
Testing GeV-scale dark matter with fixed-target missing
momentum experiments

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

(Received 8 January 2015; published 22 May 2015)

We describe an approach to detect dark matter and other invisible particles with mass below a GeV,
exploiting missing energy-momentum measurements and other kinematic features of fixed-target
production. In the case of an invisibly decaying MeV–GeV-scale dark photon, this approach can improve
on present constraints by 2–6 orders of magnitude over the entire mass range, reaching sensitivity as low as
ϵ2 ∼ 10−14. Moreover, the approach can explore essentially all of the viable parameter space for thermal or
asymmetric dark matter annihilating through the vector portal.
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I. INTRODUCTION

Existing techniques to search for dark matter (DM) are
most effective in two regimes: if dark matter is heavy like a
WIMP [1–7], or if it is very light and coherent like an axion
field [8–16]. If dark matter is lighter than a few GeVand not
coherent, then direct detection techniques are notoriously
difficult. But some of the most appealing dark matter
scenarios overlap with this difficult category, such as the
case when dark matter and baryons have a common origin
with comparable number densities [17,18] or DM is part
of a hidden sector (see [19] for a review). This largely
open field of GeV-scale dark matter possibilities offers
well-motivated discovery opportunities and is ripe for
experimental exploration.
In either of the above scenarios, DM must interact with

the standard model (SM) to avoid overproduction in the
early universe. Among the simplest such interactions are
those mediated by a kinetically mixed gauge boson (A0)
associated with a dark sector gauge symmetry [20,21].
Light DM that primarily annihilates through an off-shell A0
into standard model particles is largely unconstrained by
available data [19]. With light DM and mediator mass
scales m comparable, an acceptably small relic density
robustly bounds the dark sector coupling αD and kinetic
mixing ϵ (see Sec. II) by

ðαDϵ2Þrelic density ≳Oð1Þ × 10−10
�

m
100 MeV

�
2

: ð1Þ

This is an important benchmark level of sensitivity to reach
to decisively probe this broad and widely considered
framework for light DM.
Recently, new beam-dump experiments have aimed to

produce light DM candidates and then observe their
scattering in downstream detectors [22–31]. This is a
compelling technique to discover light DM, but its reliance
on a small rescattering probability prevents this approach
from reaching the milestone sensitivity of Eq. (1).

Achieving the desired sensitivity requires the identifi-
cation of DM production events based solely on their
kinematics, which in fixed-target electron-nuclear colli-
sions is quite distinctive [32]. Light DM candidates
produced in such collisions carry most of the incident
beam-energy, so a forward detector that can efficiently
capture the energy of electron/hadron showers can be used
to observe this signature above irreducible backgrounds
(which are small) and reducible backgrounds (which
require aggressive rejection). In fact, an effort to exploit
this feature and search for light DM using a secondary
beam of electrons from super proton synchroton (SPS)
spills at CERN was proposed in [33].
Our goals in this paper are twofold. We first evaluate the

ultimate limitations for calorimeter-based fixed-target DM
searches (of which [33] is an example), which can use only
the reduced energy of the recoiling electron and vetoes on
other visible products as discriminating variables to search
for light DM. Such a setup is illustrated in Fig. 1(a). While
neutrino production reactions set an in-principle back-
ground floor, in practice such an experiment will likely
be limited by instrumental backgrounds—specifically,
detection inefficiencies that allow rare photo-production
reactions to mimic the missing energy signature. The
second goal of this paper is to propose and examine a
modified experimental scenario that can reject such back-
grounds more efficiently and robustly. This setup, illus-
trated in Fig. 1(b), adds a tracking detector to measure the
recoil electron’s transverse momentum. We show that
adding this measurement allows significantly improved
kinematic background rejection and in situ measurements
of detector inefficiencies. This approach can reach the
milestone sensitivity (1) to robustly test vector portal light
DM over the entire mass range from MeV–GeV. Moreover,
a new-physics interpretation of any positive signal would
be greatly bolstered by these additional kinematic handles.
Figure 2 summarizes the potential sensitivity for a few

benchmark scenarios, including for the first time in the
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literature a realistic calculation of the DM signal yields.
Belle-II could explore the remaining m > GeV portion of
this target if mono-photon triggers are implemented [35].
Beyond dark matter physics, the approach we advocate will
play an important role in improving sensitivity to kineti-
cally mixed dark photons that decay invisibly, nicely
complementing the ongoing program of searches for visible
decays [25,26,41–60]. Indeed, while the window identified
six years ago for visibly decaying dark photons to explain
the muon g − 2 anomaly has recently been closed [61], the
corresponding parameter space for invisibly decaying dark-
photons has not been fully explored. As illustrated in Fig. 4,
The approach outlined in this paper will cover the entire
g − 2 anomaly region for invisible decays (as does the
proposal of [33]) and has sensitivity that extends beyond
any existing or planned experiment by several orders of
magnitude, in a manner largely insensitive to model details.
Section II summarizes our benchmark model for light

dark matter interacting with the standard model through its

coupling to a new gauge boson (“dark photon”) that
kinetically mixes with the photon, and summarizes existing
constraints. Section III summarizes the essential kinematic
features of dark photon and light DM production.
Section IV evaluates the ultimate limits of a fixed-target
style missing energy-momentum approach based on calo-
rimetry alone, and in particular identifies important physics
and instrumental backgrounds. Section V describes our
proposal for a missing energy-momentum experiment that
can mitigate backgrounds using kinematic information and
near-target tracking. Section VI summarizes our findings
and highlights important directions for future work.

II. VECTOR PORTAL LIGHT DARK MATTER

Hidden sectors with MeV–GeV light DM are a simple,
natural, and widely considered extension of the standard
model. Such sectors remain weakly constrained experi-
mentally, though they have been studied in many contexts
—for example to address anomalies in dark matter direct
and indirect detection [62–66], resolve puzzles in simu-
lations of structure formation [67,68], modify the number
of relativistic species in the early universe [69,70], explain
the “cosmological coincidence” between dark and visible
energy-densities [17,18], resolve the proton charge radius
and other SM anomalies [71–75], and explore novel
hidden-sector phenomenology [37,64,69,76–97].
The elaborate parameter space for this large class of

theories motivates a simplified-model approach for char-
acterizing experimental bounds and projecting the sensi-
tivities of future searches. To be concrete, we consider a
simple dark sector consisting of a Dirac fermion DM
particle χ with unit charge under a spontaneously broken
Abelian gauge group Uð1ÞD. The most general renorma-
lizable Lagrangian for this scenario contains

LD ⊃
ϵY
2
F0
μνBμν þ

m2
A0

2
A0
μA0μ þ χ̄ðiD −mχÞχ; ð2Þ

where A0 is the Uð1ÞD gauge boson, F0
μν ¼ ∂ ½μ;A0

ν� and

Bμν ¼ ∂ ½μ;Bν� are the dark and hypercharge field strength
tensors, and mχ;A0 are the appropriate dark sector masses.
The covariant derivative Dμ ≡ ∂μ þ igDA0

μ contains the
coupling constant gD, and we define αD ≡ g2D=4π in
analogy with electromagnetism. The A0-hypercharge
kinetic mixing parameter ϵY is expected to be small
(ϵ ≪ 1) because it most-naturally arises at loop level if
any particles in nature carry charges under both Uð1ÞY
and Uð1ÞD.
After electroweak symmetry breaking, the hypercharge

field isBμ ¼ cos θWAμ − sin θWZμ in themass eigenbasis, so
the kineticmixingbetween dark and visible photons becomes
ϵ
2
F0
μνFμν, where ϵ≡ ϵY cos θW and θW is the weak mixing

angle. Diagonalizing the A; A0 field strengths, thus, gives all
charged SM particlesUð1ÞD millicharges proportional to ϵe;

(a)

(b)

FIG. 1. (a) Schematic diagram of Scenario A described in
Sec. IV. Here a single electron first passes through an upstream
tagger to ensure that it carries high momentum. It then enters the
target/calorimeter volume, and radiatively emits an A0, which
carries away most of the beam energy and leaves behind a feeble
electron in the final state. (b) Schematic diagram of Scenario B
described in Sec. V. In this scenario, the target is thin to reduce
straggling and charged-current neutrino reaction backgrounds,
the calorimeter is spatially separated from the target itself to allow
clean identification of single charged particle final states. Addi-
tionally, the energy-momentum measurement of the recoil elec-
tron is used for signal discrimination, to reduce backgrounds
associated with hard bremsstrahlung and virtual photon reactions,
and to measure residual backgrounds in situ with well-defined
data-driven control regions. For both scenarios, the production
mechanism in the target is depicted in Fig. 3.
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any photon in a QEDFeynman diagram can be replaced with
an A0, with its coupling to SM states rescaled by ϵ. This
simplified model serves as a useful avatar for a generic dark
sector because its parameter space can easily be reinterpreted
to constrain many other, more elaborate scenarios.
Beyond its role as a convenient parametrization for more

general sectors, this scenario is also a self-contained,
renormalizable theory of dark matter. If the DM is
particle-antiparticle symmetric and mA0 > mχ , the relic
density is set by χχ̄ annihilation to SM final states, which
yields the observed abundance for

ϵ2 ≃ 1.3 × 10−8
�

mA0

10 MeV

�
4
�
MeV
mχ

�
2
�
10−2

αD

�
: ð3Þ

The mass hierarchy mA0 > mχ and resulting dominant
χχ̄ → eþe− annihilation channel allow this scenario to
remain compatible with CMB constraints (see below).1

Larger values of ϵ yield Ωχ < ΩDM, so χ can still be a
subdominant fraction of the dark sector, but smaller values
overclose the universe if χ was ever in thermal equilibrium
with the visible sector, so this places a generic constraint on
the parameter space. Indeed, even if the initial χ population
is matter-asymmetric, the annihilation rate must still exceed
the thermal-relic value to erase the matter-symmetric χχ̄
population. The lowest black curve in Fig. 5 is the region
for which a thermal relic χ constitutes all of the dark matter
for mA0 ¼ 3mχ and αD ¼ 1. For lower αD or a greater
mA0=mχ ratio, the relic density curve moves upward on the
plot, so experimentally probing down to this diagonal
suffices to cover the entire parameter space for which
the DM-SM coupling is appreciable enough to keep the χ
relic density below ΩDM. The condition for χ to thermalize
with the radiation in the early universe is

ϵ2 ∼
T2HðTÞ
ααDneðTÞ

����
T¼2mχ

≳ 2.1 × 10−17
�

mχ

10 MeV

��
0.1
αD

�
;

ð4Þ

assuming mA0 ∼mχ . The parameter space along the relic
density curve in Fig. 5 (black, solid) trivially satisfies this
requirement over the full MeV-GeV range, so χ will have a
thermal abundance in the early universe, and the only
viable parameter space is above the relic density curve.

A. Beam-dump constraints

The parameter space for an invisibly decaying A0 in the
MeV-GeV mass range is constrained by various electron
and proton beam dump experiments. The strongest con-
straint over most of this range comes from the LSND
measurement of the e − ν cross section [25,98], which can
be reinterpreted as a bound on the DM production via π0 →
γA0 → γχ̄χ followed by scattering off detector electrons
χe → χe, which has the same final state as the neutrino
search. Similarly the E137 axion search is sensitive to light
DM via radiative A0 production followed by the decay to χ̄χ
and scattering via χe → χe to induce GeV-scale electron
recoils in a downstream detector [27]. Finally, the E787
[39] and E949 [40] experiments, which measure the Kþ →
πþνν̄ branching ratio are sensitive to light DM via
Kþ → πþA0 → πþχ̄χ, where the DM carries away missing
energy in place of neutrinos.

B. Precision QED constraints

Since A0 introduce corrections to leptonic vertices in
QED diagrams, both the visibly and invisibly decaying A0
scenarios are constrained by measurements ðg − 2Þe;μ
[36,37] for ϵ≳ 10−2–10−3 and m0

A ≲ 100 MeV. These
are the only model-independent constraints that arise purely
from virtual quantum effects that renormalize leptonic
couplings to photons. However, for most choices of
parameter space for both the visibly and invisibly decaying
A0, beam dump constraints will be applicable unless the
decays yield elaborate visible cascades that may be vetoed
by direct searches.2

C. Cosmological bounds

Model dependent bounds also arise from out-of-
equilibrium annihilation χχ̄ → ll near T ∼ eV, which
would partially reionize hydrogen and modify the power
spectrum of the CMB [99–102]. However, this bound is
easily evaded if DM is matter-asymmetric, the annihilation
cross section is p-wave suppressed, or if χ is a pseudo-
Dirac fermion; see [30] for a thorough discussion of this
constraint. Other bounds from DM self interactions arise
from the bullet cluster [103]. These are evaded so long as
the self interaction cross section satisfies σχχ=mχ ≲ cm2=g,
which implies

αD ≲ 6 × 10−2
�

mA0

10 MeV

�
2
�
MeV
mχ

�
1=2

: ð5Þ

Finally, so long as A0 is in thermal equilibrium with the
SM in the early universe, there are also constraints from
Neff [70,104] as additional radiation changes the expansion

1IfmA0 < mχ , the dominant annihilation channel is χ̄χ → A0A0,
which is not suppressed by ϵ, is more readily constrained by late
time CMB measurements, and easily leads to thermal under-
production in the early universe unless αD ≪ α. In this region of
parameter space, A0 decays visibly and does not contribute to the
observables considered in this paper.

2See [30] for a case study in cascade decays whose exper-
imental signatures do not satisfy conventional visible/invisible
search criteria.
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history during primordial nucleosynthesis. However for
mχ;A0 ≳ 100 keV, the bound is irrelevant.

D. Supernovae

In the absence of additional physics in the dark sector, an
invisibly-decaying A0 faces astrophysical constraints by
potentially allowing supernovae (SN) to release energy
more rapidly than is observed. We outline the constraint
briefly here, but such constraints deserve more careful
study in the future. For on-shell A0 production and decay,
the luminosity of A0 production is too small to be con-
strained for ϵ2 ≲ 10−20 with mA0 ∼ TSN ∼ 10 MeV [22].
For larger values of ϵ2, dark photons decaying to χ can be
produced in the SN core with an appreciable luminosity,
and these can diffuse out of the core carrying energy
away. The scattering cross section of χ with baryons at
finite temperature T ∼mχ is σ ¼ 4παDϵ

2 T2

m4

A0
. Taking

mA0 ∼mχ ∼ T, we can use this result to calculate the mean
free path d for hard scattering of the χ off nucleons in the
SN. For the range of ϵ and αD we consider, the mean free
path d is much smaller than the distance R over which χ
must propagate to expel energy. However, χ can still diffuse
out of the SN with a timescale τdiff ∼ R2=dv (where v is the
velocity of a typical χ), and when this is less than a few
seconds, the luminosity is accordingly constrained. In the
other limit where τdiff . exceeds a few seconds, a small
fraction of trapped χ being produced can still escape with
small probability e−R=d after each χ-nucleon interaction, so
the total probability of scattering out of the SN after a
typical N ∼ ð1 sec×vÞ=d scattering reactions is Ne−R=d.
Using this escape probability and the χ luminosity of [22],
we find that SN requires αDϵ

2 > OðfewÞ × 10−15 in the
mA0 ∼mχ ∼ TSN ∼ 10 MeV range. Thus, even for αD ∼ α,
SN constraints do not provide an important constraint on
the range of couplings required for an acceptable χ relic
density. At very small αD, the SN constraints do become
increasingly relevant.

III. CHARACTERISTICS OF DARK
MATTER PRODUCTION

We use the simple model of Eq. (2) to characterize the
sensitivity of the experimental approaches described in this
paper. This model allows for direct A0 production in a fixed
target setting. The A0 can then decay invisibly to χ pairs
when 2mχ < mA0 , or propagate virtually to allow direct χχ̄
production. This latter process is representative of direct
dark matter production through a four-fermion operator
with electrons. The former process covers the well-studied
invisible decay of a dark photon [19]. We use a complete
Monte Carlo model of χ production described in [32], which
uses a modified version of MADGRAPH 4 [105], to calculate
the signal yields. The modification of MADGRAPH 4
includes: (i) initial-state particle masses, (ii) a new-physics

model including a massive A0 gauge boson coupled to
electrons with coupling eϵ, and (iii) introduction of a
momentum-dependent form factor for photon-nucleus inter-
actions. In Fig. 6 we show the e−N → e−NA0 production
cross section for our mass range of interest. This section
summarizes the important physics of production that will be
exploited by the techniques described below.
We focus on an electron beam with energy E0 exceeding

Oð1Þ GeV (suitable for JLab, for example) incident on a
fixed target. On-shell A0 production is described in detail in
the literature [32,106], so we will only summarize key
features. In terms of the energy fraction x ¼ EA0=E0 carried
by the A0, a simple approximate differential cross-section
for production is

dσ
dx

¼ ð4α3ϵ2ÞΦ̄ðmA0 ; E0Þ
x2 þ 3ð1 − xÞ
3ð1 − xÞm2

A0
; ð6Þ

dominated by A0 bremsstrahlung off the electron in scatter-
ing off target nuclei, where Φ̄ðmA0 ; E0Þ is defined in
Eq. (A18) of [32] and describes the coherent nuclear form
factor. Note that this expression differs by a factor of 2
relative to Eq. (A14) of [32], which contains a typographi-
cal error; the corrected version is given in Eq. (5) of [106].
The minimum momentum transfer to the nucleus is
qmin ≈m2

A0=2E0. When qmin is smaller than the inverse
nuclear size ≈ 0.4 GeV=A1=3, Φ̄ðmA0 ; E0Þ ≈ Z2 × “Log”
(see Fig. 10 of [32]), a logarithmic factor which for an
11 GeV beam on Tungsten is Oð10Þ for A0 masses below a
few hundred MeV, dropping rapidly below 1 for OðGeVÞ
masses. This expression is dominated by the range
ð1 − xÞ ≲ δ where

δ≡max
�
mA0

E0

;
m2

e

m2
A0
;
me

E0

�
: ð7Þ

The total A0 production cross-section scales as

σA0 ≈
4

3

α3ϵ2

m2
A0

Φ̄ðmA0 ; E0Þ½logðδ−1Þ þOð1Þ�: ð8Þ

The A0 yield for a mono-energetic beam on a Tungsten
(W) target of T radiation lengths is given by

NA0 ¼ σA0 ·

�
TX0NeN0

A

�
;

≈ 1.6 × 10−2NeTϵ2
�
10 MeV
mA0

�
2

ð9Þ

where X0 is the radiation length of W in g= cm2, A the
atomic mass in g/mole, Ne is the number of electrons on
target, and N0 Avogadro’s number (the latter factor is the
“luminosity”). For the second line, we quote the raw yield
for a benchmark beam energy of E0 ¼ 11 GeV, mA0 ¼
10 MeV computed in full Monte Carlo.
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Four essential kinematic features of production are
(i) The A0 energy is peaked at x ≈ 1, with median value

h1 − xi ∼Oð ffiffiffi
δ

p Þ. From our full simulation, we find
0.02 < h1 − xi < 0.2 for A0 in the MeV–GeV range
and an 11 GeV beam energy.

(ii) The A0 angle relative to the beam-line is also peaked
forward (roughly as mA0=E0 × δ1=4) in a narrower
region than the typical opening angle for the A0,
i.e. mA0=ðE0xÞ.

(iii) The outgoing electron pT has a median value well
parametrized by hpT=MeVi ∼ ðmA0=4 MeVÞ0.9.

(iv) Production is dominated by momentum transfers of
order ~qmin, so the recoiling nucleus has kinetic
energy of order j~qj2min=2mN ≈m4

A0=ð8E2
0mNÞ∼

few keV, so it plays little role in identifying signal
production events.

The qualitative features of on-shell A0 production off an
electron beam apply equally to the case of χχ̄ production
mediated by an off-shell A0 (see [32] for a detailed
discussion). Far above the A0 resonance, the cross-section
differential in sχχ̄ ≡ ðpχ þ pχ̄Þ2 can be written simply as

dσ
dsχχ̄

¼ 4αD
3π

ðα3ϵ2ÞΦ
s2χχ̄

logðδ−1Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4y

p
ð1þ 2yÞ: ð10Þ

where y ¼ ðE0 − E1Þ=E0 and E1 is the energy of the
scattered electron. The 1=s2 behavior implies that the
production is dominated near threshold, at ffiffiffiffiffiffisχχ̄

p ∼
ð2 − 4Þmχ . The peaking of the angle–energy distribution
at forward angles and high χχ̄ pair energy that were noted
above continue to hold, with the role of mA0 now played by
ðfewÞ ×mχ . A reasonable approximation to this scaling in
the case of fermionic χ is

Nχχ̄ ≈
�
αD
π

�
NA0 jmA0¼

ffiffiffiffi
10

p
mχ
; ð11Þ

where the second factor denotes the result of (9) at the
fictitious A0 mass that dominates the sχχ̄ integral. For
bosonic χ produced through an off-shell A0, the differential
cross-section analogous to (10) is p-wave suppressed near
threshold, resulting in a further suppression of yield by
roughly an order of magnitude.
For concreteness, we focus throughout the following

discussion on the case mχ < mA0=2 where on-shell A0
production dominates, but the experimental scenarios are
equally applicable to the off-shell case.

IV. THE LIMITS OF A FORWARD
CALORIMETER EXPERIMENT

As a baseline setup, we consider the scenario depicted in
Fig. 2, based on the SPS proposal to search for light dark
matter [33]. In addition to a full calculation of dark matter
production rates, our goal is to calculate the irreducible

physics limitations of this approach and identify those
aspects of experimental performance that are likely to limit
the sensitivity. This will directly motivate our proposal
in Sec. V.

FIG. 2 (color online). Sensitivity projection for a Tungsten-
based missing energy-momentum experiment in a JLab-style
setup with an 11 GeVelectron beam (red curves) for variations of
Scenario B described in Sec. V and illustrated schematically in
Fig. 1(b). The upper-most curve labeled I (red, solid) represents
the 90% confidence exclusion (2.3 event yield with zero back-
ground) of an experiment with target thickness of 10−2X0 and
1015 EOT, the middle curve labeled II (red, dashed) represents the
same exclusion for an upgraded experiment with 1016 EOT and a
thicker target of 10−1X0 with varying PT cuts on the recoiling
electron in different kinematic regions (see Sec. V for details),
and the lowest curve labeled III (red, dotted) represents an
ultimate target for this experimental program assuming 3 ×
1016 EOT and imposing the highest signal-acceptance PT cuts
on the recoiling electron. Here X0 is the radiation length of the
target material. The dotted magenta curve labeled IV is identical
to curve III, only with 1018 EOT, at which one event is expected
from the irreducible neutrino trident background. Also plotted are
the projections for an SPS style setup [33] using our Monte Carlo
for 109 and 1012 EOT. The black curve is the region for which the
χ has a thermal-relic annihilation cross-section for mA0 ¼ 3mχ

assuming the aggressive value αD ¼ 1; for smaller αD and/or
larger mA0=mχ hierarchy the curve moves upward. Below this
line, χ is generically overproduced in the early universe unless it
avoids thermal equilibrium with the SM. The kinks in the black
curves correspond to thresholds where muonic and hadronic
annihilation channels become open; data for hadronic annihila-
tion is taken from [34]. Combined with the projected sensitivity
of Belle-II with a mono-photon trigger [35], the missing energy-
momentum approach can decisively probe a broad class of
DM models. Without making further assumptions about dark
sector masses or coupling-constants, this parameter space is only
constrained by ðg − 2Þe [22,36], and ðg − 2Þμ [37]. If m0

A ≫ mχ ,
there are additional constraints from on-shell A0 production in
association with SM final states from BABAR [22,35], BES (J=ψ)
[38], E787 (Kþ) [39], and E949 (Kþ) [40].
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We consider a very low-current beam of ∼10 GeV
electrons (the SPS proposal uses 30–50 GeV) directed into
a detector with excellent forward calorimetry with the goal
of measuring missing energy in the forward direction.
Figure 1 illustrates the layout of a calorimeter approach
as “scenario A”–this is directly inspired by [33]. In typical
signal events, the (invisible) A0 carries most of the beam
energy, so that visible products carry only a small fraction of
the energy and forwardmomentumof the beam. For the low-
energy electron recoil to be an effective signal, it is essential
to detect the passage of one electron at a time through the
detector and the absence of other detected objects originat-
ing from the collision carrying momentum along the beam
direction. For concreteness, we identify as “signal-like”
events with a single EM shower in the calorimeter, con-
sistent with a recoil electron in the energy range

50 MeV < Ee < 0.1Ebeam ≈ 1 GeV, with a veto on any
additional EM showers, hadronic showers, or minimum-
ionizing particles traveling along the beamline in time with
the incoming electron. Each incoming beam electron is
tagged as a high energy electron, either using a magnetic
selector, near target tracking in amagnetic field, synchrotron
radiation tagging techniques (see [33]), or a combination.

FIG. 3. Radiative production of an A0 in a coherent electron-
nucleus collision followed by a prompt decay to dark sector
invisible states A0 → χ̄χ. Production of χ̄χ can also proceed
through an off-shell A0 with an extra suppression of αD=π.

FIG. 4 (color online). Remaining parameter space for which A0
can resolve the ðg − 2Þμ anomaly for both the visibly and
invisibly decaying scenarios. Here ϵ is fixed to be the smallest
value constant with experiment (e.g. the lower rim of the green
bands in Fig. 5). The solid black line represents the BrðA0 →
eþe−Þ ¼ BrðA0 → eþe−Þ ¼ 0.5 boundary. The missing momen-
tum fixed-target approaches labeled I, II, and II described in this
paper can cover the entire range of parameters that can resolve the
ðg − 2Þμ anomaly. It is, however, still possible to evade some of
the constraints if A0 decays in partially-visible cascades [30].

FIG. 5 (color online). Kinetic mixing parameter space for a
particular choice of dark-sector parameters mχ ¼ 1 MeV and
αD ¼ 0.1. The dashed and dotted red curves are described in the
caption of Fig. 1 and Sec. V and depict the reach of a JLab style
missing energy-momentum experimental program with a
Tungsten target. In addition to the more robust constraints plotted
in Fig. 1, here there are also bounds from E137 [27], LSND
[25,98], and the visible BABAR search [22,35,107]. Also shown
are projected sensitivities for SPS [33], BDX [28], DAEδALUS
[108], and Belle II [35] assuming the latter can implement a mono
photon trigger.

FIG. 6. Inclusive cross section for radiative A0 production in
fixed-target electron-Tungsten collisions with a 10 GeV beam.
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In this scenario, the target is a calorimeter in the forward
part of the detector, much thicker than one radiation length.
A clean detection requires that the production reaction
happen in the first few radiation lengths and before any
hard radiation processes or appreciable straggling. The
physics of straggling (electron energy loss) in the first
radiation length of materials is discussed in detail in Tsai
[109]. Using the results of Sec. IV. A. of that paper, we find
that 70% of hard-scattering events in a thick target are
preceded by photon emissions totalling > 0.1Eb. The
showers initiated by these photons would contribute to
the measured energy of the recoil electron, pushing it
outside the signal window. Thus, only the remaining 30%
of signal events can pass the recoil energy selection.
Additionally, the efficiency for the recoil electron to carry
less than 10% of the beam energy is about 50–75%
(depending on the A0 mass), with even more suppression
for A0 masses below 5 MeV. These two effects lead to an
overall signal efficiency of κ ≈ 0.15–0.23 (depending on
mass). In all calculations throughout this paper, we use full
Monte Carlo simulation of signal eN → eNA0 production
with a mono-energetic electron beam, including form factor
suppression associated with the coherent nuclear scattering
off of a nucleus N, following the treatment of [22]. We
additionally include the inefficiency penalties for straggling
and recoil-electron energy fraction Ee < 0.1Ebeam as
described above, with the latter evaluated in Monte Carlo
for each A0 mass. For reference, the signal yield for the
benchmark model of on-shell A0 production is

NA0→invisible ≈ 3.9NeTϵ2
�
me

mA0

�
2

κ ð12Þ

where T ∼ 1 is the thickness in radiation lengths, κ ≈ 0.2 (at
mA0 ¼ 100 MeV), and Ne is the number of electrons on
target. Additional form-factor suppression occurs formA0 ≳
100 MeV in Tungsten. For future reference, Ne ¼ 1016

electrons impinging on one radiation length of Tungsten
corresponds to an integrated electron-nucleon luminosity of
40 fb−1 and electron-nucleus luminosity of 0.2 fb−1.

A. Beam and timing characteristic limitations

To cleanly measure missing energy with the calorime-
ters, one must avoid pile-up reactions where the calorimeter
response to different electrons’ showers overlaps. This
constraint dictates the maximum beam current for the
experiment. If all electrons are hitting the same point on
the calorimeter, they should therefore be spaced by at least
the decay-time of the detector (preferably a few decay
times), or at least 30–100 ns apart [34], i.e. beam currents
∼ð1–3Þ × 107 e=s or a few pA. By using a diffuse
secondary beam or high-frequency beam rastering, the
pile-up of electrons could be spread out over the calorim-
eter’s area allowing rates as high as 109 e=s ¼ 160 pA for a
calorimeter 10’s of cm in transverse size. This calorimeter

size ensures that electromagnetic showers fromOð10–100Þ
near-simultaneous electrons can be spatially separated
relative to the calorimeter’s Moliére radius, typically of
order ∼1 cm in dense materials such as Tungsten [34].
Over several months ∼107 s, these two scenarios would
deliver 1014 or 1016 electrons on target (EOT). This is not
an irreducible limit, but a challenging technological one to
overcome.
To keep beam related backgrounds minimized, high

purity beams are required. The only high purity
(10−4–10−6 or better) beams capable of supporting this
mode of operation are continuous wave (CW), such as
those found at Jefferson Lab or Mainz. Multi-GeVelectron
beam energies place the missing energy signal from A0 or
χχ̄ production far from detector energy thresholds and
allow higher-mass dark matter production, so we will focus
on the 11 GeV CW beam capabilities of JLab’s Continuous
Electron Beam Accelerator Facility (CEBAF). CEBAF has
achieved currents as low as 100 pA, and could go at least a
factor of 2 lower,3 but beam diagnostics at such low
currents are challenging. From the detector timing point
of view, a CW beam current of ∼2 pA would allow for
difficult but still well separated 10 MHz timing, while an
easier to achieve ∼20 pA would only allow the more
challenging 100 MHz operational mode, in which case
some level of rastering would be desirable. In practice,
operation at few-pA (or lower) currents may be most
readily realized using a secondary beam of elastically
scattered electrons from a thin target, which are then
magnetically deflected (and collimated) into the opening
aperture of the detector. This has the advantage of spread-
ing the incoming electrons from each other so that they
react in different parts of the detector, but it will likely
introduce beam impurities that must be specifically
rejected.

B. Real missing energy background

The physics backgrounds for this scenario involve the
production of high-energy neutrinos which carry away the
beam energy. Relatively few standard model processes
produce only neutrinos, without accompanying charged
particles which could be vetoed, and those that do are
weak-interaction processes whose cross-sections are sup-
pressed by GF. The two leading (effectively) irreducible
reactions are

(i) Moller þ charged-current exchange: Even with
electron- and photon-initiated shower separation, a
Moller scattered electron can initiate the recoil
shower while the beam electron undergoes a
charged-current quasielastic (CCQE) reaction
eN → N0ν. The CCQE reaction e−p → νn has a
cross-section of 8 fb per nucleon at 10 GeV incident

3We thank Jay Benesch and Arne Freyberger for useful
conversations on this topic.
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beam energy (from the Particle Data Group
NUANCE fit to measured ν̄p → eþn cross-
sections [34]). Requiring the Moller electron to have
energy exceeding Emin ¼ 50 MeV, the Moller cross-
section per target atom is approximately

σMoller ≈
2πZα2

meEmin
≈ 0.4b ð13Þ

in W, bringing the rate for both processes to occur
together in the first radiation length to 1–2 events per
1016 electrons. These rate scales with the atomic
mass and number of the calorimeter material as
A=ðZðZ þ 1Þ2Þ, and so can be significantly larger
for low-Z organic materials than the rates given
above. For example, the yields in elemental Carbon
are ∼ð0.25Þ × 3000 CCQE events and ∼100
Moller þ CCQE events per 1016 EOT.

(ii) Neutrino pair production: The production of neu-
trino pairs, eN → eνν̄N, through electroweak inter-
actions diagrams analogous to electromagnetic
“trident” processes produces a final state much like
our signal, because the invisible νν̄ pair frequently
carries away most of the beam energy. For a 10 GeV
beam incident on Tungsten, the process has a cross-
section σeN→eNνν̄ ¼ 0.03 fb computed using Mad-
Graph [105], corresponding to a mere ∼6 × 10−3

events per 1016 electrons on target (roughly inde-
pendent of target material).

Additionally, for typical calorimeter performance, there
are two more backgrounds that in practice dominate over
the above:

(i) Bremsstrahlung þ charged-current exchange: If
efficient electron- and photon-initiated shower sep-
aration is not readily possible in the calorimeter using
shower shape discrimination, then the largest back-
ground is a low energy electromagnetic shower
initiated by soft bremsstrahlung followed by a CCQE
reaction. The probability of the incident electron not
initiating a shower with 5–10% of the beam energy
over the first radiation length is 0.25–0.3 (see above).
Using the above CCQE cross section we obtain a
yield of 80 events per 1016 incident electrons. The
inclusive charged-current rate is a factor of 4 larger,
but the resulting hadronic showers will fail the
requirement of low recoil shower energy. Of course,
with efficient (i.e. 99%) electron- and photon-
initiated shower separation, one can reject CCQE
events by requiring electron initiated showers, but
this is likely not feasible.

(ii) Charged-current exchange with exclusive π0 final
state: A significant fraction of charged-current re-
actions result in a single-pion final state, e.g.
e−p → νnπ0. As before, this is technically reducible
with efficient electron- and photon-initiated shower

separation, but difficult. The cross-section at 10 GeV
incident energy can be estimated from related
neutrino-induced processes [34] to be of order
3–5 fb per nucleon, for a yield of ∼25–50 events
per 1016 EOT in Tungsten (scaling as A=ðZðZ þ 1ÞÞ.
We have again included the factor 0.25–0.3 corre-
sponding to the probability of the incident electron
not initiating a shower with 5–10% of the beam
energy over the first radiation length.

In summary, background-free sensitivity is limited by
irreducible weak backgrounds for 1016 EOT, comparable to
the (practical) maximum deliverable charge. Depending on
the composition of the calorimeter (lower background for
high-Z materials) and the ability to discriminate π0’s and
photon-initiated showers from recoiling electrons, the more
realistic limit may be 1014 EOT. We emphasize that
realizing the full 1016 EOT limit requires a technologically
advanced tracker/calorimeter in the first couple of radiation
lengths that can separate recoiling electrons vs. π0 decays
and soft brem (electron straggling) initiated showers.
98–99% rejection of these backgrounds is required to
reach the background-free luminosity limit close to 1016

EOT, but this hardly seems realistic—the next section will
describe how these can be reduced somewhat with a
modified approach. With a more attainable background-
free limit of 1014, the sensitivity of such an experiment
would have 90% exclusion sensitivity of

ϵ2irreducible ≲ 1 × 10−9
�

mA0

100 MeV

�
2

; ð14Þ

corresponding to 2.3 signal events.

C. Reducible physics backgrounds

The main class of reducible physics backgrounds, which
we focus on here, is where most of the beam’s forward
momentum is carried by ordinary visible particles [hard
photon(s), lepton(s), and hadron(s)], but these are not
efficiently detected.
Because hard bremsstrahlung occurs with O(1) proba-

bility in a thick target, it is a background that must be
mitigated quite dramatically. With 1016ð14Þ EOT, we expect
∼3 × 1014ð12Þ incident electrons to deposit at least 90% of
their energy in a single hard bremsstrhalung photon (events
in which two or more photons share this energy are more
numerous, but also much easier to detect). The concept of a
conventional “photon veto” is not very useful for this level
of rejection. Rather, it is imperative that the detector be
sensitive to rare photon-initiated processes (especially
hadronic reactions and muon pair-production, which occur
before an electromagnetic shower is initiated with proba-
bilities ∼3 × 10−3A=Z2 and 10−5, respectively). We there-
fore begin by estimating the requirements for an
experiment to achieve ≲1 background event per 1016
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EOT, starting with the rejection of real photons whether
they induce standard electromagnetic showers or other hard
reactions.

1. Electromagnetic showers

The desired sensitivity imposes two requirements on the
electromagnetic calorimeter (ECAL) for the experiment: it
must be thick enough that an incident photon will interact
with a probability > 1–10−15, and must not have cracks or
dead regions in which the interaction/detection probability
is substantially reduced. The first requirement dictates the
minimum depth of the calorimeter to be ∼35 photon
conversion lengths or 45 radiation lengths. For a high-Z
material like Lead Tungstate, this can be achieved in a very
reasonable 35 cm of active material.
It remains to consider the relatively rare hard interactions

of a ≈10 GeV photon in such a detector. Since the depth
requirements motivate a high-Z calorimeter material, we
focus for concreteness on interactions in elemental Tungsten,
whose yields are within Oð1Þ of the expected yields in Lead
Tungstate or a tungsten-based sampling calorimeter. A
useful point of reference is the photon-conversion cross-
section in Tungsten, σγN→eþe−N ≈ 35 barns.

2. Hard-photon-induced hadronic showers

The inclusive photon-proton(neutron) cross-sections for
≈10 GeV photon energies are ≈120ð110Þ μb [110], for a
per-nucleus cross-section in Tungsten of about 21 mb and
an inclusive probability ∼10−3 per photon. The majority of
these reactions produce multiple charged particles and/or
π0’s (see [111] for a detailed breakdown in γp scattering at
9.3 GeV). For example, the results of [111] report at least
three final-state charged hadrons in 93% of these events;
one would expect comparable two or more charged hadrons
in a comparable fraction of γn events.
Though [111], a bubble chamber experiment, did not

directly detect π0’s, one can infer from their data that about
70% of these events contain multiple charged hadrons and
at least one π0 or photon; a further 15% have either five or
more charged hadrons in the final state. In the present
context, these events are relatively easy to reject compared
to exclusive processes with relatively few-body final states
(in particular, γN → Nπþπ− which is large and dominated
by a diffractive process, and γN → nπ� because it contains
only one charged final-state particle), which we consider
more carefully below.
A large hadronic background arises from diffractive

γN → ρN scattering, with ρ → πþπ−. The measured cross
sections for 10 GeV incident photons is σγp→ρp ≈ 15 μb
[112], consistent with diffractive ρ production dominating
the inclusive πþπ−p final state of [111], for a probability of
7 × 10−5 per incident photon (accounting for a similar rate
from neutrons) or 2 × 1010 events per 1016 EOT. In a
diffractive process, the final-state nucleon is not energetic.

If both pions are energetic and travel through the detector,
then pion rejection with 10−5 inefficiency would be
required to bring this background down to the single-event
level.
KSKL production (via the ϕ or otherwise) is another

potential source of background, with a cross-section per
nucleon that should be comparable to σγp→pKþK− ≈ 0.6 μb
from [111], yielding ∼109 expected KLKS events per 1016

EOT. For 10 GeV photon energies, the decay products of
the KS typically carry a few GeV. So the resulting prompt
KS → 2π0 decay yields an electromagnetic shower that is
well above veto threshold, whileKS → πþπ− yields a lower
two-pion rate than the ρ (with the added possibility of
detecting the more energetic recoiling nucleon).
Though small in rate, processes γN → πN can be

challenging to detect. The process γp → πþn has an
inclusive cross-section σγp→πþn ≈ 0.2 μb per proton
[113], or σγZ→πþnþðZ−1Þ ≈ 15 μb per nucleus for a relative
probability of 4 × 10−7 per incident hard photon and ∼108
such events per 1016 incident electron. The process is
dominated by a t-channel Regge trajectory, and so usually
both the neutron and the pion will carry appreciable energy
and forward momentum. In a suitably-built meter-scale
hadronic calorimeter, the neutron energy can be converted
into a visible hadronic shower with an inefficiency of order
10−3. A charged pion inefficiency at the level of 10−5

would then be necessary to remove this background.
Another failure mode for γp → πþn reaction is the

region of phase near u → 0, where the πþ recoils back-
wards or transverse to the beam direction with sub-GeV
momentum and the neutron carries most of the hard
photon’s energy. The cross-section for this region of phase
space is ∼1 nb=nucleon for 10 GeV photons [114,115],
leading to ∼106 such events per 1016 EOT (accounting also
for a similar rate from γp → πþn). Rejecting all such
events would require an additional detector upstream of the
main target specifically designed to reject back-scattered
pions, and/or a significantly higher neutron detection
efficiency ∼10−6 (for reference, the proposal [33] finds a
neutron detection inefficiency ∼10−9. By similar consid-
erations, potential pure multi-neutron backgrounds reac-
tions γn → nn̄n have a cross section of 0.1 μb per nucleon
yielding 108 such events per 1016 EOT, but these too can be
vetoed for inefficiency less than 10−3.

3. Muon conversion

Photon conversion into muon pairs presents another
source of background, with a probability ∼2 × 10−5 per
incident photon. The simplest background occurs from
missing the muons altogether, but so long as the muon
inefficiency is comparable to the pion inefficiency, this
background is subdominant compared to the ρ → πþπ−
background. In-flight decays that occur within the first
few cm of the interaction point can yield an electron with
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lab-frame energy ≲GeV if its center-of-mass-frame
momentum points backward. Without near target track
tagging, this electron will easily be lost in the recoil
electron shower. The probability for a muon to decay in
this configuration ranges from 10−6 to 10−5 for muons in
the 0.5–5 GeV range. This yields a probability for in-flight
decay followed by missing the remaining muon at the 10−16

level for 10−5 muon veto inefficiency.

4. Electron-induced backgrounds

Further reducible backgrounds arise from either
hadronic interactions of the incident beam electron or
muon trident reactions, in the phase-space where the
final-state electron carries relatively little energy. These
reactions proceed dominantly (indeed exclusively, for the
hadronic interactions) through virtual-photon emission,
and are therefore quite closely related to the interactions
of real photons mentioned above. They are, however,
subdominant, because they are suppressed by a factor of
∼ α

2π logðμ=meÞ ≪ 1 relative to the analogous real-photon-
induced processes.

D. Summary of sensitivity estimate (and limitations)

The primary backgrounds and corresponding veto inef-
ficiency are summarized in Table I. Hadronic and muon
reactions provide ways for photon energy to be missed in

any reasonable forward calorimeter detector (even without
cracks and other dead spots). Aggressive charged pion/
muon veto inefficiency of ≲10−5 and neutron veto ineffi-
ciency of ≲10−6 is needed to control reducible back-
grounds for 1016 EOT, but real missing energy will
likely limit the background-free luminosity to 1014 EOT.
Should charged pion inefficiency enter at the more mild
10−4 level and energetic neutron inefficiency at the 10−3

level, hard γp → πþn reactions could dominate the “miss-
ing photon” background (at the 10−13 level) while two-
pronged diffractive hadronic reactions are comparable (at
the 10−14 level). In this case, the background-free lumi-
nosity cannot realistically exceed 1013 EOT with a calo-
rimetric approach alone, and the limiting exclusion
sensitivity of such an experiment would reach ϵ2 down to

ϵ2 ≲ 6.9 × 10−8
�

mA0

200 MeV

�
2

; ð15Þ

corresponding to 2.3 events. To achieve this level of
sensitivity, an experiment running with a beam current
close to 106 s−1 (0.16 pA) integrated for 107 s or poten-
tially 107 s−1 integrated for 106 s would be reasonable.
This level of sensitivity is really exclusion sensitivity,

not discovery potential. The basic difficulty is that using

TABLE I. Summary of “real” missing energy backgrounds and
reducible “fake” missing energy backgrounds for the calorimetry
concept illustrated in Fig. 1(A), and described in more detail in
the text. The magnitude of these dominant backgrounds are given
in terms of the muon veto inefficiency ϵμ, pion veto inefficiency
ϵπ , and neutron veto inefficiency ϵn for 1016 electrons on target
(EOT). Active efficient (∼98%) tagging of π0 and electron-
initiated showers is required to bring real missing energy back-
grounds down to the level of O(1) events per 1016 EOT, and this
would additionally require ϵn ∼ 10−6 and ϵμ=π ≲ 10−5 to control
other backgrounds. More realistically, the ultimate background-
free luminosity limit of this approach is 1013 EOT.

Real Missing Energy Magnitude (1016 EOT)

Bremþ CCQE ∼80 (reduce with e-tag)
CCQEþ π0 ∼25–50 (reduce with π0-tag)
Moller þ CCQE ∼1–2
eN → eNνν̄ ∼10−2

Reducible Backgrounds Fake Rate=1016 EOT

γ non-interaction ∼3 × 1014e−
7
9
ðT=X0¼45Þ < 1

γp → πþn ∼108 × ϵπϵn
γp → πþn (backscatter πþ) ∼106 × ϵn (see text)
γN → ðρ;ω;ϕÞN → πþπ−N ∼2 × 1010ϵ2π
γn → nn̄n ∼108 × ϵ3n
γN → Nμþμ− ∼6 × 109 × ϵ2μ
μþðμ− → eν̄ν in-flight decay) ∼6 × 104 × ϵμ

TABLE II. Summary of “real”missing energy backgrounds and
reducible “fake” missing energy backgrounds for the near-target
tracking and calorimetry concept illustrated in Fig. 1(B), and
described in more detail in the text. In practice, T ≈ 0.1 (with a
pT > 20 MeV selection) is sufficient to control CCQE back-
grounds for 1016EOTeff. For a thin T ∼ 0.01 target with pT >
50 MeV selection, real photon backgrounds can be kinematically
reduced by 104, in which case readily attainable ϵn ∼ 10−2 and
ϵμ=π ∼ 10−3 are sufficient to control fake “missing” photon
backgrounds for 1016 × 0.01 ¼ 1014EOTeff. Going to a thicker
target T ¼ 0.1 reduces the effectiveness of the pT selection down
to ∼200 rejection of real photon backgrounds, and requires a
corresponding improvement for the veto inefficiencies.

Real Missing Energy Magnitude (1016EOTeff )

Bremþ CCQE <1 (T ≲ 0.1)
CCQEþ π0 <1 (T ≲ 0.1)
Moller þ CCQE ≪1 (T ≲ 0.1)
eN → eNνν̄ ∼10−2

Reducible Backgrounds FakeRate=1014EOTeff

γ non-interaction ∼3 × 108e−
7
9
ðT=X0¼45Þ ≪ 1

γp → πþn ∼102 × ϵπϵn
γ�p → πþn (backscatter πþ) ∼3 × 101 × ϵn (see text)
γN → ðρ;ω;ϕÞN → πþπ−N ∼2 × 104ϵ2π
γ�n → nn̄n ∼3 × 103 × ϵ3n
eN → eNðμþμ−; πþπ−Þ ∼104 × ϵ2μ=π
γN → Nμþμ− ∼6 × 103 × ϵ2μ
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calorimetric techniques alone, one cannot in-situ measure
the backgrounds using isolated control samples. So if
excess events with large missing energy-momentum are
seen, it would be difficult to justify that it is new physics
and not one of the above reducible backgrounds entering at
a larger than expected rate. This fact, and detailed knowl-
edge of the reducible physics backgrounds described above
motivate a new modified approach described below.

V. NEAR TARGET TRACKING AND
CALORIMETER APPROACH

The calorimetry approach is premised on the distinctive
kinematics [32] of the recoiling electron in dark-matter
production, which typically carries only a small fraction of
the beam energy (Fig. 7) for dark matter (or A’) mass larger
than the electron mass. Realistically, however, missing
energy due to missed pions from photo-produced ρ’s, pion
and muon trident reactions, and hard few-pronged hadronic
reactions will be difficult to reject below the 10−10 level
without very aggressive veto performance.
In this section, we outline a scenario that exploits a

dedicated thin target foil with near-target tracking of
charged particles. This approach enhances the physics
performance in the following crucial ways:

(i) Reduce and/or reject all neutrino-related back-
grounds down the level 10−16NeT for Ne electrons
on a target of thickness T

(ii) Reject hard brem backgrounds by an additional
factor of 100 − 104 using the recoil electron’s trans-
verse momentum and energy characteristics

(iii) Facilitate rejection of virtual photo-production back-
grounds by using tracking and by spatially separat-
ing the final-state particles’ energy deposition in the
calorimeter

(iv) Using the recoil electron’s pT and energy, one can
define control regions for measuring backgrounds
in situ and discriminating between the kinematics of
signals and backgrounds, allowing a compelling
demonstration of a signal interpretation for any
excess of missing energy events

The strategy, summarized by Fig. 2, draws on aspects
of Scenario “C” in [32] as well as the scenario described in
the previous section. Instead of directing the beam directly
into an active calorimeter target, the target is a thin
(T ∼ 0.01–0.1) isolated foil of high-Z material embedded
in a tracking region designed to detect outgoing charged
particles. This way, one can specifically identify events
with only one charged particle (identified as an electron
downstream) emanating from the target interaction point.
Downstream of the target/tracker, one could use the same
detector configuration as used for the calorimeter approach.
The tracking elements can be either silicon, scintillator,
or drift chamber based (the main considerations are
minimizing material thickness and maintaining low
dead-time in a flux of 107–109 e−=s). The calorimeter

remains the primary tool for energy measurements, so the
tracker could be placed in an analyzing magnet for
momentummeasurements or used without a magnet simply
to identify charged particles. In either case, as with the
calorimetry alone approach, the incoming electron will
need to be tagged as carrying high momentum.

A. Reduction of neutrino backgrounds

The largest neutrino-related backgrounds identified in
Sec. IV were due to (i) electron straggling (energy loss)
followed by CCQE neutrino reactions, (ii) CCQE with a π0,
and (iii) Moller electrons produced before a CCQE
reaction. In a thin-target configuration, the photon- and
π0-induced showers from processes (i) and (ii) can be
distinguished from recoil electrons by the absence of a
charged track and, in (ii), a single EM shower. In addition,
(i) and (iii) require a sequence of two interactions in the
target and therefore are reduced by lower target thicknesses.
In the case of (i), a recoil electron can only be faked if a
bremsstrahlung photon above the detection threshold of
50 MeV is produced in a portion of the target preceding the
CCQE event, then converts into an eþe− pair—a triple
interaction suppressed by a factor of ∼1=T2 relative to
CCQE alone in a target of T radiation lengths (to be
compared to the probability ∼0.2 of straggling before
CCQE in a thick target). For (iii), the suppression relative
to a thick target is simply 1=T. So for a target thickness of
T ≲ 10%, we expect these backgrounds to fall to a
negligible level for EOTeff ≡ EOT × T ¼ 1016.

B. Reduction of hard bremsstrahlung
and muon trident backgrounds

The ability to measure the recoil electron’s energy and
angle emanating from the target allows kinematic separa-
tion of the A0 or DM signal from the background. The
leading backgrounds for the calorimeter approach involve a
hard bremsstrahlung photon which is not detected because
it interacts with a nucleus, yielding a small number of
neutrons, charged pions, and/or muons which can be
difficult to detect. Rejecting hard brem events using the
recoil electron’s kinematics relaxes the demanding veto
inefficiency requirements for the experiment to reach a
given sensitivity.
Two kinematic features can be used to distinguish A0

signals from bremsstrahlung: low electron recoil energy
(used already in the previous section) and high recoil pT .
Multiple scattering creates an intrinsic pT resolution
σðpTÞ ≈ ð19.2 MeVÞ × ffiffiffiffi

T
p

for the recoiling electron, in
a target T radiation lengths thick. Thus, it is never practical
to consider pT cuts below a few times this σ. At pT larger
than a few σ, the single Coulomb scattering approximation
is reasonable (within a factor of 2 or better) and the pT
falls off with the same power-law as the intrinsic angular
distribution of bremsstrahlung. Thus the fraction of
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bremsstrahlung recoil electrons that carry low energy and
have a sufficiently large pT is given approximately by

Plow−E;wide ∼ TðΔyÞ
�

me

p̄min
T

�
2
�
1þ πT

2α lnð184Z−1=3Þ
�
: ð16Þ

The first term in brackets is due to the intrinsic brems-
strahlung angular distribution and the second due to wide-
angle scattering of the recoiling electron, which dominates
for targets thicker than about 2%X0.
By requiring a recoil e− with pT > 20ð50Þ MeV, hard

brem can be rejected by a factor of 10−3ð−4Þ for thin targets
(see Fig. 8). In a 0.1X0 target, multiple scattering dominates
over the intrinsic bremsstrahlung pT spectrum reducing the
rejection power by a factor of 5–10. These cuts have
reasonable signal efficiency for mA0 ≳ pT;min. A more
sophisticated cut, using correlations between electron pT
and energy (see Fig. 7), should achieve comparable back-
ground rejection with much higher signal acceptance at
slightly lower A0 masses but we have not attempted to
optimize this.
To a very good approximation, the rejection power of

the electron pT cut and final-state veto are uncorrelated
(events surviving the pT cuts considered above will have a
typical photon angle relative to the beamline of only
pT;min=E0 ≈ 2–5 × 10−3, well below the angular scale of
the apparatus). Thus, the factor of 102–104 rejection
obtained by kinematics is in addition to that obtained from
the veto of energetic final-state particles.

C. Reduction of virtual photo-production
μþμ− and hadronic backgrounds

In Sec. IV, we argued that trident reactions eN → eN þ
μþμ− and virtual-photon-induced reactions eN → eN þ X
with missed pions, muons, and/or neutrons were sup-
pressed relative to photoproduction by the effective photon
flux α

2π logðμ=meÞ ≪ 1. However, with hard brem dramati-
cally reduced by kinematic cuts these backgrounds can no
longer be neglected. To a good approximation, both types
of reactions can be well approximated using the equivalent
photon approximation:

σðeN → eXÞ

¼
Z

1

0

dz
Z

dp2
T

p2
T

α

2π

1þ ð1 − zÞ2
z

σðγN → XÞ; ð17Þ

where z is the energy fraction of the photon, and pT is the
transverse momentum given to the photon. For a real
electron, the photon virtuality is q2 ¼ p2

T=ð1 − zÞ and
the momentum integral should be taken over the appro-
priate range for a given set of kinematics. This approxi-
mation breaks down for photon virtualities large enough to
alter the effective γN cross-section —q2 ≈m2

μ for muon
tridents and slightly larger for most QCD processes (the

scale we denoted by μ above). So the distribution of
electron recoil pT’s is only logarithmically enhanced at
low pT. In other words, with a pT;min cut the cross-section
for a given virtual-photon-induced background is sup-
pressed by α

2π logðμð1 − zÞ1=2=pT;minÞ ∼ few × 10−3, and
can dominate over real-photon-induced reactions surviving
the pT cut. For the case of muon trident events, we can see
the lack of low-pT enhancement in a full QEDMonte Carlo
in Fig. 8.
To be of interest to us, however, such reactions must

occur inside the target. The near-target tracking provides an
additional handle to further reduce these backgrounds. For
example, trident reactions eN → eN þ μþμ− and diffrac-
tive eN → eNρ → πþπ− will have three charged particle
tracks emanating from the target, rather than the single
charged track expected in the signal. Even with a tracking
inefficiency of 10%, such three-pronged events can be
rejected at the level of factor of 100 level. Thus, these
virtual photo-production trident reactions should be
down by ∼3 × 10−5 compared to their real-brem-induced
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FIG. 7 (color online). The four panels show the density of
events in recoil electron pT and energy fraction ye ≡ Ee−=EB, for
bremsstrahlung and muon trident backgrounds (top) and dark
matter signal with two representative A0 masses (bottom). The
y-axis is scaled as 1=p2

T , so that the bremsstrahlung distribution is
very nearly uniform for pT ≫ me and y ≪ 1. The color denotes
the density of events in a given bin, relative to a uniform density
(dark colors denote high event densities and light colors denote
under-densities). The dark matter signal events accumulate at
relatively high pT and low recoil energy (with the scale of each
dependent on the A0 mass), while bremsstrahlung is roughly
uniform. Muon trident events are also clustered at large pT , but
differ considerably from the signal in their recoil-energy dis-
tribution. Other heavy-particle-production processes initiated by
a virtual photon are expected to share the qualitative features of
the muon trident process.
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counterparts (before kinematic rejection), and remain
subdominant even after a hard pT cut.
Similar rejections apply to the K0

LK
0
S background (two

extra tracks) and the πþn background in its dominant
kinematics, with a hard forward π0 (one extra track). The
only virtual-photon-induced backgrounds we have identi-
fied for which this rejection is not relevant are the
u-channel nπþ process (where the pion goes backwards)
and 2nn̄. However, these two processes were already fairly
low in rate, so a reasonable veto efficiency suffices to
bring them to a negligible rate. Accounting for the 3 × 10−3

lower inclusive rate for virtual-photon-induced reactions
over real photons bring these backgrounds down to the
level of∼3 × 103ϵn and∼3 × 105ϵ3n events, respectively, per
1016EOTeff , where ϵn is the neutron detection inefficiency.

D. In-situ measurement of residual backgrounds

We have already highlighted the importance of recoil
electron pT and energy as discriminating variables to reject
background. They can also be used to measure background

rates associated with instrumental inefficiencies for detecting
real- or virtual-photon-initiated reactions. Figure 7 recasts
the energy and pT variables in terms of the electron’s energy
fraction ye ¼ Ee=EB and 1=p2

T . In these variables, the
bremsstrahlung background distribution is nearly uniform
(for ye far from 1), while signals are peaked in the lower left
corner (higher pT and lower ye). The distribution for muon
trident events is also shown, and is dominated at relatively
high pT but high ye relative to the signal. Virtual-photon-
induced hadronic reactions are expected to have the same
qualitative distribution as muon tridents.
This kinematic separation of the signal from back-

grounds allows the use of kinematically selected control
regions in which to measure or bound in situ the rates for
failing to detect these two types of background reactions: a
low-pT and moderate ye control region for bremsstrahlung,
and a high-pT moderate ye control region for virtual-
photon-induced processes like muon tridents. For the high
A0 mass hypotheses, very clean background-enriched
samples can be produced.
Of course, for many backgrounds we also envision many

independent factors being used in the rejection (e.g. tracking
and calorimetry). Inverting these cuts one at a time can also
be used to determine the total rejection for a specific
exclusive process often with better statistical uncertainty
than the kinematic control regions alone. But the virtue of
the kinematic control regions is their inclusiveness—their
effectiveness relies only on the dominance of electromag-
netic interactions for electrons, the nonzero mass of the A0
(for separation of signal from real-photon backgrounds), and
the difference in masses between electrons and muon/
hadrons (for separation of virtual-photon backgrounds).
Therefore, kinematic separation allows reliable estimates
or bounds on the background even from final states whose
importance has not been anticipated.
Put another way, if a reasonably large excess of Oð10Þ

events or more is observed, these kinematic handles can be
used to credibly identify it as a new-physics signal or as
probable background. This is an important handle for an
experiment to have real discovery potential.

E. Performance and sensitivity summary

The near-target tracking layout offers several advantages
over a target-calorimeter based approach, which together
improve its overall sensitivity reach as a function of veto
performance, as well as enhancing the potential for a
credible discovery.
The primary backgrounds and the inefficiencies needed

to reach the projected sensitivities are illustrated in Table II.
Figure 1 summarizes the sensitivity reach for several
benchmark cases. The red curves in Fig. 1 depict expected
90% exclusion regions for various realizations of the near
target tracking scenario (Scenario B). The solid curve
labeled I assumes 1013EOTeff and target thickness of
T ¼ 0.01X0, while the dashed red curve labeled II assumes

FIG. 8 (color online). Recoil e−pT distributions for two
backgrounds (filled histograms from left to right: bremsstrahlung
and μþμ− trident) and for the dark matter signal (unfilled
histograms with dark photon mass of 25, 150, and 500 MeV
from left to right). Histograms are normalized to unit area and
include only events in the region 50 MeV < Ee− < 0.1Ebeam and
are generated with a beam energy of 10 GeV and a Tungsten
target. This figure demonstrates that electron pT alone can be
used to discriminate a dark matter signal from the dominant
bremsstrahlung background; higher-order QED reactions like
multiple photon emission and electron pair production have
similarly peaked pT distributions. Used alone, pT distributions
cannot be used to reject photo-production of massive particle
final states, such as μþμ− or hadronic final states, from internal
(virtual) photons. However, these can still be differentiated
from signal by using the recoil electron’s energy spectrum
(see Fig. 7).
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1015EOTeff and T ¼ 0.1X0. Both solid and dashed lines
compute signal yield requiring either [PTðeÞ > 20 MeV
and 50 MeV < Ee < 0.1Ebeam] with 2.3 event sensitivity
for a 90% exclusion or requiring just (50 MeV < Ee <
0.1Ebeam) with 35 event sensitivity for a 90% exclusion;
whichever yields a smaller ϵ for a given value of m0

A. This
corresponds to a scenario with a total of ∼300 background
events, dominated by real-photon conversions. For high A0
masses an effective search strategy is to cut away from
these events using recoil electron pT ; for lower A0 masses, it
is more efficient to measure the backgrounds in a control
region and statistically subtract them. The dotted red line
labeled III represents the ultimate limit of this experimental
program and assumes 3 × 1015EOTeff incident on a
T ¼ 0.1X0 target, assuming zero background in the range
(50 MeV < Ee < 0.1Ebeam) for a 90% sensitivity limit of
2.3 signal events. We also show our estimated 90%
exclusion sensitivity for an SPS configuration (30 GeV
beam energy on Tungsten) with 109 and 1012EOTeff .

4

To see how background yields are reduced by the factors
discussed above, we consider a benchmark neutron veto
inefficiency of ϵn ∼ 10−3 and muon/pion inefficiency of
ϵμ=π ≲ 10−3. In this case, referring to Table I, the target-
calorimetry approach would be background limited at the
level of Ne × T ¼ 1012EOTeff , while the near-target
tracking could reach 1014EOTeff . Signal production is
reduced by the thinner T and pT selection, but that is
partially compensated for by the complete reduction of
straggling losses yielding an overall ∼70 reduction in
signal yields when compared to T ¼ 1 (at mA0 ≳
50 MeV for example), so that signal over background
can be improved by≳100 in this case. This leads to a ∼100
improvement in background limited ϵ2 sensitivity.
In practice, a larger T ≈ 0.1 is sufficient to control CCQE

backgrounds, and so with better veto inefficiency of ϵn ∼
10−5 and ϵμ=π ≲ 10−4 one could reach 3 × 1015EOTeff

background limited luminosity. In this case, signal yields
are only reduced by a factor of ∼3 (only mild straggling
reduction for T ¼ 0.1) relative to T ¼ 1 formA0 ≳ 50 MeV,
and the limiting exclusion sensitivity of such an experiment
would reach ϵ2 down to,

ϵ2 ≲ 4.2 × 10−10
�

mA0

200 MeV

�
2

ð18Þ

corresponding to 2.3 signal events.
In the above, we have not considered the effects of finite

angular acceptance. These merit a more careful study but
should be relatively small for ∼30° forward acceptance. For
most of the incident electron’s energy to be carried by wide-
angle final states, there must be two high-pT objects—
either a high-mass pair or a substantially recoiling nucleus.
In the first case, to escape a detector with angular size θ a
pair must have invariant mass exceeding E0 sin θ ∼ 5 GeV
for beam energy E0 ∼ 10 GeV and θ ∼ 30°. This is above
the kinematic threshold for incoherent scattering off a
nucleon, so can only occur through the exponentially
suppressed tail of the coherent scattering form factor (for
a 2-parameter Fermi model of Tungsten, for example, the
form-factor suppression alone is 10−12). Wide-angle coher-
ent scattering of a single high-energy particle requires even
higher momentum transfer (q ∼ E sin θ rather than
E sin2 θ=2), and so is even more exponentially suppressed,
while inelastic wide-angle scattering will typically produce
a substantial forward hadronic shower.
To reach the full potential of a fixed-target missing

momentum approach, it appears essential to use some form
of near-target charged particle tracking and basic kinematic
handles of the recoil electron, as we have described. In this
case it may be possible to robustly cover essentially
all of the theoretically interesting range of αDϵ2 (over the
MeV–GeV mass range) in Eq. (1).

VI. DISCUSSION AND CONCLUSION

In this paper, we evaluated the irreducible physics limi-
tations for fixed-target DM searches using missing energy-
momentum. For the pure calorimetric concept as outlined in
Sec. IV (Scenario A in Fig. 1), based on the SPS proposal in
[33], the realistic limitation will likely be detection ineffi-
ciencies that allow rare photo-production reactions to mimic
the missing energy-momentum signature. This assumes that
beam impurity backgrounds can be kept small (perhapsmore
realistic for JLab CW beam than SPS secondary beam).
Nonetheless, with aggressive veto inefficiency performance,
the ultimate reach of this approach may only be limited by
irreducible neutrino (quasielastic charged current) back-
grounds and neutrino trident production.
To enhance the sensitivity of this approach, we advocate

the use of a separated (high-Z) thin target with near-target
tracking and calorimetry (Scenario B in Fig. 1) to measure
the kinematics of the recoiling electron. The thin target
reduces straggling and charged-current neutrino reaction
backgrounds. Spatially separating the target from the
calorimeter and adding tracking allows clean identification
of exclusive single charged particle final states and corre-
sponding reduction of virtual photon backgrounds.
Additionally, the energy-momentum measurement of the

4Our signal yield estimate for the SPS set-up at 90% C.L.
exclusion is ≈20–30 times lower than what is inferred from
Fig. 19 of Ref. [33]. The difference is due to including full
Monte Carlo simulation of the form factor suppression as a
function of A0 mass, includingOð50–70%Þ efficiency for a signal
event to have electron recoil energy below 0.1Ebeam (even smaller
than 50% formA0 ≲ 10 MeV), and a 30% efficiency that we apply
to the signal to account for straggling effects—there is a large
probability that multiple (forward) bremsstrahlung will reduce
the incident electron energy to <0.9Ebeam before the hard scatter
that produces DM. In that case, one would see a shower above
0.1Ebeam even if the e− recoil energy is low, and veto the event.
These factors combined account for the factor of 20–30 discrep-
ancy in yields and corresponding sensitivity to ϵ.
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recoil electron can be used for signal discrimination,
reduction of backgrounds associated with hard bremsstrah-
lung followed by rare real photon reactions, and to measure
residual backgrounds in situ with well-defined data-driven
control regions. In this case, the eventual sensitivity is
sufficient to cover the entire range of vector portal dark
matter couplings αD and ϵ required for an acceptable relic
density in the regimemA0 > mχ (see Sec. II). With this level
of sensitivity, the discovery potential is excellent, and a null
result would be decisive.
One powerful advantage of the approach introduced in

Sec. V is that it is amenable to data-driven estimates of the
backgrounds by defining suitable low electron recoil pT
control regions. In the case of an excess of events in the
signal region, this approach then lends itself to a more
robust discovery and characterization of a new physics
signal then is available through the use of a pure calorim-
etry (Sec. IV) approach.
The proposal to use the SPS secondary electron beam

[33] with a missing energy calorimetry approach (scenario
A) is an excellent first step in a physics program to cover
the GeV-scale vector portal dark matter parameter space.

In practice, the detector layout described in that proposal
could be augmented in a second stage with the kind of near-
target tracking setup advocated here. Eventually, the higher
intensity beams available at JLab would need to be
exploited to achieve the full science potential of this
approach—it is both interesting and valuable to investigate
this possibility in more detail.
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