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Overview

• Easy: Electrons

• Hard: Coherent Nuclear

• Medium: Quasi-Elastic Nucleon

• Bonus: Dark-Inelastic Scattering

• Sneak Preview: Missing Momentum @ SLAC
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Setup Reminder

• E(beam) ~ O(few) GeV

• Baseline ~ O(10 m)

• Detector ~ O(m^3)

Ultimate goal: optimizing for different signatures

New Electron Beam-Dump Experiments to Search for MeV to few-GeV Dark Matter

Eder Izaguirre, Gordan Krnjaic, Philip Schuster, and Natalia Toro
Perimeter Institute for Theoretical Physics, Waterloo, Ontario, Canada

(Dated: November 19, 2013)

In a broad class of consistent models, MeV to few-GeV dark matter interacts with ordinary matter
through weakly coupled GeV-scale mediators. We show that a suitable meter-scale (or smaller) de-
tector situated downstream of an electron beam-dump can sensitively probe dark matter interacting
via sub-GeV mediators, while B-factory searches cover the 1–5 GeV range. Combined, such exper-
iments explore a well-motivated and otherwise inaccessible region of dark matter parameter space
with sensitivity several orders of magnitude beyond existing direct detection constraints. These ex-
periments would also probe invisibly decaying new gauge bosons (“dark photons”) down to kinetic
mixing of ✏ ⇠ 10�4, including the range of parameters relevant for explaining the (g � 2)

µ

discrep-
ancy. Sensitivity to other long-lived dark sector states and to new milli-charge particles would also
be improved.

I. INTRODUCTION AND SUMMARY

Dark matter is sharp evidence for physics beyond the
Standard Model, and may be our first glimpse at a
rich sector of new phenomena at accessible mass scales.
Whereas vast experimental programs aim to detect or
produce few-GeV-to-TeV dark matter [1–12], these ex-
periments are essentially blind to dark matter of MeV-
to-GeV mass. We propose an approach to search for
dark matter in this lower mass range by producing it in
an electron beam-dump and then detecting its scatter-
ing in a small downstream detector (Fig. 1). This ap-
proach can explore significant new parameter space for
both dark matter and light force-carriers decaying invisi-
bly, in parasitic low-beam-background experiments at ex-
isting facilities. The sensitivity of this approach comple-
ments and extends that of analogous proposed neutrino
factory searches [13–16]. Combined with potential B-
factory searches, these experiments would explore a well-
motivated and otherwise inaccessible region of dark mat-
ter parameter space. Experiments of this type are also es-
sential to a robust program searching for new kinetically
mixed gauge bosons, as they complement the ongoing
searches for such bosons’ visible decays [13, 14, 17–37].

Various considerations motivate dark matter candi-
dates in the MeV-to-TeV range. Much heavier dark mat-
ter is disfavored because its naive thermal abundance ex-
ceeds the observed cosmological matter density. Much
beneath an MeV, astrophysical and cosmological con-
straints allow only dark matter with ultra-weak couplings
to quarks and leptons [38]. Between these boundaries
(MeV � TeV), simple models of dark matter can ac-
count for its observed abundance through either thermal
freeze-out or non-thermal mechanisms [39–54]. The con-
ventional argument in favor of weak-scale (& 100 GeV)
dark matter — that its annihilation through Standard
Model (SM) forces alone su�ces to explain the observed
relic density — is dampened by strong experimental con-
straints on dark matter with significant couplings to the
Z or Higgs bosons [12, 55] and by the absence to date of
evidence for new SM-charged matter at the LHC.

The best constraints on multi-GeV dark matter inter-
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FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers ⇠> 140 MeV, well above radiological backgrounds, slow
neutrons, and noise. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce cosmogenic and
other environmental backgrounds.
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FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

FIG. 1: Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump pro-
duces a secondary beam of dark sector states. In the basic
setup, a small detector is placed downstream so that muons
and energetic neutrons are entirely ranged out. In the con-
crete example we consider, a scintillator detector is used to
study quasi-elastic �-nucleon scattering at momentum trans-
fers ⇠> 140 MeV, well above radiological backgrounds, fast
neutrons, and noise. Similar layouts with much smaller detec-
tors or shorter target-detector distances than shown above are
similarly sensitive. To improve sensitivity, additional shield-
ing or vetoes can be used to actively reduce high energy cos-
mogenic and other environmental backgrounds.

actions are from underground searches for nuclei recoiling
o↵ non-relativistic dark matter particles in the Galactic
halo (e.g. [1, 2, 5–9, 12]). These searches are insensi-
tive to few-GeV or lighter dark matter, whose nuclear
scattering transfers invisibly small kinetic energy to a re-
coiling nucleus. Electron-scattering o↵ers an alternative
strategy to search for sub-GeV dark matter, but with
dramatically higher backgrounds [56–58]. If dark matter
scatters by exchange of particles heavier than the Z, then
competitive limits can be obtained from hadron collider
searches for dark matter pair-production accompanied by
a jet, which results in a high-missing-energy “monojet”
signature [9, 10]. But among the best motivated models
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• Luminosity ~ O(10^22) EOT

This talk: essential features of each channel
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“Easy” Case: Electron Target 
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FIG. 10: a) Scalar DM pair production from electron-beam
collisions. An on-shell A0 is radiated and decays o↵ diagonally
to �h,` pairs. b) Inelastic up scattering of the lighter �` into
the heavier state via A0 exchange. For order-one (or larger)
mass splittings, the metastable state promptly de-excites in-
side the detector via �h ! �`e

+e�. The signal of interest is
involves a recoiling target with energy ER and two charged
tracks to yield a instinctive, zero background signature.

FIG. 1. Left (a): schematic diagram of DM production in proton-carbon collisions, through on- or o↵-shell dark photons
A0 from exotic ⇡0 decays. Right (b): DM scattering at a detector through the same dark photon A0. We focus on electron
scattering in this paper, but the detector target may be protons or nuclei in alternative experimental setups.

LSND bounds and projected DAE�ALUS sensitivity covers a broad range of DM and mediator masses, and is even
competitive with searches for visibly-decaying mediators in certain regions of parameter space.

The search strategies for MeV-scale DM at both DAE�ALUS and LSND are very similar, so it is worth pointing
out the potential advantages of DAE�ALUS compared to LSND:

• Higher energy range. The LSND ⌫

e

� e

� elastic scattering measurement [20], which has been used to set limits
on light DM, focused on the recoil electron energy range E

e

2 [18, 52] MeV, where a C̆erenkov detector can use
directionality to discriminate against decay-at-rest neutrino backgrounds. This strategy is optimal for a heavier
DM search (m

�

& 40 MeV) where the kinetic energy available for scattering is smaller. Here, we propose a
search with DAE�ALUS/LENA in the higher energy range E

e

2 [106, 400] MeV, well above the thresholds
from decay-at-rest backgrounds, which is optimal for lighter DM (m

�

. 20 MeV). The specialized target at
DAE�ALUS, designed to reduce the decay-in-flight component of the neutrino beam, makes such a high-energy
search possible by reducing decay-in-flight backgrounds.3

• Higher luminosity. A single DAE�ALUS cyclotron with a 25% duty cycle and peak power 8 MW can deliver
4.9⇥ 1023 protons on target per year, producing 7.5⇥ 1022 ⇡

0 per year, compared to 1022 ⇡

0 over the life of the
LSND experiment.

• Larger acceptance. At LSND, the source was placed a distance of 30 m from the neutrino detector, whereas
the DAE�ALUS source can be placed as close as 20 m to the detector, increasing the angular acceptance for
DM scattering. In addition, the detector length of LSND was 8.3 m, whereas DAE�ALUS can be paired with a
large neutrino detector like LENA in a geometry where the average path length through the detector is closer
to 21 m, and the maximum path length is over 100 m.

Because we consider a dedicated DM search with DAE�ALUS, we will optimize our cuts for each point in the dark
sector parameter space. We will show that under conservative assumptions, a light DM search at DAE�ALUS/LENA
is systematics dominated. In particular, the improvements compared to LSND come almost exclusively from the
optimized cuts rather than the higher luminosity and larger acceptance, though that conclusion could change with
relatively modest improvements to the systematic uncertainties of neutrino-nucleon scattering cross sections.

The full DAE�ALUS program [22] includes multiple cyclotron-based neutrino sources placed at three di↵erent
distances from a single detector such as LENA. Because the earliest phase of DAE�ALUS involves just a single “near”
cyclotron-based neutrino source, we focus on pairing this neutrino source with a neutrino detector to perform a
dedicated DM search.4 For studies of other physics opportunities with a near cyclotron, see Refs. [26–28].

To directly compare to previous studies [9–11, 14–16, 30–34], we will focus on vector portal models of the dark sector
[35–37]. Here, a massive dark photon A

0 from a new U(1)
D

kinetically mixes with the standard model hypercharge:5
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3 In principle, LSND could have done such a high-energy search as well. It may be possible to derive stronger limits than those from the
LSND electron scattering measurement by using LSND’s measurement of ⌫e C ! e� X at 60–200 MeV [21].

4 One could also pair DAE�ALUS with the proposed JUNO [23], Hyper-K [24], or water-based liquid scintillator [25] detectors. While
it may be possible to use an existing neutrino detector such as NO⌫A, beam-o↵ backgrounds for an above-ground detector appear
prohibitive.

5 The A0 can acquire mass either through a Stückelberg field or a dark Higgs.
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“Easy” Case: Electron Recoils 
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FIG. 10: a) Scalar DM pair production from electron-beam
collisions. An on-shell A0 is radiated and decays o↵ diagonally
to �h,` pairs. b) Inelastic up scattering of the lighter �` into
the heavier state via A0 exchange. For order-one (or larger)
mass splittings, the metastable state promptly de-excites in-
side the detector via �h ! �`e

+e�. The signal of interest is
involves a recoiling target with energy ER and two charged
tracks to yield a instinctive, zero background signature.

FIG. 1. Left (a): schematic diagram of DM production in proton-carbon collisions, through on- or o↵-shell dark photons
A0 from exotic ⇡0 decays. Right (b): DM scattering at a detector through the same dark photon A0. We focus on electron
scattering in this paper, but the detector target may be protons or nuclei in alternative experimental setups.

LSND bounds and projected DAE�ALUS sensitivity covers a broad range of DM and mediator masses, and is even
competitive with searches for visibly-decaying mediators in certain regions of parameter space.

The search strategies for MeV-scale DM at both DAE�ALUS and LSND are very similar, so it is worth pointing
out the potential advantages of DAE�ALUS compared to LSND:

• Higher energy range. The LSND ⌫

e

� e

� elastic scattering measurement [20], which has been used to set limits
on light DM, focused on the recoil electron energy range E

e

2 [18, 52] MeV, where a C̆erenkov detector can use
directionality to discriminate against decay-at-rest neutrino backgrounds. This strategy is optimal for a heavier
DM search (m

�

& 40 MeV) where the kinetic energy available for scattering is smaller. Here, we propose a
search with DAE�ALUS/LENA in the higher energy range E

e

2 [106, 400] MeV, well above the thresholds
from decay-at-rest backgrounds, which is optimal for lighter DM (m

�

. 20 MeV). The specialized target at
DAE�ALUS, designed to reduce the decay-in-flight component of the neutrino beam, makes such a high-energy
search possible by reducing decay-in-flight backgrounds.3

• Higher luminosity. A single DAE�ALUS cyclotron with a 25% duty cycle and peak power 8 MW can deliver
4.9⇥ 1023 protons on target per year, producing 7.5⇥ 1022 ⇡

0 per year, compared to 1022 ⇡

0 over the life of the
LSND experiment.

• Larger acceptance. At LSND, the source was placed a distance of 30 m from the neutrino detector, whereas
the DAE�ALUS source can be placed as close as 20 m to the detector, increasing the angular acceptance for
DM scattering. In addition, the detector length of LSND was 8.3 m, whereas DAE�ALUS can be paired with a
large neutrino detector like LENA in a geometry where the average path length through the detector is closer
to 21 m, and the maximum path length is over 100 m.

Because we consider a dedicated DM search with DAE�ALUS, we will optimize our cuts for each point in the dark
sector parameter space. We will show that under conservative assumptions, a light DM search at DAE�ALUS/LENA
is systematics dominated. In particular, the improvements compared to LSND come almost exclusively from the
optimized cuts rather than the higher luminosity and larger acceptance, though that conclusion could change with
relatively modest improvements to the systematic uncertainties of neutrino-nucleon scattering cross sections.

The full DAE�ALUS program [22] includes multiple cyclotron-based neutrino sources placed at three di↵erent
distances from a single detector such as LENA. Because the earliest phase of DAE�ALUS involves just a single “near”
cyclotron-based neutrino source, we focus on pairing this neutrino source with a neutrino detector to perform a
dedicated DM search.4 For studies of other physics opportunities with a near cyclotron, see Refs. [26–28].

To directly compare to previous studies [9–11, 14–16, 30–34], we will focus on vector portal models of the dark sector
[35–37]. Here, a massive dark photon A

0 from a new U(1)
D

kinetically mixes with the standard model hypercharge:5
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3 In principle, LSND could have done such a high-energy search as well. It may be possible to derive stronger limits than those from the
LSND electron scattering measurement by using LSND’s measurement of ⌫e C ! e� X at 60–200 MeV [21].

4 One could also pair DAE�ALUS with the proposed JUNO [23], Hyper-K [24], or water-based liquid scintillator [25] detectors. While
it may be possible to use an existing neutrino detector such as NO⌫A, beam-o↵ backgrounds for an above-ground detector appear
prohibitive.

5 The A0 can acquire mass either through a Stückelberg field or a dark Higgs.
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“Medium” Case: Nucleon Recoils 
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of MeV � GeV dark matter are those whose interactions
with ordinary matter are mediated by new GeV-scale
“dark” force carriers (for example, a gauge boson that
kinetically mixes with the photon) [41, 59]. Such models
readily account for the stability of dark matter and its
observed relic density, are compatible with observations,
and have important implications beyond the dark matter
itself. In these scenarios, high energy accelerator probes
of sub-GeV dark matter are as ine↵ective as direct detec-
tion searches, because the missing energy in dark matter
pair production is peaked well below the Z ! ⌫⌫̄ back-
ground and is invisible over QCD backgrounds[60, 61].

Instead, the tightest constraints on light dark matter
arise from B-factory searches in (partly) invisible decay
modes [62], rare kaon decays [63], precision (g � 2) mea-
surements of the electron and muon [64, 65], neutrino ex-
periments [16], supernova cooling, and high-background
analyses of electron recoils in direct detection [56]. These
constraints and those from future B-factories and neu-
trino experiments leave a broad and well-motivated class
of sub-GeV dark matter models largely unexplored. For
example, with a dark matter mass ⇠> 70 MeV, existing
neutrino factories and optimistic projections for future
Belle II sensitivity leave a swath of parameter space rel-
evant for reconciling the (g � 2)

µ

anomaly wide open
(see Figure 3). More broadly, the interaction strength
best motivated in the context of models with kinetically
mixed force carriers (mixing 10�5 . ✏ . 10�3) lies just
beyond current sensitivity across a wide range of dark
matter and force carrier masses in the MeV�GeV range.
These considerations, along with the goal of greatly ex-
tending sensitivity to any components of MeV�GeV dark
matter beyond direct detection constraints motivates a
much more aggressive program of searches in the coming
decade.

The experimental setup we consider can dramatically
extend sensitivity to long-lived weakly coupled states (see
Fig. 3), including GeV-scale dark matter, any component

of dark matter below a few GeV, and milli-charged par-
ticles. This includes a swath of light force carrier pa-
rameters motivated by the (g � 2)

µ

anomaly, extending
beyond the reach of proposed neutrino-factory searches
and Belle II projections (see Figure 3). The setup re-
quires a small 1 m3-scale (or smaller) detector volume
tens of meters downstream of the beam dump for a high-
intensity multi-GeV electron beam (for example, behind
the Je↵erson Lab Hall A or C dumps or a linear collider
beam dump), and could run parasitically at existing facil-
ities (see [66] for a proof-of-concept example). All of the
above-mentioned light particles (referred to hereafter as
“�”) can be pair-produced radiatively in electron-nucleus
collisions in the dump (see Fig. 2a). A fraction of these
relativistic particles then scatter o↵ nucleons, nuclei, or
electrons in the detector volume (see Fig. 2b).

Within a year, Je↵erson Laboratory’s CEBAF (JLab)
[68] will produce 100µA beams at 12 GeV. Even a sim-
ple meter-scale (or smaller) instrument capable of de-
tecting quasi-elastic nucleon scattering, but without cos-
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with ordinary matter are mediated by new GeV-scale
“dark” force carriers (for example, a gauge boson that
kinetically mixes with the photon). Such models readily
account for the stability of dark matter and its observed
relic density, are compatible with observations, and have
important implications beyond the dark matter itself. In
these scenarios, high energy accelerator probes of sub-
GeV dark matter are as ine↵ective as direct detection
searches, because the missing energy in dark matter pair
production is peaked well below the Z ! ⌫⌫̄ background
and is invisible over QCD backgrounds[? ? ].

Instead, the tightest constraints on light dark matter
arise from B-factory searches in (partly) invisible decay
modes [? ], rare kaon decays [? ], precision (g � 2) mea-
surements of the electron and muon [? ], neutrino ex-
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beyond current sensitivity across a wide range of dark
matter and force carrier masses in the MeV�GeV range.
These considerations, along with the goal of greatly ex-
tending sensitivity to any components of MeV�GeV dark
matter beyond direct detection constraints motivates a
much more aggressive program of searches in the coming
decade.

The experimental setup we consider can dramatically
extend sensitivity to long-lived weakly coupled states (see
Fig. 3), including GeV-scale dark matter, any component

of dark matter below a few GeV, and milli-charged parti-
cles. This includes a swath of light force carrier parame-
ters motivated by the (g�2)

µ

anomaly, extending beyond
the reach of proposed neutrino-factory searches and Belle
II projections (see Figure 3). The setup requires a small
1 m3-scale detector volume tens of meters downstream
of the beam dump for a high-intensity multi-GeV elec-
tron beam (for example, behind the Je↵erson Lab Hall A
or C dumps or a linear collider beam dump), and could
run parasitically at existing facilities. All of the above-
mentioned light particles (referred to hereafter as “�”)
can be pair-produced radiatively in electron-nucleus col-
lisions in the dump (see Fig. 2a). A fraction of these
relativistic particles then scatter o↵ nucleons, nuclei, or
electrons in the detector volume (see Fig. 2b).

Within a year, Je↵erson Laboratory’s CEBAF (JLab)
[53] will produce 100µA beams at 12 GeV. Even a simple
meter-scale instrument capable of detecting quasi-elastic
nucleon scattering, but without cosmic background re-
jection, positioned roughly 20 meters downstream of the
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FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

Hall A dump has interesting physics sensitivity (upper,
dotted red curves in Fig. 3). Dramatic further gains
can be obtained by shielding from or vetoing cosmogenic
neutrons (lower two red curves), or more simply by us-
ing a pulsed beam. The lower red curve corresponds to
40-event sensitivity per 1022 electrons on target, which
may be realistically achievable in under a beam-year at
JLab. The middle and upper red curves correspond
to background-systematics-limited configurations, with
1000 and 2 · 104 signal-event sensitivity, respectively, per
1022 electrons on target. Though not considered in de-
tail in this paper, detectors sensitive to �-electron elas-
tic scattering, coherent �-nuclear scattering, and pion
production in inelastic �-nucleon scattering could have
additional sensitivity. With a pulsed beam, comparable
parameter space could be equally well probed with 1 to
3 orders of magnitude less intensity. A high-intensity
pulsed beam such as the proposed ILC beam could reach
even greater sensitivity (orange curve). The parameter
spaces of these plots are explained in the forthcoming
subsection.

The beam dump approach outlined here is quite com-
plementary to B-factory � + invisible searches [50], with
better sensitivity in the MeV � GeV range and less sen-
sitivity for 1 � 10 GeV (see also [54]). Compared to
similar search strategies using proton beam dumps, the
setup we consider has several virtues. Most significantly,
beam-related neutrino backgrounds, which are the lim-
iting factor for proton beam setups, are negligible for
electron beams. MeV-to-GeV � are also produced with
very forward-peaked kinematics (enhanced at high beam
energy), permitting large angular acceptance even for a
small detector. Furthermore, the expected cosmogenic

FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

mic background rejection, positioned roughly 20 meters
(or less) downstream of the Hall A dump has interesting
physics sensitivity (upper, dotted red curves in Fig. 3).
Dramatic further gains can be obtained by shielding from
or vetoing cosmogenic neutrons (lower two red curves),
or more simply by using a pulsed beam. The lower red
curve corresponds to 40-event sensitivity per 1022 elec-
trons on target, which may be realistically achievable
in under a beam-year at JLab. The middle and upper
red curves correspond to background-systematics-limited
configurations, with 1000 and 2 · 104 signal-event sensi-
tivity, respectively, per 1022 electrons on target. Though
not considered in detail in this paper, detectors sensitive
to �-electron elastic scattering, coherent �-nuclear scat-
tering, and pion production in inelastic �-nucleon scat-
tering could have additional sensitivity. With a pulsed
beam, comparable parameter space could be equally well
probed with 1 to 3 orders of magnitude less intensity.
A high-intensity pulsed beam such as the proposed ILC
beam could reach even greater sensitivity (orange curve).
The parameter spaces of these plots are explained in the
forthcoming subsection.

The beam dump approach outlined here is quite com-
plementary to B-factory � + invisible searches [62], with
better sensitivity in the MeV � GeV range and less sen-
sitivity for 1 � 10 GeV (see also [69]). Compared to
similar search strategies using proton beam dumps, the
setup we consider has several virtues. Most significantly,
beam-related neutrino backgrounds, which are the lim-
iting factor for proton beam setups, are negligible for
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The formula above neglects energy-dependence of the
cross-section, which cuts o↵ the E0 integral at some pos-
itive E

min

, but for the parameter space of interest the
integral is still close to 1. Thus for large A0 or � masses
(where the detector acceptance of (20) is dominated by
the E2 term), the Te↵ = 1 approximation accounts,
to a good approximation, for electron-beam straggling
through a long target. For A0 or � masses small enough
that the detector acceptance is O(1), the Te↵ = 1 ap-
proximation under-estimates the � yield.

2. Nucleon Recoils

This section describes the model of �-nucleon quasi-
elastic scattering used in the Monte Carlo, based on the
results of [14]. Equation (21) is a simplification of these
results in the limit of large � energy, E � m
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The monopole and dipole form factors are
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where q
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= 1, q
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= 0 and 
p
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where C
p,n

(E
f

) are the e�ciencies for detecting pro-
ton and neutron recoils and A is the detector material’s
atomic mass number. For a typical carbon based detec-
tor, C
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) ⇡ 1 over the E
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⇠ 50�500 MeV range [93].
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where E
f,0 is the minimum cut on recoil energies.

In a monoatomic detector with nucleon density n
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,
the total number of nuclear recoils is
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where P
�N

is the probability for � to scatter o↵ a nucleus.
3. Electron Recoils

This section provides the full formula for �-electron
recoil, of which a simplified version appeared in 27 In the
limit where both � and the target electron are relativistic
in the CM frame and up to corrections of O(m2
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), the
recoil profile for �e ! �e scattering in the lab frame is
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where E is the incoming � energy and E
f

is the electron
recoil energy. Convolving this result with the kinematics
of production and the cut e�ciency ✏

e

for electron recoil
detection, the kinematically averaged recoil cross section
for a single �e scattering event is
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where E1,2 define the electron recoil cuts and dF
�

/dE is
the normalized energy distribution of � particles inside
the solid angle from the target to the detector
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For a detector of length L
d

and electron density n
e

, the
number of electron recoils per incident � is
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For a target material with atomic number Z, target den-
sity n

T

, and radiation length X0, the number of � parti-
cles produced for N
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EOT is
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where �
��̄

is the total ��̄ pair production cross section
in electron-nucleus collisions. Thus, the total number of
electron recoil events is
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where the factor of 2 takes into account � and �̄ pair
production.

mono/dipole 
form factors
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of MeV � GeV dark matter are those whose interactions
with ordinary matter are mediated by new GeV-scale
“dark” force carriers (for example, a gauge boson that
kinetically mixes with the photon) [41, 59]. Such models
readily account for the stability of dark matter and its
observed relic density, are compatible with observations,
and have important implications beyond the dark matter
itself. In these scenarios, high energy accelerator probes
of sub-GeV dark matter are as ine↵ective as direct detec-
tion searches, because the missing energy in dark matter
pair production is peaked well below the Z ! ⌫⌫̄ back-
ground and is invisible over QCD backgrounds[60, 61].

Instead, the tightest constraints on light dark matter
arise from B-factory searches in (partly) invisible decay
modes [62], rare kaon decays [63], precision (g � 2) mea-
surements of the electron and muon [64, 65], neutrino ex-
periments [16], supernova cooling, and high-background
analyses of electron recoils in direct detection [56]. These
constraints and those from future B-factories and neu-
trino experiments leave a broad and well-motivated class
of sub-GeV dark matter models largely unexplored. For
example, with a dark matter mass ⇠> 70 MeV, existing
neutrino factories and optimistic projections for future
Belle II sensitivity leave a swath of parameter space rel-
evant for reconciling the (g � 2)

µ

anomaly wide open
(see Figure 3). More broadly, the interaction strength
best motivated in the context of models with kinetically
mixed force carriers (mixing 10�5 . ✏ . 10�3) lies just
beyond current sensitivity across a wide range of dark
matter and force carrier masses in the MeV�GeV range.
These considerations, along with the goal of greatly ex-
tending sensitivity to any components of MeV�GeV dark
matter beyond direct detection constraints motivates a
much more aggressive program of searches in the coming
decade.

The experimental setup we consider can dramatically
extend sensitivity to long-lived weakly coupled states (see
Fig. 3), including GeV-scale dark matter, any component

of dark matter below a few GeV, and milli-charged par-
ticles. This includes a swath of light force carrier pa-
rameters motivated by the (g � 2)

µ

anomaly, extending
beyond the reach of proposed neutrino-factory searches
and Belle II projections (see Figure 3). The setup re-
quires a small 1 m3-scale (or smaller) detector volume
tens of meters downstream of the beam dump for a high-
intensity multi-GeV electron beam (for example, behind
the Je↵erson Lab Hall A or C dumps or a linear collider
beam dump), and could run parasitically at existing facil-
ities (see [66] for a proof-of-concept example). All of the
above-mentioned light particles (referred to hereafter as
“�”) can be pair-produced radiatively in electron-nucleus
collisions in the dump (see Fig. 2a). A fraction of these
relativistic particles then scatter o↵ nucleons, nuclei, or
electrons in the detector volume (see Fig. 2b).

Within a year, Je↵erson Laboratory’s CEBAF (JLab)
[68] will produce 100µA beams at 12 GeV. Even a sim-
ple meter-scale (or smaller) instrument capable of de-
tecting quasi-elastic nucleon scattering, but without cos-
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FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

Hall A dump has interesting physics sensitivity (upper,
dotted red curves in Fig. 3). Dramatic further gains
can be obtained by shielding from or vetoing cosmogenic
neutrons (lower two red curves), or more simply by us-
ing a pulsed beam. The lower red curve corresponds to
40-event sensitivity per 1022 electrons on target, which
may be realistically achievable in under a beam-year at
JLab. The middle and upper red curves correspond
to background-systematics-limited configurations, with
1000 and 2 · 104 signal-event sensitivity, respectively, per
1022 electrons on target. Though not considered in de-
tail in this paper, detectors sensitive to �-electron elas-
tic scattering, coherent �-nuclear scattering, and pion
production in inelastic �-nucleon scattering could have
additional sensitivity. With a pulsed beam, comparable
parameter space could be equally well probed with 1 to
3 orders of magnitude less intensity. A high-intensity
pulsed beam such as the proposed ILC beam could reach
even greater sensitivity (orange curve). The parameter
spaces of these plots are explained in the forthcoming
subsection.

The beam dump approach outlined here is quite com-
plementary to B-factory � + invisible searches [50], with
better sensitivity in the MeV � GeV range and less sen-
sitivity for 1 � 10 GeV (see also [54]). Compared to
similar search strategies using proton beam dumps, the
setup we consider has several virtues. Most significantly,
beam-related neutrino backgrounds, which are the lim-
iting factor for proton beam setups, are negligible for
electron beams. MeV-to-GeV � are also produced with
very forward-peaked kinematics (enhanced at high beam
energy), permitting large angular acceptance even for a
small detector. Furthermore, the expected cosmogenic

FIG. 2: a) ��̄ pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on- or o↵-
shell) and b) � scattering o↵ a detector nucleus and liberating
a constituent nucleon. For the momentum transfers of inter-
est, the incoming � resolves the nuclear substructure, so the
typical reaction is quasi-elastic and nucleons will be ejected.

mic background rejection, positioned roughly 20 meters
(or less) downstream of the Hall A dump has interesting
physics sensitivity (upper, dotted red curves in Fig. 3).
Dramatic further gains can be obtained by shielding from
or vetoing cosmogenic neutrons (lower two red curves),
or more simply by using a pulsed beam. The lower red
curve corresponds to 40-event sensitivity per 1022 elec-
trons on target, which may be realistically achievable
in under a beam-year at JLab. The middle and upper
red curves correspond to background-systematics-limited
configurations, with 1000 and 2 · 104 signal-event sensi-
tivity, respectively, per 1022 electrons on target. Though
not considered in detail in this paper, detectors sensitive
to �-electron elastic scattering, coherent �-nuclear scat-
tering, and pion production in inelastic �-nucleon scat-
tering could have additional sensitivity. With a pulsed
beam, comparable parameter space could be equally well
probed with 1 to 3 orders of magnitude less intensity.
A high-intensity pulsed beam such as the proposed ILC
beam could reach even greater sensitivity (orange curve).
The parameter spaces of these plots are explained in the
forthcoming subsection.

The beam dump approach outlined here is quite com-
plementary to B-factory � + invisible searches [62], with
better sensitivity in the MeV � GeV range and less sen-
sitivity for 1 � 10 GeV (see also [69]). Compared to
similar search strategies using proton beam dumps, the
setup we consider has several virtues. Most significantly,
beam-related neutrino backgrounds, which are the lim-
iting factor for proton beam setups, are negligible for
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scattering or �-electron elastic scattering) by the column
number density of nucleons and electrons along their path
through the detector. In the case of �-nucleon scattering,
proton and neutron scattering are modeled separately.
The cross-section formulas used in simulation for the �-
nucleon and �-electron processes, respectively, are given
in Sections A 2 and A3, with a minimum recoil energy
requirement of 10MeV.

In a realistic experiment there may also be additional
detection e�ciencies in addition to angular acceptance
and minimum target-recoil momentum. However, even
for a large (⇠ 1000 m3) mineral oil [93] detector these
e�ciencies are ⇠ 0.5, so we expect a smaller, lower back-
ground experiment to be more sensitive, so for our nu-
merical studies we have set this additional e�ciency to
unity.

A similar MadGraph model is used to estimate e+e� !
���̄ signal yields for the BaBar �+invisible search. The
resulting yields agree quite well with the analytic for-
mulas in the text. For the on-shell A0 signals the full
MadGraph cross-section within geometric acceptance is
used to compute yields; for o↵-shell signals only the yield
with m

��̄

< 1 GeV is used to compute the yield that is
compared to BaBar limits.

1. Model of � Production in Beam Dump

Here we give a brief description of the form factors
used both in the full �-production Monte Carlo and in
Section IV A. For details on its validation, see [17].

In all of the processes of interest, we can focus on elec-
tric form factors for either coherent or incoherent scatter-
ing o↵ the nucleus. For most energies in question, G2(t)
is dominated by an elastic component

G2,el

(t) =

✓
a2t

1 + a2t

◆2✓
1

1 + t/d

◆2

Z2, (A1)

where the first term parametrizes electron screening (the
elastic atomic form factor) with a = 111Z�1/3/m

e

, and
the second finite nuclear size (the elastic nuclear form fac-
tor) with d = 0.164 GeV2A�2/3. We have multiplied to-
gether the simple parametrizations used for each in [92].
The logarithm from integrating (A3) is large for t

min

< d,
which is true for most of the range of interest. However,
for heavy A0, the elastic contribution is suppressed and
is comparable to a quasi-elastic term,

G2,in

(t) =

✓
a02t

1 + a02t

◆2
 

1 + t

4m

2
p

(µ2
p

� 1)

(1 + t

0.71 GeV2 )4

!2

Z, (A2)

where the first term parametrizes the inelastic atomic
form factor and the second the nucleon quasi-elastic form
factor, and where a0 = 773 Z�2/3/m

e

, m
p

is the proton
mass, and µ

p

= 2.79 [92]. This expression is valid when
t/4m2

p

is small, which is the case for m
A

0 in the range
of interest in this paper. At large t the form factors will

deviate from these simple parameterizations but can be
measured from data.

The e↵ective photon flux used in the Weizsacker-
Williams treatment of � production in Sec. IV A follows
directly from these form factors, with dependence on the
A0 mass, target nucleus, and beam energy. The e↵ective
photon flux � is obtained as in [92, 107] by integrating
electromagnetic form-factors over allowed photon virtu-
alities:

For a general electric form factor G2(t) (which we take
to be the sum of G2,el

and G2,in

defined above),

� ⌘
Z

t

max

t

min

dt
t � t

min

t2
G2(t) (A3)

(the other form factor, G1(t), contributes only a negligi-
ble amount in all cases of interest). For most A0 masses of
interest, the integral in (A3) receives equal contributions
at all t below the inverse nuclear size, and so is logarith-
mically sensitive to t

min

= (m2
A

0/2E0)2; typically, sensi-
tivity to t

max

= m2
A

0 is subdominant because, for large
m

A

0 where the logarithm becomes small, it is e↵ectively
cut o↵ below t

max

by the large-t suppression of G2. We
note also that for ease of simulation, the kinematics of �
production is implemented in MadGraph as though the en-
tire nucleus is recoiling, even for quasi-elastic processes.
Since the energy transfer to the nucleon is typically much
smaller than the energy of the A0 or ��̄ pairs, this e↵ect
is not very important.

In finding the total number of �’s produced, we ne-
glect showering in the target; showering would increase
� production somewhat. Another e↵ect that is not imple-
mented in our Monte Carlo is the energy loss of the elec-
tron beam as it traverses the target (straggling). To ac-
count approximately for the e↵ect of straggling, we com-
pute yield from an e↵ective target thickness of only one
radiation length, Teft of 1, even though the target is in
fact much longer. This can be justified as follows. Given
an incident monochromatic electron beam of energy E0,
the beam energy distribution after passing through s ra-
diation lengths of the target is given approximately by
[108]

I(E0, E0, s) ⇡ 1

E0
ybs�1bs, (A4)

where b = 4/3, and y = E0�E

0

E0
. For the small angular

size ✓
D

of the proposed setup, the angular acceptance
scales (for large A0 or � masses relative to E0✓D

) as /
E02. The cross-section for ��̄ production varies much
more slowly with beam energy, and this variation can be
neglected to a good approximation. The total A0 yield
in the detector may then be estimated by treating the
beam as monochromatic of energy E0 over a thickness
Te↵, where Te↵ is the integral of I(E0, E0, s) weighted by
the ratio of acceptance for electron energy E0 vs. E0:

Te↵ =

Z
ds

Z
dE0(E0/E0)

2I(E0, E0, s) =
3

2
log 2 ⇡ 1
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the ratio of acceptance for electron energy E0 vs. E0:

Te↵ =

Z
ds

Z
dE0(E0/E0)

2I(E0, E0, s) =
3

2
log 2 ⇡ 1
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scattering or �-electron elastic scattering) by the column
number density of nucleons and electrons along their path
through the detector. In the case of �-nucleon scattering,
proton and neutron scattering are modeled separately.
The cross-section formulas used in simulation for the �-
nucleon and �-electron processes, respectively, are given
in Sections A 2 and A3, with a minimum recoil energy
requirement of 10MeV.

In a realistic experiment there may also be additional
detection e�ciencies in addition to angular acceptance
and minimum target-recoil momentum. However, even
for a large (⇠ 1000 m3) mineral oil [93] detector these
e�ciencies are ⇠ 0.5, so we expect a smaller, lower back-
ground experiment to be more sensitive, so for our nu-
merical studies we have set this additional e�ciency to
unity.

A similar MadGraph model is used to estimate e+e� !
���̄ signal yields for the BaBar �+invisible search. The
resulting yields agree quite well with the analytic for-
mulas in the text. For the on-shell A0 signals the full
MadGraph cross-section within geometric acceptance is
used to compute yields; for o↵-shell signals only the yield
with m

��̄

< 1 GeV is used to compute the yield that is
compared to BaBar limits.

1. Model of � Production in Beam Dump

Here we give a brief description of the form factors
used both in the full �-production Monte Carlo and in
Section IV A. For details on its validation, see [17].

In all of the processes of interest, we can focus on elec-
tric form factors for either coherent or incoherent scatter-
ing o↵ the nucleus. For most energies in question, G2(t)
is dominated by an elastic component

G2,el

(t) =

✓
a2t

1 + a2t

◆2✓
1

1 + t/d

◆2

Z2, (A1)

where the first term parametrizes electron screening (the
elastic atomic form factor) with a = 111Z�1/3/m

e

, and
the second finite nuclear size (the elastic nuclear form fac-
tor) with d = 0.164 GeV2A�2/3. We have multiplied to-
gether the simple parametrizations used for each in [92].
The logarithm from integrating (A3) is large for t

min

< d,
which is true for most of the range of interest. However,
for heavy A0, the elastic contribution is suppressed and
is comparable to a quasi-elastic term,

G2,in

(t) =

✓
a02t

1 + a02t

◆2
 

1 + t

4m

2
p

(µ2
p

� 1)

(1 + t

0.71 GeV2 )4

!2

Z, (A2)

where the first term parametrizes the inelastic atomic
form factor and the second the nucleon quasi-elastic form
factor, and where a0 = 773 Z�2/3/m

e

, m
p

is the proton
mass, and µ

p

= 2.79 [92]. This expression is valid when
t/4m2

p

is small, which is the case for m
A

0 in the range
of interest in this paper. At large t the form factors will

deviate from these simple parameterizations but can be
measured from data.

The e↵ective photon flux used in the Weizsacker-
Williams treatment of � production in Sec. IV A follows
directly from these form factors, with dependence on the
A0 mass, target nucleus, and beam energy. The e↵ective
photon flux � is obtained as in [92, 107] by integrating
electromagnetic form-factors over allowed photon virtu-
alities:

For a general electric form factor G2(t) (which we take
to be the sum of G2,el

and G2,in

defined above),

� ⌘
Z

t

max

t

min

dt
t � t

min

t2
G2(t) (A3)

(the other form factor, G1(t), contributes only a negligi-
ble amount in all cases of interest). For most A0 masses of
interest, the integral in (A3) receives equal contributions
at all t below the inverse nuclear size, and so is logarith-
mically sensitive to t

min

= (m2
A

0/2E0)2; typically, sensi-
tivity to t

max

= m2
A

0 is subdominant because, for large
m

A

0 where the logarithm becomes small, it is e↵ectively
cut o↵ below t

max

by the large-t suppression of G2. We
note also that for ease of simulation, the kinematics of �
production is implemented in MadGraph as though the en-
tire nucleus is recoiling, even for quasi-elastic processes.
Since the energy transfer to the nucleon is typically much
smaller than the energy of the A0 or ��̄ pairs, this e↵ect
is not very important.

In finding the total number of �’s produced, we ne-
glect showering in the target; showering would increase
� production somewhat. Another e↵ect that is not imple-
mented in our Monte Carlo is the energy loss of the elec-
tron beam as it traverses the target (straggling). To ac-
count approximately for the e↵ect of straggling, we com-
pute yield from an e↵ective target thickness of only one
radiation length, Teft of 1, even though the target is in
fact much longer. This can be justified as follows. Given
an incident monochromatic electron beam of energy E0,
the beam energy distribution after passing through s ra-
diation lengths of the target is given approximately by
[108]

I(E0, E0, s) ⇡ 1

E0
ybs�1bs, (A4)

where b = 4/3, and y = E0�E

0

E0
. For the small angular

size ✓
D

of the proposed setup, the angular acceptance
scales (for large A0 or � masses relative to E0✓D

) as /
E02. The cross-section for ��̄ production varies much
more slowly with beam energy, and this variation can be
neglected to a good approximation. The total A0 yield
in the detector may then be estimated by treating the
beam as monochromatic of energy E0 over a thickness
Te↵, where Te↵ is the integral of I(E0, E0, s) weighted by
the ratio of acceptance for electron energy E0 vs. E0:

Te↵ =

Z
ds

Z
dE0(E0/E0)

2I(E0, E0, s) =
3

2
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Bonus: Inelastic DM  (iDM)

• Signal from de-excitation decay

• Insensitive to recoil threshold

• Add all scattering channels 

• Striking signature, low BG

Step 2: Lighter state upscatters, produces heavier one
Step 1: Produce DM states with mass splitting

Step 3: Heavier state decays semi-visibly

Physics Motivation for a Pilot Dark Matter Search at Je↵erson Laboratory

Eder Izaguirre, Gordan Krnjaic, Philip Schuster, and Natalia Toro
Perimeter Institute for Theoretical Physics, Waterloo, Ontario, Canada N2L 2Y5

( December 10, 2014)

It has recently been demonstrated that a program of parasitic electron-beam fixed-target ex-
periments would have powerful discovery potential for dark matter and other new weakly-coupled
particles in the MeV–GeV mass range. The first stage of this program can be realized at Je↵erson
Laboratory using an existing plastic-scintillator detector downstream of the Hall D electron beam
dump. This paper studies the physics potential of such an experiment and highlights its unique
sensitivity to inelastic “exciting” dark matter and leptophilic dark matter scenarios. The first of
these is kinematically inaccessible at traditional direct detection experiments and features potential
“smoking gun” low-background signatures.

I. INTRODUCTION

Although overwhelming astrophysical and cosmologi-
cal evidence supports the existence of dark matter (DM)
[1], its identity, interactions, and origin remain elusive.
There is currently an active program to probe particle
DM scattering with direct detection experiments, annihi-
lation with indirect detection telescopes, and production
with particle accelerators [2]. However, most of these ef-
forts are designed to find heavy (10�1000 GeV) DM can-
didates and sharply lose sensitivity to lighter (sub-GeV)
states whose signals are either too feeble or lie in high-
background regions. Even direct-detection experiments
[3–5] and proposals [6–8] that are expanding sensitivity
to GeV-scale DM rely on an elastic scattering channel
that is absent or highly suppressed in many DM scenar-
ios [9–16].

Recently it was shown that electron-beam fixed target
experiments o↵er powerful sensitivity to a broad class of
dark sector scenarios that feature particles in the elusive
MeV-GeV mass range [17, 18]. If DM couples to lep-
tonic currents via mediators of comparable mass, it can
be produced copiously in relativistic electron-nucleus col-
lisions and scatter in a downstream detector (see Fig. 1).
Electron beam-dump experiments are complementary to
dedicated e↵orts at proton beam facilities [19–23], and
have comparable DM scattering yield. Electron-beam
experiments can run parasitically on a smaller scale and
benefit from negligible beam-related backgrounds.

Je↵erson Laboratory (JLab) is currently upgrading its
6 GeV electron beam to operate at 12 GeV energies. The
new CEBAF (continuous electron beam accelerator facil-
ity) is scheduled to begin delivering ⇠ 100µA currents in
mid-2014 and presents new opportunities to search for
new light weakly coupled particles. A possible first step
would be a parasitic pilot experiment using an existing
plastic-scintillator detector behind the Hall D electron
beam dump, which will receive a ⇠ 200 nA current [24].
Such an experiment could pave the way for a larger-scale
experiment behind a higher-current beam dump [17]. Re-
markably, even a small-scale pilot experiment has poten-
tial discovery sensitivity to several DM scenarios, which
we explore in this paper. A particularly dramatic signal
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FIG. 7: a) Scalar DM pair production in electron-nucleus col-
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pairs. b) Inelastic up scattering of the lighter '
�

into the
heavier state via A0 exchange inside the detector. For order-
one (or larger) mass splittings, the metastable state promptly
de-excites inside the detector via '

h

! '
�

e+e�. This process
yields a target (nucleus, nucleon, or electron) recoil E

R

and
two charged tracks, which is a instinctive, zero background
signature, so nuclear recoil cuts need not be limiting.

FIG. 1: a) Fermionic DM pair production from A0-
sstrahluung in electron-nucleus collisions. In the generic
scenario with Dirac and Majorana masses for dark sector
fermions, the A0 mediator couples o↵ diagonally to the mass
eigenstates � and  (see Sec. II B 2). b) Detector scatter-
ing via A0 exchange inside the detector. If the mass splitting
between dark sector states is negligible, both the incoming
and outgoing DM states in the scattering process are invisi-
ble and can be treated as the same particle. For order one (or
larger) mass splittings, � can upscatter into the excited state
 , which promptly decays inside the detector via  ! � e+e�.
This process yields a target (nucleus, nucleon, or electron) re-
coil E

R

and two charged tracks, which is a distinctive, low
background signature, so nuclear recoil cuts need not be lim-
iting. Processes analogous to both a) and b) can also exist if
DM is a scalar – see Sec. II B 1

could be seen if DM states are split by & MeV, so that
DM scattering produces energetic e+e� pairs (considered
in other contexts in [9, 11, 14, 16, 25–29]).

The basic production and detection processes we con-
sider here parallel those discussed in [17, 19, 20]. Elec-
trons impinging on atomic nuclei in a beam dump can
emit light mediator particles that promptly decay to pairs
of DM particles or the DM can be radiated via o↵ shell
mediator exchange (Figure 1(a)). The pair of DM parti-
cles emerge from the beam dump in a highly collimated
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I. INTRODUCTION

Although overwhelming astrophysical and cosmologi-
cal evidence supports the existence of dark matter (DM)
[1], its identity, interactions, and origin remain elusive.
There is currently an active program to probe particle
DM scattering with direct detection experiments, annihi-
lation with indirect detection telescopes, and production
with particle accelerators [2]. However, most of these ef-
forts are designed to find heavy (10�1000 GeV) DM can-
didates and sharply lose sensitivity to lighter (sub-GeV)
states whose signals are either too feeble or lie in high-
background regions. Even direct-detection experiments
[3–5] and proposals [6–8] that are expanding sensitivity
to GeV-scale DM rely on an elastic scattering channel
that is absent or highly suppressed in many DM scenar-
ios [9–16].

Recently it was shown that electron-beam fixed target
experiments o↵er powerful sensitivity to a broad class of
dark sector scenarios that feature particles in the elusive
MeV-GeV mass range [17, 18]. If DM couples to lep-
tonic currents via mediators of comparable mass, it can
be produced copiously in relativistic electron-nucleus col-
lisions and scatter in a downstream detector (see Fig. 1).
Electron beam-dump experiments are complementary to
dedicated e↵orts at proton beam facilities [19–23], and
have comparable DM scattering yield. Electron-beam
experiments can run parasitically on a smaller scale and
benefit from negligible beam-related backgrounds.

Je↵erson Laboratory (JLab) is currently upgrading its
6 GeV electron beam to operate at 12 GeV energies. The
new CEBAF (continuous electron beam accelerator facil-
ity) is scheduled to begin delivering ⇠ 100µA currents in
mid-2014 and presents new opportunities to search for
new light weakly coupled particles. A possible first step
would be a parasitic pilot experiment using an existing
plastic-scintillator detector behind the Hall D electron
beam dump, which will receive a ⇠ 200 nA current [24].
Such an experiment could pave the way for a larger-scale
experiment behind a higher-current beam dump [17]. Re-
markably, even a small-scale pilot experiment has poten-
tial discovery sensitivity to several DM scenarios, which
we explore in this paper. A particularly dramatic signal
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FIG. 1: a) Fermionic DM pair production from A0-
sstrahluung in electron-nucleus collisions. In the generic
scenario with Dirac and Majorana masses for dark sector
fermions, the A0 mediator couples o↵ diagonally to the mass
eigenstates � and  (see Sec. II B 2). b) Detector scatter-
ing via A0 exchange inside the detector. If the mass splitting
between dark sector states is negligible, both the incoming
and outgoing DM states in the scattering process are invisi-
ble and can be treated as the same particle. For order one (or
larger) mass splittings, � can upscatter into the excited state
 , which promptly decays inside the detector via  ! � e+e�.
This process yields a target (nucleus, nucleon, or electron) re-
coil E

R

and two charged tracks, which is a distinctive, low
background signature, so nuclear recoil cuts need not be lim-
iting. Processes analogous to both a) and b) can also exist if
DM is a scalar – see Sec. II B 1

could be seen if DM states are split by & MeV, so that
DM scattering produces energetic e+e� pairs (considered
in other contexts in [9, 11, 14, 16, 25–29]).

The basic production and detection processes we con-
sider here parallel those discussed in [17, 19, 20]. Elec-
trons impinging on atomic nuclei in a beam dump can
emit light mediator particles that promptly decay to pairs
of DM particles or the DM can be radiated via o↵ shell
mediator exchange (Figure 1(a)). The pair of DM parti-
cles emerge from the beam dump in a highly collimated
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There is currently an active program to probe particle
DM scattering with direct detection experiments, annihi-
lation with indirect detection telescopes, and production
with particle accelerators [2]. However, most of these ef-
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didates and sharply lose sensitivity to lighter (sub-GeV)
states whose signals are either too feeble or lie in high-
background regions. Even direct-detection experiments
[3–5] and proposals [6–8] that are expanding sensitivity
to GeV-scale DM rely on an elastic scattering channel
that is absent or highly suppressed in many DM scenar-
ios [9–16].

Recently it was shown that electron-beam fixed target
experiments o↵er powerful sensitivity to a broad class of
dark sector scenarios that feature particles in the elusive
MeV-GeV mass range [17, 18]. If DM couples to lep-
tonic currents via mediators of comparable mass, it can
be produced copiously in relativistic electron-nucleus col-
lisions and scatter in a downstream detector (see Fig. 1).
Electron beam-dump experiments are complementary to
dedicated e↵orts at proton beam facilities [19–23], and
have comparable DM scattering yield. Electron-beam
experiments can run parasitically on a smaller scale and
benefit from negligible beam-related backgrounds.

Je↵erson Laboratory (JLab) is currently upgrading its
6 GeV electron beam to operate at 12 GeV energies. The
new CEBAF (continuous electron beam accelerator facil-
ity) is scheduled to begin delivering ⇠ 100µA currents in
mid-2014 and presents new opportunities to search for
new light weakly coupled particles. A possible first step
would be a parasitic pilot experiment using an existing
plastic-scintillator detector behind the Hall D electron
beam dump, which will receive a ⇠ 200 nA current [24].
Such an experiment could pave the way for a larger-scale
experiment behind a higher-current beam dump [17]. Re-
markably, even a small-scale pilot experiment has poten-
tial discovery sensitivity to several DM scenarios, which
we explore in this paper. A particularly dramatic signal
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FIG. 1: a) Fermionic DM pair production from A0-
sstrahluung in electron-nucleus collisions. In the generic
scenario with Dirac and Majorana masses for dark sector
fermions, the A0 mediator couples o↵ diagonally to the mass
eigenstates � and  (see Sec. II B 2). b) Detector scatter-
ing via A0 exchange inside the detector. If the mass splitting
between dark sector states is negligible, both the incoming
and outgoing DM states in the scattering process are invisi-
ble and can be treated as the same particle. For order one (or
larger) mass splittings, � can upscatter into the excited state
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This process yields a target (nucleus, nucleon, or electron) re-
coil E

R

and two charged tracks, which is a distinctive, low
background signature, so nuclear recoil cuts need not be lim-
iting. Processes analogous to both a) and b) can also exist if
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could be seen if DM states are split by & MeV, so that
DM scattering produces energetic e+e� pairs (considered
in other contexts in [9, 11, 14, 16, 25–29]).

The basic production and detection processes we con-
sider here parallel those discussed in [17, 19, 20]. Elec-
trons impinging on atomic nuclei in a beam dump can
emit light mediator particles that promptly decay to pairs
of DM particles or the DM can be radiated via o↵ shell
mediator exchange (Figure 1(a)). The pair of DM parti-
cles emerge from the beam dump in a highly collimated
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beam dump would be near or at ground level (the latter
if run in o↵-axis mode). The various backgrounds asso-
ciated with the test-run can be divided into two kinds:
those originating from the beam, and those unrelated to
the beam (cosmic-originated events). Beam-related back-
grounds were estimated to be negligible even with 1022

EOT [17], so we ignore these for the remainder of this
section. In what follows we estimate the beam-unrelated
backgrounds for leptophilic (electron channel) and inelas-
tic models.

Models where up-scattering to an excited state is fol-
lowed by a prompt decay of the excited state leave a
unique signature. The signal consists of an e+e� pair,
collectively depositing ⇠ GeV energy, and a hard recoil
from either an electron, nucleon, or nucleus. If each of
these particles could be separately resolved, then this
signal would be easily separated from cosmogenic back-
grounds. For example, if the excited state lifetime is
cm-scale, then the recoil and e+e� pair would frequently
appear in di↵erent cells of the detector. Even for prompt
decays and a simple plastic scintillator detector — where
the total energy deposited is probably the only observable
signal — this energy may be su�cient to stand out over
backgrounds. The same is true of the electron-scattering
signal.

The most important background process comes from
cosmic muons which then decay to an electron. There
are two possibilities to consider: stopped and decay-in-
flight muons. The former can be removed entirely by
vetoing on muon hits in a window as large as 100 µs and
by cutting on ER > mµ ⇡ 52.5 MeV. The timing window
can be applied while still having little e↵ect (⇠ 1%) on
the detector livetime.

The rate of muon decays in flight within the detec-
tor can be inferred from measurements of the muon flux
at sea-level [69]. For a CORMORINO-sized detector,
we estimate a total rate of ⇡ 10�2 Hz. In 90 days of
beam-on live time, this gives approximately 105 decay-
in-flight muons. While this background component is
quite sizeable, it is also reducible with a high e�ciency
by vetoing events with electronic activity coincident with
an incoming charged particle. Furthermore, most of
the decaying muons are significantly less energetic than
the the multi-GeV signals from electron recoils or de-
excitation. For example, requiring Eµ > 2 GeV reduces
the decay-in-flight rate to ⇡ 6 ⇥ 10�4 Hz. Assuming a
103 background-rejection e�ciency yields O(10) decay-
in-flight muon events in 90 days. In contrast, demanding
requiring ER > 2 GeV has a weak (negligible) e↵ect on
the electron-recoil (inelastic de-excitation) signal e�cien-
cies (See Fig. 5).

In Sec III C we discuss the details of the signal simula-
tion. In Sec. IV we give sensitivity estimates for the two
classes of signals studied so far. These assume sensitivity
at the 10-event level based on this estimates given above.
Though we do not explicitly model energy thresholds or
beam degradation, these are expected to be at most O(1)
corrections to the signal yield.

e, D = 1 MeV
e, D = 5 MeV
e, D = 10 MeV
e, D = 15 MeV

Nuc., D = 20 MeV
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FIG. 5: Top: Di↵erential recoil spectra in arbitrary units for
fermion DM scattering inelastically o↵ electrons with di↵er-
ent mass splittings � and a thick blue curve (color online) de-
noting the nucleon recoil distribution, whose shape does not
change visually for the parameters we consider in this paper.
Each di↵erential cross section is convolved with a monte carlo
distribution of incoming � energies that pass through the de-
tector. Bottom: Lab frame distribution of the combined elec-
tron and positron energies after  ! �e+e� de-excitation for
various  energies in the m

 

� m
�

limit. Note that beam
degradation (not simulated) would broaden the distribution
and pull it towards lower energies. Moreover, for � . m

�

the
peak energy scales as Ebeam

2
�

m 
.

C. Simulation

The calculation of the signal yield is factorized into two
reactions which are analogous to QED processes: produc-
tion and re-scattering. On the production side, we use a
modified version of Madgraph 4 to simulate the process
depicted in the top panel of Fig. 1

eZ ! (A0(⇤) ! ��̄)eZ, (12)

where Z stands for an individual nucleus in the beam
dump target, made mostly of aluminum. A nuclear form
factor from [70] was used in the modified Madgraph ver-
sion. The production simulation is used to extract the

Bonus: Inelastic DM  (iDM)

NB: plot made for 12 GeV beam, but qualitatively
similar at lower energy, equally striking!

�( ! � e+e�) =
4✏2↵↵D�5

15⇡m4
A0

.
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Summary

• Easy: Electrons 

• Hard: Coherent Nuclear

• Medium: Quasi-Elastic Nucleon

• Bonus: Dark-Inelastic Scattering

Distribution flat, forward recoils

Distribution falling, nontrivial angular distribution

Distribution sharply falling, orthogonal recoils

Distribution irrelevant, Striking signal
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2m c < mA'

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

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

proposal of [20]) and has sensitivity that extends beyond
any existing or planned experiment by several orders of
magnitude, in a manner largely insensitive to model de-

1

a)

Scenario A
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Ei
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e� e�
��̄

Invisible

b)

Scenario B
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��̄

Invisible

A�
Production in Target

A0

Z

e�

e�

�

�̄A0

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

tails.

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

• Thin C12 target  ~ 0.1 radiation length

• 4 GeV electron beam 

• 10^16 EOT
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