are not our pri-
mary focus.

* Direct Annihilation: For m4 > m,, annihilation proceeds via yy — A" — ff to SM
fermions f through a virtual mediator. This scenario is quite predictive, because the SM-A’
coupling e must be large enough, and the A’ mass small enough, in order to achieve the ther-
mal relic cross-section. No robust constraint on this case can be extracted from CMB data.
Therefore, the observed DM abundance implies a minimum DM production rate at accelera-
tors. The detailed phenomenology depends on the ratio m 4/ /m,. If m, < ma < 2m,, the
mediator decay to DM is kinematically forbidden so that visible dark photon searches and
DM searches like LDMX are both relevant. If instead m, < ma- /2, the mediator decays
primarily to DM, making searches for DM production even more sensitive and absolutely
essential. This case represents most of the parameter space for direct annihilation, so we
focus on it from now on.

Following conventions in the literature (see [1]), we introduce the dimensionless interaction
strength y as

2 4
ov(xx = A" = ff) x Eap m4X :% . y=éap (&) (3)
my mX mar

This is a convenient variable for quantifying sensitivity because for each choice of m, there is a
unique value of y compatible with thermal freeze-out independently of the individual values of
ap, € and m, /m 4. Reaching experimental sensitivity to this benchmark for masses between 10
keV — GeV would provide decisive coverage of these scenarios.

All existing constraints, collected in the y vs m, parameter space, are depicted in Fig.
alongside projections for LDMX and for other proposed experiments (see [Alfor a discussion).
Also shown are the thermal targets for fermion and scalar LDM candidates, which are invariant
in this parameter space regardless of the values of €, ap, and m, /ma: separately. Direct de-
tection constraints are also naturally expressed as functions of y and m,, but accelerator-based
constraints are not — for example, collider production bounds depend on m 4 and €. However,
within the predictive framework of direct DM annihilation, both ap and m, /m 4 are bounded
from above, accelerator-based constraints typically become stronger as either ap or m, /m 4 is
decreased (specifically, lowering ajp expands the constrained regions downward in Figure [2] while
lowering m, /m 4 moves them downward and to the left). Therefore, in the lower panel we plot
conservative versions of these constraints with ovp and m, /m 4 near their upper limits to reveal
all gaps in the DM parameter space consistent with the assumption of direct annihilation.

The upper panel of Figure [2] includes only missing mass/momentum/energy experiments,
whose sensitivity can be directly compared to LDMX irrespective of avp and m, /m .. In par-
ticular, these are the only experiments sensitive to LDM in the limit of small ap. This plot illus-
trates the large, orders of magnitude gaps in coverage between existing and projected constraints,
and the thermal relic contours for LDM. In order to decisively cover thermal LDM in the direct
annihilation regime, a dedicated effort is required. To this end, we also show the projections for
LDMX at DASEL, which is the only proposed effort to probe the thermal target for both scalars
and fermions down to the MeV range.
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FIG. 2: The parameter space for LDM and future experimental projections in the y vs. m, plane plotted
against the thermal relic targets for scalar and fermion DM - see text for a discussion. The top compares
only constraints and projections based on missing mass/momentum techniques, which do not depend on
any assumption about the nature of dark matter provided that the mediator decays invisibly on characteristic
experimental length scales. The bottom panel shows the same parameter space on the assumption that the
mediator couples to either scalar or fermion dark matter which scatters elastically off SM particles.
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FIG. 3: Feynman diagram for radiation of an LDM particle-antiparticle pair off a beam electron as it
scatters off a target nucleus. The DM production is mediated by a kinetically mixed dark photon (see (3)).
Searching for this process is the primary science goal of LDMX.

D. Searching for Light Dark Matter Production

As discussed above, the primary science goal for LDMX is to search for the process depicted
in Figure 3, wherein a DM particle-antiparticle pair is radiated off a beam electron as it scatters off
a target nucleus. The DM production is mediated by a kinetically mixed dark photon — see Eq. (5)).

Depending on the dark photon and DM masses, the leading contribution to this process may
be decay of a dark photon into a DM particle-antiparticle pair (m4 > 2m, ) or pair-production
through a virtual dark photon. In either case, a constraint on the DM particle production rate can be
used to infer a robust bound on the interaction strength y, which can in turn be directly compared
to the targets from thermal freeze-out shown in Figure [2| This note will focus, for concreteness,
on the former case, though the final-state kinematics is extremely similar for either on- or off-shell
dark photons and the same search strategies apply to both.

LDMX will search for this process using the energy-angle kinematics of the recoiling electron,
or “missing momentum” approach. As discussed in detail in Section[IT] this kinematics is distinc-
tive, with the recoiling electron typically carrying a small fraction of the beam energy (the rest is
carried by the DM and hence invisible) and receiving an appreciable transverse kick from the DM
production process. Thus, the experimental signature for the signal comprises three basic features:
(1) a reconstructed recoiling electron with energy substantially less than beam energy but also (i1)
detectable, with measurable transverse momentum, and (iii) an absence of any other activity in the
final state.

This search strategy has distinct advantages over other approaches that have been used to detect
DM production:

* Missing mass (as in BaBar, MMAPS*, and VEPP-3* — * indicates proposed experiments)
relies on full reconstruction of all recoiling particles, is only practical in e*e™ collisions, and
requires a much lower luminosity, greatly reductng production yield and hence sensitivity.

* DM re-scattering in a detector downstream of the production point (as in E137, MiniBoone,
and BDX*) one can use very intense beams of either protons or electrons, but the low proba-
bility of DM scattering weakens sensitivity relative to what is possible in a kinematic search
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FIG. 4: Inclusive cross-section normalized to € = 1 for dark matter pair production off a tungsten target.

— whereas the kinematic signals of DM production scale as the square of the weak DM cou-
pling, re-scattering signals scale as the fourth power. As a result, even the most aggressive
proposals with intense beams fall short of the anticipated LDMX reach.

* Missing energy (as in NA64), reconstructing only the energy (not the angle), is closely
related to the missing-momentum approach but with fewer kinematic handles to reject SM
backgrounds and measure veto inefficiencies in situ. In addition, missing energy experi-
ments lack the ability to distinguish final-state electrons from one or more photons, intro-
ducing irreducible neutrino backgrounds to high-rate missing energy experiments [12]).

However, reaching the full potential of this technique places demanding constraints on the exper-
iment and beamline supporting it. A high repetition rate of electrons is required (~ 50M e/sec
on target for phase 1 and as much as ~ 1G e/sec on target for phase 2), an so also a fast detector
that can individually resolve the energies and angles of electrons incident on the detector, while
simultaneously rejecting a variety of background processes varying in rate over many orders of
magnitude. The remainder of this note describes a design that we expect to be suitable for Phase
I with minor modifications, with technologies that are also expected to be useful for a Phase II
experiment.

III. KINEMATICS AND RATE OF DARK MATTER SIGNAL PRODUCTION PROCESS

This section briefly summarizes cross-sections and kinematic features of the DM production
process in the case of an on-shell dark photon. More detail can be found in [2, [12]. The DM
production cross-section oy, scales as the square of the kinetic mixing parameter ¢, therefore, the
quantity opys/€? and the kinematic distributions of the recoiling electron depend only on particle
masses. Throughout this section, we assume representative kinematics m 4 = 3m,,.

The normalized DM production cross-section on a tungsten target, as a function of DM mass,
is shown in Figure 4l For low masses, the production cross-section scales as 1/m?; for higher
masses, it is further suppressed by the steeply falling form-factor for scattering off the nucleus
with high enough momentum exchange to produce an on-shell mediator.
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The kinematics of the electron in DM production also depends on the A’ mass. In general, as
long as the A" or xy pair that’s produced is heavy relative to the electron mass, the differential
cross-section for DM production is peaked in the phase space where the DM carries away the
majority of the beam energy and the electron carries relatively little. This is, of course, the exact
opposite of the structure for the kinematics of the vast majority of bremsstrahlung events (with
the tiny remainder constituting the main LDMX backgrounds, as discussed in the next section),
and the primary kinematic handle for a missing momentum search. This qualitative behavior
is accentuated for larger y and A’ masses, and less dramatic for lower masses comparable to
me, as shown in the top left panel of Figure [5] The selection efficiency of a requirement E, <
E 1s shown on the bottom left panel as a function of FE.,; (the fraction of events accepted
saturates below 100% for some mass points because events with backward-going recoil electrons
are always rejected). A nominal value F.,; = 0.3Epe,, = 1.2 GeV is assumed as a signal
selection throughout this note. This cut keeps 75-90% of signal events over the full range of
masses considered. Reducing it by a factor of 2 would only slightly degrade signal efficiency. In
the remainder of this section we also impose a cut £, > 50MeV motivated by the degradation of
tracking acceptance at lower energies.

The top right panel of Figure [5] shows the electron pr distribution for events that pass this
E. < 1.2 GeV cut for a range of DM and A’ masses. These are to be contrasted with the sharply
falling pr distribution from bremsstrahlung, which (even after accounting for multiple scattering
in a 10% r.l. target) falls off as 1/p3. for pr = 4 MeV. As we will see below, bremsstrahlung-
originated events dominate the background, so this kinematic difference is a powerful one.

The optimal strategy for using angular/pr information in a DM search will depend on the ul-
timate rejection power of the experiment’s visible-particle veto, and will likely vary depending
on the DM mass of interest. As the detector design is currently still evolving, we have not yet
attempted to do this optimization, but note some general considerations below. If the veto ineffi-
ciency is low enough that no bremsstrahlung particles are expected, then the optimal strategy is
to loosen signal selection to maximize acceptance. In this case one would not use the electron pp
in signal selection, but it is still a very useful handle for demonstrating the new-physics origin of
events that pass the energy requirement and veto. If a substantial number of events pass the energy
selection and veto, then the recoil electron p; measurement can be used either to reject these events
or to measure the bremsstrahlung component. Requiring a minimum recoil electron pr of 20-50
MeV would offers substantial kinematic rejection of bremsstrahlung background, but substantially
degrades the experiment’s acceptance for A’ masses above ~ 100 MeV. At lower masses, a 2D
selection using both energy and angle information, or a multi-component signal+background fit to
the 2D pr-energy distribution may be the more effective use of this measurement.

Another very important kinematic feature is the angular/transverse separation between the re-
coiling electron and the direction of the beam. The larger this separation, the better the spatial
separation between the recoil electron’s shower and other final-state particles that one would like
to veto. Figure [6] (left) shows the angle of the recoiling electron at the target for events passing
the energy cut, while Figure [6] (right) shows, for the same events, the transverse separation of the
recoiling electron from the beam spot at the face of the ECAL for the detector geometry described
in Section
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FIG. 5: Top: Electron energy (left) and pr (right) spectra for DM pair radiation process, at various dark
matter masses. Bottom Left: Selection efficiency for energy cut £, < FE 4, as a function of E.,, on
inclusive signal events, The nominal cut is F.,; = 0.3 Epeqm.Bottom Right: Selection efficiency for pr cut
DPT,e > PT,cut> as a function of pr ¢, on events with 50MeV < E, < Ey;. In all panels, the numbers next
to each curve indicate A’ mass. Also included in each plot is the corresponding inclusive single electron
background distribution.
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next to each curve indicate A’ mass. Right: Transverse separation of the recoiling electron from the beam
spot at the face of the ECAL for the detector geometry described in Section [[V]
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IV. DETECTOR CONCEPT

As noted above, the signature of DM production that is used by LDMX involves (i) substan-
tial energy loss by the electron (e.g. recoil with < 30% of incident energy), (ii) a potentially
large transverse momentum kick, and (iii) the absence of any additional visible final-state parti-
cles which could carry away energy lost by the electron. In the first phase of LDMX we aim to
perform a search for events with this signature in a sample of 4 - 10'* incident electrons, delivered
onto a 10% radiation-length (Xj) target with a 46 MHz bunch spacing and average charge of 1
e~ per bunch. The target thickness has not been precisely optimized, but represents a reasonable
compromise between event rate and transverse momentum resolution. Performing the measure-
ment of each kinematic component (i and ii above) on every incident electron requires a tracker
and electromagnetic calorimetry (ECAL) downstream of the target, with a sensitive area extending
onto the beam axis itself. Placing the tracker in a weak magnetic field allows us to use the most
striking of these events, where a soft and wide-angle recoil electron doesn’t penetrate into the
ECAL. In addition, stray low-energy particles from the beam halo must be rejected with very low
inefficiency, as these could mimic the DM signal. This motivates another tracker (with larger B-
field) upstream of the target that precisely measures the momentum and trajectory of the incoming
beam electrons.

While the energy and angle resolution requirements for LDMX are modest, the experiment
poses two main challenges. First, every incident electron passes through the trackers and showers
in the ECAL; the detectors placed directly in the beam line must therefore contend with high
radiation doses and a large event rate. Second, the requirement of a veto to take advantage of (iii),
that’s robust enough to handle a variety of rare backgrounds is an important physics performance
driver for the tracking and ECAL, and in fact calls for the addition of a dedicated hadron veto
system surrounding and behind the ECAL.

These four detector systems — the “tagging tracker” upstream of the target, “recoil tracker”
downstream, a radiation hard forward ECAL, and the hadronic veto, form the majority of the
LDMX experimental concept. To keep the detector compact and the field in the ECAL minimal,
we place the tagging tracker inside the bore of a dipole magnet and the recoil tracker in its fringe
field. The layout for LDMX is illustrated in Figure [/ The tracker and ECAL must be able to
contend with a high rate of events with one of several dominant topologies:

1. Electrons that do not interact in the target. These electrons experience some straggling in
the trackers and target (~ 46 MHz), but do not lose appreciable energy. These events feature
a hard track through both trackers and a high-energy (=~ 4 GeV) shower in the ECAL.

2. Hard bremsstrahlung. These occur in the target (or, less frequently, in a tracking layer),
such that the electron track through the recoil tracker falls below E.,, = 1.2 GeV, with
a frequency of O(1) MHz. These events have two showers in the ECAL, with combined
shower energy ~ 4 GeV, separated by 1 — 2 cm or more depending on the electron energy.

3. Trident events. These occur in the target (or, less frequently, in a tracking layer) and pro-
duce two or three tracks (depending on kinematics) through the recoil tracker and two or
three well-separated ECAL showers with combined shower energy ~ 4 GeV. These are a
higher-order process, and so occur at a frequency of O(100) kHz.

These necessitate radiation-hard, fast detectors and are the principal event types that must be re-
jected by the trigger.
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The tracking proposed for LDMX borrows heavily from the Silicon Vertex Tracker (SVT)
of the HPS experiment [[13]], a fixed target search for visibly decaying dark photons using the
CEBAF beam at the Thomas Jefferson National Accelerator Facility (JLab). The HPS SVT was
designed to provide high-purity, high-precision tracking for low-momentum (< 3 GeV) electrons
at high occupancies (up to 4 Mhz/mm?) with the nearly-continuous (2 ns bunch spacing) CEBAF
beam. The SVT meets these requirements with low-mass construction (0.7% X, per 3d hit),
excellent hit-time resolution (~ 2 ns) and operation inside of the beam vacuum. Given very
similar requirements, the solutions developed for HPS are also highly optimized for LDMX.

Similarly, a natural solution to the granularity, timing, and radiation hardness required of the
ECAL is to exploit the silicon calorimetry designed for the CMS Phase-II forward calorimeter up-
grade. The primary physics trigger will also require a positive signal in a scintillator pad adjacent
to the tracker (to avoid triggering on empty buckets) coincident with /ow (or no) energy deposition
in the ECAL in order to reject the first two classes of event types described above. The classes
of rare, but potential backgrounds that will often pass the trigger, but must be rejected offline, are
dominated by:

* Hard bremsstrahlung + photo-nuclear reaction in ECAL. These are events where the
hard bremsstrahlung photon does not convert in the ECAL but instead undergoes a photo-
nuclear reaction in one of the first layers of the ECAL (typically in a tungsten layer). The
photo-nuclear cross-section is roughly 1000x smaller than the conversion cross-section, so
these events will occur with sub-k H z rate. Photo-nuclear processes initiated by 2.8 —4 GeV
photons can result in a wide range of final states. When pions are produced in the interac-
tion and escape the nucleus, they typically give rise to either “tracks” (7%) or substantial
energy deposition (7°) in the ECAL. In many cases, a large number of low-energy protons
and neutrons are liberated from a heavy nucleus; some of the protons may deposit energy
in the ECAL, and some of the neutrons can be detected by the HCAL. A rare but important
class of these events is characterized by only two or three O(1 GeV), moderate-angle neu-
trons escaping from the nucleus. These events must be rejected by the HCAL. Though not
strictly photo-nuclear, processes such as muon pair production are vetoed on the basis of the
reconstruction of the “tracks” they produce in passing through the calorimeter.

* Hard bremsstrahlung + photo-nuclear reaction in target/tracker. Similar to the class
above, these events have 20x lower rate because of the thin target material, and are more
difficult to detect because the effective angular coverage of the HCAL is reduced.

* Electro-nuclear interactions in target. These are kinematically similar to the in-target
photo-nuclear background, but at a still lower rate and broader electron pp distribution.

* Incident low-energy particles/beam impurities. This potential background arises if the
tagging tracker mis-measures a low-energy beam impurity as carrying close to the beam
energy. Rejecting such potential backgrounds drives the performance requirements of the
tagging tracker.

* Neutrino backgrounds. Neutrino production (through either charged or neutral currents) is
entirely negligible for a Phase I experiment with 4 - 10'* incident electrons on a 10% target.

In the following sub-sections, we describe the LDMX beamline and detector sub-systems in
more detail.
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FIG. 7: A cutaway overview of the LDMX detector showing, from left to right, the trackers and target inside
a vacuum chamber in the spectrometer dipole, the forward ECAL, and the HCAL. Although not yet studied,
the HCAL may be extended forward (transparent region surrounding the ECAL) to provide better coverage
for wide-angle bremsstrahlung and neutral hadrons originating from photo-nuclear reactions in the target
and the front of the ECAL.

A. Beamline

The LDMX beamline is relatively simple, consisting only of an analyzing magnet and a vac-
uum chamber into which the tagging and recoil trackers are installed, as shown in Figure [7] The
analyzing magnet is a common 18D36 dipole magnet with a 14-inch vertical gap and operated
at a central field of 1.5 T. A stainless-steel vacuum chamber with 1/2” thick walls fits just inside
the magnet bore supporting the tracking detectors and their readout electronics. As with HPS,
the upstream end of the vacuum chamber is closed by an additional vacuum box to accommodate
feedthroughs for power, readout, and cooling, and the upstream end of this vacuum box is closed
by a plate with a 6” conflat flange for connection to the DASEL beampipe. The downstream end
of the vacuum chamber is closed by a thin vacuum window in front of the ECAL face, which sits
20 cm downstream from the target at roughly the same z position as the outer face of the magnet
coils. The magnet is rotated by approximately 100 mrad about the vertical axis with respect to the
upstream beamline so that the incoming 4 GeV beam follows the desired trajectory to the target,
with the incoming beam arriving at normal incidence to, and centered on, the target, which is lat-
erally centered in the vacuum chamber at z = 40 cm relative to the center of the magnet. Although
the specific dimensions differ, this arrangement (aside from the vacuum window) is very similar
to the magnet and vacuum chamber employed by the HPS experiment at JLab.

A number of 18D36 magnets, not currently in use, are in hand at SLAC, along with the steel
required to adjust the magnet gap, if required to suit our purposes. These include a magnet that
is already assembled with the 14-inch gap planned for LDMX. This magnet was tested to 1.0 T
in 1978, at which point 199 kW of power was dissipated. Based on the current capacity of the
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other similar magnets with smaller gaps, it is expected that this magnet can be operated at 1.5 T,
resulting in a power dissipation of approximately 450 kW and requiring an approximately 55 gpm
flow of cooling water. If this magnet proves to be suitable for LDMX, it will simply have to be
split, cleaned up, and reassembled before testing and carefully mapping the field in the tracking
volumes.

Since End Station A (ESA) is relatively distant from the critical areas in the Beam Switch-
yard, the vacuum requirements in ESA are quite modest: roughly 10~ Torr or better. Therefore,
standard vacuum fabrication techniques for the vacuum chamber and vacuum window will suffice.
Furthermore, since HPS has achieved a vacuum of better than 10~° Torr at JLab, it is clear that
the construction techniques developed there will work as well for LDMX. However, as with HPS,
a system of monitoring the beam vacuum, and interlocks capable of closing remotely operable
valves will be required to ensure that the liquid cooling system of the trackers cannot spoil the
beam vacuum.

Although the final location of LDMX has not been determined, the upstream end of the ESA
beamline has the most room and best access for locating an apparatus of this size. In particular,
there is a suitable concrete pedestal for mounting the dipole with sufficient room on all sides to
support the calorimeters and accommodate the required beamline elements.

B. Overview of Tracking and Target Systems

Although the tagging and recoil trackers function as two distinct systems, they use common
technologies and share the same support structures and data acquisition hardware. In particular,
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 [§] The key element of this
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FIG. 8: An overview of the tracking systems and target inside the LDMX vacuum chamber.

upstream support structure is a vertically-oriented aluminum plate onto which the stereo modules
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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 vacuum
chamber into precision kinematic mounts in a support box that is aligned and locked in place
inside the vacuum chamber. Another similar plate slides into the support frame 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 vacuum chamber which, in turn, connects
to a cooling feedthrough with dielectric breaks on the bottom of the vacuum box.

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, the LDMX
vacuum chamber is of a very generous size to achieve the desired acceptance in the ECal and recoil
tracker, so it is not crowded, in contrast to the HPS chamber. In summary, the tracking systems
are very similar to, but are a significant simplification of, the tracking system built for the HPS
experiment. For this reason, the risk associated with this project is small.

It is the interposition of the target between the last layer of the tagging tracker and the first
layer of the recoil tracker that clearly distinguishes between the target and recoil tracking systems.
The target is a 350 micron tungsten sheet, comprising 10% of a radiation length. This choice of
thickness provides a good balance between signal rate and transverse momentum transfer due to
multiple scattering, which limits the utility of using transverse momentum as a signal discrimina-
tor. The tungsten sheet is glued to a stack of two 1 mm sheets of PVT scintillator, which provides
a fast level-0 signal to the ECAL trigger, indicating the passage of a beam electron in a given
beam pulse. The scintillator-tungsten sandwich is mounted in an aluminum frame that is inserted
into the upstream tracker support plate from the positron side to simplify the process of replacing
or swapping the target, as shown in Figure [9] With the scintillator mounted on the downstream
face of the target, it can also be used to help identify events in which a bremsstrahlung photon has
undergone a photonuclear reaction in the target. The structure and readout of the scintillator are
discussed below as part of the trigger system.

C. Tagging Tracker

The tagging tracker is designed to unambiguously identify incoming beam electrons that have
the correct energy, as well as precisely measure their momentum, direction, and impact position
at the target. The key elements of the design are determined by this goal. First, the long, narrow
layout of the tagging tracker accepts only beam electrons that have roughly the momentum and
trajectory expected for the incoming beam, to eliminate off-energy beam electrons. Second the
layers have low mass and are spaced far apart in a significant magnetic field to ensure a precise
measurement of momentum. Finally, a large number of layers ensures the redundancy required to
ensure high-purity pattern recognition.
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FIG. 9: The LDMX target, indicated by the red arrow, installed between the last tagging tracker layer and
first recoil tracker layer.

The layout and resolution of the tagging tracker are summarized in Table[I| It consists of six

TABLE I: The layout and resolution of the tagging tracker.

Layer 1 2 3 4 5 6 7
z-position, relative to target (mm) -607.5 -507.5 -407.5 -307.5 -207.5 -107.5 -7.5
Stereo Angle (mrad) -100 100 -100 100 -100 100 -100

Bend plane (horizontal) resolution (um)| ~6 ~06 ~06 ~06 ~06 ~6 =6
Non-bend (vertical) resolution (pm) ~60 =~60 =~60 =~60 =~60 =~60 =~60

double-sided modules of silicon microstrips arranged at 10 cm intervals upstream of the target,
with the first module centered at = = —7.5 mm. The modules are positioned laterally within the
vacuum chamber so that they are centered along the path of incoming 4 GeV beam electrons. Each
module places a pair of 4 cm x 10 cm sensors back to back: one sensor with vertically oriented
strips for the best momentum resolution and the other at =100 mrad stereo angle to improve pattern
recognition and provide three-dimensional tracking. The sensors are standard p™-in-n type silicon
microstrip sensors identical to those used for HPS. These sensors have 30(60) pm sense(readout)
pitch to provide excellent spatial resolution at high S/N ratios and are operable to at least 350 V
bias for radiation tolerance.

The sensors are read out with CMS APV25 ASICs operated in multi-peak mode, which pro-
vides reconstruction of hit times with a resolution of approximately 2 ns. At very high occupancies,
six-sample readout can be used to distinguish hits that overlap in time down to 50 ns, which limits
the readout rate, and therefore the trigger rate, to approximately 50 kHz. However, at the low hit
occupancies anticipated in LDMX, three-sample readout may suffice, enabling a maximum trig-
ger rate approaching 100 kHz. These sensors are mounted on standard FR4 hybrid circuit boards,
which provide the power conditioning and I2C control for the APV25, as well as a thermal path to
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the cooled support structure.

The sensors and hybrids are assembled into half-modules, which are the smallest non-
rebuildable units of the tagger tracker. Each half module consists of a single sensor, which is
glued to the hybrid at one end with conductive epoxy to provide bias voltage and support. A
thin ceramic plate is glued to the other end of the sensor for support. A pair of half modules is
attached to either side of an aluminum module support with screws to form a module. A vacuum-
compatible thermal compound applied between the half-module and the support ensures a good
cooling path. Finally these double-sided modules are attached to the upstream support plate de-
scribed in Section [V B|to position them along the beamline and provide cooling for the hybrids
as shown in Figure [I0] This support arrangement places only silicon in the tracking volume and

FIG. 10: A beams’ eye view of the tagging and recoil trackers.

no material on the side of the tagger towards which electrons bend, in order to avoid secondaries
that would be generated by degraded beam electrons hitting material close to the tracking planes.

D. Recoil Tracker

The recoil tracker is designed to identify low-momentum (50 MeV to 1.2 GeV) recoil electrons
and precisely determine their momentum, direction, and impact position at the target. In addition,
it must work together with the calorimeters to correctly distinguish low-momentum signal recoils
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from scattered beam electrons and multi-particle backgrounds. The key elements of the design are
determined by this goal. First, the recoil tracker is placed at the end of the magnet in the beginning
of the fringe field to optimize tracking for particles up to two orders of magnitude softer than the
beam-energy electrons measured by the tagging tracker. Second, the recoil tracker is short and
wide for good acceptance in angle and momentum and to minimize the distance from the target to
the calorimeters to improve their angular coverage. Finally, the recoil tracker provides 3-d tracking
near the target for both direction and impact parameter resolution but emphasizes low mass density
over the longest possible lever arm further downstream to deliver the best possible momentum
resolution. This design delivers good momentum resolution for both multiple-scattering limited,
low-momentum tracks and beam energy electrons, which are nearly straight in the fringe field.
The layout and resolution of the recoil tracker are summarized in Table |lI} It consists of four
stereo layers located immediately downstream of the target and two axial layers at larger intervals
in front of the ECAL. The stereo layers are double-sided modules of silicon microstrips arranged

TABLE II: The layout and resolution of the recoil tracker.

Layer 1 2 3 4 5 6
z-position, relative to target (mm) +7.5 +22.5 +37.5 +52.5 +90 +180
Stereo Angle (mrad) 100 -100 100 -100 - -

Bend plane (horizontal) resolution (um)| ~6 ~6 ~6 =<6 =6 =6
Non-bend (vertical) resolution (pm) ~60 ~60 ~60 =~60 - -

at 15 mm intervals downstream of the target, with the first module centered at z = +7.5 mm.
These modules are laterally centered on the target and the center of the vacuum chamber and are
identical to the modules of the tagger tracker that are mounted upstream on the same support plate.

The thinner axial-only layers, at z = +90 mm and z = +180 mm, are mounted on a separate
support structure at the downstream end of the vacuum chamber as described in Section
They have a somewhat different module design as shown in Figure Each consists of a pair
of sensors, glued end-to-end, with an APV25-based FR4 hybrid circuit board at each end of this
structure to read out the two sensors. The sensors are standard p™-in-n silicon microstrip sensors,
but are somewhat shorter and wider than those used in the stereo modules and therefore require
six APV25 chips to read out each sensor instead of five. The modules are supported at both ends
by screw attachment of the hybrids to castellated support blocks attached to the cooled support
structure. A vacuum compatible thermal compound is applied to ensure good thermal conductivity
between the hybrid and the support structure.

E. Forward Electromagnetic Calorimeter

A high granularity, Si-W sampling calorimeter will be used for the ECAL of LDMX. The
ECAL will draw heavily on the forward calorimeter upgrade of the CMS experiment for the HL-
LHC [14]. In particular, the hexagonal sensors, front-end readout electronics and front-end trigger
architecture will be the same. This is facilitated by the fact that the CMS experiment has an
instantaneous event rate of 40 MHz while that of LDMX will be 46 MHz.

An ECAL based on silicon pad sensors is well-suited to the LDMX experiment whose prin-
cipal task for Phase I, with 4 - 10'* electrons on target (EOT), will be the identification of ~1 to
4 GeV photons with extraordinarily high efficiency and very good energy resolution. The ECAL
will also need to play a role in the identification of hadrons, especially those that are contained
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FIG. 11: The target and recoil tracker.

within it. However, a hadronic veto calorimeter, described below, will be used to identify hadrons
from photo-nuclear reactions that escape the ECAL without interacting. The high granularity of
the ECAL provides the ability to track charged hadrons that cross multiple silicon layers and to
identify isolated charged hadrons that range out in a single layer, depositing charge equivalent to
that expected for multiple minimum ionizing particles (MIP). Detection of stable neutral hadrons
is more difficult but may be enhanced in the ECAL by carefully introducing some layers of appro-
priate materials at various places in the stack that have higher cross sections for neutrons to interact
and produce charged hadrons. Studies that vary absorber materials, thicknesses, and geometrical
layout are underway. We expect to settle on final specifications for the ECAL in FY17.

For LDMX Phase II, we envision a total of 106 EOT at an energy of 8 GeV, which will require
the identification of an average of 20-30 electrons every 25 ns. While Phase I is the main topic
of this note, we mention Phase II in the context of the ECAL because high granularity is needed
even more in that high rate environment and because a silicon based calorimeter can sustain the
associated higher fluences.

With a reasonably good transverse spread of the beam electrons, the granularity of the apparatus
can be used to help identify overlapping showers. The central stack of hexagons could use the
highest granularity CMS modules with 512 channels on a sensor made from an 8” wafer. The
hexagonal pads on these sensors have sides of length 4.3 mm. It may be possible to double the pad
count to as high as 1024, with pads having 3 mm sides, if that brings a significant improvement
in performance. This would require a dedicated order of some 50 sensors and the production of
a corresponding front-end readout board. Note that the majority of modules in LDMX could use
the most common sensor design in CMS with 384 hexagonal cells having 5 mm sides. We plan to
study the impact of higher granularity in the LDMX ECAL next.

The choice of silicon is important for handling the impact of fairly substantial radiation doses
expected in LDMX Phase II, and even in the central stack of the ECAL in Phase 1. Simulations of
the radiation environment performed with FLUKA [15] indicate that, while electromagnetic inter-
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actions are the dominant source of irradiation in the LDMX environment, a substantial hadronic
component is also present. LDMX plans a diffuse beam to spread the electrons over a cross-
sectional region of order 10 cm? in the central stack. The effective 1 MeV neutron-equivalent
fluence at shower max is shown in Fig. For 10'* EOT, the fluence is seen to peak at around
3 x 10 n/cm? . This can be linearly projected to 3 x 10 n/cm? for 10'® EOT. This is certainly
high enough to necessitate changes in the biasing of the silicon and require the silicon to be oper-
ated cold. It is, however, substantially lower than the worst case expectation for the CMS HGC.
The CMS experiment has performed radiation studies for 300, 200 and 120 pum sensors exposed
to maximum fluences of roughly 9 x 10, 4 x 10'® and 1.5 x 10'6 1 MeV equivalent neutrons per
cm?, respectively. The full depletion voltage of the sensor, V, is proportional to the square of the
thickness, which can lead to a reduced operational lifetime for thicker sensors in a high radiation
environment. In the 120 ym case, the noise is much higher for irradiated sensors, reducing the
signal-to-noise ratio to about 2. For the fluences expected in LDMX, the CMS studies suggest that
a sensor thickness of 300 um would have a worst-case signal-to-noise ratio of about 5. The radi-
ation environment of the LDMX experiment is, however, low enough to allow the use of 500 ym
sensors, which would boost the signal by 67%. For 500 pm thick sensors, one expects roughly 10
% improvement in the energy resolution of 4 GeV electrons over that obtained with 300 pm sen-
sors. It may be possible to have even thicker sensors from a radiation-tolerance standpoint but this
has the disadvantage of increasing the space between absorbers, thereby increasing the Moliere
radius.
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FIG. 12: Effective 1 MeV neutron equivalent fluence at shower max after 10! electrons on target. The 4
GeV electron beam is assumed to be spread out in order to distribute impacting electrons over a region of
order 10 cm?. The maximum effective fluence is found to be of order 3 x 103 n/cm?.

This minimum signal-to-noise ratio expected at the end of operation of LDMX, even for 300um
sensors, will be adequate to identify MIPs. Moreover, as noted earlier, smaller pads could be used
for the LDMX central stack. This would increase the signal-to-noise ratio by up to about 50%,
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2. Gold/Kapton

HGC Module Components
and completed module

FIG. 13: Prototype CMS HGC 6 inch, 128 channel module with (1) a W/Cu (75%/25%) baseplate, to which
(2) a thin Gold-on-Kapton sheet is glued for insulation and to enable biasing of (3) a Si sensor glued directly
on top of it. Finally, (4) a PCB is glued on the sensor. Connections to each set of 3 adjacent pads on the
sensor are made by wirebonds through 4 mm diameter holes.

assuring excellent MIP detection capability for the life of the experiment.

Module components and the first completed CMS prototype HGC, a nominal 6-inch, 128 chan-
nel module, are shown in Fig. [I3] We are targeting a design with roughly 30 Silicon layers, each
comprised of a central module surrounded by a ring of 6 modules. As for CMS, the hexagonal
sensors will likely be produced on ‘8-inch’ wafers, yielding a span of 170 mm between parallel
sides. The basic readout unit is a hexagonal module containing a single hexagonal silicon sen-
sor. The module is built on a metal baseplate that serves as electromagnetic absorber, and so has
been chosen to be predominantly tungsten. It must also transport heat from the module electronics
and sensor to a cooling/support plane. In order to enhance thermal transport without introduc-
ing an unacceptably large mis-match in thermal expansion coefficients between the silicon and
the baseplate, CMS has chosen an alloy of 25% Copper and 75% Tungsten. In LDMX we have
so far considered a pure W baseplate for the module, which however could be affixed to a Cu
cooling/support plane similar to the CMS design.

Note that in the module shown in Fig.[T3] the corners of the sensor and PCB have been removed
to give access to mounting holes on the baseplate that are used to position and attach the modules
precisely on the cooling plate. In CMS the cooling surface is a large 5 mm-—thick planar Cu
sheet with embedded COs cooling lines, where the Cu contributes to the absorber material budget.
For LDMX we are planning to use a simpler, liquid cooling system, since the dark currents and
thermal load are lower given the less severe radiation environment. We have begun to study ECAL
performance with a very thin and lightweight cooling layer, made up of small diameter, thin-wall
stainless steel cooling lines embedded in carbon fiber. This could be useful in the upstream layers
of the ECAL, where we find that it is beneficial for the rejection of some relatively rare types of
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photo-nuclear interactions to start with a thin absorber, increasing the thickness to a nominal value
near 1 X, over some 5 layers or so.

Initial simulated ECAL performance studies make use of a layout with 42 layers of silicon for
which the first 10 layers have absorbers of 0.8.X and the remaining 32 layers having absorbers
of 1.0X,. We chose this geometry to allow us to understand shower containment and energy
resolution very well, and we have found that at least for a 4 GeV electron beam, we can manage
with 10 fewer sensing layers. We have therefore begun studies and estimated costs for a 30 layer,
40 X, device. This would have 210 installed silicon modules. The active region of the ECAL
would then be roughly 30 cm in depth and about 51 cm wide.

For the electronics, we plan to use the CMS HGCROC front-end chip and PCB design. The
CMS development schedule is such that the final components will be produced in substantial
quantities in time for the construction of the LDMX detector. The HGCROC, for instance, is
expected to be ready for mass-production by the end of CY19. The PCB will be finalized even
earlier, based on pin-compatible prototype front-end chips.

Given the small physical extent of the ECAL, it is our belief that there are no optical transmitters
needed in the active region. Our plan is to bring low voltage in on relatively heavy Cu lines and
to use micro-coaxial cables for the signal lines from each module. It may be that we can use the
current CMS architecture with a data concentrator on each module, but full readout would also be
relatively straightforward for this relatively small system. It would require one or two fast links,
each with its own signal line, for each HGCROC chip. The data would be pushed to FPGAs for
triggering and for full readout. The data acquisition is described in more detail later in this note.

The cooling planes would be stacked in an enclosed and thermally insulated box through which
dry nitrogen gas or dry air would flow. The support planes with modules attached could be sus-
pended like hanging file folders from a box frame. This simple approach was recently used for
the CMS test-beam studies of the first HGC modules at FNAL and CERN. The box and support
structure could be relatively simple and constructed from hard aluminum or stainless steel. Feed-
throughs would be needed for the signal, clock, control, and power cables, as well as the cooling
and gas lines. Fortunately, the density of services is relatively low in each plane. With appropri-
ate care and attention in assembly and installation, we believe it will be possible to achieve an
excellent thermal and gas enclosure.

F. Hadronic Veto System

It is important to extend the calorimeter to veto neutral hadrons being produced in photo-nuclear
reactions. As exclusive reactions of this type are rare, the rates and radiation doses will be much
lower, as the HG calorimeter is designed to fully contain the electromagnetic showers. This makes
silicon detectors unnecessary in the hadronic calorimeter section. A scintillator-based sampling
calorimeter is a natural solution in this situation.

The goal of the hadronic veto system is to identify neutral hadrons in the energy range from
above approximately 100 MeV to several GeV with high efficiency, which requires a hadronic
calorimeter with at least 5 nuclear interactions of depth in order to fully contain the most ener-
getic neutrons with greater than 99% probability. Simultaneously, in order to detect lower energy
neutrons, absorbing layers cannot be so thick that neutrons of hundreds of MeV are captured
by them. Therefore, a steel-scintillator (polystyrene) calorimeter of approximately 15 layers and
totaling 5 nuclear interaction lengths is proposed. Each layer is structured as 50 mm of steel,
2 mm air gap, 6 mm of scintillator, and 2 mm of air gap, where the air gaps are left for detec-
tor services. The transverse size of each layer is Im x Im to cover the solid angle of the signal
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acceptance. Transverse granularity of the system is not desired, due to the lower rates expected
in the hadronic system and in order to maintain high efficiency for neutral hadron detection. An
illustration of the hadronic veto system is given in Fig. A particularly challenging background
from photo-nuclear reactions occurs when a few neutral hadrons are produced and scatter at wide
angles (~ 45 degrees or more). Pending further study of this background, it may be necessary to
add a wide angle component to the hadronic veto system that would wrap around all but the front
of the ECAL system. Studies are in progress to understand the size of this type of background as
well as the optimal orientation and specifications for a wide angle veto component.

FIG. 14: Sketch of the hadronic veto system. Light areas represent steel absorbers and yellow areas repre-
sent plastic scintillators. An example design of grooves for wavelength shifting optical fibers can be seen in
the last active layer.

Fast readout is also required of the hadronic calorimeter system in order to coincide with elec-
tromagnetic calorimeter information. Readout will be based on the CMS Phase 1 upgrade HCAL
system, which has fast readout capabilities intrinsically at frequencies of 40 MHz and would be
sufficient for the DASEL beam structure. Scintillating light is read out by wavelength shifting
fibers with silicon photomultipliers (SiPMs) as the photodetectors. SiPM technology is chosen
due to high gain and low noise capabilities. Each layer is read out by approximately 6 wavelength
shifting fibers, and the light is optically summed into one photodetector. In addition to the SiPMs,
readout modules (48/64 channels per) and charge integration electronics designed for the CMS
detector can be re-purposed for the LDMX experiment with minimal changes, taking good advan-
tage of the experience of CMS collaborators on LDMX. The time scale for commissioning of the
readout electronics in CMS are 2017/2018 and thus are appropriate for the LDMX timeline.

G. Trigger System

The LDMX trigger system is designed to reduce the typical beam particle arrival rate of 46 MHz
to a rate of 5 kHz for storage and analysis. The selection is performed by a combination of
dedicated hardware and software running on general-purpose computers.

The first stage trigger is implemented in hardware and allows the selection of both candidate
events for dark matter production and important samples for calibration and detector performance
monitoring. The overall trigger management is provided by a trigger manager board, which re-
ceives inputs from the various triggering subsystems including the silicon calorimeter and the
scintillator calorimeter. The latency requirements of the trigger calculation are set by the tracker
readout ASIC to 2 us.
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FIG. 15: Drawing of the concept for the target and trigger scintillator system, showing the relationship of
the SiPMs to the scintillator planes and strips.

The primary physics trigger is based on the silicon calorimeter and is designed to select events
with energy deposition significantly lower than the full beam energy. The silicon calorimeter
HGCROC calculates the total energy in 2 x 2 fundamental cells for every 46 MHz bucket. The
energy information is transferred by digital data link to the periphery of the calorimeter, where
sums are made over larger regions and transferred by optical link to the trigger electronics. The
total energy is then used to select the events. The details of the electronics for the ECAL trigger
are discussed along with the DAQ for the ECAL below.

The use of a calorimeter trigger requiring energy below a threshold also requires a beam-
presence measurement to avoid very high trigger rates during crossings in which there is no beam
electron present. The trigger scintillator satisfies this requirement. As discussed above, two thin
(1 mm) layers of plastic scintillator are connected to the downstream side of the tungsten target.
The first layer is a continous plane, while the second layer is segmented at 2.5 mm intervals. The
two layers are separated by a reflective foil, and a second layer of foil covers the second layer. The
structure is shown in Fig. [I5] The first layer, directly in contact with the target, is important for
identifying the short-range fragmentation products from photonuclear interactions in the target.
The second layer provides information on the position of the interaction within the target.

The trigger scintillator is read out using an array of 2 x 2 mm SiPMs connected to QIE11
electronics developed for the CMS HCAL upgrade. The SiPMs are coupled directly to the edge
of the scintillator stack, with each SiPM observing both layers. The spatial information can be
extracted by comparison between SiPMs to determine the relative contributions of the two layers.

The SiPMs and QIE11 readout cards will be located in the vacuum vessel along with the tracker
front end electronics. The SiPMs will be cooled in common with the tracker elements to achieve
very low thermal noise levels in the trigger scintillator readout. The readout electronics will con-
tinuously digitize the SiPM signal, providing an integrated charge as well as time-of-arrival mea-
surement for the pulse with an LSB of 500 ps. Both amplitude and timing information can be
provided to the trigger, allowing correction of the calorimeter amplitude for timewalk effects al-
ready at trigger level.

H. DAQ

The off-detector trigger and readout electronics are assumed to share a single ATCA crate, using
the Reconfigurable Cluster Element (RCE) generic computational building block developed by
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SLAC. The RCE is based on the Xilinx Zynq 7 System-On-Chip technology, running a dual core
1 GHz ARM processor with 1 GB of DDR3 memory tightly integrated with on-chip programmable
logic (FPGA). The RCE blocks are integrated into Data Processing Modules (DPM), each of which
hosts two RCE blocks. The DPMs receive data from rear transition modules (RTM), which are
customized to adapt to the specific portion of the experiment that is being read out. Up to four
DPMs can be mounted on a single Cluster-On-Board (COB) ATCA blade. The modular ATCA
design permits LDMX to re-use architecture and functionality from other DAQ systems whose
components are similar to those used by LDMX.
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FIG. 16: Schematic block diagram of the RCE-based DAQ.

1. Overall DAQ Architecture

One of the DPMs functions as the trigger interface, which receives trigger signals from the
optical fiber module on the RTM, distributes clock and trigger signals, and handles communication
with the software trigger supervisor. Specific interfaces to beamline and infrastructure services
are provided through a custom RTM. Final DAQ is carried out through the 10 Gbps Ethernet
readout path available separately from each COB. The COBs in a single ATCA crate are also
interconnected by 10 Gbps readout and contain ARM processors that can be used to execute high-
level trigger algorithms.

To establish a conservative design for the DAQ, we consider a target DAQ bandwidth of 25 kHz
(trigger rejection factor of 5 x 10~%). This provides a factor of five safety compared with the
combined expectation for the performance of the hardware trigger and for the data volume in
triggered events. The breakdown of data volumes by subsystem is shown in Table [[I]| and sums
to an estimated total of 2.5 kilobytes per event, for a total DAQ bandwidth of 62.5 MBps. This
bandwidth is within the capability of the 10 Gbps Ethernet bandwidth with a comfortable safety
factor of ~ 10. The 10 Gbps ethernet connections from the COBs will be connected to one or
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more data storage and data-quality-monitoring PCs. To estimate the potential total data volume,
we assume there is no high-level trigger, in which case the full sample of 2 x 10!! events would
require 500 TB of storage.

TABLE III: Estimated DAQ data volume per channel.
Subsystem |kbytes/event| Estimate Notes
Trigger 0.5|Includes event accounting information (32B), trigger sums from each mod-
ule of the ECAL (210 B), trigger-counter readout (144B), and readout of
trigger information from the HCAL (128B).

Tracker 1.0|Each raw hit requires 20B for id and data, and we expect 50 hits/event,
including noise hits.
ECAL 0.8|Each hit with TDC is 10B including 4B for data and 6B for addressing and

overhead, and each (low-amplitude) hit without TDC is 8B. Assuming a
trigger threshold of < 400 MIP total in the calorimeter, we expect 45 hits,
which we assume are all TDC hits for the estimate. We assume a noise cut
at 2.50, which results in 44 noise hits, all assumed to be non-TDC hits.
HCAL 0.2|Each channel’s readout is 20B for id and data, and we budget for 10 chan-
nels in a typical event.

Total 2.5

2. Tracking DAQ

The data acquisition system for the tracking detectors supports the continuous 46 MHz readout
and processing of signals from the silicon-strip sensors. It also selects and transfers those events
that were identified by the trigger system to the back-end DAQ for further event processing at
rates approaching 50 kHz. The system adopted is an evolution of the DAQ used for the HPS SVT
and consists of APV25 readout ASICs hosted on hybrid circuit boards integrated into the tracking
modules, a set of Front End Boards (FEBs) within the vacuum volume for power distribution
and signal digitization, flange boards that transmit power and data across the vacuum barrier, and
remotely located ATCA-based data acquisition hardware.

The APV25 ASIC, initially developed for the Compact Muon Solenoid silicon tracker at the
Large Hadron Collider at CERN, was chosen because it provides excellent signal to noise, ana-
log output for optimal spatial resolution, and signal pulse-shape sampling capability for good hit
time resolution. Each hybrid board has five or six analog output lines (one for each of the APV25
ASICs) that are sent to an FEB using LVDS signals over about 50 cm of twisted-pair magnet
wire. At the front-end readout board, a preamplifier scales the APV25 differential current output
to match the range of a 14-bit Analog to Digital Converter (ADC). Each front-end board services
four hybrids. The ADC operates at the system clock frequency of 46 MHz. The digitized output
from the front-end board is sent through compact 8-pair mini-SAS cables to the vacuum flanges to
connect to the external DAQ, which resides outside the vacuum chamber. The front-end readout
board houses an FPGA and buffers signals to allow for control of the distribution of clock, trigger
and [12C communication with the APV25 ASICs. To further simplify the services and minimize
cabling that enter through the vacuum flanges, it contains linear regulators to distribute and reg-
ulate three low voltage power lines to each of the APV25 ASICs, as well as passing through the
high voltage bias. Figure|l/|shows a schematic layout of this part of the readout chain.
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FIG. 17: Schematic view of the downstream part of the tracker DAQ.

The digitized signals are converted to optical signals just outside the vacuum flange on custom-
built flange boards. Each flange board houses optical drivers to handle the electrical-optical con-
version and to transmit the optical signals over fibers to the ATCA crate. The flange board also
interfaces the low and high voltage power transmission from the Wiener MPOD power supplies to
the front-end boards located inside the vacuum chamber.

The optical signals from four hybrids on one third of a flange board are received at one of
four sections of the Rear Transition Module (RTM) board in the ATCA crate . Each section of
the RTM connects to one of four DPMs. In order to minimize the complexity of the system
inside the vacuum chamber, all signal processing is done at the DPM. Each data DPM receives
the digitized signals from the RTM, applies thresholds for data reduction and organizes the sample
data into Ethernet frames. Four COBs are sufficient to handle all of the hybrids of the trackers.
The maximum readout rate of the tracking system is approximately 50 kHz, limited by the APV25
readout rate for six-sample, multi-peak readout.

3. ECAL DAQ

As described above, signals in the Si/W ECAL are digitized in the HGCROC and transferred
on 368 MHz DC-coupled copper data links to the periphery of the calorimeter. At the edge of
the detector, the copper links are received by FPGAs and processed before transmission on optical
links off the detector. The architecture of the trigger primitive and readout electronics of the ECAL
is shown in Fig.

For trigger purposes, groups of four cells are summed, and the highest amplitude cells are
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FIG. 18: Schematic view of the trigger and readout for the ECAL.

transferred on the electrical links to an FPGA at the periphery but inside the cooled volume of the
ECAL. Thirteen electrical trigger links are required for each HGCROC chip, for a total of 104 per
module. These trigger links are processed by a module-sum FPGA. The results of the summing
are passed to a layer-master FPGA, which also receives the single electrical link for DAQ from
each HGCROC in the layer. The trigger data from each layer requires a bandwidth of 2.5 Gbps.
The DAQ and control data volume is much smaller (< 1Gbps per layer), but for simplicity of
firmware and software development, a separate optical link will be used.

In the ATCA crate, two DPMs will be used for trigger processing and two for DAQ and control.
The trigger processing DPMs will produce cross-layer trigger sums that will be transmitted by
high-speed digital links to the final trigger decision logic. The full trigger, readout, and control of
the ECAL can be managed by a single COB.

4. HCAL and Target DAQ

The HCAL and target scintillators are read out using SiPM phototransducers and QIE11 ASICs
developed as part of the CMS HCAL Phase 1 upgrade[16]. The QIE11 is a deadtimeless charge-
integrating ADC with an internal TDC capable of 500 ps timing resolution. The data from the
QIE11 is read out via an Igloo2 FPGA onto a pair of digital optical data links that operate asyn-
chronously at 5 Gbps. The readout of the QIE cards is continous. For every 46 MHz bunch the data
links will digitize and transmit on the fiber the complete data for every channel. For the HCAL,
where TDC information is not important for the analysis, the QIE11 readout cards will operate as
16-channel cards. For the trigger scintillator, where TDC information is quite important, the cards
will operate as 10-channel cards. A total of 14 QIE cards will be required for the scintillator-based
channels, six for the trigger scintillators and eight for the HCAL.
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In the ATCA crates, each scintillator readout RCE will handle ten readout fibers, allowing two
links to be used for full-speed communication to the final decision-logic RCE. As a result, one
DPM (two RCEs) will be required for each of the trigger scintillator and the HCAL. Therefore,
the scintillator readout can be hosted on the same blade as the final decision logic.
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V. PHYSICS AND DETECTOR SIMULATION

This section describes the methods used to simulate signal and background physics reactions
and the responses of various detectors to these reactions. For historical reasons, two separate sim-
ulation frameworks have been used: the “tracker simulation” implemented in SLIC comprises a
full simulation of the tagger tracker and recoil tracker, with ECAL material included but not its
detector response. Likewise, the “calorimeter simulation” implemented directly in Geant4 com-
prises a full simulation of the ECAL and HCAL, with recoil tracker material included upstream.
In both cases, the target material and magnetic field map are also included. These two simulations
are described in more detail below in

While the primary simulation engine is Geant4 [17], the signal reaction (Dark Matter pair
production) is modeled using an external generator based on MadGraph/MadEvent4 [18]. This
generator, its validation, and the interface with Geant4 are described in All background pro-
cesses are modelled directly in Geant4, with modifications for photonuclear processes as discussed

in §V D
A. Simulation of the Tagging and Recoil Trackers

The simulation of the passage of both charged and neutral particles through the tagging and
recoil trackers as well as the target uses a software package, the Simulator for the Linear Collider
(SLIC) [19], based on the GEANT4 toolkit. It creates realistic charge depositions in the silicon lay-
ers, simulates the APV25 readout chip amplifier chain, forms clusters and performs track finding
and fitting. The simulation also contains the Ecal material, needed to understand the contribution
of backscattered particles to the occupancy of the last recoil tracker layer. The simulation is used
to understand track reconstruction efficiencies, purity and to evaluate the momentum and vertex
resolutions. A rendering of the tagging and recoil tracker as used in the simulation is shown in

Figure [19]

1. Hit Reconstruction

The energy depositions resulting from a particle traversing through the silicon planes are used
in the simulation of all physical processes resulting in current signals on the readout strips. The
signal present on each of the strips is used to simulate the APV25 pulse shape which is then
sampled into a readout pipeline. Six of the samples from each strip, selected in such a way that
they capture the signal peak, are fit using a 3-pole function in order to extract the rise and fall
time, the amplitude and time of the hit, 5. The information extracted from the fits is used to form
strip hits which, in turn, are clustered using a nearest neighbor algorithm. Finally, all clusters
in adjacent pairs of layers are combined to create 3D hits used by the track finding and fitting
algorithm.

2. Track Reconstruction

The track finding and fitting algorithm proceeds in steps following a specific “tracking strat-
egy”. The strategies outline which layers are used and their roles (e.g. seed, confirm, extend), the
minimum number of hits required to form a track, kinematic constraints (e.g. impact parameters)
and the maximum allowable x? value. The algorithm proceeds as follows:
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FIG. 19: Rendering of the tagging and recoil tracker geometry used for performance studies. The figure

shows a typical event where an incident electron (in blue) traverses through the tagging and recoil trackers.
The white boxes represent the tracker silicon microstrip sensors while the green lines represent the strips
that were hit by the incident electron.

* To begin, all possible combinations of hits on the specified seed layers are used to form 3-
hit track candidates. A helix fit is then performed on each of the candidates and only those
which satisfy the x? requirement are kept.

* Once all seeds have been found, hits from a specified “confirm” layer are added to the seeds
and a helix fit is performed once again. Those 4-hit seeds which fail to satisfy the x? cut are
eliminated.

» Next, tracks are “extended” using hits from the rest of the layers. After the addition of a
hit, a helix fit is performed. If the track fails the y? constraint, the hit is discarded. This
procedure is repeated until all hits in all extend layer have been added to all seeds. However,
it is possible for all hits in a layer to be discarded.

* Finally, all track candidates are merged in order to form a set of unique tracks. Tracks are
allowed to share at most one hit. If a pair of tracks shares more than a single hit, the track
with the most hits is chosen. If the two tracks have the same number of hits, the track with
the best 2 is selected.

The performance of the track finding and fitting algorithm is discussed in Section The
tracking strategies used in these studies required only a single confirmation hit. In the tagging
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(recoil) tracker, tracks were required to have at least 5 (4) hits. Furthermore, extremely loose cuts
on the track y? and distance of closes approach to the beam were imposed. Unless otherwise
noted, the performance studies assumed that the tagging (recoil) tracker is within a uniform dipole
field of strength -1.5 T (-.75 T), while all acceptance studies used the full field map.

B. Simulation of the Calorimetry Systems

Physics event generation and detector simulation are performed with the GEANT4 simulation
toolkit. For trigger and DAQ studies, this simulation was coupled with an electronics simulation
that converts the energy deposits in the silicon or scintillator into simulated digital hits. The full
simulation toolkit has been validated by the CMS collaboration reproducing the simulation and
test-beam results of the CALICE collaboration.

1. Simulation of the Electromagnetic Calorimeter

A simulated interaction of a 4 GeV electron in LDMX is shown at left in Fig. 20| The figure
displays the geometrical layout of LDMX that was used in studies reported in Sec.[VIC| A typical
4 GeV electron event results in O(800) MIPs being observed in the calorimeter cells.

The distribution of the energy deposition for a dark photon of mass M4 = 0.1 GeV is shown at
right in Fig. 20l We will likely use energy deposition as our primary trigger variable because of
the strong separation it provides between signal and background events.
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FIG. 20: An event display for a GEANT4 simulation of a 4 GeV electron in the LDMX detector (left) and
the distribution of summed energy deposition in all layers of the ECAL for events in which a dark photon
of mass M 4 = 0.1 GeV is generated (right). The magnetic field (red histogram) has little impact.
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2. Digitization of the Hadronic Veto System

After full GEANT4 simulation, we simulate the scintillator, optical system, photodetector and
electronics responses of hadronic veto system to understand how well we can reconstruct events.
Given the particle-level energy deposition per layer, we can convert that into an expected number
of photo-electrons (PEs). GEANT4 simulations with 4 GeV incident muons are used to estimate the
expected detector response to minimum ionizing particles (MIPs). Fig. 21| shows the distribution
of energy deposited in a given layer of scintillator; on average, each MIP deposits 1.4 MeV of
energy in a given layer.

For each MIP, we assume that 20 PEs are detected on average, based on CMS test beam mea-
surements. In these tests, with a thinner scintillator than planned for LDMX, 13.5 PEs were
observed for a comparable optical system and an identical readout system to that proposed for
LDMX. The CMS test-beam MIP response has been scaled up to account for the differences in
scintillator thickness, assuming that the light collection efficiency will remain constant.

The sum of SiPM and electronics noise is expected to be 2 PEs. Although noise is not explicitly
simulated, only layers that have a minimum of 8 PEs are considered in further studies. Thus, noise
effects are expected to be negligible. We are considering the possibilities for reduced-temperature
operation of the SiPMs, which will reduce their noise significantly, below the 2 PE level.
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FIG. 21: Deposited-energy distribution for muons to characterize MIP behavior in plastic scintillator

C. External Physics Generator for Signal Reaction (Dark Matter Production)

While background processes are modelled entirely in the Geant4 framework, the new physics
of Dark Matter production is modeled using an external event generator based on Mad-
Graph/MadEvent4 [18]. Here we describe this generator, its validation, and the interface with
Geant4.
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MadGraph is an automated tool for calculating the tree-level amplitudes for arbitrary physics
processes, which allows users to define Feynman rules for new physics models; MadEvent is
a Monte Carlo event generator based on MadGraph. MadGraph/MadEvent4 (MG/ME) was de-
signed for the study of high-energy collider reactions, but minor modifications to the code (intro-
ducing non-zero masses for incident particles and for the electron, and an electromagnetic form
factor as described in [20] for the nucleus) allow for its application to fixed-target processes. These
modifications and a new-physics model that introduces a dark photon with arbitrary mass and ki-
netic mixing e with the photon has been used for the APEX test run [21] and HPS experiment [13]].
For LDMX, we have added LDM particles (either fermions or scalars) that couple to the dark pho-
ton with an arbitrary interaction strength gp. This allows us to simulate the signal process of DM
particle pair-production via either decay of an on-shell A’ or off-shell A’ exchange. This report
focuses on the on-shell production process, though the kinematics of the two are very similar.

Within MG/ME, we generate events for the DM production process e- W — e WA, A" — xx
where y represents the dark matter particle and Y its antiparticle. Events are generated assuming
a 4 GeV incident electron and tungsten nucleus at rest as the initial state. MG/ME computes a
Monte Carlo approximation of the inclusive cross-section for this process, and generates a sample
of unweighted events in the Les Houches Event (LHE) format [22]. The inclusive cross-section
computed by MadGraph is stable within 1% and is consistent within ~ 30% with independent
calculation of the cross-section in the Weizsacker-Williams (WW) approximation from [23]]. The
deviations from the WW inclusive cross-section are largest at high and low masses, and compatible
with the size of errors expected in the WW approximation.

We read the four-momentum of the recoiling electron (and, for the tracking simulation, the
tungsten nucleus) from the LHE file produced by MG/ME and use these to seed a Geant4 event.
The electron and nucleus are assumed to originate from a common vertex at the center of the
target (for the calorimeter simulation) or uniformly distributed (for the tracker simulation) over
the thickness of the target and over a transverse region spanning +1 cm in the x direction and £2
cm in the y direction about the nominal center of the target.

D. Photonuclear Model

By default, Geant4 models photonuclear reactions initiated by < 3.5 GeV incident photons
using the Bertini Cascade model, and those initiated by > 3 GeV photons using a high-energy
string model (with a mixture of the two event generators in the intermediate region). The Bertini
model is, however, believed to be accurate up to ~ 10 GeV incident energies [24], and indeed is
used in Geant4 for this purpose for other primary particles. There are notable differences between
the two models, in particular for photon collisions with heavy nuclei, where the Bertini cascade
within the nucleus frequently results in a large number of soft hadrons that are not well modeled
by the high-energy models. For this reason, all LDMX simulations have been done using a mod-
ified FTFPBERT physics list, where photonuclear processes with < 10 GeV photons are always
modeled using the Bertini cascade.

The Bertini model is notably complete, including cross-sections from data up to almost 3 GeV
for a large number of photon-proton interaction processes and for 2 — N and 3 — N processes
within the nucleus (however, the final-state phase space is only taken from data for 2 — 2 pro-
cesses, and process cross-sections above 3 GeV are extrapolated). The critical photon energy
range for LDMX is 3—4 GeV, and in some cases the phase space of multi-particle final states
may be peaked and therefore poorly approximated by Geant. Efforts are underway to validate the
Bertini model at these energies against data for high-Z nuclei.
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VI. PERFORMANCE STUDIES

At the beginning of Section {[V|we motivated the LDMX detector design by discussing a variety
of background event types, ranging from frequent to extremely rare, that LDMX must reject. The
design and optimization of the detector and of analysis strategies to provide high signal acceptance
while rejecting these backgrounds are ongoing. It would be premature to claim an overall back-
ground rate based on present studies, to claim that a low-background experiment can be achieved,
or to infer a limit to the experiment’s ultimate sensitivity. This section aims to summarize the
present status of design and performance studies and to demonstrate that the concept of each sub-
system is well matched to the goals of the experiment as a whole.

Section|[VI Aldiscusses the performance of the tagging tracker and recoil trackers. The focus for
the tagging tracker is on ensuring an adequately low rate for low-energy particles to produce high-
energy tracks in the tagging tracker, contributing to the potential mimicking a signal event. For the
case of the recoil tracker we present studies of the signal acceptance and momentum resolution
and some initial studies of how the recoil tracker contributes to rejecting events where photo-
nuclear reactions occur in the target. Section discusses the ECAL performance, focusing
on the detection of photons that undergo photo-nuclear reactions in the ECAL, since these are
expected to be the limiting background for the experiment. The preliminary conclusion of these
studies is that the background events that are typically not rejectable in the ECAL alone are those
where the photo-nuclear reaction produces a small number of neutrons. The rejection of these
few-neutron events is the primary objective of the HCAL, studied in Section[VID| Finally Section
summarizes the expected performance of a physics trigger based on a maximum total energy
deposition in the ECAL and outlines a possible trigger menu for the experiment.

A. Tagging Tracker Performance

The tagging tracker must identify incoming beam-energy electrons with extremely high purity,
suppressing the mis-reconstruction of any incoming low-momentum charged particles as beam-
energy electrons. In particular, any incoming charged particle within the recoil acceptance for
signal that is wrongly reconstructed as having the beam energy in the tagging tracker would be an
irreducible background. The design of the tagging tracker makes the likelihood of such errors van-
ishingly small, due to its good resolution for both beam-energy and off-energy incoming particles
and an exceedingly low rate of mis-reconstruction for tracks within the recoil energy acceptance.

In order for an incoming low momentum particle to fake a beam-energy electron in the tagger,
a number of conditions must simultaneously be met:

1. The incoming particle must reach the first tagger layer or it will not intersect with any
material until it hits the wall of the vacuum chamber.

2. The particle must either scatter in each layer in order to fake a 4 GeV track or create secon-
daries that generate occupancy which confuses the pattern recognition in the tracker, result-
ing in reconstruction of a fake 4 GeV track.

3. The resulting track must have a trajectory consistent with that of a typical 4 GeV beam
electron all the way through the tracker.

4. The resulting track must have an impact point at the target consistent with a reconstructed
track within the signal acceptance in the recoil tracker.
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FIG. 22: 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 in the
beam.

Taking into consideration the design of the tagging tracker, each of these requirements places
a very heavy penalty on any off-energy component in the beam. First, incoming particles with
momentum less than approximately 500 MeV will not hit the first layer of the tagger unless they
are significantly off-trajectory as well. Furthermore, even at 500 MeV, a first scatter of more than
10° is needed in order for the incoming particle to appear to be on the correct trajectory. It is clear
then that the most challenging scenario is large contamination with incoming charged particles
at the top of the momentum range for signal recoils, nominally 1.2 GeV. Such particles have the
highest likelihood of reaching the first layer of the tagging tracker without being bent away by the
magnetic field and require much smaller scatters and/or track reconstruction errors to result in fake
tags. In order for a 1.2 GeV particle to make a trajectory through the tracker consistent with a 4
GeV track, six successive scatters of approximately ten milliradians must occur, each equivalent to
approximately 150 on the multiple scattering distribution. From the tails of the Moliere scattering
distribution, the likelihood of each of these scatters is smaller than one per million. Therefore, the
much more likely scenario is the generation of secondaries in the material of the tagging tracker
followed by mis-reconstruction of a fake 4 GeV track. Since the resulting 4 GeV track must
arrive at the target on the correct trajectory, and since beam energy electrons arrive normal to the
target within a one-sigma range of 250 microradians, there is very little phase space for randomly
reconstructed 4 GeV fakes to have the correct trajectory. Finally, any falsely reconstructed 4 GeV
track must have a common impact point in the target with a real track of matching momentum in
the recoil tracker, which is unlikely for a falsely reconstructed track.

Two methods are used to benchmark the performance of the tagging tracker and better under-
stand the constraints it provides in preventing mis-tags. First, the momentum and impact param-
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FIG. 23: The z-y position at the target reconstructed by the tagging tracker for a sample of 4 GeV beam
electrons. Excellent impact parameter resolution provides a strong constraint on a matching recoil track.

eter resolutions at the target are determined using an analytic model of the tagging tracker that
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 Figure[22] 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% X, target. Meanwhile, the
impact parameter resolution for 4 GeV electrons is expected to be approximately 7 pum(48 pm)
in the horizontal(vertical) direction. Again, the full simulation shows good general agreement, as
shown in Figure 23] 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.

In order to test the robustness of the tagging tracker layout against mis-tagging off-energy
incoming electrons, a sample of simulated 1.2 GeV electrons on a trajectory that allows them to
pass through all seven layers of the tagging tracker was used to predict how often in this layout
they would be mis-reconstructed as full-energy beam electrons. The results, shown in Figure 24]
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confirm that such particles cannot be mistaken for 4 GeV electrons at the level of less than one
part in 105, limited here only by the simulation statistics.
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FIG. 24: Reconstructed total momentum for a sample of 1.2 GeV beam electrons in the tagging tracker. Of
100 incident particles, none is reconstructed with momentum greater than 1.4 GeV.

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.

B. 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
to help the calorimeter veto background events with additional charged particles in the final state.
In addition, the tracker should have sufficient momentum resolution that it can assist the ECAL
in identifying events in which an incoming beam electron passes through the target and tracker
without significant energy loss. Finally, the recoil tracker can help identify events in which a
bremsstrahlung photon generated after the end of the tagging tracker undergoes a photo-nuclear
reaction in the target or tracker material. As with the tagging tracker, an analytic model of the recoil
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tracker is used to estimate momentum and impact parameter resolutions, while full simulation and
reconstruction are used to confirm those resolutions, to estimate signal acceptances and tracking
efficiencies, and to test the ability of the recoil tracker to reject backgrounds.
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FIG. 26: The tracking efficiency for signal recoils

. . as a function of the momentum for electrons that
FIG. 25: The recoil tracker acceptance to signal

recoils as a function of A’ mass. The acceptance
drops with A’ mass as the polar angle of the recoils

pass the acceptance criteria described in the text.
Since data from all A’ mass points are used, these
efficiencies are averaged with respect to different

increases. . o
recoil polar angle distributions for each sample.

Measurement of the position and transverse recoil momentum at the target requires precise
determination of the track angle at the target. For the transverse momentum, a good curvature
measurement is also required in order to set the overall momentum scale. At least two 3-d mea-
surements directly downstream of the target are needed to determine the recoil angle, and at least
one additional bend-plane measurement is needed for curvature. For low-momentum tracks, it is
sufficient for the third measurement to be in the first four closely-spaced layers, but for high mo-
mentum tracks that are nearly straight, hits in both of the downstream axial layers are necessary
for good momentum resolution. Because high-momentum signal recoils will nearly always pass
through all six layers, the acceptance near the top of the energy range for signal recoils is near
unity, only reduced by the small single-hit inefficiency in the last two layers. However, at low
momentum a large number of tracks can escape detection. Therefore, in order to estimate the sig-
nal acceptance for well-measured recoils using simulated signal events, we require that recoiling
electrons leave hits in at least three of the 3-d layers, for pattern recognition and angle estimation,
and at least four hits total for reasonably purity. The resulting acceptance for the recoil tracker as a
function of mediator mass is shown in Figure 23] and the average of the track finding efficiencies
for accepted tracks in those samples as a function of momentum is shown in Figure 26

The ability to distinguish signal from background using the recoil transverse momentum is
obviously limited by the multiple scattering in the target. For example, multiple scattering in a 10%
Xy target results in a 4 MeV smearing in transverse momentum. Using the analytic model of the
recoil tracker, the material budget and single-hit resolutions were designed so that the transverse
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momentum resolution is limited by multiple scattering in the target over the momentum range
for signal recoils. This has been verified in full simulation, as shown in Figure Meanwhile,
the impact parameter resolution, shown in Figure 28| strongly constrains the phase space for mis-
reconstructed tracks to point to the same location in the target as the incoming track reconstructed
in the tagging tracker.
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FIG. 27: Resolutions on the components of the momentum transverse to the target for signal recoils.
Simulated recoils are assumed to originate at a random depth in the target so that the average resolution
is less than the 4 MeV smearing from multiple scattering in the full target thickness. Only the vertical
component of the recoil momentum shows significant degradation due to detector resolution at the highest
recoil momenta considered.

Although the ECAL does an excellent job distinguishing scattered full-energy electrons from
potential signal recoils, the recoil tracker adds significant leverage for this critical task. A sample
of incident 4 GeV electrons was used to estimate the rejection of mis-reconstructed full energy
electrons in the momentum range for signal recoils, p < 1.2 GeV. Figure 29 shows that there is a
low-momentum tail in the reconstructed tracks but that these tracks are, as expected, accompanied
by bremsstrahlung photons in the final state that can be vetoed by the calorimeters.

Finally, events in which a hard bremsstrahlung occurs after the tagging tracker and undergoes
a photo-nuclear reaction in the target or recoil tracker will sometimes be observable in the recoil
tracker. In the case of a photo-nuclear reaction in the target or the recoil tracker, a large multiplicity
of hits in the next layers of the recoil tracker can result, as shown in Figure In addition, the
trigger scintillator on the back side of the target generally measures a larger signal in these events,
as shown in Figure[31] Use of this information will significantly reduce backgrounds due to photo-
nuclear events that occur upstream of the calorimeters.
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FIG. 28: Recoil tracker impact parameter resolutions. Requiring a common impact position at the target

with both the tagging and recoil tracker strongly selects against associating mis-reconstructed recoils with
a tagged incoming electron.
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FIG. 29: The reconstructed recoil track total momentum for a sample of 4 GeV beam electrons (left) shows

a low-momentum tail that extends into the signal region. However, events with low-momentum tracks are
accompanied by bremsstrahlung photons that are vetoed by the calorimeters (right).
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FIG. 30: The multiplicity of hits in each of the recoil tracker layers due to particles produced in photo-
nuclear reactions in the target. Hits from the recoiling electron are not included.
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events as a function of the signal efficiency for a cut placed on the energy deposited in the trigger scintillator.
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C. Forward Electromagnetic Calorimeter Performance

Reconstructed electromagnetic shower energy is the most powerful discriminant between sig-
nal and the most common, purely electromagnetic bremsstrahlung background. Our initial per-
formance studies therefore focused on electromagnetic response and resolution for several sensor
thicknesses. The mean energy deposition increases with thickness for electrons in the ranges of
0.25 < E < 4 GeV, while the constant term obtained from a fit to the mean measured energy of
the electrons is reduced as seen in the left and right plots, respectively, of Fig.[32] The distribution

. GEANT4 simulation GEANT4 simulation

SF Toa7E
2 r 300um :y = 0.142 + 10.175x =E - 300umrv=0~014+°'\1é’9
= 60— ®  400um :y =0.221 + 13.440x -
& um :y . BO18F —o— 400um:y =001 + /98
£ _r 500um :y = 0.275 + 16.665x Coasf
= 50— e SO015F ° —« 500um:y =0.009 + 2152
S 5 F \E
S . 3
= ¢ 5014
8B 40— o o F H
8_ E ° 5] E
g . oo.18F- N

— L ] c
> 3OF . o.12F- .
& F E
o  F ° E e
Q sl . 0.1 .
w o ° = e
& . F ° 01 .
S.‘} 10— » E v .
D 009 e

o Lo b b b L b L 1 E 1 [ BN B B B
05 1 15 2 25 3 35 4 1 15 2 25 3 35 2
Electron Beam Eneray (GeV) Electron Beam Enerav (GeV)

FIG. 32: Mean measured energy deposition (left) and resolution (right) in the ECAL as a function of
electron beam energy as obtained from a standalone simulation of incident electrons on a 40 layer device.
The study was carried out for sensor thicknesses of 500, 400 and 300 pm.

of energy deposited in a 40 Xy ECAL with 500 um sensors for 4 GeV incident electrons is mostly
Gaussian with a mean of 69 MeV and standard deviation of 6.5 MeV. There is very rarely any
escaping electromagnetic flux, defined as the summed energy of all electrons and photons that exit
the bounding surface of the ECAL, as seen in the left plot of Fig.[33] This extraordinary level of
containment is important for LDMX, in order to eliminate the very rare instrumental background
in which a photon fails to interact while passing through many absorber layers. As seen in the
right plot of Fig. for instance, the escaping flux for the 23.35 X, ECAL configuration planned
for CMS would lead to an unacceptably high background rate for LDMX.

The second class of background events occur when a photo-nuclear reaction takes place be-
tween a hard incident photon and an atomic nucleus in the target or in an absorber layer of the
ECAL, converting all or most of the incident photon’s energy into outgoing hadrons. The result-
ing final states can vary greatly because both nuclear disintegration and/or hadron production can
occur. Since neutrons do not lose energy to ionization, and protons follow a very steep ionization
curve, the detector response also varies greatly. To see how different photo-nuclear events are from
those containing purely electromagnetic showers, we compare deposited energy distributions for
the two types of events in Fig. It is seen that the photo-nuclear events produce broad tails at
high and low deposition energy. The low energy tail is largely made up of events in which nearly
all of the incoming energy is used to liberate neutrons. Unless one or more of these neutrons inter-
acts in the ECAL to produce an ionizing particle that can be tracked, or that generates a significant
amount of charge in a single layer, we will have to rely on the HCAL to veto these events. As
noted earlier in the letter, we plan to study the effect of adding materials with higher cross sections
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FIG. 33: Escaping electromagnetic flux for incident 4 GeV electrons for an ECAL with 40.35 X (left) and
for an ECAL with 20.35 X configured similar to the CMS HGC (right).

for low energy neutrons to produce charged hadrons in various layers of the ECAL.
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FIG. 34: Distributions of energy deposited by 4 GeV electrons. The histogram labeled “Hadronic” is
produced from a sample of 25 million events in which an incident photon or electron with 500 < E <
3000 MeV undergoes a nuclear interaction in the target or ECAL. Photo- and electro-nuclear interactions
with E > 3000 MeV are not yet considered, as the physics model in GEANT4 is currently being validated.
The “Non-Hadronic” distribution is produced from a sample of 100,000 events in which no photon or
electron with &# > 10 MeV participates in a nuclear reaction.

Photo-nuclear reactions are a primary source of events with low energy deposition that could
potentially generate the missing energy signature expected for a signal event. To study this back-
ground more carefully, we selected a large sample of photo-nuclear events arising from 3 GeV
photons incident on the ECAL. These events act as a proxy for background events since our signal
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model entails a soft recoiling electron accompanied by a hard bremsstrahlung photon that converts
to a dark photon that decays to undetected dark matter. We expect the magnetic field to produce
good transverse separation between the recoil electron and photon at the face of the ECAL and
so to get a more detailed understanding of the photo-nuclear backgrounds, it is only necessary to
study isolated hard photons that undergo photo-nuclear interactions in the calorimeter. To reach
high statistics as efficiently as possible, we fully generate and simulate only those events in which
the first interaction of the photon in the calorimeter is photo-nuclear. Such events are by far the
most likely to produce a clean missing energy signature. This requirement reduces an initial sam-
ple of 108 incident photons to only about 75,000 fully simulated events. Note that this sample
probes the backgrounds expected from ~ 3-10° EOT since a hard bremsstrahlung > 3 GeV oc-
curs for only about 3% of incident electrons. The total energy, summed over all silicon layers, for
these events is shown in Fig.

Energy Deposition for 3 GeV photons Energy Deposition for 3 GeV photons Deposited Energy from 3 GeV photon
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FIG. 35: The full distribution of the energy deposited in the ECAL for the sub-sample of 3 GeV incident
photons that undergo photo-nuclear interactions is shown at left, with a zoom in on the low end of the
distribution in the middle plot. The distribution of the total energy deposited in the ECAL+HCAL for the
modified ECAL design described in the text is shown at right.

Leading hadron KE [MeV]|Scattering Angle #|N(Secondaries) |[Energy Deposited
2520 10.3 4 0.000
2650 134 2 0.147
2020 335 2 0.005
1720 41.1 2 0.114
2410 24.0 2 0.03
2530 209 6 0.09
1980 335 2 0.01
1960 36.7 2 0.115
2900 1.52 2 0.05
1980 35.1 12 0.09

TABLE IV: The subset of photo-nuclear events with less than 0.15 MeV deposited. For all events in the
table, the most energetic hadron is a neutron and in fact, most secondaries are neutrons in these events.

Our detailed studies of these events revealed some interesting potential sources of backgrounds.
The most pernicious of these backgrounds involves events in which the incident photon interacts
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with a W nucleus to produce a final state in which the photon energy has been distributed roughly
uniformly over 30-40 charged and neutral hadrons. In some cases the charged secondaries did
not escape the W absorber, resulting in only neutrons reaching any of the sensing layers. To help
suppress this background we modified the layout of the early ECAL layers by starting with a sense
layer followed by a very thin W absorber. For the next 5 alternating layers of sensor and absorber,
we smoothly increased the absorber thickness to a nominal value of 1 X,. We also changed over
to a very thin cooling layer made up of very small diameter, thin-walled cooling tubes sandwiched
between thin C-fiber layers in order to avoid thick Cu cooling plates which would add to the
absorber thickness. This is mainly to help keep the stack as shallow as possible to maximize the
acceptance of the first 20 X|.

Combined performance of the ECAL + HCAL for this new layout showed significant improve-
ment. Once again we use a reference sample of 10% 3 GeV photons. We test a simple ‘MIP’ veto
by noting that a minimum ionizing particle would deposit of order 100 KeV in a single layer of
silicon in the ECAL or 8 photo-electrons in a single HCAL layer. By requiring there to be no
‘MIP layers’ in the event we reject all but 7 events in a sample of 78,739 that had photo-nuclear
interactions. The characteristics of the subset of 10 events with less than 0.15 MeV of total energy
deposited in the ECAL are listed in Table It is worth noting that this performance would al-
ready be adequate to allow the LDMX experiment to enter into new territory in the search for low
mass dark matter. We are now studying how to improve our veto capabilities with enhanced accep-
tance for secondary hadrons, and also by introducing some materials that could enhance nuclear
interactions producing charged hadrons at some layers of the ECAL.

D. Hadronic Veto System

The hadronic veto system is designed for detecting rare processes and therefore studies of its
performance focus on “bottom up” vetoes of photo-nuclear reactions. In the most challenging case,
the rare processes described in Section [[V|produce a low multiplicity of neutrons, so we perform
studies to compute the efficiency of detecting a single neutron in the hadronic veto system. This
will give us an idea of the efficiency with which we can veto any type of photo-nuclear reaction
based on the hadronic system only. Lower inefficiencies are expected for multi-neutron events but
these have not yet been studied in detail.

We benchmark the hadronic veto system by considering neutrons generated at the face of the
hadron calorimeter, with various:

* total energies: 0.95-3.5 GeV
* number of calorimeter layers: 5, 10, 15, 20, 25
* incident angles: 0, 10, 20, 30 degrees

For each neutron phase space point, we generate 5 x 10* events. This discussion focuses on the
detector performance for forward (0 degree) neutrons, focusing first on the propagation of neutrons
through the HCAL and then on the efficiency of a veto including a simple model of digitization.
To characterize the propagation of neutrons through the HCAL using GEANT, we study the
“kinetic energy flux”, defined as the amount of kinetic energy passing through the front face of a
given HCAL layer. In Fig.[36] we show the neutron kinetic energy flux as a function of HCAL layer
for neutrons produced at an incident angle of 0° and with a total energy of 3.5 GeV (kinetic energy
of 2.56 GeV). We note that the “shower max” for hadronic showers in this system is typically
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around layers 6/7. The horizontal line at 2.56 GeV in the figure indicates the neutrons that have
passed through a portion of the calorimeter without interacting. From this, we conclude that
roughly 100/50000 ~ 0.3% of neutrons do not interact in the first 15 layers of the system. This
number drops to roughly 0.06%(0.02%) for a 20 (25) layer system.
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FIG. 36: Neutron kinetic energy flux through the HCAL as a function of layer for a neutron produced with
initial total energy 3.5 GeV (kinetic energy of 2.56 GeV) at an incident angle of 0.0° at the front face of the
calorimeter.

For neutrons that do interact in the hadronic veto system, we then compute the efficiency of
detecting them based on a simple model of the digitization process described in Section As
a reminder, we sum all sim hits in a given layer and only consider those layers that produce at
least 4 times the number of PEs expected from noise. This corresponds to 0.4 MIPs and will be
referred to as a layer-hit. A veto criterion is defined in which any event that produces > 1 layer-
hits is considered to be consistent with having at least one hadron passing through the hadronic
veto system.

The number of layer-hits is plotted in Fig.|3"/|for incident neutrons with total energy of 2.5 GeV
(left) or 1.3 GeV (right) for a system of 5,10, 15, 20, or 25 layers; or in other words, counting only
layer-hits in the first 5, 10, 15, 20, or 25 layers, respectively. The number of layer-hits depends
strongly on the neutron energy. Furthermore, for lower energy neutrons, increasing the depth of
the calorimeter beyond 10-15 layers has little effect on the distribution (and in particular, the veto
inefficiency indicated by the leftmost bin) because low energy neutrons typically only interact in
the first 5-10 layers, while higher energy neutrons still deposit significant energy in later layers.

In Fig. 38 we count the number of events in which 0 layer-hits were found — these events
would not be vetoed. The fraction of missed neutrons depends strongly on the number of layers
in the system, with the greatest differences for neutrons with 1.5 GeV kinetic energy and above.
This suggests, for higher energy neutrons, that the inefficiency is dominated by neutrons which
do not interact in the system or are not contained. As discussed above, for lower energy neutrons
the efficiency is less dependent on the total depth. Instead, the large inefficiency for low energy
neutrons is largely due to a low sampling fraction in the early layers where most of the interactions
occur. Work is ongoing to understand how to balance the effects of high sampling fraction and
large total interaction lengths for optimizing sensitivity to the expected hadron energy spectrum
from photo-nuclear interactions.
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FIG. 37: Layer-hit multiplicity for 2.5 GeV, left, and 1.3 GeV, right, neutrons produced with an incident
angle of 0° at the front face of the calorimeter for systems with 5, 10, 15, 20, or 25 layers.
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TABLE V: Draft trigger menu for LDMX, showing the primary contributions to the trigger budget for a
46 MHz beam rate, with no corrections for any overlaps.

Trigger Prescale factor|Rate (Hz)
Physics Trigger 4000
E(ECAL) < 1.8 GeV 1 4000
Background-Measurement Triggers 600
E(ECAL) > 3 GeV 3000 100
E(ECAL) > 2 GeV 25 100
Multi-MIP event in trigger scintillator 100
HCAL single layer-hit trigger 2500 100
HCAL multilayer trigger 75 100
Multi-electron trigger (E(ECAL) > 6 GeV) 100 100
Detector-Monitoring Triggers 400
Beam-arrival (trigger scintillator) 2.3 x 10° 200
Empty-detector (trigger scintillator veto) 200
Total Trigger Budget 5000

From single neutron studies, we conclude that we are able to veto 0° neutrons at the level of
one event per 10! — 10* with kinetic energies ranging from 400 MeV to 2.5 GeV, depending on
number of layers in the system. Low-energy neutrons at greater incident angles have similar veto
inefficiencies, while wider-angle high energy neutrons are more easily rejected because they pass
through more material (e.g. inefficiencies down to 107° for the highest-energy neutrons at 30°
incidence). In the next Section, we present some results on the veto capabilities of the entire
calorimeter system, ECAL + HCAL, for rare photo-nuclear processes.

E. Trigger Performance

As described above, the primary physics trigger is based on the total energy observed in the
calorimeter, combined with a requirement of a single incoming electron observed in the trigger
scintillator. Figure [39| shows the simulated performance of the primary physics trigger for signal
and background.

Besides the primary physics trigger, the LDMX trigger system will also allow the selection of
events for calibration, alignment, and background studies. Each event will be marked with the
set of triggers that fired. The trigger will include input from the scintillator calorimeter to allow
selection of events with hadrons or muons. Based on simulation studies, 0.5% of beam electrons
will produce at least one layer-hit in HCAL and one electron in 6000 will produce at least three
layer-hits.

Pre-scaled samples of events will also be acquired with only a requirement on energy deposition
in the trigger scintillator and with a veto on energy in the trigger scintillator.

An initial draft trigger menu is shown in Table [V] Given the projected performance of the
primary physics trigger and the design capability of the DAQ, there is sufficient capacity to add
additional monitoring triggers, to increase the bandwidth assigned to these triggers, or to define
new physics triggers, e.g. triggers appropriate for nuclear physics studies.
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FIG. 39: Performance of the primary physics trigger for LDMX. The efficiency for signal electrons of
differing energy and the trigger rate for all backgrounds induced by beam electrons are shown as a function
of the trigger threshold in MIP units.
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VII. CONCLUSION

As this note described, LDMX aims to decisively explore thermal dark matter in the sub-GeV
mass range using an electron fixed-target missing momentum approach. This exploration is a pri-
ority for the broader physics community, and a timely goal in light of recent advances in calorime-
ter technology for HL-LHC applications. A key enabler for LDMX is the use of a low-current
(~pA) but high-repetition electron beam with multi-GeV energy. The recently-proposed DASEL
beam line at SLAC would provide such a beam, and offers an excellent opportunity to run LDMX
in the early 2020’s, thereby enabling LDMX to compete with overseas efforts at CERN. As was
described above, initial design studies show considerable promise for the missing momentum ap-
proach employed by LDMX. Future work will focus on expanding the detector rejection power
for rare photo-nuclear backgrounds, but initial results in this direction are encouraging. Future
revisions of this note will detail progress with the detector design, performance studies, and cost
estimation, culminating in a letter of intent and conceptual design report in 2017.
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Appendices

Appendix A LIGHT DARK MATTER THEORY

The overwhelming evidence for the existence of dark matter (DM) arises from multiple in-
dependent sources. Observations of galactic rotation curves, the power spectrum of the Cosmic
Microwave Background (CMB), the cosmological matter power spectrum, light element yields
from Big Bang Nucleosynthesis (BBN), gravitational lensing, and galaxy cluster collisions all re-
quire roughly 85% of the matter in our universe to be cold and non-baryonic. Together, these data
constitute smoking gun evidence for physics beyond the Standard Model BSM, which contains no
viable DM candidate. For a comprehensive review, see [23]].

However, despite this impressive body of evidence, the particle nature of DM remains com-
pletely unknown; all indications of its existence derive ultimately from its gravitational influence
on visible matter in different contexts. Without making any further assumptions about these hypo-
thetical interactions or DM’s cosmological history, its viable mass range is wildly unconstrained:
10722 eV — 10M,,. If DM is lighter than ~ 10722 eV, its Compton wavelength does not fit inside
the smallest known DM dominated objects [26] and if it’s heavier than ~ 10M, it would have
distorted the CMB power spectrum at early times [27]. Given such an enormous range of viable
masses, a realistic DM discovery effort requires a well motivated organizing principle to man-
ageably and systematically test this vast space of possibilities without being narrowly tailored to
specific models.

1 Thermal Origin

A compelling, well motivated organizing principle for the DM search effort is the hypothesis
that it is produced through its interactions with the SM in thermal equilibrium during the early
universe. This criterion selects a broad class of popular DM models (including Supersymmetry)
and is defined by the requirement that the DM-SM interaction rate exceed the Hubble expansion
rate at early times. Once achieved, thermal equilibrium offers some generically attractive features
that do not depend sensitively on particular model details:

* Simply and Generically Realized: Equilibrium is hard to avoid even with tiny coupling
constants between dark and visible matter; thus, most discoverable models of DM with
non-gravitational interactions fall into this category. Alternative mechanisms (e.g. axions
produced via misalignment [28] or feebly coupled DM produced via freeze in [29]) require
such small couplings that comprehensive experimental probes are prohibitively difficult in
most regions of their parameter space — see [30].

* Minimum Annihilation Rate: Equilibrium at temperature 7" populates the DM with a
thermal number density npy o< T2, which is many orders of magnitude larger than the
observed abundance. Thus, viable thermal DM must be depleted with an annihilation cross
section ov > 3 x 10725 cm?/s via the process of thermal “freeze-out.” This inequality must
be saturated (=) if DM is particle/antiparticle symmetric and exceeded (>) if there is an
additional primordial DM asymmetry that contributes to the total abundance in addition to
the freeze-out component. In addition, any particle that makes up a fraction of the DM must
exceed this minimum annihilation cross-section.
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FIG. 40: The allowed mass range over which DM can thermalize with the SM in the early universe and
yield the observed relic abundance via annihilation. For masses below < 10 keV, DM is too hot to form
the observed structure of the universe on large scales [[7]] and for masses above = 10 TeV, a perturbative
annihilation rate cannot achieve the correct relic abundance in simple models [8]].

* Sharply Defined Mass Window: The viable DM mass range becomes much narrower — see
Fig. 0] Thermal DM below < 10 keV erases small scale structure in conflict with obser-
vation; thermal DM above 2 10 TeV requires nonperturbative and/or non-unitary couplings
to realize a sufficiently large annihilation rate.

2 “WIMP” Dark Matter

If thermal DM is realized in the upper half of the thermal mass window ~ GeV - 10 TeV, it can
be a Weakly Interacting Massive Particle (WIMP) charged under the familiar electroweak force
and achieve the observed relic abundance by annihilating through via SM gauge interactions. This
class of models exploits the numerical coincidence between electroweak-sized cross sections and
the requisite annihilation cross section for thermal freeze-out o ~ a?/m% — ov ~ 3 x 1072
cm?/s (see [31]] for a pedagogical treatment). This so-called “WIMP miracle” also naturally arises
in popular extensions of the SM that address the electroweak hierarchy problem (e.g. Supersym-
metry and extra dimensions) and may even be realized with fifth forces beyond the SM so long
as the appropriate coupling-to-mass ratio is of electroweak size, but the latter possibility is not
obligatory for masses in the WIMP range.

The discovery techniques available for WIMP and WIMP-like DM are well known and firmly
established in the experimental community:

* Direct Detection: Terrestrial searches for non relativistic WIMP-nucleon scattering in a
shielded underground detector [32]. This technique is powerful for DM masses near ~
10 GeV - 10 TeV, but loses sensitivity in the neighborhood of 1 GeV where typical nuclear
recoils are < keV; below detection thresholds. Moreover, the sensitivity of this approach de-
pends critically on the presently unknown DM velocity distribution in the terrestrial neigh-
borhood and is therefore subject to potentially large systematic uncertainties.

* Indirect Detection: Typically space-based searches of DM annihilation in regions of high
DM density (galactic center, dwarf galaxies etc.) [33]. This technique is approaching sensi-
tivity to thermal DM annihilation rates for a variety of scenarios, but poorly constrains DM
below the few-GeV scale. As with direct detection, the signal strength for indirect detection
depends on an unknown DM phase space profile in regions of high density, so the systematic
uncertainties of this approach may also be very large.
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* Collider Production: Laboratory based searches focus on DM produced in association
with visible final states in SM particle collisions [34]]. This technique is powerful and not
limited by halo uncertainties or the limitations of non-relativistic scattering off DM particles
in the Earth’s neighborhood. However, for DM below the GeV scale, the transverse missing
energy in a typical production event is too low to impart sufficient recoil Pr to the other
visible object(s) in the final state, so sensitivities remain weak for the lower half of the
thermal mass window [3]].

3 Light Dark Matter (LDM)

Although the thermal freeze-out production mechanism can apply equally well to LDM in
the keV-GeV range, achieving the required annihilation rate is no longer possible with SM
forces. Annihilation to SM particles via virtual electroweak gauge boson exchange scales as
ov ~ a’miy/my < 3 x 1072¢ cm?3/s, which is insufficient for freeze-out if mpy < my.
Thus, for light thermal DM to be viable, the following are necessary:

* Light New Forces: There have to be comparably light force carriers to mediate an efficient
annihilation rate for thermal freeze-out.

* Portals: Both the DM and the mediator must be singlets under the full SM gauge group;
otherwise they would have been produced and detected at LEP. Thus, in order for the DM
to efficiently annihilate away its abundance, the mediator particle must have an unsuppresed
tree level coupling [67] to SM particles through a mass-dimension < 4 singlet “portal”
operator built out of SM fields.

The second bullet point sharply constrains the options for LDM mediator particles since the only
renormalizable SM operators that satisfy this requirement are

@portal:HTHa HL ) B/u/ ) (4)

and are known respectively as the Higgs, lepton, and vector portals (for a discussion, see [33]).
Here H is the SM Higgs doublet, L is the SM lepton doublet, and B, = 9,B, — 0,5, is the
U(1)y hypercharge field strength tensor, which is independently gauge invariant. Each portal
corresponds to a different choice of mediator spin — only a scalar mediator can couple to the H'H
bilinear, only a fermionic mediator can couple to the lepton portal operator L/, and only a spin-1
mediator can couple to the B, vector portal. However, for the most predictive model variations,
the scalar mediator is strongly disfavored by a variety of experimental constraints [36] and the
lepton portal interaction is generically proportional to factors of neutrino masses m, < 0.1 eV,
so it is difficult to sustain thermal contact between DM and SM sectors. This leaves the vector
portal, which we focus on for the rest of this discussion, for which the “dark photon” A’ is the
representative mediator of LDM interactions.

For completeness we also note that there are other viable vector mediators in addition to the
dark photon A’, which mixes with the vector portal with a kinetic mixing parameter €. Instead
of this mixing (and eventually the photon after electroweak symmetry breaking), a new vector
interaction between dark and visible matter can arise by directly gauging a linear combination
of global SM quantum numbers. For example, SM fermions can be charged under one or many
of the following new gauge groups: U(1)p_r,U(1)s,—¢,,U(1)3p—¢,, where B/L represent SM
baryon and lepton number, while ¢; represents a particular lepton flavor number. All of these
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FIG. 41: Schematic representation of the different DM annihilation modes (top row) and A’ decay modes
for m,,/m 4 ratios. a) Secluded annihilation scenario with a visibly decaying mediator. Since the annihila-
tion rate is independent of the A" SM coupling, this scenario has no thermal target and cannot be presented
on the y vs. m, plane. However, there is an active and growing program to probe dark photons in this
regime by observing their visible decay products (see [[1,30] for more details). b) Compressed region with
direct annihilation, but a visibly decaying mediator. Since the annihilation rate in this regime depends on
€, there is a testable thermal target; probing sufficiently small values of e can decisively test this scenario.
¢) Direct annihilation and invisibly decaying mediator particle. This regime is the primary focus of this
document.

groups are anomaly free and their gauge bosons can serve as a mediators to the dark sector if
the DM candidate also carries charge under the new group(s). However, most of these groups
feature couplings between the new vector mediator and SM electrons, so for the purpose of this
document, we can focus the discussion by considering only the kinetically mixed dark photon,
whose phenomenology is qualitatively very similar to the examples listed above. Typically the
only difference involves reinterpreting experimental bounds and projections with the replacement
€€ = new Where gpe is the gauge coupling of the new U (1) group [68]. Thus, for the remainder
of this document, we can consider a single dark photon without loss of generality.

4 Predictive LDM Targets

We define the LDM particle to be x and the mediator to be a “dark photon” A’ with lagrangian

, 1 L€ m2,
L = ix DX + myXX + 9 A XV X — < F, F™ + S F, F* + =&

4" 9w 2 ALA/‘uu (5)

where F), = 0, A;, — 0, A}, € < 1is the kinetic mixing parameter, which controls A" mixing with
the SM photon, and gp = v/4map is the A’ coupling to the DM. Although we’ve assumed the DM
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is a fermion, the qualitative features of this discussion are insensitive to its spin and compatible
with scalar candidates as well.

After diagonalizing the kinetic mixing interaction, the dark photon A’ acquires a coupling to
the SM electromagnetic current

1 F S AA ()

. 3 1 v m2 !
L —ixPx +myxx + 4, (QDXVHX + eez foyuf) _ g DA
!
where f is a SM fermion and (); is its electromagnetic charge.
We distinguish between two distinct annihilation regimes depicted schematically in Fig.

* Secluded Annihilation: For m,s < m,, DM annihilation will predominantly proceed
through yy — A’A’, followed by A’ — ff decays to SM fermions. However, the an-
nihilation rate in this regime is independent of the SM-A’ coupling ¢ and therefore difficult
to test since thermal freeze-out can proceed even for tiny values of €. This regime is depicted
on the leftmost column of Fig.

¢ Direct Annihilation: For m 4 > m,, the mediator decays predominantly to DM and anni-
hilation proceeds via Yy — A" — ff to SM fermions f through a virtual mediator. This
regime is depicted in the middle and rightmost column of Fig. The middle column is
the compressed region for which m, < m4 < 2m,, and the annihilation rate depends on ¢
but the mediator decay to DM is kinematically forbidden.

Since the cross section for direct annihilation is proportional to all the parameters in the DM
lagrangian, it is convenient to define the dimensionless interaction strength y as

2 4
* m m

ov(xx > A" = ff) x 620@% = % . y=€ap (—X) (7)
my,  ms

thus, for each choice of m, there is a unique value of y compatible with thermal freeze-out inde-
pendently of the individual values of ap, € and m, /m 4. Reaching experimental sensitivity to this

benchmark for masses between 10 keV — GeV would provide decisive coverage of these scenarios.

5 Current Bounds on LDM

Although LDM represents half of the viable thermal DM mass range, there has never been a
dedicated search for this class of models. Most constraints that apply to the scenarios considered
here are reinterpretations, by theorists, of experimental results collected for other purposes and fall
into the following categories:

* CMB Power Spectrum: LLDM can annihilate out of equilibrium to SM particles during the
time of recombination and ionize the newly formed hydrogen, thereby modifying the CMB
power spectrum in conflict with observations from PLANCK [37]. If this annihilation is s-
wave and the DM is particle symmetric, the CMB rules out LDM below ~10 GeV. However
if the annihilation is p-wave, as would easily be achieved for a scalar DM candidate coupled
to a dark photon mediator, or if the DM population is different at the time of CMB (e.g.
asymmetric or Majorana-inelastic, see [3] for a discussion) this constraint no longer applies.
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* CMB/BBN N.t.: LDM is also constrained by the observed number of relativistic species
present during BBN and recombination. Since thermal DM freezes out near temperatures
T ~ m,/20, for LDM this process can occur after SM neutrinos have decoupled from SM
radiation, so DM annihilation increases the temperature of photons relative to neutrinos,
which introduces a deficit in N.g. in conflict with observation [38]. However, a deficit in
Neg. can be compensated by additional sources of hidden sector radiation or sterile neutrinos
and such additional contributions may alleviate the recent tension between late and early
time extractions of the Hubble rate [39].

* Colliders: Although high energy colliders (LHC, Tevatron, LEP) generally have poor sen-
sitivity to LDM, high intensity B-factories can perform analogous searches for ete™ — v A’
production and set impressive constraints in the 100 MeV - few GeV mass range. The
best current constraint of this form arises from re-interpreting [[12, 40] a BaBar search for
T(3S) — v + a search where a is an invisibly decaying scalar particle [41]. While this
search has some of the best sensitivity for O(GeV) A’ masses, its sensitivity below a GeV
is limited by a peaking background from un-vetoed photons that fakes the DM signal.

* Beam Dumps: The LSND proton beam dump experiment [42]] is sensitive to LDM pro-
duction and scattering in their measurement of the electron-neutrino neutral current cross
section. At LSND, DM can be produced in pion decays 7° — vA’ — ~xx and subsequently
scatter in a downstream detector. The E137 electron beam dump experiment to search for
axion-like particles is sensitive to similar processes in which DM is relativistically produced
via the kinetic mixing interaction in the beam dump, passes through a downstream detector
and deposits electromagnetic energy by scattering off detector targets [43].

» Rare Kaon Decays: LDM can also be produced in rare Kaon decays K — 7t A" — 7 yy
that can contribute to the signal region of E787/E949 [44, 45]] that’s used to measure the
K" — 7 v branching ratio.

* Electron Direct Detection: The results of XENON10 S2-only study of electron recoil sig-
nals can be used to constrain LDM that scatters elastically off detector electrons [46]. Al-
though the backgrounds are not well understood, a conservative extraction of the DM scat-
tering limit can be used to constrain this parameter space. This bound is competitive with
E137 and E787/E949 in Fig. |2} but slightly weaker for the benchmarks presented.

These constraints are collected in the y vs m, parameter space depicted in Fig. [2| alongside
projections for LDMX and for other proposed experiments, described below. Also shown are
the thermal targets for fermion and scalar LDM candidates, which are invariant in this parameter
space regardless of what assumptions about €, ap, and m, /m4 we choose. Direct detection
constraints are also most naturally expressed as functions of y and m,, but accelerator-based
constraints are not — for example, collider production bounds depend on m 4 and €. However,
within the predictive framework of direct DM annihilation, both ap and m,, /m 4 are bounded
from above, accelerator-based constraints typically become stronger as either op or m, /my is
decreased (specifically, lowering a/pp expands the constrained regions downward in Figure 2| while
lowering m, /m 4 moves them downward and to the left). Therefore, in the lower panel we plot
conservative versions of these constraints with ap and m, /m 4 near their upper limits to reveal
all gaps in the DM parameter space consistent with the assumption of direct annihilation.

The upper panel of Figure [2] includes only missing mass/momentum/energy experiments,
whose sensitivity can be directly compared to LDMX irrespective of op and m, /ms. In par-
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ticular, these are the only experiments sensitive to LDM in the limit of small «p. This plot illus-
trates the large, orders of magnitude gaps in coverage between existing and projected constraints,
and the thermal relic contours for LDM. In order to decisively cover thermal LDM in the direct
annihilation regime, a dedicated effort is required. To this end, we also show the projections for
LDMX at DASEL, which is the only proposed effort to probe the thermal target for both scalars
and fermions down to the MeV range.

6 Future Bounds on LDM

As of the Dark Sectors 2016 meeting at SLAC, the community undertook an effort to establish
projections for dark force and light dark matter sensitivity for experiments into the mid 2020’s.
Below we summarize some of the key advances expected in light dark matter searches.

* Colliders: The Belle II experiment at SuperKEKB is expected to start taking data in 2018
using an et e~ asymmetric collider at the T resonance near ~ 10.3 GeV. Expected to achieve
integrated luminosities of 50/ab (~ 100 times greater than BaBar’s), Belle II is sensitive
to DM through ete™ — ~(A’ — xX) production and the observational signature is a
monochromatic photon produced in association with missing energy. See Ref. [40] for more
details. Projections are not shown for dark photon masses below 1 GeV because they are
expected to be limited by instrumental effects (especially calorimeter hermiticity), and may
not improve over BaBar limits despite the higher statistics.

* Electron/Positron Fixed Targets: Proposed fixed-target experiments will both improve on
the beam dump searches discussed above as well as pursuing several distinct approaches to
search for DM, elaborated on in Section The proposed BDX experiment at JLab plans
to utilize the upgraded 11 GeV CEBAF beam to search for dark matter. In this setup, dark
matter is produced in the electron beam dump, passes through shielding material (to range
out SM particles), and scatters by depositing electromagnetic energy in a detector placed
behind the beam dump. Nominally, BDX will dump ~ 10?2 electrons on target (EOT) onto
an Al beam dump; see Ref. [12,47-49]] for more details. The DarkLight experiment [50] is
also sensitive to DM production ep — ep A’ followed by the invisible decay A’ — yy which
appears as a resonance in the reconstructed ep invariant mass spectrum [S1]. DarkLight is
currently being set up at the 100 MeV Low Energy Recirculating Facility (LERF), formerly
the Free Electron Laser, at Jefferson Lab [64] and involves a 5 mA current of electrons
impinging on a windowless gas target of molecular hydrogen. Finally, MMAPS uses a 6
GeV positron beam incident on a Be target at the Wilson Lab at Cornell University [52]. The
DM signal of interest is the A’ invariant mass reconstructed from e*e~ — A’ annihilation.
A similar eTe~ — annihilation search with a 500 MeV positron beam is planned at VEPP-3
at the Budker Institute for Nuclear Physics in Novsibirsk [33]].

* Proton Fixed Targets: The MiniBooNE experimental setup in beam dump mode can
be sensitive to LDM. The main DM production modes are 7°/nn’ — (A" — xx) and
qq — A’ — xx and detection proceeds via ye — ye, or YN — YN elastic scattering, or
via inelastic such as YN — x(A — N7°). MiniBooNE has completed running in off-target
mode with 1.86 x 10?° POT and the analysis is currently in progress. See Ref. [42] [54-62]
for more details.
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* Electron Direct Detection: A promising technique for observing halo DM involves directly
observing electron recoils induced by incident DM particles from the halo. This technique
has already been used to constrain the DM-electron cross section using XENON10 calibra-
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* Low-Threshold Direct Detection A strong thrust of the next-generation direct detection ex-
periments has been lowering their recoil energy thresholds to become sensitive to O(GeV)
dark matter. Among this cohort of proposed/planned experiments, SuperCDMS-SNOLAB
is promising greatly improved coupling sensitivity [65] down to ~ 500 MeV dark matter
masses, improving on CRESST-1Is current limit by 5 orders of magnitude, while NEWS-
SNO [66] aims to explore dark matter as light as 100 MeV using hydrogen nuclear recoils
in a gas target. Projections for both experiments are shown in the lower panel of Figure
2l However, an important caveat to these experiments’ sensitivity is that they assume dark
matter has elastic (mass-diagonal) interactions, which is not generic for LDM. If the inter-
actions are inelastic, then direct detection is only sensitive to one-loop scattering processes
and therefore explores far less parameter space in these models. Thus, while SuperCDMS-
SNOLAB tests y ~ 1071 for elastically coupled DM, the analogous constraint on inelastic
DM is only at the level of 10~% (weaker than BaBar) [3]].
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sion operators would reintroduce the overproduction problem. However, the states that UV complete
such an interaction would be electroweak charged and ruled out by LEP searches for light, electroweak
charged matter.

The only exceptions to this general feature are groups for which the mediator couples predominantly
to the second and third generations, e.g. U(1),_, for which the sensitivity of electron beam based
experiments are generally diminished.
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