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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) detector

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 experiments 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 experiments 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 ðg� 2Þ� discrepancy. Sensitivity to other long-lived dark

sector states and to new millicharge particles would also be improved.
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I. INTRODUCTION AND SUMMARY

Dark matter (DM) 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 experi-
ments 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 scattering in a small down-
stream detector (Fig. 1). This approach can explore signifi-
cant new parameter space for both dark matter and light
force carriers decaying invisibly, in parasitic low beam-
backgrounds experiments at existing facilities. The sensi-
tivity of this approach complements 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 matter parameter space.
Experiments of this type are also essential to a robust
program searching for new kinetically mixed gauge bo-
sons, as they complement the ongoing searches for such
bosons’ visible decays [13,14,17–37].

Various considerations motivate dark matter candidates
in the MeV to TeV range. Much heavier dark matter is
disfavored because its naive thermal abundance exceeds
the observed cosmological matter density. Much beneath a
MeV, astrophysical and cosmological constraints allow
only dark matter with ultraweak couplings to quarks and
leptons [38]. Between these boundaries (MeV–TeV), sim-
ple models of dark matter can account for its observed
abundance through either thermal freeze-out or nonthermal
mechanisms [39–54]. The conventional argument in favor
of weak scale (*100 GeV) dark matter—that its annihi-
lation through standard model (SM) forces alone suffices to
explain the observed relic density—is dampened by strong
experimental constraints 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 interac-

tions are from underground searches for nuclei recoiling off
nonrelativistic dark matter particles in the Galactic halo
(e.g. [1,2,5–9,12]). These searches are insensitive to few-
GeVor lighter dark matter, whose nuclear scattering trans-
fers invisibly small kinetic energy to a recoiling nucleus.
Electron scattering offers an alternative strategy to search
for sub-GeV dark matter, but with dramatically higher back-
grounds [56–58]. If dark matter scatters by exchange of

FIG. 1. Schematic experimental setup. A high-intensity
multi-GeV electron beam impinging on a beam dump produces
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 concrete example we
consider, a scintillator detector is used to study quasielastic
�-nucleon scattering at momentum transfers *140 MeV, well
above radiological backgrounds, fast neutrons, and noise.
Similar layouts with much smaller detectors or shorter target-
detector distances than shown above are similarly sensitive.
To improve sensitivity, additional shielding or vetoes can be
used to actively reduce high-energy cosmogenic and other
environmental backgrounds.
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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 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 ineffective 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 [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)
measurements of the electron and muon [64,65], neutrino
experiments [16], supernova cooling, and high-background
analyses of electron recoils in direct detection [56]. These
constraints and those from future B-factories and neutrino
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 relevant for
reconciling the ðg� 2Þ� anomaly wide open (see Fig. 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 sensi-
tivity across a wide range of dark matter and force carrier
masses in the MeV–GeV range. These considerations,
along with the goal of greatly extending 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 compo-
nent of dark matter below a few GeV, and millicharged
particles. This includes a swath of light force carrier pa-
rameters motivated by the ðg� 2Þ� anomaly, extending

beyond the reach of proposed neutrino-factory searches
and Belle II projections (see Fig. 3). The setup requires 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
Jefferson Lab Hall A or C dumps or a linear collider
beam dump), and could run parasitically at existing facili-
ties (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. 2(a)]. A fraction of these

relativistic particles then scatter off nucleons, nuclei, or
electrons in the detector volume [see Fig. 2(b)].
Within a year, Jefferson Laboratory’s CEBAF (JLab)

[67] will produce 100 �A beams at 12 GeV. Even a simple
meter scale (or smaller) instrument capable of detecting
quasielastic nucleon scattering, but without cosmic back-
ground 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 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 configura-
tions, with 1000 and 2� 104 signal-event sensitivity,
respectively, per 1022 electrons on target. Though not
considered in detail in this paper, detectors sensitive to
�-electron elastic scattering, coherent �-nuclear scatter-
ing, 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 �þ invisible searches [62], with

(a)

(b)

FIG. 2. (a) � �� pair production in electron-nucleus collisions
via the Cabibbo-Parisi radiative process (with A0 on or off shell)
and (b) � scattering off a detector nucleus and liberating a
constituent nucleon. For the momentum transfers of interest,
the incoming � resolves the nuclear substructure, so the typical
reaction is quasielastic and nucleons will be ejected.
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better sensitivity in the MeV–GeV range and less sensitiv-
ity for 1–10 GeV (see also [68]). 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 limiting 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), per-
mitting large angular acceptance even for a small detector.
Furthermore, the expected cosmogenic backgrounds are
known, measurable in situ, and systematically reducible;

with a pulsed electron beam, beam timing alone dramati-
cally reduces these backgrounds.
The plan of this paper is as follows. In the remainder

of this introduction, we summarize the discovery poten-
tial of electron beam-dump experiments that can be
readily carried out within the next few years, and high-
light their complementarity with other searches for dark
sector particles. In Sec. II we discuss several viable
scenarios for MeV–GeV scale dark matter and present
an explicit model. In Sec. III we summarize existing
constraints on light � interacting with ordinary matter
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FIG. 3 (color online). The �2 sensitivity of electron beam fixed-target experiments plotted alongside existing constraints for
benchmark values of m�, mA0 , and �D. The solid, dashed, and dot-dashed red curves mark the parameter space for which our basic

setup—a 12 GeV beam impinging on an aluminum beam dump, with a 1 m3 mineral-oil detector placed 20 m downstream of the
dump—respectively yields 40, 103, and 2� 104 �-nucleon quasielastic scattering events with Q2 * ð140 MeVÞ2 per 1022 electrons on
target (EOT). The orange curve shows the ten-event reach for an ILC style 125 GeV beam assuming the same detector and luminosity.
Comparable sensitivity can be achieved with much smaller fiducial volumes than we consider, especially for detectors with active
muon and neutron shielding and/or veto capabilities. The upper plots show the � sensitivity for �D ¼ 0:1 (left) and �D ¼ 1 (right). In
these plots LSND may also have sensitivity to �2 � 10�8–10�6 via �0 ! �� �� decays for 2m� <mA0 <m� [16]. The lower left plot

shows the reach for m� ¼ m�0=2 ’ 68 MeV where the production from pion decays is kinematically inaccessible and LSND has no

significant sensitivity. The lower right plot recasts the �2 sensitivity for fixed mA0 and �D as a (model-dependent) probe of the
�-electron direct detection cross section ��e and includes XENON 10 limits from [56]. The black curve assumes �� ¼ �DM; the

direct detection constraint is weaker when � is only a component of the total abundance. The light green band is the region in which an
A0 resolves the ðg� 2Þ� discrepancy to within 2�; the dark green curve is the boundary at which contributions to ðg� 2Þ� exceed the

measured value by 5� [64]. The bound from eþe� ! �þ invisibles is introduced in detail in Sec. III A. Other constraints in the
literature arise from invisible J=c decays [86], searches [62], rare kaon decays [63], and contributions to ðg� 2Þe [65]; for a
discussion see Sec. III C.
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through kinetically mixed gauge bosons. Among these,
the B-factory and supernova constraints discussed in
Secs. III A and III B have not been previously considered
in the literature. In Sec. IV, we discuss the production of
long-lived dark sector states and their scattering in the
detector, providing approximate formulas so that the
reader can easily rescale our results to other geometries
and beam energies. In Sec. V, we first discuss expected
beam-related and cosmogenic backgrounds for a bench-
mark scenario modeled on JLab CEBAF-12 parameters,
in which a meter scale detector sensitive to neutral-
current scattering is situated 20 meters downstream of
an aluminum beam dump for a 12 GeV, 80 �A electron
beam. We then estimate the sensitivity of such a detector
in several background-rejection scenarios, and illustrate
the impact on sensitivity of various changes to model
and detector parameters. In Sec. VI we compare our
approach with existing proposals and searches for dark
sector states at neutrino factories. Finally, in Sec. VII
we offer some concluding remarks and suggest future
studies to improve upon our projections.

A. Discovery potential

We focus for concreteness on scenarios where the dark
matter is part of a ‘‘dark sector’’ with its own gauge
interactions. Theories with light force mediators are well
motivated in the context of sub-GeV dark matter as they
permit relatively efficient annihilation of the light dark
matter, preventing its relic density from exceeding the
observed dark matter density. Independently of light dark
matter, such scenarios have received tremendous attention
in recent years [41,52,59,69–74], offer novel explanations
of dark matter compatible with existing cosmic microwave
background (CMB) and galactic observations [46,59,75],
and are the target of a growing international program of
searches [13,14,18–37].

A dark matter component � produced in fixed-target
collisions can be a fermion or scalar, its abundance can
arise thermally or nonthermally and be matter symmetric
or asymmetric [39,48,76–79], and can comprise the full or
a subdominant fraction of the cosmological dark matter
density. Indeed, a thermal relic abundance of GeV scale
dark matter consistent with observation arises most
naturally in models with a dark sector worthy of the
name that, like the standard model sector, contains mul-
tiple light particles and multiple gauge forces, as discussed
in Sec. II. Even if the dark sector is quite complicated, the
fixed-target phenomenology of stable � (or unstable �with
lab-frame lifetimes * �s) is usually well described by the
simplest case of a Uð1ÞD dark sector with a single stable
matter particle �, e.g., for fermionic �

Ldark ¼ � 1

4
F0
��F

0�� þ �Y
2
F0
��B�� þ

m2
A0

2
A0
�A

0�

þ ��ði 6D�m�Þ�; (1)

where B�� ¼ B½�;�� and F0
�� ¼ A0

½�;�� are respectively the

hypercharge and dark-photon field strengths and D� ¼
@� þ igDA

0
� (and similarly for scalar �). The kinetic

mixing parameter �Y can arise generically from loops of
heavy particles charged under both hypercharge andUð1ÞD
and is naturally small, on the scale of egD

16�2 log ðM=�Þ �
10�3–10�2 if it arises from loops of a mass-M particle in a
theory with cutoff scale�, and suppressed by an additional
standard model loop factor if hypercharge is embedded in a
unified gauge group at high scales. In this paper, we will
take � � �Y cos	W (where 	W is the weak mixing angle)
to be a free parameter varying from roughly 10�5 to 10�2.
As is well known, upon diagonalizing the kinetic mixing
terms in (1), ordinary electrically charged matter acquires a
‘‘dark millicharge’’ coupling to the A0 of strength �e, while
� remains electrically neutral. Long-lived dark sector par-
ticles � couple to ordinary matter primarily through A0
exchange. This model also encompasses millicharged � by
taking the limit mA0 ! 0, in which case � plays the role of
the millicharge of � in units of e. We focus in this paper on
fermionic �, but the same approach is sensitive to scalar �
as well.
If mA0 < 2m�, the dominant � production mechanism in

an electron fixed-target experiment is the radiative process
illustrated in Fig. 2(a) with off-shell A0. In this regime, the
� production yield scales as ��D�

2=m2
�, while �-nucleon

scattering in the detector via A0 exchange, depicted in
Fig. 2(b), occurs with a rate proportional to �D�

2=m2
A0

over most of the plotted mass range. Thus, the total signal
yield scales as

N� � �2
D�

4

m2
�m

2
A0

(2)

(with additional suppression at high masses from loss of
acceptance and nuclear coherence). If mA0 > 2m�, the

secondary � beam arises from radiative A0 production
followed by A0 ! ��� decay. In this regime, the � pro-
duction and the detector scattering rates are respectively
proportional to �2=m2

A0 and �D�
2=m2

A0 , so the signal yield

scales as

N� � �D�
4

m4
A0

: (3)

Thus, for each �D and mA0 , we can extract an � sensitivity
corresponding to a given scattering yield.
The characteristic momentum transfer in �-matter inter-

actions is of order of the A0 mass. Low–momentum transfer
�-nucleus scattering in the detector, relevant for the small-
est A0 masses, yields several distinct signals depending on
the target nuclei. For most materials, scattering with mo-
mentum transfers below �10 MeV features a coherent Z2

enhancement in the elastic cross section; the recoiling
nucleus typically generates copious phonons, scintillation
light, and (if kinematically allowed) Cerenkov photons.
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However, the enhanced signal rate in this energy range
competes with ubiquitous radiological backgrounds; while
far above 10 MeV, this process suffers sharp form-factor
suppression. Sensitivity to coherent scattering is an experi-
mental challenge, which deserves a dedicated study. In this
energy regime elastic �-electron scattering can also yield
large signal rates and may dominate the signal yield
depending on the material and the cuts.

For momentum transfers above �10 MeV, incoming �
resolve nuclear substructure and there is a rich variety of
�-nucleon scattering channels. The dominant process in a
carbon-based detector is quasielastic �p, n ! �p, n scat-
tering where a nucleon is liberated from the nucleus, but
appreciable yields can also arise from resonant single pion

production via �p ! �p�0 and �pðnÞ ! �nðpÞ�þð�Þ.
For momentum transfers above �1 GeV, resonant
�pðnÞ ! ��0�þ, ��0�þ, ��þþ�� and nonresonant
�p ! �p�þ�� double-pion production may also be im-
portant. In principle, all of these signals should be studied,
but our analysis in this paper focuses on quasielastic scat-
tering off nucleons in mineral oil, for which efficiencies are
well known [80].

Figure 3 summarizes estimates of the reach of our
approach quantified by the sensitivity to � as a function
of mA0 , �D, and m�. Note that even a test version of this

experiment without any background rejection (dot-dashed
red curve) can have appreciable reach extending sensitivity
to light dark matter by orders of magnitude.

To gain some intuition for the power of this setup, it is
instructive to compare our proposal against direct detection
efforts. If � comprises all of the dark matter, the most
sensitive direct detection probe in the MeV–GeV range
uses electron scattering, for which the cross section is
roughly

��e � �D�
2 m

2
e

m4
A0
: (4)

Thus, for a given relic density,�D, andmA0 , the � sensitivity
of accelerator-based experiments can be reinterpreted as a
probe of ��e, enabling a (rather model-dependent) com-

parison with direct detection. In Fig. 3 (bottom right) we
translate the reach in � into a ��e sensitivity, plotted along-

side the bound from XENON 10 [56] assuming �� ¼
�DM. We see that the fixed target approach exceeds existing
direct detection sensitivity by orders of magnitude in the
cross section, for interactions modeled by (1). Importantly,
the fixed target approach is also sensitive to highly subdo-
minant components of sub-GeV dark matter (which one
may argue is even a natural expectation for these models),
and in this case the bounds from XENON 10 are weakened
and fall off the above plot.

The beam-dump approach outlined here is quite com-
plementary to B-factory �þ invisible searches, with better
sensitivity in the MeV–GeV range and less sensitivity for
1–10 GeV. The light blue curves in Fig. 3 show that the

constraints from the existing monophoton search at BABAR
in the A0 mass range from 1–10 GeV will not be easily
surpassed by beam-dump searches. Moreover, the BABAR
search is statistics limited in this mass range, so that a
similar search at Belle II may improve sensitivity by an
order of magnitude. However, as discussed in Sec. III A,
for MeV–GeV mass A0 the B-factory searches are limited
by an instrumental background that mimics the A0 signal,
so dramatic improvements from increased luminosity are
unlikely. The sensitivity of the beam-dump approach to
sub-GeV masses is therefore particularly important.
These experiments probe rather inclusively the set of

models where a kinetically mixed gauge boson decays
invisibly into dark matter, a subdominant component of
dark matter, or metastable dark-sector particles. They are
therefore complementary to the ongoing searches for MeV
to GeVmass gauge bosons decaying visibly (either directly
to leptons [13,14,18–37] or indirectly through prompt
dark-sector cascades [21,29,36]), and remarkably compa-
rable in coupling sensitivity. The combined program of
searches for light gauge bosons will rather decisively test
whether the photon kinetically mixes with a GeV scale
gauge boson. In particular, even the simplest version of an
electron beam-dump experiment like we describe may
probe the range of kinetic-mixing parameters where a
sub-GeV gauge boson explains the ðg� 2Þ� anomaly

[64], while a lower-background experiment could probe
kinetic mixing at the 10�4 level, well into the allowed
region for unified theories, on a �1 year time scale.

II. SIMPLE MODELS OF MeV TO GeV
SCALE DARK MATTER

Some previous studies of invisibly decaying Uð1ÞD
scenarios have taken (1) or its scalar-DM counterpart to
be the complete theory of dark matter [14]. This approach
is overly restrictive since, as noted above, more complex
models of sub-GeV dark matter typically still have fixed-
target physics governed by (1) as an effective ‘‘simplified
model.’’ In this section, we consider the physics of
dark matter from a sub-GeV dark sector more generally.
For concreteness, we focus here on models where the
cosmological abundance of dark-sector particles arises
from thermal freeze-out, though models with nonthermal,
matter symmetric or asymmetric abundances also exist
(see [39,48,76–78] and references therein). We will discuss
cosmological and astrophysical constraints on these
models in Secs. III B and III D.
The premise of a new, sub-GeV stable particle (SSP)

immediately raises two questions. (i) Why is it stable? And
(ii) how does it annihilate to a number density consistent
with observations? The cosmological stability of a sub-
GeV particle � may be ensured if it is the lightest particle
charged under some global symmetry; one simple and
motivated possibility is that it carries some charge under
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an unbroken subgroup of a spontaneously broken gauge
symmetry.

If the SSP couples to ordinary matter with detectable
strength, then it would have thermalized in the hot early
Universe; this thermal abundance should be depleted, as
the Universe cools, by efficient annihilation. Annihilation
mechanisms mediated by heavy particles of mass M
have cross sections suppressed by T2=M4 at temperatures
T � M, and therefore produce an excessively large SSP
abundance. This motivates theories involving at least one
additional dark-sector particle X: perhaps a Uð1Þ factor of
the gauge group motivated above, but possibly another
scalar or fermion, which can decay into standard model
matter through new relevant or marginal (but naturally
small) interactions.

For simplicity we specialize to the case of a Uð1ÞD
gauge boson, in which case this minimal particle content
is simply that of (1). If mA0 <m� then � �� ! A0A0 annihi-
lation proceeds with cross section ���2

D=m
2
� and the �

relic density is typically less than the DM abundance
[roughly ��=�DM � 10�3ð�=�DÞ2ðm�=100 MeVÞ2],
and the A0 decays visibly. If instead mA0 >m�, the annihi-

lation cross section scales as�D��
2m2

�=m
4
A0 ; while this can

give rise to a viable relic density for�1–10 MeV A0 and �
or for large � and�D [59], much of this parameter space for
heavier A0 would overproduce dark matter.

Thus, although corners of parameter space allow GeV
scale thermal dark matter, the more generic expectation is
that the SSP � is either parametrically overproduced (if it is
lighter than the A0) or underproduced (if it is heavier). The
former case is inconsistent with observations; the second—
where � is only a subdominant component of the dark
matter—is an interesting possibility that fits naturally into
models where a heavy stable particle that also carries dark
charge is the dark matter (as in e.g. [81]).

It is still an interesting question whether a thermal GeV
scale particle can more naturally dominate�DM. To realize
this, it is useful to consider a slightly extended dark sector
(but still far simpler than the standard model)—for ex-
ample, one with at least two stable species and two dark-
sector gauge interactions. This larger model space allows
for annihilation that is slightly A0-mass suppressed, but
not � suppressed, whereas these two suppressions were
artificially linked in the simple model based on (1). For
illustration, consider a dark sector with gauge group
Uð1Þh �Uð1Þl in a Higgsed phase. Both Uð1Þ gauge bo-
sons can kinetically mix with the photon with coefficients
�h and �l, and we denote their masses and gauge couplings
bymAh

,mAl
and �h, �l, respectively. Consider also a Dirac

fermion �h with unit charge only under Uð1Þh and a Dirac
fermion �l with unit charge under both Uð1Þ’s. For con-
creteness, let mAh

> m�h
> m�l

> mAl
. As mentioned

above, the lighter state �l will naturally comprise a sub-
dominant component of the dark matter via annihilations
intoUð1Þl gauge bosons, which decay promptly to standard

model leptons. The heavier state, �h, annihilates to �l with
cross section �h � ��2

hm
2
�h
=m4

Ah
. The mild off-shell Ah

suppression of �10�3 makes it rather straightforward for
�h to comprise the full relic density for �h in the�10�3–1
range with m�h

in the 1–100s MeV range. Annihilations

directly into standard model leptons are suppressed by
�2h � 10�6 relative to �h, and annihilations into �l do not

induce charged particle production near recombination
temperatures, so CMB constraints are satisfied. This model
nicely accounts for all of the dark matter and is consistent
with existing constraints (discussed further in Sec. III). The
fixed-target phenomenology may involve either (or both)
Uð1Þh;l, depending on �h;l. If �l � �h, then the fixed-target
physics involves only Uð1Þh, and both �h and �l can be
produced. If �l � �h, then the fixed-target physics only
involves Uð1Þl and �l, with �l as the subdominant dark
matter component.
This discussion illustrates viable models of light dark

matter for which the fixed-target phenomenology is well
described by the simplest Uð1ÞD model with fermion or
scalar �. This model can be compatible with CMB and
galaxy constraints discussed in Sec. III D over the full
range of m�h

, mA0 , �, and �D ¼ �h that we consider.

Moreover, � can be the dark matter, or a subdominant
component, and it can be a fermion or scalar without loss
of generality. Other scenarios can similarly be envisioned
[41,59,82], and in future work we will discuss aspects of
these simple MeV to GeV scale dark matter models in
more detail.

III. EXISTING CONSTRAINTS ON MeV–10 GeV
LONG-LIVED DARK SECTOR PARTICLES

This section summarizes present constraints on long-
lived dark sector particles, which fall into two classes. In
the first class are those (from terrestrial experiments and
supernova physics) that depend only on the � interactions
with matter and its approximate stability (typically c
 *
1–1000 m depending on the experiment); these can be
formulated as constraints on the parameters �, m�, and

mA0 of (1). To our knowledge, two important constraints of
this type have not been considered in previous literature
on these models: those from direct � �� production at
B-factories and from anomalous cooling of supernovae
by � �� production. These new constraints are discussed
in Secs. III A and III B. Other laboratory constraints on this
parameter space, including the ðg� 2Þe=�, Kþ ! �þ þ
inv, and J=� lines shown in the figures, are summarized in
Sec. III C.
The second class of constraints, discussed in Sec. III D,

is more familiar to students of dark matter: bounds on
�-electron scattering from direct detection experiments,
and on � self-interactions and � �� annihilations into
charged particles [79]. These depend not only on the
physics of (1), but also on the cosmological abundance of
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� and, in the case of annihilation limits from the CMB and
our Galaxy, on the dominant channels for � �� annihilation.
The ��e and self-interaction limits can be reinterpreted as

constraints on � for given mA0 , m�, and �D if � comprises

the majority of dark matter, and are shown on the ��e vs

m� plots under this assumption.

The DM-annihilation limits are quite sensitive to the full
model of light dark matter, as we illustrate by considering
the Uð1Þl �Uð1Þh model elaborated in Sec. II. In particu-
lar, CMB observations rather severely exclude sub-GeV
dark matter that has a matter-antimatter symmetric abun-
dance and annihilates directly into SM-charged particles.
But these constraints are dramatically weakened if the
dominant DM component �h annihilates instead to another
dark-sector state, �l, which in turn has visible annihilation
products but low enough relic density that it is not signifi-
cantly constrained. Furthermore, asymmetric mechanisms
for generating the dark matter density rather naturally yield
viable dark matter scenarios.

A. Electron collider constraints

Two types of search at eþe� colliders are sensitive to the
A0-mediated production of � ��: searches for tagged mesons
decaying invisibly [e.g.�ð1SÞ ! invisible at BABAR [83]]
through the A0-mediated b �b ! � �� do not depend on the
mass hierarchy between the � and A0, but are relatively
weak. Greater sensitivity can be reached in searches for the
continuum process eþe� ! �þ A0 or �þ � �� through an
off-shell A0. Although no search for this process has been
published, one can extract a limit from a BABAR search for
the decay �ð3SÞ ! �þ A0 with A0 an invisible scalar
[62]. To our knowledge, this work is the first to extract a
limit from [62] on the continuum process. A crucial
subtlety in this limit extraction stems the presence of a
large continuum instrumental background (eþe� ! ��
where one photon goes undetected) that is kinematically
quite similar to sub-GeV A0 signals. The similarity of this
instrumental background to the signal of interest will likely
prevent future searches from substantially improving the
sub-GeV A0 bound, even with the much higher luminosities
at a super-B-factory.

The search reported in [62] uses the photon energy
distribution in single-photon events to set a limit on the
�ð3SÞ ! �þ A0, with A0 decaying invisibly–such a pro-
cess would produce a signal of monoenergetic photons,
with energy E� ¼ ðm2

� �m2
A0 Þ=ð2m�Þ. The resulting

exclusion is mass dependent, but in the range from 0:7–4�
10�6 for A0 masses below about 7 GeV. As the data set
contains 122� 106 �ð3SÞ events (approximately 25 fb�1),
this corresponds to sensitivity to roughly 100–500 �þ A0

events. The overall efficiency for detection of these events
is 10%–11%; this accounts both for the acceptance of the
angular selections (�37% for mA0 � 10 GeV) and for
additional, nongeometric efficiencies, which we infer to
be �27% on average, and take to be roughly independent

of geometry. The initial � is not tagged, so the same
analysis is sensitive to the continuum signal eþe� ! �þ
A0, A0 ! invisible. The differential cross section for �þ
A0 production was calculated in [21] to be

d�

d cos		
¼ 2��2�2

E2
cm

1þ cos 2		
sin 2		

: (5)

Integrating over the angular acceptance �0:31< cos 		 <
0:6 of the BABAR search and using Ecm ¼ m�ð3SÞ ¼
10:3 GeV, and �ðmbÞ¼1=132 and the 25 fb�1 luminosity,
we obtain an event yield of

N�A0 ¼ 37 

�

�2

10�6

�
; (6)

within geometric acceptance. To compare this to the
�ð3SÞ ! �A0 branching fraction limits from [62], one
must multiply the limits by the number of �ð3SÞ’s in the
data set and by the geometric acceptance for that signal.
The resulting bound is

�290%U:L: ¼ 1:2 
 BR90%U:L:; mA0 * 1 GeV (7)

which varies from 0.85 to 5� 10�6 depending on the A0
mass. This limit is dominated by statistical uncertainty in
the background, which has a smooth, nonpeaking distribu-
tion in the energy range of interest for mA0 > 1 GeV. We
may therefore expect the limit on �2 to scale with lumi-

nosity L as L�1=2 until a systematic limit is reached, so
that a 50 ab�1 Belle II data set might improve these bounds
by up to a factor of 45.
A new complication arises formA0 & 1 GeV: the energy

of the eþe� ! A0� photons in this scenario is separated
from m�=2 by less than BABAR’s photon energy resolu-
tion. There is also a continuum background peaked at
E� ¼ m�=2: the process e

þe� ! ��where one � escapes

detection. The A0 signal is essentially indistinguishable
from this background, at least for small enough A0
mass—the rate and kinematics are essentially the same.
Indeed, the existing BABAR search [62] uses the �þ
invisible rate in an off-resonance data set to normalize
this background contribution—a procedure that would
subtract away any sufficiently low-mass A0 signal along
with the background [unlike the �ð3SÞ decay signals for
which the search was designed]. We can still infer a limit
on the �þ A0 rate for low A0 mass, but must allow for the
possibility that the vast majority of the events modeled as
�� background could in fact be a low-mass A0 signal. The
�� background component was fit to N�� ¼ 110� 46

events in [62]; we take the high 1-sigma error bar of 156
events as a rough estimate of the �þ A0 limit for mA0 &
1 GeV. Using the estimated 27% nongeometric efficiency,
we infer a limit on A0 yield of 580 events, and hence �2 <
1:5� 10�5, roughly a factor of 4 weaker than the naive
limit obtained from (7) in this mass range.
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In contrast to the high-mass case, higher statistics alone
would not meaningfully increase the sensitivity of this
search to light A0; it is therefore meaningless to scale by

L�1=2 in this case. Instead, an improved search must
measure the second-photon veto inefficiency in another
final state. This approach is likely limited by systematic
uncertainties—it seems reasonable to expect future sensi-
tivity in the neighborhood of �2 � 10�6, but not much
better unless the background can be significantly reduced
by tighter veto requirements. The presence of a peaking
background that is nearly indistinguishable from a
sub-GeV invisible A0 signal underscores the need for
complementary searches for light dark-sector particles,
particularly in this low-mass region.

It is also worth noting that, even if the on-shell A0 is too
light to decay to � ��, the virtual-A0 process eþe� ! �� ��
could also be seen at B-factories, with a characteristic mass
distribution d�=dm2

� �� / 1=m2
� �� and an overall suppression

by �D=2� in cross section, relative to (5). Form� � GeV,

this mass distribution is peaked at m2
� �� near zero, so that a

� �� yield of 580 events with m2
� �� & GeV2 is similarly

excluded, corresponding roughly to a limit of �2 �D

2� �
log ðGeV=m�Þ & 1:5� 10�5. For m� * GeV, the shape

of the photon energy distribution in the nonresonant process
differs considerably from that of the resonant process, sowe
do not infer a limit from [62], but dedicated B-factory
searches would certainly be sensitive to this process.

B. Supernova constraints

Another important constraint that rather robustly applies
for m� & 100 MeV can be derived from supernovae

observations, and has not previously been considered in
the literature in the context of sub-GeV dark matter
charged under new gauge interactions (see [84] for similar
constraints on axions). Core collapse supernovae release
energy in the form of MeV neutrinos that escape �10 km
out of the core. Form� & 100 MeV, A0-mediated reactions

can produce�. If� can free-stream out of the core, then the
production rate must be exceedingly small, which con-
strains � (and �D) as a function of mA0 . If the � do not
free-stream, then as far as we know, no robust constraint
can be derived.

To estimate these supernovae limits, let us first com-
pute the free streaming requirement. First consider the
case where mA0 >m�, in which case the �-nucleon scat-

tering cross section is � � 4���D�
2 m2

�

m4

A0
� 0:37 �

10�37 cm2ð�D�
2

10�10Þð m�

10 MeVÞ2ð10 MeV
mA0

Þ4. Core number densities

of supernovae are nB � 1:7� 1038 cm�3 for densities of
�� 3� 1014 g=cm3. This gives a free streaming length of

lpath ¼ 1=nB�� 10 kmð10�9

�D�
2Þð20 MeV

E Þ2ð mA0
8 GeVÞ4, where E is

the � energy. For the range of mA0 and �D�
2 relevant for

fixed-target searches, � production does not free-stream.
The free streaming regime is much more relevant for the

higher mass range ofmA0 � 5 GeV that B-factory searches
can cover.
To estimate the production rate, we will follow the

analysis of [85] using proton-neutron and proton-proton
collisions and rescale the supernovae cooling bound from
�2 & 10�20 to �D

4� �
2ð T

mA0
Þ4 & 10�20 to account for off-shell

production, as this is the regime where free streaming can
occur. Plugging in T � 30 MeV we have �D�

2 &

6� 10�10ð mA0
8 MeVÞ4. Thus, for the higher mass range of

mA0 � 5 GeV that upcoming B-factory searches can cover,
supernovae cooling would already constrain portions of the
parameter space near �D�

2 � 10�9. This is of course for
m� & 50–100 MeV, above which there is no cooling con-

straint. At lower mA0 & 100 MeV where free streaming
does not occur, it would still be interesting to investigate
the extent to which supernovae dynamics can probe these
scenarios, as the total production rate of � is comparable to
neutrino production.

C. Other laboratory constraints

Several other laboratory constraints on invisibly decay-
ing A0 have appeared in the literature. In Fig. 3 we show
bounds from low-energy probes of QED. For mA0 &
30 MeV, the dominant bound is from A0 contributions to
the electron-photon vertex. Since there is currently a
�1:5� discrepancy between the SM prediction and the
lower measured value of ðg� 2Þe [65], the purple curve
marks the parameter space for which A0 corrections exceed
the dominant theoretical uncertainty of ae � ðg� 2Þ=2 by
2�ae

theory ¼ 1:6� 10�13. There are similar bounds from

ðg� 2Þ�; however, the discrepancy between theory and

observation currently exceeds 3� so the light green band in
Fig. 3 shows where A0 contributions bring theory and
experiment into 2� agreement [64]. The dark green
constraint marks where the disagreement exceeds 5�.
For mA0 in the 30–300 MeV range with 2m� <mA0 , the

dominant constraint arises from rare kaon decays [63]. The
brown curve in Fig. 3 uses measurements of the Kþ !
�þ� �� branching ratio to constrain the Kþ ! �þ þ A0
width. For 2m� <mKþ �m�þ <mA0 , there is also a con-

straint from the off-shell Kþ ! �þ� �� decay, but this is
sensitive to �D and further phase-space suppressed, so this
constraint is weaker than the above-mentioned B-factory
limits. In this regime, the parameter space that resolves the
ðg� 2Þ� anomaly is largely unconstrained. For 2m� >

mA0 , the A0 decays visibly to eþe�, so the main constraint
arises, instead, from Kþ ! �þ‘þ‘� decays.
Limits on J=� decays to � �� [86], on nonresonant

effects of a kinetically mixed A0 [87], which do not depend
on its decay modes, and on resonant A0 production with
decay into eþe� or �þ�� final states [31–35,37] have
also appeared in earlier literature. The first of these is
relevant to the range of � we consider only if the A0 mass
is near that of the J=�, in which case their mixing is
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resonantly enhanced. The model-independent constraints
of [87] constrain �2 & 10�3 for A0 lighter than the Z boson;
though slightly above the range considered in our plot,
these become a leading constraint on the models consid-
ered here for A0 masses above 7–8 GeV, where B-factory
searches are ineffective.

Finally, the A0 visible decay searches noted above
are sensitive to �2 as low as 10�6 depending on A0 mass
(with significant improvements anticipated from future
searches). When other A0 decay modes are accessible,
they reduce the visible decay signals constrained by these
searches (so that they scale as �4�=�D rather than �2)
while increasing the A0 width (which exceeds the
percent-level resolution-limited widths assumed by these
experiments whenever �D * �). Accounting for both ef-
fects, none of these searches imply bounds stronger than
�2 � 10�3 for the models considered here. For similar
reasons, the beam-dump limits on weakly coupled A0
(see [17,36], and references therein), which rely on an
�2-suppressed A0 width and consequently long A0 lifetime,
do not apply.

D. Cosmological and astrophysical constraints

Several further constraints rely on the relic abundance
of �. Constraints from the galactic halo structure on dark
matter self-interaction bound models with �MeV scale �
and A0 masses [79,88]. Following the discussion of [79],
dark matter self-interactions are constrained at the level of
�DM=m� & ð0:2–2Þb=GeV. This can readily constrain pa-

rameters in the simple model of Sec. II for low m� �
10 MeV masses. For mA0 & m�, �DM � ��2

D=m
2
�, while

for mA0 * m� there is an extra suppression of ðm�=mA0 Þ4.
We can interpret the bounds on the self-interaction cross
section as a limit on �D for a given m� and mA0 . In

particular, we find �2
D & 2ðm�=10 MeVÞ2ðmA0=m�Þ4 for

mA0 * m�. This constraint is not explicitly shown on our

plots as it is satisfied for essentially the entire parameter
range shown.

Additional constraints on light dark matter derived from
CMB and galactic observations are well known. The ro-
bustness of these constraints is sometimes overstated. Here
we review them and show that the simple dark matter
models of Sec. II with GeV scale gauge forces are compat-
ible with these considerations over the entire natural range
of parameters relevant for the fixed-target phenomenology.

For the sub-GeV scale dark matter we are considering,
late time annihilations into charged leptons are constrained
by measurements of the CMB [89]. Taken from [89],

ð ��

�DM
Þ2 h�vi

m�
& 5� 10�28 cm2 s�1 GeV�1 is required by

Planck measurements of the CMB. For �� ¼ �DM, this

translates into �leptons < ð m�

MeVÞ10�5�thermal. For subdomi-

nant components, we can use �� 1=h�vi to write the

constraint as ð ��

�DM
Þ & ð m�

100 MeVÞ10�3.

Turning back to the examples discussed in Sec. II, �l

components will parametrically have a subdominant relic

density of order ð ��

�DM
Þ � 10�3ð ��D

Þ2ð m�

100 MeVÞ2, so CMB con-

straints are naturally satisfied for typical model parameters.
For theUð1Þh �Uð1Þl scenario, the thermal relic density is
set by the cross section for �h annihilations into �l. �h

annihilates to leptons with cross section �2h � 10�6

smaller, so again CMB constraints are satisfied. The lighter
�l component is subdominant.
Annihilations into charged leptons at low energy are also

constrained by INTEGRAL/SPI measurements of the flux
of 511 KeV energy photons from the galactic center [90].
The requirement that � annihilations not inject charged
leptons at a rate larger than the measured flux amounts to

[14] h�vi & 10�4 pb 
 cð m�

MeVÞ2ð�DM

��
Þ2. This constraint is

somewhat weaker than the CMB constraints, but scales
differently with mass m�. For the example models, this

requirement is naturally satisfied. Likewise, constraints on
annihilations into charged leptons from measurements of
the photon spectrum in the galactic center are weaker than
CMB constraints.
Other constraints on light dark matter can be derived

from measurements of the number of effective neutrino
species [91]. For m� > 3 MeV in the range considered in

this paper, this condition is met.

IV. SIGNAL PRODUCTION AND DETECTION

A multi-GeVelectron beam impinging on material, as in
a beam dump, loses energy primarily through bremsstrah-
lung in coherent electron-nucleus scattering. A fraction of
the electrons (of order �m2

e=m
2
�) exchange sufficient

momentum with the nucleus to pair-produce muons.
Similarly, any non-SM matter that interacts with electrons
or photons will also be produced in radiative processes,
with a rate suppressed by its coupling and mass. If, as in the
case of the� particles of (1), the particles thus produced are
long lived and penetrating, they can be observed through
their scattering in a detector downstream of the dump.
For the model of (1), the leading production and scat-

tering processes are illustrated by Fig. 2, where the gauge
boson A0 may be on or off shell, depending on the particle
masses. A complete Monte Carlo model of � production
and scattering, described in the Appendix, has been used to
generate all sensitivity plots. This section summarizes the
essential physics of the production and scattering pro-
cesses, making several approximations to more simply
illustrate the scaling and typical kinematics of the reac-
tions. The key results of each subsection, which allow the
reader to scale our results to other beam energies and
detector geometries, are Eqs. (16), (18), (20), and (26).
These simplified formulas reproduce the results of the full
Monte Carlo to within a factor of 2. The following sub-
sections describe the � yield per incident electron, the
characteristic � kinematics and resulting geometric
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acceptance for a distant detector, and the elastic �-nucleon
and �-electron scattering rates in a detector.

A. � �� production in an electron beam dump

The cross section and characteristic kinematics for � ��
production in scattering of an electron beam of energy E0

on a nuclear target of atomic number Z can be simply
approximated in the Weizsacker-Williams approximation.
We consider first the case of production of an on-shell A0
(‘‘A0-sstrahlung’’) that subsequently decays to a � �� pair,
then extend this result to the case of � �� pair production
mediated by an off-shell A0.

The differential A0 electroproduction cross section
was computed in [17] in the Weizsacker-Williams approxi-
mation as

d�eN!eNA0

dxdcos	0A
�ð8�3�2Þ�ðqmin ;qmaxÞE

2
0x

U2

�
��

1�xþx2

2

�
�x2ð1�xÞm2

A0 ðE2
0	

2
A0 þm2

eÞ
U2

�
;

(8)

Uðx; 	A0 Þ ¼ E2
0x	

2
A0 þm2

A0
1� x

x
þm2

ex; (9)

qmin ¼ 2U

E0ð1� xÞ qmax ¼ mA0 ; (10)

where Z is the target nucleus’s atomic number, 	A0 is
the angle between A0 and the beam axis in the lab frame,
x ¼ EA0=E0 the fraction of the beam energy carried by the
A0, and ��ðqmin ; qmax Þ=� is the Weizsacker-Williams
effective photon flux [92] for photons with virtuality
q2min <�t < q2max , discussed further in Appendix A 1

(the function we call � is usually denoted as �, but
we have changed notation to avoid confusion with the
particle �). For qmin much larger than the inverse nuclear

size � 0:4 GeV=A1=3, �ðqmin ; qmax Þ is proportional to Z2

times a logarithmic factor.
As was noted in [17], for any given x the angular integral

is dominated by angles 	A0 such that E0x	
2
A0 & m2

A0
1�x
x þ

m2
ex. Neglecting Oðm2

eÞ terms and the angular dependence
of �, we obtain a simple approximate differential cross
section

d�

dx
¼ ð4�3�2Þ ��ðmA0 ; E0Þ x

2 þ 3xð1� xÞ
3ð1� xÞm2

A0
; (11)

where ��ðmA0 ; E0Þ � �ðqmin ¼ m2
A0=ð2E0Þ; qmax ¼ mA0 Þ.

This expression is in turn dominated at 1� x � 1. The
apparent log divergence as x ! 1 in (11) is regulated by
Oðm2

eÞ terms and corrections to the Weizsacker-Williams
approximation when 1� x & � with

� � max ðmA0=E0; m
2
e=m

2
A0 ; me=E0Þ: (12)

The total A0 production cross section scales like

�A0 � 4

3

�3�2

m2
A0

��ðmA0 ; E0Þ½log ð1=�Þ þOð1Þ�: (13)

The A0 yield for a monoenergetic beam on a target of t
radiation lengths is given by

NA0 ¼ �A0 

�
tX0N0

A

�
; (14)

where X0 is the radiation length of the target in g=cm2, A
the atomic mass in g=mole, and N0 Avogadro’s number
(the latter factor is the ‘‘luminosity’’ of nuclei encountered
per incident electron). As discussed in Appendix A 1, for
thickness� 1 the contributions from a degraded beam in a
thick target may be conservatively modeled by using this
monoenergetic formula with t ! 1. Since the radiation
length is itself determined by electromagnetic processes,
it is useful to introduce the combinations

Fðqmin ; qmax Þ � 4

3
�3�ðqmin ; qmax ÞX0N0

Am2
e

(15)

and �FðmA0 ; E0Þ defined similarly in terms of ��. All target
dependence in the yield is absorbed into this ‘‘luminosity
correction’’ factor F, which is Oð1Þ over most of the
parameter range of interest (see Fig. 4) regardless of the
target nucleus, with suppression only when qmin becomes
comparable to the inverse nuclear size. In terms of F, the A0
yield from a thick target is reasonably approximated by

NA0 � Ne
�FðmA0 ; EbeamÞ 


�
m2

e

m2
A0

�


 �2 log ½min ðEbeam=mA0 ; m2
A0=m2

eÞ�: (16)

The factor �F falls at high mA0 because of two comparably
important effects: the loss of nuclear coherence for q
comparable to the inverse nuclear size and the shrinking
range of integration in (A3). The expression for F shown in
Fig. 4 includes only the contributions from coherent elastic
nuclear scattering and quasielastic scattering off nucleons
described in Appendix A 1; rough estimates suggest that, at
the highest qmin shown, inelastic scattering off nucleons
increases F by a factor of up to �5 relative to the curves
shown.
Because the distribution of x is log divergent in the

kinematic region where the Weizsacker-Williams approxi-
mation breaks down, we can predict only qualitative fea-
tures of the A0 energy and angular distributions—but
because we are interested here in the kinematics of a single
A0 decay product, the two essential features are

(i) The A0 energy is peaked at x�1, with median ð1�
xÞ �Oð ffiffiffiffi

�
p Þ. From full simulation, we find 0:02<

ð1� xÞmedian < 0:2 for MeV–GeV A0 produced
from a 12 GeV beam.

(ii) The A0 angle relative to the beam line is also peaked

forward (roughly as mA0=E� �1=4) in a narrower
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region than the typical opening angle for the A0,
i.e. mA0=ðE0xÞ. In the region where the detector
acceptance differs significantly from unity, mA0 *
200 MeV, the median A0 production angle is 0.1–0.2
times the decay angle.

In light of these features, a simplified picture of� production
in which we treat the A0 to be produced strictly forward with
energyEA0 � E0 is approximately valid. In a very real sense,
a secondary beam of � particles is produced by the primary
electron beam with very sharply peaked forward kinematics.

By contrast, the energy and angular distribution for A0
production (withmA0 & mp) off a proton beam looks much

more like familiar photon bremsstrahlung with lower
median energy (xmed � 0:1) and subsequently larger A0
decay opening angles. In the case of � produced in decays
of secondary mesons from proton-beam interactions, the
median energy fraction carried by � is still typically in
the x� 0:05–0:1 range, leading to a rather uncollimated
secondary beam of �’s.

The qualitative features of on-shell A0 production off an
electron beam apply equally to the case of � �� production
mediated by an off-shell A0. Indeed, the cross-section
differential in s� �� � ðp� þ p ��Þ2 can be written simply as

d�

ds� ��d . . .
¼ d�A0 ð ffiffiffiffiffiffiffiffi

s� ��
p Þ

d . . .

� 1

�

ffiffiffiffiffiffiffiffi
s� ��

p
�A0!� ��

js�m2 þ ffiffiffiffiffiffiffiffi
s� ��

p
�A0 ð ffiffiffiffiffiffiffiffi

s� ��
p Þj2

where
d�A0 ð ffiffiffiffiffiffi

s� ��
p Þ

d... is a (possibly differential) cross section for

on-shell A0 production with mA0 ! ffiffiffiffiffiffiffiffi
s� ��

p
and �A0!� ��ð

ffiffiffi
s

p Þ
is the partial width of a would-be A0 of mass

ffiffiffi
s

p
, i.e. for

fermionic �

ffiffiffi
s

p
�A0!� ��ð

ffiffiffi
s

p Þ ¼ �Ds

3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4y

p ð1þ 2yÞ y ¼ m2
�=s:

The above formula manifestly has the right propagator
form, and reproduces (11) for the resonant contribution.
Far above the A0 resonance, this gives

d�

ds� ��

¼ ð4�3�2Þ�
s� ��

log ð1=�Þ � �D

3�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4y

p ð1þ 2yÞ
s� ��

:

(17)

The 1=s2 cross section implies that the production is domi-
nated near threshold, at

ffiffiffiffiffiffiffiffi
s� ��

p � ð2� 4Þm�. The peaking of

the angle–energy distribution at forward angles and high
� �� pair energy that were noted above continue
to hold, with the role of mA0 now played by (few)�m�.

A reasonable approximation to this scaling in the case of
fermionic � is

N� �� �
�
�D

�

�
NA0 jmA0¼

ffiffiffiffiffi
10:

p
m�
; (18)

where the second factor denotes the result of (16) at the
fictitious A0 mass that dominates the s� �� integral. For

bosonic � produced through an off-shell A0, the differential
cross section analogous to (17) is p-wave suppressed near
threshold, resulting in a further suppression of yield by
roughly an order of magnitude.

B. Geometric acceptance

In the � �� center-of-mass frame (A0 rest frame for the
on-shell case), the � will be produced with an angular
distribution dN=d cos 		 / 1� cos 	2	 with the positive
sign for relativistic fermionic � and negative for relativistic
bosonic �. Boosted into the lab frame, the typical opening

angle is 	� � mA0�=E0 where � ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� 4m2

�=m
2
A0

q
is

order 1 except for near-threshold decays. As above, for
� �� production through a virtual A0, the typical invariant
mass of ð2–4Þ 
m� can be substituted formA0 . WhenmA0=E

is smaller than the angular size of the detector, the angular
acceptance is Oð1Þ for both bosonic and fermionic �.
More generally, the acceptance for fermionic � is well
approximated by

ð1þm2
A0=	2DE

2
0Þ�1 on-shell A0 (19)
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FIG. 4 (color online). The ‘‘luminosity correction’’ factor
Fðqmin ¼ m2

A0=ð2EbeamÞ; qmax ¼ mA0 Þ defined in (15), for use

in estimating A0 yield. F is proportional to the Weizsacker-
Williams effective photon flux �ðqmin ; qmax Þ, multiplied by a
material-dependent luminosity factor. The red solid and blue
dashed curves correspond to 12 GeV electron beams impinging
on a thick aluminum or beryllium target (i.e. qmax ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 
 12 
 qmin

p
). For the A0 mass ranges of interest, F can depend

sensitively on qmin but far less on qmax , so that these curves
remain approximately valid for other beam energies. For ex-
ample, scaling beam energy and m2

A0 simultaneously by up to a

factor of 10 (not shown), so that qmin is unchanged but qmax

scales by
ffiffiffiffiffiffi
10

p
, only affects F at the �20% level or smaller. The

expression for F shown here includes only coherent elastic
nuclear scattering and quasielastic scattering off nucleons; ne-
glecting inelastic contributions may underestimate the F’s for
1–2 GeV A0 masses at the highest qmin shown by a factor of �5.
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ð1þm2
�=	

2
DE

2
0Þ�1 off-shell A0; (20)

where 	D is the angular size of the detector, i.e. for a
detector of diameter Ld at distance d from the dump,
Ld=ð2dÞ. In the case of bosonic � (not considered in detail
in this work) with m� � mA0 and mA0=E0 * 	D, further

suppression arises from the angular distribution in A0 de-
cay, which has a node in the forward direction. For the
geometry we consider, this effect lowers the acceptance in
� �� production by a factor of up to �3 at A0 masses above
�500 MeV.

C. Scattering signals and total yields

The primary signal considered in this paper is quasielas-
tic �-nucleon scattering with momentum transfer Q2 >
ð140 MeVÞ2. This range corresponds to nucleon recoil
energies above 10 MeV, above ‘‘fast’’ neutron and radio-
logical backgrounds. Although there are also contributions
from coherent �-nucleus interactions, inelastic scattering,
and electron recoils, we conservatively consider only the
quasielastic nucleon signal for simplicity. This process is
already used to study neutral-current interactions at
MiniBooNE [80] and is simpler to model numerically,
but by ignoring other contributions, our results generically
underestimate the projected sensitivity to new physics.

The typical � produced by the electron beam has energy

E� E0=2 � mN , m�,
ffiffiffiffiffiffi
Q2

p
. In this limit, the scattering

rate is given by

d�

dQ2
¼ ð4��2��0Þ

F2
1;N � Q2

4m2
N

F2
2;NðQ2Þ

½m2
A þQ2�2 ; (21)

where the nuclear monopole and dipole form factors are
respectively

F1;NðQ2Þ ¼ qN
ð1þQ2=m2

NÞ2
; (22)

F2;NðQ2Þ ¼ �N

ð1þQ2=m2
NÞ2

; (23)

with qp ¼ 1, qn ¼ 0 and kp ¼ 1:79 and �n ¼ �1:9 [93].

The inclusive nucleon-averaged scattering rate with
Q2

min <Q2 <Q2
max for very light or heavy A0 is of order

��N � ð4��2��0ÞZ
A

1

�2
(24)

1=�2 �

8>>><
>>>:
ðQ2

max �Q2
min Þ=m4

A0 m2
A0 � Q2

max

1=m2
A0 Q2

min & m2
A0 & Q2

max

1=Q2
min mA0 � Q2

min :

(25)

We neglect detection efficiencies, which for carbon-
based detectors are typically near 100% over the

Q� 100 MeV–GeV range of interest [93]. The probability
that a single incident � scatters with observable Q2 in a
detector of thickness Ld and density � is therefore

Pscat ¼ �

mN

Ld��N

� �D10
�7 �

�
�

1 g=cm3

��
D

1 m

��
�

10�3

�
2
�
0:1 GeV

�

�
2
:

(26)

Combining this result with the � yield from (16) or (18)
and the angular efficiency penalty [(20) with 	 ¼ D=ð2‘Þ]
gives a simple estimate for the total yield from any varia-
tion of the experimental scenario considered here; for
the parameter ranges we have considered, the estimated
result agrees with a detailed simulation to within a factor
of 2. To illustrate this estimation, we consider benchmark
points �2 ¼ 1:5� 10�7 and mA0 ¼ 100 MeV (�2 ¼ 10�5

and mA0 ¼ 500 MeV) with 10 MeV � and �D ¼ 1 (both
chosen to lie near the 1000-event line in the upper left
panel of Fig. 3). The expected A0 yield from (16) per 1022

electrons on target is 0:8� 1012 (0:9� 1011 for the high-
mass point). For a 1 m square detector situated 20 m from
the dump, 	d � 0:025 so that the lower mass point has
roughly 90% acceptance and the higher mass-point
roughly 25%. Finally, � incidents on the detector have
�-nucleon scattering probabilities in a 1 m long mineral-
oil detector (� � 0:8 g=cm3) from (26) that are 0:8� 10�7

(3� 10�8). Multiplying these factors we estimate 1250
events for the 100 MeV point and 600 for the 500 MeV
point—both quite close to the 1000 events obtained by a
full Monte Carlo.
We will not discuss �-electron scattering in the main

results of this paper. However, we note for completeness
that the �-electron scattering cross section can be consid-
erably larger for light A0. Up to corrections of Oðm2

eÞ, the
recoil profile for �e ! �e scattering in the lab frame is

d��e

dEf

¼ 4��2��0me

4mem
2
�Ef þ ½m2

� þmeðE� EfÞ�2
ðm2

A þ 2meEfÞ2ðm2
� þ 2meEÞ2

;

(27)

where E is the incoming � energy, and Ef is the electron

recoil energy; this formula applies when E � me, m�. For

a full treatment of electron scattering see Appendix A 3.

V. EXPERIMENTAL APPROACH

The experimental approach combines two techniques
that each have an illustrious history: using an electron
beam dump to obtain a secondary beam of light states
and detecting quasielastic (elastic) neutral-current scatter-
ing off nucleons (electrons). Scintillator detectors that can
detect charged particles downstream of electron beam
dumps have been successfully used in searches for axions
and millicharged particles [94]. Electron beams were
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particularly useful in these cases due to their relatively low
backgrounds compared to proton beams. Likewise, detec-
tion of neutral-current scattering behind specially designed
proton beam dumps has formed the basis for modern
precision neutrino physics.

The combination of these two techniques—detection of
neutral-current signals in a small (1 m3 scale fiducial vol-
ume) detector downstream of an electron beam dump—
offers a powerful low-background method to search for
MeV to GeV scale dark matter, drawing on a wealth of past
experience. The background rates and signal efficiencies of
near-surface neutrino detectors like MiniBooNE [80,95],
together with measurements at other near-surface facilities
like CDMS-SUF [96,97] and the SLAC millicharge (mQ)
search [94], serve as a guide for understanding background
sources in these experimental setups.

Relativistic dark matter produced in the beam dump can
scatter off detector nuclei, nucleons, or electrons, with each
reaction inducing a distinct signature. The largest process
(for sufficiently light mediators) is coherent elastic nuclear
scattering—this can have energy deposition above radio-
logical backgrounds, but suffers from potentially large
slow neutron backgrounds from the beam dump and
‘‘skyshine’’ neutron backgrounds (neutrons that rescatter
from the atmosphere). Quasielastic scattering off nucleons
with Q2 * ð140 MeVÞ2 induces recoil energies above the
slow neutron background; so long as higher-energy neu-
trons are ranged out, muons and neutrinos are the main
beam-related background to this signal. Above this energy
range, a variety of inelastic reactions produce�þ and�0 in
dark matter-nuclear collisions; the rates for these processes
are somewhat lower, but if they can be efficiently discrimi-
nated from backgrounds then searches for these reactions
could be quite powerful. Our focus in this work will be on
quasielastic nucleon scattering. We leave a broader study
of inelastic, nuclear-elastic, and electron scattering back-
grounds for future work, but stress that searching in mul-
tiple scattering channels may well give the best sensitivity
over a wide range of mediator masses.

The kinematic features of electron beam fixed-target
scattering are particularly well suited for producing a
collimated secondary beam of light dark matter, as
described in Sec. IV. The tight collimation allows the use
of a small detector of Oð1 mÞ in size. Absolute neutrino
rates are low enough that a detector can be situated close
to the dump, thereby maintaining good angular acceptance
even with a small detector. Muons and high-energy
neutrons can be ranged out (or deflected for muons) on a
similar short distance scale for the energies under discus-
sion. The resulting beam-related backgrounds, described in
detail in Sec. VA, are negligible for this type of setup—this
is reinforced by past experience with mQ [94].

The dominant potential backgrounds for high-Q2

nucleon recoil signals are neutrons produced by interac-
tions of cosmic-ray muons (cosmogenic neutrons). Other

sources of background like radioactive decays, slow
neutrons from the beam dump, and skyshine neutrons are
significantly less energetic than dark matter–induced re-
coils. On a one-year time scale, the flux of cosmogenic
neutrons (above a 10 MeV energy threshold) on a 1 m2

detector can be as high as �5� 105.
The primary way of reducing this background in existing

near-surface neutrino detectors is by the use of timing cuts
that exploit the bunched structure of the beam [80,95] to
achieve 1021–1022 protons on target in a lifetime of only
103–104 s. The residual beam-unrelated backgrounds can
be measured during beam-off periods, providing excellent
control on systematic uncertainties. Aside from electron
injector beams like the SuperKEK linac and a potential
linear collider [98], most modern high-intensity electron
beams are of the ‘‘continuous wave’’ variety, where
packets of particles �ps in duration arrive continuously
with �ns spacing, making timing-based rejection of
cosmogenic backgrounds rather difficult. For example,
Jefferson Laboratory’s 12 GeV CEBAF beam is of this
type [67]. Detectors like CDMS-SUF actively shielded
against cosmogenic neutrons and vetoed muons, with
reduction powers �5% and 1% respectively [96]. A com-
bination of active shielding, neutron vetoes, and a veto on
progenitor muons could plausibly reduce the cosmogenic
neutron background by a factor of �103 even at a
continuous-wave beam.
In the remainder of this section, we will describe

backgrounds relevant for neutral-current signal detection
behind an electron beam dump (Secs. VA and VB), as well
as several experimental benchmarks to quantify potential
physics reach (Sec. VC); these results are summarized in
Table I. For concreteness, we will focus on the high-
intensity electron beam setup appropriate for Jefferson
Lab’s 12 GeV CEBAF and assume a 1 m� 1 m� 1 m
mineral-oil detector placed 20 m behind the beam dump.
Although mineral oil is not necessarily optimal for this
experimental setup, it is currently used by MiniBooNE
[93] to study quasielastic nucleon recoils from relativistic
neutral-current processes, so it is a plausible, conservative
choice. Denser, more responsive materials may be better
suited, but their feasibility is not yet established and
warrants further study. To achieve optimal sensitivity,
such an experiment would require some level of cosmo-
genic background rejection or shielding given that CEBAF
is a continuous wave beam. We will also comment on
similar setups at a future linear collider or potentially
even at the SuperKEK 7 GeV injector.

A. Beam-related backgrounds

Beam-related backgrounds consist of neutrons, muons,
and neutrinos that can penetrate the beam dump (or emerge
obliquely, but rescatter from the atmosphere) and reach
the detector coincident with beam bunches. The most
significant of these are neutrons produced in the dump
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target—these rapidly lose energy down to the �1–5 MeV
level, at which point they tend to scatter semielastically in
materials like rock or air. These ‘‘fast’’ neutrons can reach
a nearby downstream detector (usually with a time delay),
as was observed for example by mQ [94]. This background
does not fake our recoil signal as it is below the recoil
energy cuts we apply.

For a meter-sized detector positioned�20 m behind the
target, muons (and high-energy neutrons) produced in a
Hall A style beam dump with beam energy of 12 GeV will
range out before reaching the detector, so we need not
consider them for our benchmark scenario. For alternative
setups with either a closer detector or higher beam energy,
this background may be important, but can still be reduced
by actively identifying and rejecting muons, or using a
deflector magnet to divert penetrating muons away from
the detector.

1. Neutrino scattering

The main irreducible beam-related background for
high-energy Q2 * ð140 MeVÞ2 quasielastic �-nucleon
scattering signals arises from scattering of high-energy
neutrinos produced in the beam dump. For proton beams,
this background is large, typically dominating over other
processes. The situation is much better for electron beams.
To gain some intuition, we need to estimate the beam-
related neutrino flux impinging on our detector and the
interaction probability for a neutrino with incident energy
at or above the �70 MeV threshold required to produce
a nucleon recoil (i.e. from backscattering) that passes t
he cuts from IV. For each estimate in the following dis-
cussion, we will round pessimistically to error on the side
of overestimating this background.

The neutrino-nucleon cross section in this range varies

from ���N � 10�39ð E�

100 MeVÞ2 cm2 for neutrino energies

below a GeV to���N � 10�38 cm2 in the 1–10 GeV range
[99]. The column density of an oil or plastic 1 m detector is
roughly 85 g=cm2, so the integrated nucleon luminosity

per incident neutrino is �5� 1025 cm�2. Thus, an upper
bound on the relevant interaction probability is�5�10�14

to �5� 10�13 for neutrinos in the 100 MeV–GeV range
respectively.

2. Neutrino production

The largest source of neutrinos with energies near
70 MeV is pion electroproduction (through the � reso-
nance) with a cross section of order �eN!eþ�þX � �

���N

where ��N � 0:6 mb is the cross section (per proton) for

photon-nucleon inelastic scattering above the pion thresh-
old [99]. The resulting pions typically stop in several pion
interaction lengths before decaying to a neutrino and
muon. The muon then also stops and decays to two neu-
trinos and an electron, but these processes can only yield
neutrinos with energies belowm�=2� 50 MeV, which are

below our benchmark cuts. The part of the pion production
with boost above �� 2 that decays before stopping, which
is roughly 3% (i.e. suppressed by the interaction length
compared to lifetime), can give a neutrino above 70 MeV,
but this is small compared to the stopped pion component.
Although the neutrinos that emerge from pion (and

muon) decays at rest always carry energy below 70 MeV,
to be very conservative, we assume that every pion yields a
neutrino with energy near this kinematic boundary. The
stopped pions (and muons) decay isotropically in the beam
dump, so we apply an angular acceptance factor of �2�
10�4 applicable to the benchmark detector we consider.
The integrated (proton nucleon) luminosity per incident
electron on the characteristic stopping distance of three
radiation lengths of aluminum is 2� 1025 cm�2. The total
number of pions produced per incident electron-proton
collision is set by �eN!eþ�þX � 2�b, so the probability
per incident electron is �4� 10�5. Combining this with
the above acceptance factor of & 2� 10�4 and detector
interaction probability of 5=4� 10�14 (for 50 MeV), we
find a total probability per incident electron of a neutrino
scattering event in the detector due to pion production in
the beam dump of �1� 10�22. Thus 1022 electrons on
target (EOT) will give at most Oð1Þ neutrino scattering
events, but phase space suppression will reduce this con-
siderably, and these events would be below the energy cuts
we consider.
To get above the energy cuts, pions (see below for

muons) must carry a boost factor of �� 2 and decay
before stopping. This occurs with a suppression of roughly
3% for the in-flight decay, so we expect Oð0:03Þ events,
again before phase space suppression is taken into account.
As the boost factor grows, the pion production cross sec-
tion falls faster than / 1=�2, the in-flight decay probability
scales as / 1=�, the acceptance scales as / �2, and the
neutrino scattering probability scales as / �2. Thus, the
high-energy tail of pion production with �� 10 can con-
tribute at most Oð0:3Þ neutrino scattering events in 1022

EOT, but again this is an overestimate.

TABLE I. List of dominant backgrounds for the benchmark
JLab scenario with 1022 EOT, a 12 GeV continuous wave beam,
and a 1 m3 mineral-oil detector situated 20 m downstream at a
depth of 10 m.w.e. For a detailed discussion of beam-related and
beam-unrelated processes see Secs. VA and VB respectively.

Beam related Relevance

‘‘Fast’’ and ‘‘slow’’ neutrons Remove with Q cut

Stopped � ! �X decays Remove with Q cut

Boosted � ! �X decays Rate & 10�7 Hz
Boosted � ! �X decays Rate & 10�7 Hz

Beam unrelated Relevance

Radiological (dirt/rock) Remove with Q cut

Cosmic � (passing through) Rate �5� 10�3 Hz, veto
Cosmic � (stopped decay) Timing veto �100 �s
Cosmogenic neutrons Rate �2� 10�2 Hz
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There is also a high-energy component of forward
going neutrinos with energy in the �1 GeV range with
higher detector interaction probability. This component is
dominated by the decay of forward peaked high-energy
muons produced through QED Bethe-Heitler reactions
of the incident electrons. Because the primary energy
loss mechanism of a relativistic electron in matter is
QED bremsstrahlung, we can compare the Bethe-Heitler
muon pair production cross section with QED bremsstrah-
lung to estimate this yield. This ratio is �ðme=m�Þ2 �

2� �
3� 10�8 [17]. The produced muons carry energy compa-
rable to the incident beam energy (1–10 GeV for example)
and stop in less than 20 m. The probability that these
high-energy muons decay before stopping is roughly
2000 cm=�c
� � 10�2. Assuming all of the resulting

neutrinos pass through the detector, and combining with
an interaction probability of �5� 10�13, we find a total
probability per incident electron of �1:5� 10�22, which,
again, ignores additional acceptance factors. Therefore,
this neutrino background is also negligible. These esti-
mates of the neutrino scattering background are compatible
with the full simulation results for neutrino backgrounds in
the mQ setup [94], rescaled for the energy difference and
geometric acceptance.

In summary, beam-related backgrounds for quasielastic
nucleon scattering at Q2 * ð140 MeVÞ2 are negligible, in
sharp contrast to the case of a proton beam dump, where
the flux of neutrinos is orders of magnitude higher.
Importantly, the kinematics of the signal region should
avoid the lower-energy slow neutron background from
the beam.

B. Beam-unrelated backgrounds

Most beam-dump experiments operate at shallow
depths, making backgrounds associated with cosmic-ray
muons or cosmogenic neutrons in the detector quite
substantial; there are also backgrounds from radiological
processes in the surrounding rock and dirt, but these are
easily removed by the Q2 * ð140 MeVÞ2 cut on nuclear
recoils. For concreteness, we estimate backgrounds on a
1 m� 1 m� 1 m cubic detector situated under an over-
burden of 10 m of rock, or roughly 15 m.w.e. This roughly
corresponds to the depth of Jefferson Lab Hall A beam
dump [100] and, conveniently, to the depth of the CDMS
surface facility (SUF) at which muon and neutron fluxes in
the energy range of interest have been extensively studied
[96,97].

1. Cosmic muons

The angle-integrated cosmic-ray muon flux at 15 m.w.e.
is roughly 50=m2=s [96]. At this depth, the muon flux
below �5 GeV is roughly flat. The typical muon, with
energy�2 GeV, has a lifetime �c
� 104 m; thus the total
rate for muon decays in flight in a 1 m3 detector is
�0:005 Hz, which can in any case be vetoed with high

efficiency. A more significant electromagnetic background
is the stopping and subsequent decay of muons—roughly
10% of them—in the detector. The vast majority of these
can be rejected by vetoing on near coincidences with a
muon hit near the detector. Vetoing on muon hits in a
window as large as 100 �s should catch essentially all
stopped muon decays, with negligible effect on detector
live time.

2. Cosmogenic neutrons

For the quasielastic �-nucleon collision signals consid-
ered here, cosmogenic neutrons are a more directly rele-
vant background. Neutrons entering the detector with
kinetic energy above �10 MeV could potentially fake
the quasielastic �-nucleon signal process. Monte Carlo
simulations of neutron flux at SUF [96] suggest a flux of
about 2� 10�2 m�2 s�1, with the lower-energy neutrons
arising from muon capture in nuclei, and the higher-
energy neutrons originating from hadronic showers in
cosmic ray–nucleus interactions. With no background
rejection, this flux over a 2� 107 s live time would result
in roughly 400,000 nuclear-scattering background events
in the experiment’s lifetime. Although a background rate
uncorrelated with the beam can be subtracted away, even
statistical fluctuations in a rate this large quickly become
the limiting factor for a search, unless the background
neutron rate can be greatly reduced. Some combination of
an active neutron veto detector and neutron shielding
(and perhaps use of the recoil direction, depending on
the detection method) could be used to reject these neu-
tron backgrounds. Even with these measures, we expect
that cosmogenic neutron backgrounds would still be a
limiting factor for any experiment of this type using a
continuous-wave (CW) beam.
A great reduction in background could be readily

obtained by using a pulsed beam with duty cycle
10�2–10�5, if the search is designed to trigger on the
beam and therefore accumulates comparable signals in a
small fraction of the live time. This approach is used at
accelerator-based neutrino experiments, making beam-
unrelated backgrounds rather small for these experiments
[95]. For example, the MiniBooNE beam consists of
bunch trains of order ��s in duration, spaced by �ms,
with each bunch train containing packets of protons
spaced by �100 ns. Likewise, linear collider beams
(or perhaps the SuperKEK injector) have by design both
a low duty factor and high current, and are therefore well
suited to this purpose [98].

C. Benchmark setup

For concreteness, we have estimated the sensitivity of a
small scale experiment that might be feasible behind the
Jefferson Lab Hall A or C beam dumps, using the 12 GeV
CEBAF electron beam. The basic setup is depicted in
Fig. 1. For beams of 12 GeV or lower energy, a detector
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placed 20 m downstream of the beam dump will have
negligible beam-related backgrounds, as this distance sig-
nificantly exceeds the range of higher-energy muons and
neutrons in rock, and neutrino rates are vanishingly small.
As was noted earlier, cosmogenic backgrounds are signifi-
cant for experiments of this type using CW beams with
high duty cycle. High-current running is therefore advanta-
geous to increase the signal yield relative to these back-
grounds. Jefferson Lab experiments frequently run at beam
currents of 50–100 �A; an average current of 80 �A over
2� 107 s corresponds to a total charge of 1022 electrons on
the beam-dump target (EOT). Accelerator and installation
downtime, experiments using lower beam currents, and
lower-luminosity calibration runs would provide additional
windows in which to measure the beam-unrelated back-
grounds. Accounting for this duty cycle, 1022 EOT is a
reasonable expectation for an experiment in place for 2 to
3 years.

With these considerations in mind, we consider a
reference geometry with a 1 m3 pure mineral-oil detector
situated 20 m downstream of a beam dump. The beam is
modeled as a monochromatic 12 GeV electron beam scat-
tering off aluminum (the main component of the JLab Hall
A beam dump [100]). The � yield is computed by simu-
lating electron-nucleus scattering at 12 GeV and multi-
plying by the column number density of one radiation
length of aluminum, 24 g=cm2, and by the integrated
electron flux of 1022 EOT. For the resulting � within the
geometric acceptance of the detector, their quasielastic
scattering rate is modeled using the formulas of the
Appendix. Detector efficiency is not included for either
signal or background events, but is Oð1Þ for other mineral-
oil detectors [95]. We do not explicitly include the effects
of beam straggling, but our use of a single radiation length
as the effective thickness of a thick target with straggling
compensates for this. This is justified in Appendix A 1. We
neglect showering effects, but this only underestimates the
total signal yield as the scattering of secondary electrons
from the electromagnetic shower produces additional �.
In general, our mock-up of straggling and not including
showering are expected to underestimate the yields for mA0

and/or m� & 0:1 MeV, while we expect good agreement

for higher masses.
In Fig. 3 we present our experimental sensitivity to mA0

and m� as functions of �2 and the �-e� direct-detection

cross section ��e � 16��2��Dm
2
e=m

4
A0 respectively, for

three different background-rejection scenarios elaborated
below. The solid, dashed, and dot-dashed red curves mark
the parameter space for which our benchmark setup yields
40, 103, and 2� 104 signal events respectively, which
correspond to 2� exclusion sensitivity for the three sce-
narios. The last of these corresponds to a scenario with no
background rejection at all. These curves demonstrate that,
even without additional background rejection, our bench-
mark scenario has interesting physics reach. Note the total

signal rate is proportional to �4 and the vertical axes in both
plots scale as �2, so requiring ten times as many signal
events corresponds to shifting the � reach upward by a

factor of
ffiffiffiffiffiffi
10

p
. For the same reason, the 5� local signifi-

cance sensitivity of each benchmark scenario would be
only a factor of 1.5 higher than the line shown on the plot.
(i) Benchmark A is meant to be representative of a test-

stage 1 m3 detector with no shielding or veto on
cosmogenic neutrons. Following the estimates
above, such a detector would record Nbkg � 4�
105 cosmogenic neutron events in 2� 107 s of live
time. In the absence of systematic uncertainties, such
an experiment would have exclusion sensitivity to

signals at the level of 2
ffiffiffiffiffiffiffiffiffiffi
Nbkg

p � 1200 events, but it

is more plausible that a parasitic experiment would
encounter few-percent systematic uncertainties in
this beam-unrelated background rate. With a 2.5%
systematic uncertainty on the neutron flux during
beam-on periods, such an experiment would have
2� exclusion sensitivity at the level of 20,000 events
per 1022 EOT. This sensitivity is denoted by the
dotted red lines in Figs. 2(a) and 2(b). That such a
simple experiment has any new sensitivity at all
demonstrates the efficacy of this search strategy, but
of course the aim of any search program of this type
would be to reduce backgrounds significantly more.

(ii) Benchmark B demonstrates the benefits of a factor
of 1=20 suppression of the cosmogenic neutron
background, with the same 1 m3 fiducial volume.
A factor of 20 rejection is only slightly better than
was obtained using shielding in the CDMS-SUF
detector [96], and also appears to be achievable
using an active neutron veto. A 2.5% systematic
uncertainty on the neutron background of 20,000
events would still dominate over statistical uncer-
tainty, allowing 2� sensitivity to a 1000-event sig-
nal. This sensitivity curve is denoted by the dashed
red lines in Figs. 2(a) and 2(b).

(iii) Benchmark C illustrates the sensitivity of a 1 m3

fiducial volume detector with aggressive back-
ground suppression, at the level of 10�3 for only
400 background events during live time, after
selection. In this case, statistical uncertainties
dominate for 1022 EOT, leading to 2� exclusion
sensitivity at the level of 40 events. The resulting
sensitivity curve is denoted by the solid red lines
in Figs. 2(a) and 2(b). Clearly, cosmogenic neutron
rejection at the 10�3 level would open up consid-
erable new parameter space.

The orange curve in Fig. 3 marks the parameter space for
which the same setup yields 10 signal events with a first
stage pulsed ILC style beam operating at 125 GeV [98].
For the same luminosity, the live time for this beam can
easily be reduced by a factor of �104, which brings
environmental backgrounds down to the & 100-event
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level, so this experiment can reasonably be sensitive to 10
signal events.

For a given experimental setup, the sensitivity depends
only on the Lagrangian parameters in Eq. (1), which
determine � production rates, scattering probability,
and geometric acceptance. In every signal process, the �
scattering rate is proportional to �2�D, so increasing �D

always yields greater � sensitivity. However, for mA0 <

2m�, the � production rate is linear in �D, whereas the

on-shell process (A0 ! � ��) is set by the A0 production rate,
which is less sensitive to �D, so the relative reach in � can
differ substantially in these regimes. In Fig. 5 we plot the
sensitivities for �D ¼ 1 and 0.1 as we vary mA0 with fixed
m� (a) and vice versa (b) in the benchmark C scenario.

For a fixed signal yield, the off-shell � reach scales as
1=

ffiffiffiffiffiffiffi
�D

p
and ��e / �2�D, so the red curves in Fig. 5(b)

are independent of �D in this regime.
In Fig. 6 we vary mA0 for various choices of m� (a) and

vice versa (b) in the benchmark C scenario. When mA0 �
2m� the production is off shell and the momenta in all A0

propagators is �2m� so the red curves are flat as neither

the production nor detection rates depend on mA0 ; the
sensitivity is set entirely by m�. For mA0 � 2m� the

simultaneous resonant enhancement in production and
nonrelativistic � enhancement to acceptance noticeably
improve � sensitivity near threshold.

D. Experimental considerations for future study

Although our discussion has emphasized quasielastic
�-nucleon scattering in the detector, electron scattering,
coherent nuclear scattering, and inelastic collisions that
produce �0 or �þ may also be important signatures if
backgrounds for these processes are manageable. In
Fig. 7 we show the benchmark C sensitivity for the quasi-
elastic and electron-scattering processes. In particular,
higher-energy �-scattering reactions that produce pions
may be significantly easier to see above lower-energy
cosmic neutron backgrounds. While the total signal yield
may be lower compared to quasielastic reactions, cosmic
neutron background rates fall rapidly with energy.
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FIG. 5 (color online). Same as Fig. 3 with overlays of curves
for �D ¼ 1, 0.1. The gray region is excluded by the same curves
shown in Fig. 3 and described in the caption.
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FIG. 6 (color online). Same as Fig. 3 with overlays of different
m� (top) and mA0 (bottom) parameters. The m� ¼ m�=2 ¼
68 MeV curve in the top in (a) shows our � reach in the regime
where the dominant �0 ! � �� process is kinematically forbid-
den at proton beam experiments. The dotted curve shows the
BABAR eþe� ! �þ invisibles for m� ¼ 10 and 68 MeV. This

constraint is identical for all � produced in on-shell A0 decays;
for m� 250 MeV this bound shifts upward. Similarly, the kaon

decay constraints are now dashed since both regions apply for
m� ¼ 10 MeV, but neither does at 250 MeV.
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Additionally, higher-energy inelastic reactions that pro-
duce pions carry more directional information, allowing
further suppression of cosmic backgrounds. Given that
background systematics will likely dominate the sensitiv-
ity for first generation versions of these experiments, using
such signals with lower intrinsic background rates may
be advantageous. Signals for � scattering through
O ðGeVÞ dark photons will induce relatively high-energy
nucleon recoils even in quasielastic�-nucleon scattering—
a spectrum quite different from that of cosmogenic neutron
backgrounds. An analysis optimized to distinguish these
signals could likely achieve better high-mass sensitivity
than what is shown in the figures.

For experiments that are limited by cosmic back-
grounds, it may be better to situate the detector closer
to the dump than what we consider, even though pene-
trating muons can reach the detector and beam-related
neutrinos may contribute Oð1Þ events. Provided muons
can be vetoed (or deflected), this would improve accep-
tance without compromising sensitivity—after all, the
cosmic background rates determine sensitivity in this
case as beam-related backgrounds will continue to be
negligible by comparison. The improvements in sensi-
tivity would be most noticeable in the higher mA0 *
100 MeV part of the parameter space as compared to
our layout.

Detectors with smaller fiducial volume than our
benchmark 1 m3 should also be considered, as they
may be easier to shield from neutrons or surround by a
muon veto. This may improve sensitivity, even though
the yield decreases with detector volume (for high
enough A0=� masses that angular acceptance is relevant)
or thickness (for lower A0=� masses). Background rates
will also fall by virtue of the smaller size, and if the
shielding/veto reduces backgrounds further then the
overall sensitivity of a small detector may exceed that
of a larger one.

All of these considerations warrant further investigation.

VI. COMPARISON WITH NEUTRINO- AND
B-FACTORIES

Proton beams at a variety of existing neutrino experi-
ments have recently been considered as potential sources
of MeV to GeV scale dark-sector particles [13–15,101]. In
the low beam-energy regime & 1 GeV, the LSND experi-
ment is sensitive to � �� production through rare pion
decays pp ! �0 þ X, �0 ! �A0 ! �� ��; at intermediate
energies near 10 GeV, MiniBooNE can also probe � ��
produced in the analogous � decay; and in the high-energy
regime � 10 GeV, MINOS and T2K can also produce �
pairs through partonic QCD processes including resonant
q �q ! A0 ! � �� production. These approaches have both
advantages and drawbacks relative to the electron beam
scenario outlined in this paper.
Lower-energy neutrino factories may already be sensi-

tive to new parameter space. A forthcoming study of LSND
neutral-current signals demonstrates sensitivity to �2 &
10�8–10�6 for 2m� <m�0 simply comparing predicted

signal yields against the background uncertainty [16].
Sensitivity projections for a dedicated MiniBooNE search
reach �2 & 10�6 for mA0 of order 100 MeV or lower [14].
This effort requires dedicated off-target running [101]—as
of the date of this paper, the proposal for new beam time
has not been approved.
For a given number of charged particles on target, the �

production yield within acceptance at T2K for mA0 � GeV
is comparable to that of our benchmark electron beam
experiment [15]. However, the very neutrino signals that
these experiments were designed to measure are now irre-
ducible backgrounds for other invisibles that undergo
neutral-current scattering. Unlike MiniBooNE, which
runs at �9 GeV and can use timing delays of the �’s to
reduce the beam-neutrino background, T2K operates at
�30 GeV (and the near detectors are closer to the target
than MiniBooNE) so that MeV to GeV scale particles are
too boosted for their arrival times to be distinguished from
those of neutrinos. Moreover, the near detectors at T2K
(INGRID and ND280) are poorly instrumented for detect-
ing neutral-current quasielastic scattering. The on-axis
INGRID detector is designed to detect final-state muons
from charged-current scattering [102]. The off-axis ND280
detector may be sensitive to �2 � 10�5–10�4, but sensitiv-
ity is limited by large systematic uncertainties near 30%
[103] and a dedicated background study is necessary to
understand the potential reach. The MINOS sensitivity
to dark matter is similarly hampered by irreducible back-
grounds (�106 neutral-current events for 1022 protons on
target [104]) and large systematic uncertainties.
An electron beam production mechanism has several

advantages over these approaches. The approach we pro-
pose can operate parasitically, on a small scale, and at
relatively low cost. Beam neutrinos are negligible in our
setup; instead, the dominant backgrounds are cosmogenic.
These backgrounds are, in principle, reducible, and can
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FIG. 7 (color online). Same as Fig. 3 (top) with red sensitivity
curves for inelastic nuclear (thick, solid) and electron
(dotted) signal yields.
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also be measured accurately during beam-off periods so
that the dominant uncertainties are statistical. Furthermore,
� electroproduction in electron-nucleus collisions is analo-
gous to well-known, perturbative QED processes, so signal
production is under good theoretical control.

The complementarity of the beam-dump approach to
B-factory searches for invisible final states has already
been mentioned in Sec. III A. The two approaches have
distinct advantages. B-factories have greater sensitivity to
A0 and �masses* 1 GeV, because the A0 production cross
section at B-factories is independent of mass, while the � ��
off-shell production rate varies only logarithmically with
m�. However, the instrumental background from ��

events where one photon leaves no signal in the detec-
tor—which is kinematically indistinguishable from
sub-GeV-mass A0 ! invisible signals—poses a serious
challenge to searches for sub-GeV A0. This is, of course,
the mass range where the fixed-target approach comes into
its own, with limited form-factor suppression and reason-
ably high acceptance for a small detector. A second differ-
ence that bears mentioning is that the B-factory on-shell A0
rate is independent of �D. The corresponding fixed-target
signal, in contrast, is enhanced at large �D and suppressed
for small �D because of the �2

D scaling of the � detection
probability.

VII. CONCLUSIONS AND DISCUSSION

Long lived, weakly coupled particles in the MeV to few-
GeV range are viable and generic dark-matter candidates
in extensions of the standard model by a new dark sector.
Yet such states remain difficult to probe experimentally. In
this paper we have examined existing constraints on these
particles, and shown that a fixed-target experiment search-
ing for particle scattering in a �1 m3 (or smaller) detector
volume downstream of an electron beam dump can im-
prove sensitivity in this mass range by several orders
of magnitude. The proposed experimental setup uses stan-
dard technology at currently operating beams and can be
run parasitically, without disrupting ongoing physics pro-
grams. The search strategy is systematically improvable by
rejection or shielding of cosmogenic neutron backgrounds,
with negligible beam-related backgrounds.

Currently, the strongest constraints on dark states come
from a wide range of sources, depending on the mass and
interactions of the particle mediating their interactions
with the SM. For simplicity, our analysis has concentrated
on the benchmark scenario of a kinetically mixed A0 that
couples to both dark and electromagnetic currents. The
strongest constraint on � for A0 masses below tens of
MeV is frommeasurements of electron (g� 2). For masses
above 10 GeV, the strongest bounds are from direct detec-
tion and collider monojet searches. Constraints in the
intermediate regime, between a few MeV and a few GeV,
are considerably weaker. We have shown that hitherto
overlooked B-factory searches in �þ invisible final states

currently set the strongest limits for much of this mass
range. While these searches can be significantly extended
at high-luminosity experiments like Belle II, the possible
gains for A0 masses below�1 GeVwill be modest because
these searches face a large instrumental background from
�� events that fake the A0 signal.
Important regions of this parameter range remain unex-

plored and call for new search strategies. If dark sector
fields couple to leptonic currents, electron-nuclear colli-
sions in a beam dump generate an energetic and rather
collimated beam of � particles. For a �10 GeV electron
beam,muons and energetic hadrons range out 10–20meters
from the dump, and beam-related neutrino backgrounds at
these distances are also negligible. A m3 scale (or smaller)
scintillator detector can therefore be used to detect
the neutral-current-like scattering of the �’s off target
nucleons, nuclei, or electrons, with a smooth ex-
change momentum spectrum dominated near Q2 �m2

A0 .

This search strategy is quite complementary to B-factory
searches, which have excellent sensitivity above a GeV, but
significant background limitations below a GeV where the
beam-dump approach is at its strongest.
For concreteness, we have illustrated the sensitivity of a

mineral-oil detector sensitive to quasielastic scattering off
nucleons, for which detailed background estimates at the
relevant depths exist. Such an experiment’s sensitivity
depends strongly on its ability to reject cosmogenic neu-
tron backgrounds, for example using a combination of
beam timing (particularly at pulsed-beam facilities),
muon vetoes, an active neutron veto, and/or neutron shield-
ing. Optimizing these strategies may involve experimental
variations on the baseline detection scenario considered
here. The effects on sensitivity of varying cuts, detector
materials and detection techniques, and geometric layout
have not been considered in detail, and warrant further
optimization. Furthermore, sensitivity could improve dra-
matically by considering electron, coherent nuclear, and
inelastic pion signals. Additional gains may also be
achieved if directional information (potentially exploiting
tracks from charged pions), pulse shape discrimination,
and ionization yields are used to distinguish signal from
background. We leave detailed studies of experimental
variations for future work.
The parameter space that these experiments can explore

overlaps with two regions relevant to long-standing
anomalies in data. In particular, such a search can deci-
sively test whether an invisibly decaying A0 resolves the
persistent muon g� 2 anomaly. Indeed, even a high-
background test version of our benchmark setup will probe
most of this parameter range (�2 � 10�6–10�5 for A0
masses of 10–100 MeV). These searches can also cast light
on the few-MeV dark matter motivated by the INTEGRAL
511 keVexcess from the inner Galaxy [105] and few-GeV
dark matter motivated by numerous direct-detection
anomalies [1,5–8]. More broadly, these experiments are
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sensitive to any sub-GeV dark matter or other light (meta)
stable particle whose interactions with SMmatter involve a
comparably light mediator.

The electron beam energy has important effects on the
sensitivity of an experiment of this form. Lower-energy
beams are less effective for larger �=A0 masses, both
because the � beam is less collimated and because nuclear
coherence in production degrades at lower A0 masses for
lower beam energies. This may be partially compensated
by the ability to place the detector closer to the beam dump,
raising the possibility of sensitive searches in the lower part
of this mass range using either the Mainzer Mikrotron
(MAMI) or the ELSA electron accelerator. Higher-energy
beams, by contrast, increase the collimation of � produc-
tion, so that the high-mass acceptance scales as E2, while
the threshold mass for loss of coherence in production

scales as
ffiffiffiffi
E

p
. Of course, the range of charged particles

also increases with energy; for sufficiently high energies, a
magnet behind the dump to deflect secondary muons may
be advantageous.

Time structure is also an important consideration: pulsed
beams accumulate a given charge deposition in signifi-
cantly less live time, offering an immediate suppression
of the dominant cosmogenic neutron backgrounds above
what can be obtained by shielding or vetoes while the
beam-off windows permit a very precise measurement of
this background. These considerations suggest that the
pulsed beams from the Super-KEKB linac injector could
be used to achieve a much lower-background version of
this search, albeit probably not parasitically. In addition, a
detector situated downstream of an ILC beam dump could
exploit its high energy and pulsed beam structure. The
impact of this energy gain on an ILC beam dump experi-
ment’s high-mass sensitivity can be seen in the figures.

Our approach has distinct advantages over dark matter
searches at neutrino factories. In addition to parasitic
running, which is unavailable at relevant proton beams,
electron beam dumps allow smaller detectors close to the
dump to achieve high acceptance. Neutrino factories take
advantage of a pulsed beam structure, which allows for
effective rejection of environmental backgrounds, but dark
matter searches using their proton beams are dominated by
large backgrounds from beam neutrinos with �10%–30%
systematic errors. In contrast, existing continuous wave
electron beams feature negligible neutrino production,
but the lack of timing structure complicates cosmic back-
ground rejection. Nonetheless, whereas beam neutrinos are
a source of irreducible background, cosmogenic back-
grounds can be shielded and measured during beam-off
periods. Thus, our setup can be systematically improved by
optimizing the detector shielding, composition, geometry,
and downstream placement.

The sensitivity of this type of experiment is particularly
exciting when viewed in the context of other ongoing and
planned searches for kinetically mixed gauge bosons in

visible decay modes (either promptly into standard model
fermions or into promptly decaying dark sector states).
Planned fixed-target searches and analyses of B-factory
data will probe much of the parameter space with � *
10�4, provided that the dark photon decays visibly. The
combined results from all three search strategies—pair
invariant mass and vertexing searches for A0 ! f �f, inclu-
sive multilepton searches for A0 decays into dark sector
states that in turn decay to standard model particles
(see e.g. [36]), and the recoil-based searches discussed
here and in [13–16] for (meta)stable dark sector states—
will decisively test the possibility of new MeV–GeV Uð1Þ
gauge bosons with photon kinetic mixing � * 10�4.
The simple model (1) that we have used as a benchmark

throughout this paper captures most of the ingredients
relevant to fermionic � and vector or (with small adjust-
ments) scalar mediators through which they couple to the
standard model. However, it is important to more carefully
quantify the sensitivity to other models in future work. The
sensitivity to scalar � is qualitatively similar, but weakened
by factors of few (depending on A0 and � masses) because
the scalar production matrix element is p-wave suppressed
and peaked away from the forward direction, but qualita-
tively similar. Another model deserving of study is that
where the � is only a pseudo-Dirac fermion or split com-
plex scalar, with two mass eigenstates � and �	 (m�	 >

m�). Such a splitting is generic in models with a broken

gauge symmetry, and is also characteristic of a dark-Higgs
sector with multiple Higgs fields. If the A0 interacts mainly
through an A0��	 vertex, then scattering in the detector
will be dominated by up-scattering �N ! �	N and/or
down-scattering �	N ! �N. While the qualitative signals
and yields are rather similar, distinctive features of the
nucleon recoil kinematics deserve a close examination.
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APPENDIX A: SIGNAL CALCULATION

In this appendix we present in detail the method and
formulas used to calculate the �-scattering signal, includ-
ing both the full model of � production in the beam dump
and the model used to calculate nucleon quasielastic and
electron-recoil signal yields in the detector. The notation
used is as in Sec. IV.
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To compute our signal yields for the fixed-target setup
we generate a population of e�Z ! e�Z� �� scattering
events (where Z is a target aluminum nucleus) using a
version of MadGraph 4 [106] modified by one of the
authors and R. Essig to simulate fixed-target collisions.
The relevant modifications to MadGraph are (1) inclusion
of initial-state particle masses, (2) a new-physics model
including a massive A0 gauge boson coupled to electrons
with coupling e�, and (3) introduction of a momentum-
dependent form factor for photon-nucleus interactions. The
nuclear-elastic and nucleon quasielastic form factors used
in the simulation are given in Sec. A 1, which also justifies
the approximation of neglecting electron beam straggling
and using only one radiation length of the target. For
completeness, the Weizsacker-Williams effective photon
flux ��=� introduced in Sec. IVA, defined in terms of the
same form factors, is presented in this appendix as well, but
the simulation used to generate plots does not use the
Weizsacker-Williams approximation.

The MadGraph simulation yields both an inclusive cross
section for � �� production in the beam dump and a
Monte Carlo sample of � kinematics with the physically
correct differential distribution. The rate of � interactions
in the detector is determined by selecting the �’s within
detector acceptance and multiplying their interaction cross
sections (for either �-nucleon quasielastic 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 Secs. A 2
and A 3, with a minimum recoil energy requirement of
10 MeV.

In a realistic experiment there may also be additional
detection efficiencies in addition to angular acceptance
and minimum target-recoil momentum. However, even
for a large (�1000 m3) mineral-oil [93] detector these
efficiencies are �0:5, so we expect a smaller, lower
background experiment to be more sensitive, so for our
numerical studies we have set this additional efficiency to
unity.

A similar MadGraph model is used to estimate eþe� !
�� �� signal yields for the BABAR �þ invisible search.
The resulting yields agree quite well with the analytic
formulas in the text. For the on-shell A0 signals the full
MadGraph cross section within geometric acceptance is
used to compute yields; for off-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 Sec. IVA.
For details on its validation, see [17].

In all of the processes of interest, we can focus on
electric form factors for either coherent or incoherent
scattering off the nucleus. For most energies in question,
G2ðtÞ is dominated by an elastic component

G2;elðtÞ ¼
�

a2t

1þ a2t

�
2
�

1

1þ t=d

�
2
Z2; (A1)

where the first term parametrizes electron screening (the

elastic atomic form factor) with a ¼ 111Z�1=3=me, and the
second finite nuclear size (the elastic nuclear form factor)

with d ¼ 0:164 GeV2A�2=3. We have multiplied together
the simple parametrizations used for each in [92]. The
logarithm from integrating (A3) is large for tmin < 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 quasielastic term,

G2;inðtÞ ¼
�

a02t
1þ a02t

�
2

0
@1þ t

4m2
p
ð�2

p � 1Þ
ð1þ t

0:71 GeV2Þ4
1
A2

Z; (A2)

where the first term parametrizes the inelastic atomic form
factor and the second the nucleon quasielastic form factor,

and where a0 ¼ 773Z�2=3=me, mp is the proton mass, and

�p ¼ 2:79 [92]. This expression is valid when t=4m2
p is

small, which is the case for mA0 in the range of interest in
this paper. At large t the form factors will deviate from
these simple parametrizations but can be measured from
data.
The effective photon flux used in the Weizsacker-

Williams treatment of � production in Sec. IVA follows
directly from these form factors, with dependence on the A0
mass, target nucleus, and beam energy. The effective pho-
ton flux � is obtained as in [92,107] by integrating elec-
tromagnetic form factors over allowed photon virtualities.
For a general electric form factor G2ðtÞ (which we take

to be the sum of G2;el and G2;in defined above),

� �
Z tmax

tmin

dt
t� tmin

t2
G2ðtÞ (A3)

[the other form factor, G1ðtÞ, contributes only a negligible
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 logarithmi-
cally sensitive to tmin ¼ ðm2

A0=2E0Þ2; typically, sensitivity
to tmax ¼ m2

A0 is subdominant because, for largemA0 where

the logarithm becomes small, it is effectively cut off below
tmax 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 entire nucleus
is recoiling, even for quasielastic processes. Since the
energy transfer to the nucleon is typically much smaller
than the energy of the A0 or � �� pairs, this effect is not very
important.
In finding the total number of �’s produced, we neglect

showering in the target; showering would increase �
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production somewhat. Another effect that is not imple-
mented in our Monte Carlo is the energy loss of the
electron beam as it traverses the target (straggling). To
account approximately for the effect of straggling, we
compute yield from an effective 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 radiation
lengths of the target is given approximately by [108]

IðE0; E0; sÞ � 1

E0

ybs�1bs; (A4)

where b ¼ 4=3, and y ¼ E0�E0
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 Teff , where Teff is the integral
of IðE0; E0; sÞ weighted by the ratio of acceptance for
electron energy E0 vs E0:

Teff ¼
Z

ds
Z

dE0ðE0=E0Þ2IðE0; E0; sÞ ¼ 3

2
log 2 � 1:

The formula above neglects energy dependence of the
cross section, which cuts off the E0 integral at some
positive Emin , 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 Teff ¼ 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 Oð1Þ, the Teff ¼ 1 approximation
underestimates 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 � mN , m�,
ffiffiffiffiffiffi
Q2

p
:

d��N

dE�

¼4��2��0AðE;EfÞF2
1;NðEfÞþ 1

4BðE;EfÞF2
2;NðEfÞ

ðm2
Aþ2mNEfÞ2ðE2�m2

�Þ
;

(A5)

where E (E�) is the energy of the incoming (scattered) �,

Ef is the nucleon recoil energy, and

AðE; EfÞ ¼ 2mNEðE� EfÞ �m2
�Ef; (A6)

BðE; EfÞ ¼ �Ef½ð2E� EfÞ2 þ 2mNEf � 4m2
��: (A7)

The monopole and dipole form factors are

F1;NðEfÞ ¼ qN
ð1þ 2Ef=mNÞ2

; (A8)

F2;NðEfÞ ¼ �N

ð1þ 2Ef=mNÞ2
; (A9)

where qp ¼ 1, qn ¼ 0, �p ¼ 1:79 and �n ¼ �1:9. For

a monoatomic detector material, the nucleon-weighted
differential cross section is

d ���N

dEf

¼ Z

A
CpðEfÞ

d��p

dEf

þ A� Z

A
CnðEfÞ

d��n

dEf

; (A10)

whereCp;nðEfÞ are the efficiencies for detecting proton and
neutron recoils and A is the detector material’s atomic mass
number. For a typical carbon-based detector, Cp;nðEfÞ � 1

over the Ef � 50–500 MeV range [93]. Swapping E� in

favor of Ef to obtain the differential rate d ��=dEf, the

kinematically averaged cross section is

h��Ni ¼
Z E0

0
dE

dF�

dE

Z 1

Ef;0

dEf

d ���

dEf

; (A11)

where Ef;0 is the minimum cut on recoil energies.

In a monoatomic detector with nucleon density nN , the
total number of nuclear recoils is

NN
rec ¼ 2N�P�N ¼ 2ðNeX0nZ���ÞðLdnNh��NiÞ; (A12)

where P�N is the probability for � to scatter off a nucleus.

3. Electron recoils

This section provides the full formula for �-electron
recoil, of which a simplified version appeared in
Ref. [27]. In the limit where both � and the target electron
are relativistic in the CM frame and up to corrections of
Oðm2

eÞ, the recoil profile for �e ! �e scattering in the lab
frame is

d��e

dEf

¼ 4��2��0me

4mem
2
�Ef þ ½m2

� þmeðE� EfÞ�2
ðm2

A þ 2meEfÞ2ðm2
� þ 2meEÞ2

;

(A13)

where E is the incoming � energy and Ef is the electron

recoil energy. Convolving this result with the kinematics of
production and the cut efficiency �e for electron recoil
detection, the kinematically averaged recoil cross section
for a single �e scattering event is

h��ei ¼
Z E0

0
dE

dF�

dE

Z E2

E1

dEf

d��e

dEf

; (A14)

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

dF�

dE
� 1

N�

Z �c

0
d�

dN�

d�dE
: (A15)
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For a detector of length Ld and electron density ne, the
number of electron recoils per incident � is

P�e ¼ neLdh��ei: (A16)

For a target material with atomic number Z, target density
nT , and radiation length X0, the number of � particles
produced for Ne EOT is

N� ¼ NeX0nT�� �� (A17)

where �� �� is the total � �� pair production cross section

in electron-nucleus collisions. Thus, the total number of
electron recoil events is

Ne
rec ¼ 2N�P�N ¼ 2ðNeX0nZ���ÞðLdneh��eiÞ (A18)

where the factor of 2 takes into account � and �� pair
production.

[1] C. Aalseth et al. (CoGeNT Collaboration), Phys. Rev. D

88, 012002 (2013).
[2] E. Aprile et al. (XENON100 Collaboration), Phys. Rev.

Lett. 111, 021301 (2013).
[3] M. Ackermann et al. (Fermi-LAT Collaboration), Phys.

Rev. Lett. 107, 241302 (2011).
[4] Fermi-LAT Collaboration, Phys. Rev. D 88, 082002

(2013).
[5] G. Angloher, M. Bauer, I. Bavykina, A. Bento, C. Bucci

et al., Eur. Phys. J. C 72, 1971 (2012).
[6] R. Bernabei et al. (DAMA Collaboration, LIBRA

Collaboration), Eur. Phys. J. C 67, 39 (2010).
[7] R. Agnese et al. (CDMS Collaboration), arXiv:1304.4279.
[8] Z. Ahmed et al. (CDMS-II Collaboration), Phys. Rev.

Lett. 106, 131302 (2011).
[9] S. Chatrchyan et al. (CMS Collaboration), J. High Energy

Phys. 09 (2012) 094.
[10] G. Aad et al. (ATLAS Collaboration) Report No. ATLAS-

CONF-2012-147, 2012.
[11] M. Ackermann et al. (LAT Collaboration), Phys. Rev. D

86, 022002 (2012).
[12] E. Aprile et al. (XENON100 Collaboration), Phys. Rev.

Lett. 109, 181301 (2012).
[13] B. Batell, M. Pospelov, and A. Ritz, Phys. Rev. D 80,

095024 (2009).
[14] P. deNiverville, M. Pospelov, and A. Ritz, Phys. Rev. D 84,

075020 (2011).
[15] P. deNiverville, D. McKeen, and A. Ritz, Phys. Rev. D 86,

035022 (2012).
[16] P. deNiverville (private communication).
[17] J. D. Bjorken, R. Essig, P. Schuster, and N. Toro, Phys.

Rev. D 80, 075018 (2009).
[18] J. Bjorken, S. Ecklund, W. Nelson, A. Abashian, C.

Church, B. Lu, L. Mo, T. Nunamaker, and P. Rassmann,

Phys. Rev. D 38, 3375 (1988).
[19] E. Riordan, M. Krasny, K. Lang, P. De Barbaro, A. Bodek

et al., Phys. Rev. Lett. 59, 755 (1987).
[20] A. Bross, M. Crisler, S. Pordes, J. Volk, S. Errede, and J.

Wrbanek, Phys. Rev. Lett. 67, 2942 (1991).
[21] R. Essig, P. Schuster, and N. Toro, Phys. Rev. D 80,

015003 (2009).
[22] R. Essig, P. Schuster, N. Toro, and B. Wojtsekhowski, J.

High Energy Phys. 02 (2011) 009.
[23] B. Batell, M. Pospelov, and A. Ritz, Phys. Rev. D 79,

115008 (2009).

[24] P. Fayet, Phys. Rev. D 75, 115017 (2007).
[25] M. Freytsis, G. Ovanesyan, and J. Thaler, J. High Energy

Phys. 01 (2010) 111.
[26] R. Essig, R. Harnik, J. Kaplan, and N. Toro, Phys. Rev. D

82, 113008 (2010).
[27] M. Reece and L.-T. Wang, J. High Energy Phys. 07 (2009)

051.
[28] B. Wojtsekhowski, AIP Conf. Proc. 1160, 149

(2009).
[29] G. Amelino-Camelia, F. Archilli, D. Babusci, D. Badoni,

G. Bencivenni et al., Eur. Phys. J. C 68, 619 (2010).
[30] M. Baumgart, C. Cheung, J. T. Ruderman, L.-T. Wang,

and I. Yavin, J. High Energy Phys. 04 (2009) 014.
[31] H. Merkel et al. (A1 Collaboration), Phys. Rev. Lett. 106,

251802 (2011).
[32] S. Abrahamyan et al. (APEX Collaboration), Phys. Rev.

Lett. 107, 191804 (2011).
[33] B. Aubert et al. (BABAR Collaboration), Phys. Rev. Lett.

103, 081803 (2009).
[34] D. Babusci et al. (KLOE-2 Collaboration), Phys. Lett. B

720, 111 (2013).
[35] B. Echenard, Adv. High Energy Phys. 2012, 514014

(2012).
[36] S. Andreas, C. Niebuhr, and A. Ringwald, Phys. Rev. D

86, 095019 (2012).
[37] P. Adlarson et al. (WASA-at-COSY Collaboration), Phys.

Lett. B 726, 187 (2013).
[38] J. Hewett, H. Weerts, R. Brock, J. Butler, B. Casey et al.,

arXiv:1205.2671.
[39] D. B. Kaplan, Phys. Rev. Lett. 68, 741 (1992).
[40] S.M. Barr, R. S. Chivukula, and E. Farhi, Phys. Lett. B

241, 387 (1990).
[41] N. Arkani-Hamed, D. P. Finkbeiner, T. R. Slatyer, and N.

Weiner, Phys. Rev. D 79, 015014 (2009).
[42] D. Hooper and K.M. Zurek, Phys. Rev. D 77, 087302

(2008).
[43] J. L. Feng and J. Kumar, Phys. Rev. Lett. 101, 231301

(2008).
[44] J. L. Feng, H. Tu, and H.-B. Yu, J. Cosmol. Astropart.

Phys. 10 (2008) 043.
[45] J. L. Feng, arXiv:1002.3828.
[46] M. Pospelov and A. Ritz, Phys. Lett. B 671, 391

(2009).
[47] A. Katz and R. Sundrum, J. High Energy Phys. 06 (2009)

003.

NEW ELECTRON BEAM-DUMP EXPERIMENTS TO SEARCH . . . PHYSICAL REVIEW D 88, 114015 (2013)

114015-23

http://dx.doi.org/10.1103/PhysRevD.88.012002
http://dx.doi.org/10.1103/PhysRevD.88.012002
http://dx.doi.org/10.1103/PhysRevLett.111.021301
http://dx.doi.org/10.1103/PhysRevLett.111.021301
http://dx.doi.org/10.1103/PhysRevLett.107.241302
http://dx.doi.org/10.1103/PhysRevLett.107.241302
http://dx.doi.org/10.1103/PhysRevD.88.082002
http://dx.doi.org/10.1103/PhysRevD.88.082002
http://dx.doi.org/10.1140/epjc/s10052-012-1971-8
http://dx.doi.org/10.1140/epjc/s10052-010-1303-9
http://arXiv.org/abs/1304.4279
http://dx.doi.org/10.1103/PhysRevLett.106.131302
http://dx.doi.org/10.1103/PhysRevLett.106.131302
http://dx.doi.org/10.1007/JHEP09(2012)094
http://dx.doi.org/10.1007/JHEP09(2012)094
http://dx.doi.org/10.1103/PhysRevD.86.022002
http://dx.doi.org/10.1103/PhysRevD.86.022002
http://dx.doi.org/10.1103/PhysRevLett.109.181301
http://dx.doi.org/10.1103/PhysRevLett.109.181301
http://dx.doi.org/10.1103/PhysRevD.80.095024
http://dx.doi.org/10.1103/PhysRevD.80.095024
http://dx.doi.org/10.1103/PhysRevD.84.075020
http://dx.doi.org/10.1103/PhysRevD.84.075020
http://dx.doi.org/10.1103/PhysRevD.86.035022
http://dx.doi.org/10.1103/PhysRevD.86.035022
http://dx.doi.org/10.1103/PhysRevD.80.075018
http://dx.doi.org/10.1103/PhysRevD.80.075018
http://dx.doi.org/10.1103/PhysRevD.38.3375
http://dx.doi.org/10.1103/PhysRevLett.59.755
http://dx.doi.org/10.1103/PhysRevLett.67.2942
http://dx.doi.org/10.1103/PhysRevD.80.015003
http://dx.doi.org/10.1103/PhysRevD.80.015003
http://dx.doi.org/10.1103/PhysRevD.79.115008
http://dx.doi.org/10.1103/PhysRevD.79.115008
http://dx.doi.org/10.1103/PhysRevD.75.115017
http://dx.doi.org/10.1007/JHEP01(2010)111
http://dx.doi.org/10.1007/JHEP01(2010)111
http://dx.doi.org/10.1103/PhysRevD.82.113008
http://dx.doi.org/10.1103/PhysRevD.82.113008
http://dx.doi.org/10.1088/1126-6708/2009/07/051
http://dx.doi.org/10.1088/1126-6708/2009/07/051
http://dx.doi.org/10.1063/1.3232023
http://dx.doi.org/10.1063/1.3232023
http://dx.doi.org/10.1140/epjc/s10052-010-1351-1
http://dx.doi.org/10.1088/1126-6708/2009/04/014
http://dx.doi.org/10.1103/PhysRevLett.106.251802
http://dx.doi.org/10.1103/PhysRevLett.106.251802
http://dx.doi.org/10.1103/PhysRevLett.107.191804
http://dx.doi.org/10.1103/PhysRevLett.107.191804
http://dx.doi.org/10.1103/PhysRevLett.103.081803
http://dx.doi.org/10.1103/PhysRevLett.103.081803
http://dx.doi.org/10.1016/j.physletb.2013.01.067
http://dx.doi.org/10.1016/j.physletb.2013.01.067
http://dx.doi.org/10.1155/2012/514014
http://dx.doi.org/10.1155/2012/514014
http://dx.doi.org/10.1103/PhysRevD.86.095019
http://dx.doi.org/10.1103/PhysRevD.86.095019
http://dx.doi.org/10.1016/j.physletb.2013.08.055
http://dx.doi.org/10.1016/j.physletb.2013.08.055
http://arXiv.org/abs/1205.2671
http://dx.doi.org/10.1103/PhysRevLett.68.741
http://dx.doi.org/10.1016/0370-2693(90)91661-T
http://dx.doi.org/10.1016/0370-2693(90)91661-T
http://dx.doi.org/10.1103/PhysRevD.79.015014
http://dx.doi.org/10.1103/PhysRevD.77.087302
http://dx.doi.org/10.1103/PhysRevD.77.087302
http://dx.doi.org/10.1103/PhysRevLett.101.231301
http://dx.doi.org/10.1103/PhysRevLett.101.231301
http://dx.doi.org/10.1088/1475-7516/2008/10/043
http://dx.doi.org/10.1088/1475-7516/2008/10/043
http://arXiv.org/abs/1002.3828
http://dx.doi.org/10.1016/j.physletb.2008.12.012
http://dx.doi.org/10.1016/j.physletb.2008.12.012
http://dx.doi.org/10.1088/1126-6708/2009/06/003
http://dx.doi.org/10.1088/1126-6708/2009/06/003


[48] D. E. Kaplan, M.A. Luty, and K.M. Zurek, Phys. Rev. D
79, 115016 (2009).

[49] D. E. Kaplan, G. Z. Krnjaic, K. R. Rehermann, and C.M.
Wells, J. Cosmol. Astropart. Phys. 10 (2011) 011.

[50] A. Falkowski, J. T. Ruderman, and T. Volansky, J. High
Energy Phys. 05 (2011) 106.

[51] D. S. Alves, S. R. Behbahani, P. Schuster, and J. G.
Wacker, Phys. Lett. B 692, 323 (2010).

[52] D. Hooper, N. Weiner, and W. Xue, Phys. Rev. D 86,
056009 (2012).

[53] J.M. Cline, Z. Liu, and W. Xue, Phys. Rev. D 85, 101302
(2012).

[54] F.-Y. Cyr-Racine and K. Sigurdson, Phys. Rev. D 87,
103515 (2013).

[55] M. Cirelli and A. Strumia, New J. Phys. 11, 105005
(2009).

[56] R. Essig, A. Manalaysay, J. Mardon, P. Sorensen, and T.
Volansky, Phys. Rev. Lett. 109, 021301 (2012).

[57] R. Essig, J. Mardon, and T. Volansky, Phys. Rev. D 85,
076007 (2012).

[58] P.W. Graham, D. E. Kaplan, S. Rajendran, and M. T.
Walters, Phys. Dark Univ. 1, 32 (2012).

[59] M. Pospelov, A. Ritz, and M. B. Voloshin, Phys. Lett. B
662, 53 (2008).

[60] H. An, X. Ji, and L.-T. Wang, J. High Energy Phys. 07
(2012) 182.

[61] P. J. Fox, R. Harnik, J. Kopp, and Y. Tsai, Phys. Rev. D 85,
056011 (2012).

[62] B. Aubert et al. (BABAR Collaboration), arXiv:0808.0017.
[63] A. Artamonov et al. (E949 Collaboration), Phys. Rev.

Lett. 101, 191802 (2008).
[64] M. Pospelov, Phys. Rev. D 80, 095002 (2009).
[65] G. Giudice, P. Paradisi, and M. Passera, J. High Energy

Phys. 11 (2012) 113.
[66] M. Diamond and P. Schuster, arXiv:1307.6861.
[67] R. D. McKeown, J. Phys. Conf. Ser. 312, 032014 (2011).
[68] R. Essig, J. Mardon, M. Papucci, T. Volansky, and Y.

Zhong, ‘‘Constraining Light Dark Matter with Low-
Energy eþe� Colliders’’ (to be published).

[69] B. Holdom, Phys. Lett. 166B, 196 (1986).
[70] M. J. Strassler and K.M. Zurek, Phys. Lett. B 651, 374

(2007).
[71] N. Arkani-Hamed and N. Weiner, J. High Energy Phys. 12

(2008) 104.
[72] D. E. Morrissey, D. Poland, and K.M. Zurek, J. High

Energy Phys. 07 (2009) 050.
[73] S. Chang, J. Liu, A. Pierce, N. Weiner, and I. Yavin, J.

Cosmol. Astropart. Phys. 08 (2010) 018.
[74] S. Andreas, M. Goodsell, and A. Ringwald, Phys. Rev. D

87, 025007 (2013).
[75] J.-H. Huh, J. E. Kim, J.-C. Park, and S. C. Park, Phys. Rev.

D 77, 123503 (2008).
[76] F. D. Steffen, J. Cosmol. Astropart. Phys. 09 (2006) 001.
[77] K. Hamaguchi, R. Kitano, and F. Takahashi, J. High

Energy Phys. 09 (2009) 127.
[78] K. Petraki and R. R. Volkas, Int. J. Mod. Phys. A 28,

1330028 (2013).
[79] T. Lin, H.-B. Yu, and K.M. Zurek, Phys. Rev. D 85,

063503 (2012).
[80] T. Lin, H.-B. Yu, and K.M. Zurek, Phys. Rev. D 85,

063503 (2012).

[81] R. Essig, J. Kaplan, P. Schuster, and N. Toro,
arXiv:1004.0691.

[82] C.M. Ho and R. J. Scherrer, Phys. Rev. D 87, 065016
(2013).

[83] B. Aubert et al. (BABAR Collaboration), Phys. Rev. Lett.
103, 251801 (2009).

[84] M. S. Turner, Phys. Rev. Lett. 60, 1797 (1988).
[85] J. B. Dent, F. Ferrer, and L.M. Krauss, arXiv:1201.2683.
[86] M. Ablikim et al. (BES Collaboration), Phys. Rev. Lett.

100, 192001 (2008).
[87] A. Hook, E. Izaguirre, and J. G. Wacker, Adv. High

Energy Phys. 2011, 859762 (2011).
[88] M. Markevitch, A. H. Gonzalez, D. Clowe, A. Vikhlinin,

W. Forman, C. Jones, S. Murray, and W. Tucker,
Astrophys. J. 606, 819 (2004); J. Miralda-Escude,
Astrophys. J. 564, 60 (2002).

[89] S. Galli, F. Iocco, G. Bertone, and A. Melchiorri, Phys.
Rev. D 84, 027302 (2011); G. Hutsi, J. Chluba, A. Hektor,
and M. Raidal, Astron. Astrophys. 535, A26 (2011); D. P.
Finkbeiner, S. Galli, T. Lin, and T. R. Slatyer, Phys. Rev. D
85, 043522 (2012).

[90] N. Prantzos, C. Boehm, A. Bykov, R. Diehl, K. Ferriere
et al., Rev. Mod. Phys. 83, 1001 (2011); L. Bouchet, J.-P.
Roques, and E. Jourdain, Astrophys. J. 720, 1772 (2010).

[91] C. Boehm, M. J. Dolan, and C. McCabe, J. Cosmol.
Astropart. Phys. 08 (2013) 041.

[92] K. J. Kim and Y.-S. Tsai, Phys. Rev. D 8, 3109
(1973).

[93] A. Aguilar-Arevalo et al. (MiniBooNE Collaboration),
Phys. Rev. D 82, 092005 (2010).

[94] A. Prinz, R. Baggs, J. Ballam, S. Ecklund, C. Fertig et al.,
Phys. Rev. Lett. 81, 1175 (1998); A. Prinz, Ph.D. thesis,
Stanford University, 2001.

[95] A. Aguilar-Arevalo et al. (MiniBooNE Collaboration),
Phys. Rev. D 82, 092005 (2010); A. Aguilar-Arevalo
et al. (MiniBooNE Collaboration), Phys. Rev. D 79,
072002 (2009).

[96] T. Perera, Ph.D. thesis, University of California, Berkeley,
2002.

[97] M. Chen, V. Novikov, and B. Dougherty, Nucl. Instrum.
Methods Phys. Res., Sect. A 336, 232 (1993).

[98] N. Phinney, N. Toge, and N. Walker, arXiv:0712.2361.
[99] J. Beringer et al. (Particle Data Group), Phys. Rev. D 86,

010001 (2012).
[100] E. Chudakov (Hall A Collaboration), http://hallaweb.

jlab.org/news/minutes/OSP/osp-27feb2011.pdf.
[101] R. Dharmapalan et al. (MiniBooNE Collaboration),

arXiv:1211.2258.
[102] K. Abe, N. Abgrall, Y. Ajima, H. Aihara, J. Albert et al.,

Nucl. Instrum. Methods Phys. Res., Sect. A 694, 211
(2012).

[103] S. Short, Ph.D thesis, Imperial College, 2013.
[104] P. Adamson et al. (MINOS Collaboration), Phys. Rev. D

81, 052004 (2010).
[105] J. Knodlseder, P. Jean, V. Lonjou, G. Weidenspointner,

N. Guessoum et al., Astron. Astrophys. 441, 513 (2005).
[106] J. Alwall, P. Demin, S. de Visscher, R. Frederix, M.

Herquet, F. Maltoni, T. Plehn, D. L. Rainwater, and T.
Stelzer, J. High Energy Phys. 09 (2007) 028.

[107] Y.-S. Tsai, Rev. Mod. Phys. 46, 815 (1974).
[108] Y.-S. Tsai and V. Whitis, Phys. Rev. 149, 1248 (1966).

IZAGUIRRE et al. PHYSICAL REVIEW D 88, 114015 (2013)

114015-24

http://dx.doi.org/10.1103/PhysRevD.79.115016
http://dx.doi.org/10.1103/PhysRevD.79.115016
http://dx.doi.org/10.1088/1475-7516/2011/10/011
http://dx.doi.org/10.1007/JHEP05(2011)106
http://dx.doi.org/10.1007/JHEP05(2011)106
http://dx.doi.org/10.1016/j.physletb.2010.08.006
http://dx.doi.org/10.1103/PhysRevD.86.056009
http://dx.doi.org/10.1103/PhysRevD.86.056009
http://dx.doi.org/10.1103/PhysRevD.85.101302
http://dx.doi.org/10.1103/PhysRevD.85.101302
http://dx.doi.org/10.1103/PhysRevD.87.103515
http://dx.doi.org/10.1103/PhysRevD.87.103515
http://dx.doi.org/10.1088/1367-2630/11/10/105005
http://dx.doi.org/10.1088/1367-2630/11/10/105005
http://dx.doi.org/10.1103/PhysRevLett.109.021301
http://dx.doi.org/10.1103/PhysRevD.85.076007
http://dx.doi.org/10.1103/PhysRevD.85.076007
http://dx.doi.org/10.1016/j.dark.2012.09.001
http://dx.doi.org/10.1016/j.physletb.2008.02.052
http://dx.doi.org/10.1016/j.physletb.2008.02.052
http://dx.doi.org/10.1007/JHEP07(2012)182
http://dx.doi.org/10.1007/JHEP07(2012)182
http://dx.doi.org/10.1103/PhysRevD.85.056011
http://dx.doi.org/10.1103/PhysRevD.85.056011
http://arXiv.org/abs/0808.0017
http://dx.doi.org/10.1103/PhysRevLett.101.191802
http://dx.doi.org/10.1103/PhysRevLett.101.191802
http://dx.doi.org/10.1103/PhysRevD.80.095002
http://dx.doi.org/10.1007/JHEP11(2012)113
http://dx.doi.org/10.1007/JHEP11(2012)113
http://arXiv.org/abs/1307.6861
http://dx.doi.org/10.1088/1742-6596/312/3/032014
http://dx.doi.org/10.1016/0370-2693(86)91377-8
http://dx.doi.org/10.1016/j.physletb.2007.06.055
http://dx.doi.org/10.1016/j.physletb.2007.06.055
http://dx.doi.org/10.1088/1126-6708/2008/12/104
http://dx.doi.org/10.1088/1126-6708/2008/12/104
http://dx.doi.org/10.1088/1126-6708/2009/07/050
http://dx.doi.org/10.1088/1126-6708/2009/07/050
http://dx.doi.org/10.1088/1475-7516/2010/08/018
http://dx.doi.org/10.1088/1475-7516/2010/08/018
http://dx.doi.org/10.1103/PhysRevD.87.025007
http://dx.doi.org/10.1103/PhysRevD.87.025007
http://dx.doi.org/10.1103/PhysRevD.77.123503
http://dx.doi.org/10.1103/PhysRevD.77.123503
http://dx.doi.org/10.1088/1475-7516/2006/09/001
http://dx.doi.org/10.1088/1126-6708/2009/09/127
http://dx.doi.org/10.1088/1126-6708/2009/09/127
http://dx.doi.org/10.1142/S0217751X13300287
http://dx.doi.org/10.1142/S0217751X13300287
http://dx.doi.org/10.1103/PhysRevD.85.063503
http://dx.doi.org/10.1103/PhysRevD.85.063503
http://dx.doi.org/10.1103/PhysRevD.85.063503
http://dx.doi.org/10.1103/PhysRevD.85.063503
http://arXiv.org/abs/1004.0691
http://dx.doi.org/10.1103/PhysRevD.87.065016
http://dx.doi.org/10.1103/PhysRevD.87.065016
http://dx.doi.org/10.1103/PhysRevLett.103.251801
http://dx.doi.org/10.1103/PhysRevLett.103.251801
http://dx.doi.org/10.1103/PhysRevLett.60.1797
http://arXiv.org/abs/1201.2683
http://dx.doi.org/10.1103/PhysRevLett.100.192001
http://dx.doi.org/10.1103/PhysRevLett.100.192001
http://dx.doi.org/10.1155/2011/859762
http://dx.doi.org/10.1155/2011/859762
http://dx.doi.org/10.1086/apj.2004.606.issue-2
http://dx.doi.org/10.1086/apj.2002.564.issue-1
http://dx.doi.org/10.1103/PhysRevD.84.027302
http://dx.doi.org/10.1103/PhysRevD.84.027302
http://dx.doi.org/10.1051/0004-6361/201116914
http://dx.doi.org/10.1103/PhysRevD.85.043522
http://dx.doi.org/10.1103/PhysRevD.85.043522
http://dx.doi.org/10.1103/RevModPhys.83.1001
http://dx.doi.org/10.1088/0004-637X/720/2/1772
http://dx.doi.org/10.1088/1475-7516/2013/08/041
http://dx.doi.org/10.1088/1475-7516/2013/08/041
http://dx.doi.org/10.1103/PhysRevD.8.3109
http://dx.doi.org/10.1103/PhysRevD.8.3109
http://dx.doi.org/10.1103/PhysRevD.82.092005
http://dx.doi.org/10.1103/PhysRevLett.81.1175
http://dx.doi.org/10.1103/PhysRevD.82.092005
http://dx.doi.org/10.1103/PhysRevD.79.072002
http://dx.doi.org/10.1103/PhysRevD.79.072002
http://dx.doi.org/10.1016/0168-9002(93)91103-T
http://dx.doi.org/10.1016/0168-9002(93)91103-T
http://arXiv.org/abs/0712.2361
http://dx.doi.org/10.1103/PhysRevD.86.010001
http://dx.doi.org/10.1103/PhysRevD.86.010001
http://hallaweb.jlab.org/news/minutes/OSP/osp-27feb2011.pdf
http://hallaweb.jlab.org/news/minutes/OSP/osp-27feb2011.pdf
http://arXiv.org/abs/1211.2258
http://dx.doi.org/10.1016/j.nima.2012.03.023
http://dx.doi.org/10.1016/j.nima.2012.03.023
http://dx.doi.org/10.1103/PhysRevD.81.052004
http://dx.doi.org/10.1103/PhysRevD.81.052004
http://dx.doi.org/10.1051/0004-6361:20042063
http://dx.doi.org/10.1088/1126-6708/2007/09/028
http://dx.doi.org/10.1103/RevModPhys.46.815
http://dx.doi.org/10.1103/PhysRev.149.1248

