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High-luminosity experiments are able to search for new physics at low energies, which could have
evaded detection thus far due to very weak couplings to the Standard Model. The DarkLight ex-
periment at Jefferson Lab is designed to search for a new U(1) vector boson A′ in the mass range
10− 100 MeV through its decay A′ → e+e−. In this paper, we demonstrate that DarkLight is also
sensitive to an A′ decaying to invisible final states. We analyze the DarkLight reach for invisible
A′ bosons assuming a nominal two month running time, including the possibility of augmenting the
DarkLight design to include photon detection. We also propose two new analysis techniques that
might prove useful for other high-luminosity searches: a cut on missing energy to improve the invari-
ant mass resolution, and a cut on the sign of the missing invariant mass-squared to mitigate pileup.
We compare the DarkLight reach to existing experimental proposals, including a complementary
search using the VEPP-3 positron beam.

I. INTRODUCTION

As the Large Hadron Collider (LHC) continues to ex-
pand the energy frontier of particle physics, there are
numerous other experiments searching for new physics
at the intensity frontier. Accelerators such as the high-
current electron beam at the Free Electron Laser (FEL)
at Jefferson Lab (JLab) deliver extremely high luminosi-
ties, allowing for detailed probes of new physics at MeV-
scale energies through precision measurements.

One possibility which has generated much theoretical
interest in recent years is a U(1) vector boson A′, a spin-
1 particle with a mass of O(1 MeV − 10 GeV) which
interacts with charged matter via kinetic mixing with the
photon. This idea was first suggested in Ref. [1] (see also
Refs. [2, 3]). Such an A′ could mediate annihilation of
MeV-scale dark matter χ into electrons via χχ → A′ →
e+e− [4, 5] which could explain the excess [6] of 511 keV
photons from the galactic center [7, 8] and a 3σ anomaly
[9, 10] in the π0 → e+e− decay rate [11]. Alternatively,
dark matter could be at the TeV scale, with the 511 keV
excess explained with excited dark matter states [12–14].
In such models, pair annihilation χχ→ A′A′ followed by
the decay A′ → e+e− [5, 13] could also explain the high-
energy positron excess in the PAMELA [15] and FERMI
[16] data. In any of these models, indirect constraints
from electron and muon anomalous magnetic moments
[17, 18] force the A′ to have extremely weak coupling to
matter, α′ ≈ 10−6×αEM, allowing the A′ to have evaded
detection thus far.

A light particle like the A′ with weak couplings to mat-
ter leads to very interesting phenomenology, and several
experiments have been designed to search for its distinc-
tive signatures. One possible decay mode is A′ → e+e−

(the visible mode), inviting a search for low-mass res-
onances in the e+e− invariant mass spectrum [19–21].
There are currently several experiments being developed
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to look specifically for the visible decay mode: the APEX
experiment [22, 23] and Heavy Photon Search (HPS)
[24] at the CEBAF facility at JLab, the Hidden Pho-
ton Search (HIPS) [25] at DESY, the A1 experiment [26]
at the MAMI facility in Mainz, and the DarkLight1 ex-
periment [27, 28] at the JLab FEL. Alternatively, the A′

could decay primarily into invisible final states such as
neutrinos or dark matter (the invisible mode), in which
case one must perform a missing energy search. Such
invisible searches were initially proposed in Ref. [29],
and there is a recent search proposal using the VEPP-3
positron beam [30, 31] relevant for both the visible and
invisible modes.

In this paper, we show that the DarkLight experiment
can be modified in a straightforward way to perform an
invisible A′ search. DarkLight, which uses a 100 MeV
electron beam incident on a hydrogen gas target to pro-
duce an A′ through the process ep → epA′, was origi-
nally designed to detect an A′ → e+e− resonance in the
visible decay mode. Because DarkLight has full event
reconstruction capabilities, it can also detect the single
electron and proton which would result from an invisible
decay:

ep→ epA′, A′ → inv. (1)

Reconstruction of the final-state electron and proton
four-vectors could potentially reveal a missing invariant
mass peak at the mass of the A′, and we will outline a
concrete analysis strategy to identify the A′.

The invisible search has extremely challenging back-
grounds. The reconstructed missing invariant mass de-
pends on the momentum of all visible particles, both ini-
tial and final states. The effects of beam energy variation
as well as final-state energy and momentum uncertain-
ties lead to a large QED background from ep → epγ
when the photon is unmeasured, a process which would

1 “Detecting A Resonance Kinematically with eLectrons Incident
on a Gaseous Hydrogen Target”
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naively have zero missing invariant mass with perfect res-
olution.2 The high beam luminosity also necessitates a
careful treatment of pileup. To deal with the particu-
lar difficulties of a low-energy high-luminosity experiment
such as DarkLight, we introduce two new techniques use-
ful for invisible low-mass resonance searches in general:

• Kinematic cuts to improve missing mass
resolution: In Sec. III B, we propose an event-
selection criterion based on Emiss/mmiss, the ratio
of missing energy to missing invariant mass, which
improves the mass resolution of the experiment.

• Pileup rejection from negative missing mass-
squared: In Sec. IV B, we demonstrate that the
leading effect of pileup can be eliminated by a cut
on the sign of the missing invariant mass-squared,3

which is strictly negative when an elastic collision
(ep→ ep) is coincident with any other collision.

Finally, to improve rejection of the various QED back-
grounds and to prevent bremsstrahlung events from sat-
urating the maximum event reconstruction rate, we will
advocate in Sec. II C for augmenting the original Dark-
Light design with photon detection.

A complementary experiment to detect an A′ in ei-
ther the visible or invisible mode uses the high-intensity
positron beam at the VEPP-3 storage ring at the Bud-
ker Institute at Novosibirsk incident on a hydrogen tar-
get, this time using the atomic electrons for the process
e+e− → γA′ [31]. Here the signal is a “missing” photon
compared to where it would have been expected from
energy-momentum conservation in ordinary pair annihi-
lation e+e− → γγ. This experiment is complementary to
DarkLight for several reasons, including the cross section
enhancement from the two-body final-state in VEPP-3
compared to three-body state for DarkLight, but the
higher A′ mass reach in DarkLight compared to VEPP-3.
Although our analysis will focus on DarkLight, we will
compare and contrast our results for those of VEPP-3
given in Ref. [31].

The remainder of this paper is organized as follows.
In Sec. II, we describe the DarkLight experiment and its
operation for both the visible and invisible searches. In
Sec. III, we describe the signal process and illustrate the
effects of a cut on Emiss/mmiss on the invariant mass reso-
lution. We describe the background processes relevant for
DarkLight in Sec. IV, including photon backgrounds and
the effects of pileup, and we present our analysis strategy
in Sec. V. In Sec. VI, we give the anticipated experimen-
tal reach for DarkLight with 60 days of running, including
a comparison to VEPP-3 and possible constraints from
rare kaon decays. We conclude in Sec. VII.

2 Of course, higher order QED effects generate a small non-zero
missing mass from initial- and final-state radiation.

3 For clarity, we will often plot missing invariant mass m rather
than mass-squared m2, with m defined as sign(m2)×

√
|m2|.

II. THE DARKLIGHT EXPERIMENT

In this section we describe the DarkLight experimental
setup, which is optimized to search for visibly-decaying
A′ bosons, and show how it can be modified in a straight-
forward way to search for invisible A′ decays.

A. Experiment design and visible search

DarkLight consists of a high-intensity 100 MeV elec-
tron beam incident on a gaseous hydrogen target with a
nominal luminosity of 6×1035 cm−2 s−1 [28]. This exper-
imental setup was first proposed in Ref. [29] and adapted
to the A′ search in Ref. [27]. The most recent DarkLight
design appears in Ref. [28].

The target protons provide the recoil momentum for
the “A′-strahlung” process e−p → e−pA′. The A′ can
then decay into an electron-positron pair, so the final
state for the visible search is e−p e+ e−. A schematic of
the detector is shown in Fig. 1. The electrons and protons
are tracked in separate parts of the detector: electrons
with pT > 10 MeV are bent in a 0.5 T solenoidal magnetic
field and detected in a time projection chamber (TPC)
with angular coverage 25◦ − 165◦, while a recoil proton
with kinetic energy (KE) greater than 1 MeV is tracked
by a silicon forward detector (SFD) with angular cover-
age 5◦−89◦. Vertexing is accomplished with a silicon cen-
tral detector (SCD). The nominal φ (azimuthal) coverage
for both electrons and protons is a full 2π. The spread
in the initial electron beam energy is σE/E = 0.1%. The
proton target is at rest, so the only momentum uncer-
tainty is from thermal motion, which is negligible com-
pared to the energy scales of the incoming and outgoing
particles. We summarize the angular coverage, detection
thresholds, and experimental resolutions for the various
final-state particles in Table I. Here, detection efficiency
will always refer to veto efficiency, and not the efficiency
for full object identification. For example, we will imple-
ment a proton veto to mitigate elastic scattering back-
grounds, and elastic kinematics dictate precisely where
to look for the proton when testing the veto.

A potential A′ → e+e− signal event is tagged by hav-
ing three charged lepton tracks of the appropriate signs
in coincidence with a proton of kinetic energy at least 1
MeV. One then constructs the invariant mass of the two
possible electron-positron pairs, looking for a resonance
in the 10 − 90 MeV range. The momentum resolution
given by the magnetic field is designed so that the in-
variant mass resolution on e+e− pairs is approximately
1 MeV. A key feature of DarkLight is full four-vector re-
construction of all the final-state particles provided by
the silicon detectors and TPC, as well as nearly 4π an-
gular coverage. In addition, the 100 MeV beam energy
is below the pion threshold, which means that only QED
backgrounds are present.

A challenging aspect of this experiment is the huge
event rate, combined with the long drift time from the
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FIG. 1. Schematic layout of the DarkLight experiment (revised from Ref. [28]). Leptons are tracked in the time projection
chamber (TPC, labeled “lepton tracker”, pink), and forward protons are tracked in the silicon forward detector (SFD, red).

Particle e+/e− p γ

Angular acceptance 25◦ − 165◦ 5◦ − 89◦ 25◦ − 165◦

Angular resolution σθ = σφ = 0.002 rad σθ = σφ = 0.02 rad N/Aa

Energy/momentum resolution σpT /pT = 2%× (pT /100 MeV) σKE/KE = 0.1% N/Aa

Detection threshold pT > 10 MeV KE > 1 MeV E > 5 MeV

Detection efficiency 100%b 99% 95%c

a The photon detection capability is only used as a veto in this analysis, so angular and energy resolutions are not needed.
b The precise electron detection efficiency is not relevant for this analysis, as we will trigger on electrons but veto on protons.
c This is the nominal design efficiency. We will later show how the reach changes quantitatively as a function of photon efficiency. In

reality, photon efficiency varies considerably as a function of photon energy [32], but taking various benchmark values of flat efficiency
will suffice for this analysis.

TABLE I. Experimental parameters for DarkLight, adapted from Ref. [28]. Angles θ are measured with respect to the outgoing
beam direction, with θ = 0◦ forward and θ = 180◦ backward.

TPC. The event rate is dominated by elastic scattering
ep→ ep, with an accepted cross section of 1.1× 108 pb,
giving a rate of 65 MHz at nominal luminosity. The TPC
drift time is approximately 20 µs, during which there will
be on average about 1300 events being tracked. This
makes a hierarchical trigger system impractical, and in-
stead one uses a “free-running” trigger, where events are
pulled from a stream of continuous readout data rather
than some trigger object initiating full detector readout.
As a result, one must decide on an event selection cri-
terion which can be applied at data readout time. The
presence of three lepton tracks, two negative and one pos-
itive, with one of the tracks at an angle θ > 60◦ to limit
the elastic rate, provides such a criterion for the visible
search. Such a high event rate makes pileup a significant
concern, but “out-of-time” pileup can be distinguished
by timing information from the TPC. For the purposes

of this paper, we model the TPC behavior by assuming
that each particle comes with a timestamp accurate to 10
ns, so that the effective window for coincident collisions
is 10 ns, rather than the full drift time which is several
orders of magnitude longer.

B. Invisible search

The invisibly-decaying A′ mode in Eq. (1) yields a final
state consisting of a single electron and a proton. One
can still reconstruct the invariant mass of the missing A′

using the final-state four-vectors. Following Fig. 2 and
denoting the incoming four-vectors as pe− ≡ p1, pp ≡ p2,
and the outgoing four-vectors as p′e− ≡ p3, p

′
p ≡ p4, we

have

m2
miss = (p1 + p2 − p3 − p4)2. (2)
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FIG. 2. Example Feynman diagram for A′ production.

The A′ invisible search entails looking for a resonance in
this missing invariant mass spectrum.

A principal issue for the invisible search, one which
does not pose a problem for the visible search, is that the
detector will be swarming with elastic scattering events
which also have a single electron and proton in the final
state. Thus, there is no “smoking gun” like the positron
track of the visible search to provide a readout trigger.
The presence of elastic events which could potentially
fake a signal means the effects of pileup must be con-
sidered, which we do in Sec. IV B. A further complica-
tion is that the invariant mass we are looking for is no
longer defined by a pair of final state particles (i.e. the
A′ → e+e− resonance), but instead by four particles,
two of which are incoming and two of which are outgo-
ing. The various kinematic uncertainties associated to
all of these four-vectors make a missing invariant mass
search extremely challenging, and event selection criteria
can somewhat improve the invariant mass resolution, as
we discuss in Sec. III B.

Finally, given the large luminosity of DarkLight, one
must account for practical limits on event reconstruction
and data acquisition rates [33]. For the analysis strategy
proposed in Sec. V, we will assume that the free-running
trigger can make one-bit object identification decisions at
an arbitrarily fast rate. We then impose a 50 kHz cap on
the rate for full event reconstruction, which also sets the
rate at which invariant mass calculations can be made.
Finally, we impose a 300 Hz cap on final event selection
and data storage, though the precise amount of data that
can be written to tape may ultimately be higher.

C. Photon detection

If the DarkLight apparatus is only sensitive to charged
particles, as is necessary for the visible search, then QED
processes such as ep → epγγ pose an irreducible back-
ground4 for the invisible search, since the diphoton in-
variant mass spectrum is broad and covers the same mass

4 Our terminology here is slightly nonstandard: “irreducible” will
refer to any background process whose final state is indistinguish-
able from the signal given the experimental detection capabili-

range as the A′ search. Even the single-photon process
ep → epγ, which is in principle reducible since the pho-
ton has zero invariant mass, becomes an irreducible back-
ground due to errors on the reconstructed invariant mass,
as we will show in Sec. IV A. Thus, it is highly advanta-
geous to have some kind of photon detection capability.

The most recent iteration of the DarkLight design in-
cludes a simple calorimeter surrounding the TPC at a
distance of 30 cm from the beamline, consisting of three
layers of lead interleaved with scintillator material. The
angular coverage of such a photon detector would nom-
inally be the same as the electron coverage, 25◦ − 165◦,
but could in principle be extended somewhat in the for-
ward direction. The backwards angle of 165◦ is set by
the geometry of the beam collimator, shown in white in
Fig. 1, and cannot be extended further with the current
detector design.5 Note that events with photons that
miss the detector entirely will still pose an irreducible
background; we will make some comments on how the
reach improves with increased photon angular coverage
in Sec. VI B.

This three-layer scintillator design is capable of de-
tecting photons of energies Eγ > 5 MeV, with better
than 50% efficiency for Eγ > 30 MeV and approxi-
mately 95% detection efficiency for photons sufficiently
energetic to give a large missing invariant mass [32].
The efficiency can be improved by adding more layers
of scintillator, and to be optimistic we will take 95% as
a benchmark value. In our analysis, we define a pho-
ton as having energy greater than 5 MeV, and treat epγ
events with soft photons (Eγ < 5 MeV) as contribut-
ing to the next-to-leading order (NLO) correction to the
elastic process.6 We will often call events with soft pho-
tons “quasi-elastic”, though there is no real way to dis-
criminate between the quasi-elastic and elastic processes.
There is a potential issue of electrons faking photons,
though an electron must have a pT of at least 45 MeV
to even reach the scintillator given the large magnetic
field, and the chance of missing a track of this momen-
tum is quite small. Moreover, the photon detector will
only be used as a veto in our study, and fakes correspond
to some small loss of signal efficiency without introducing
any new backgrounds.

ties. An irreducible background for the invisible search is any
process where the detector only registers one electron and one
proton.

5 The scintillator shown in Fig. 1 only extends to ' 155◦, so to
get up to 165◦ coverage, we assume the existence of a backwards
photon endcap, or that the geometry will be adjusted to extend
the backwards angular coverage.

6 In this paper, we restrict to leading-order (i.e. tree-level) calcu-
lations for background cross sections; the cut on photon energy
at 5 MeV keeps the QED cross sections safe from large loga-
rithms and ensures that the NLO corrections are manageable.
Restricting to leading-order calculations is justified, since NLO
corrections are not expected to generate a kinematic feature in
the mmiss distribution, though the overall NLO background rate
and shape would of course be different.



5

10 20 30 40 50 60 70 8010-5

0.001

0.1

10

1000

100

1

0.01

0.0001

m A' HMeVL

Σ
Hp

bL

R
at

eH
H

zL

Signal cross sections

Α' = 10-7

Α' = 10-8

Α' = 10-9

FIG. 3. Detector-accepted cross sections for the signal process
ep → epA′ at various A′ masses. The rates on the right-
side axis assume the nominal DarkLight luminosity of 6 ×
1035 cm−2 s−1.

III. SIGNAL

A. Rates and kinematics

The signal process for the DarkLight invisible search
is ep→ epA′, with an example Feynman diagram shown
in Fig. 2. For this analysis we assume a 100% branch-
ing ratio of the A′ to invisible decay products; one can
easily relax this restriction by adding appropriate fac-
tors of Br(A′ → inv.). We assume the A′ couplings
to matter originate from kinetic mixing with the pho-
ton [1], such that the A′ couples universally to charged
matter with strength α′. In particular, the A′ couples
to the proton as well, giving additional diagrams where
the proton radiates an A′.7 One might expect such dia-
grams to be suppressed by the proton mass as in ordinary
bremsstrahlung, but they in fact generate percent-level
corrections for larger masses mA′ .

The cross sections and associated rates given the angu-
lar and energy/momentum acceptances of the DarkLight
detector have been calculated using the software pack-
ages MadGraph 4.4.44 [34] and CalcHEP 2.3 [35]. The
total signal cross sections including detector acceptance
are shown as a function of mA′ in Fig. 3. We have veri-
fied that the results from both programs agree to within
Monte Carlo uncertainties for all processes of interest.
For the remainder of this paper, we will take a fiducial
value of α′ = 10−8 for any signal cross sections or distri-
butions, except in the analysis example of Sec. V C and
when we calculate the α′ reach in Sec. VI A.

In Fig. 4 we show the kinematic distributions for the
visible final-state particles in the signal process. Unlike

7 We ignore the proton form factors in this analysis, the effects of
which only modulate the signal and background cross sections
by percent-level corrections at these low beam energies without
introducing any sharp kinematic features. It is consistent to
neglect form factors as we are also neglecting NLO corrections
to the background cross sections.

mA′ (MeV) 10 20 30 40 50 60 70 80

∆cut = 10 4.0 3.7 2.6 1.8 1.3 0.92 0.66 0.35

∆cut = 1 3.0 2.5 2.1 1.6 1.3 0.92 0.66 0.35

∆cut = 0.5 2.1 1.8 1.5 1.4 1.2 0.92 0.66 0.35

TABLE II. Mass resolutions in MeV for various values of ∆cut.
These resolutions are estimated from the standard deviation
of the reconstructed invariant mass distribution.

elastic scattering or ordinary bremsstrahlung, where the
cross section drops sharply as a function of electron angle,
the electron kinematic distributions in A′ production are
much flatter. This suggests an analysis strategy where we
focus on wide-angle electrons for potential signal events,
to cut down on potential background from mismeasured
or misidentified QED events.

Indeed, a backwards electron cut θe > θcut is necessary
in order to reduce the overall event reconstruction rate to
a manageable level, because of the dominant ep → epγ
background. As we will see in Sec. IV A 2, the choice of
θcut = 103◦ saturates the maximum event reconstruction
rate of 50 kHz with a photon detection efficiency of 95%.
We will also see that the minimum required value of θcut
changes as a function of photon efficiency; for illustration
purposes we will assume the value corresponding to 95%
efficiency, and relax this restriction in our reach plots in
Sec. VI.

B. Improving invariant mass resolution

A key criterion for the invisible search is sharp missing
invariant mass resolution, and we can define our event
selection to only maintain signal events that have a high
likelihood of successful reconstruction. Given errors σE
(σp) on the reconstructed energy E (momentum p), the

reconstructed massm =
√
E2 − p2 will have errors which

go like

σ2
m =

(
E

m

)2

σ2
E ⊕

( p
m

)2
σ2
p. (3)

The errors on the right-hand side are proportional to the
ratios E/m and p/m, so we define

Emiss/mmiss ≡ 1 + ∆, (4)

the ratio of missing energy to missing invariant mass, as
a figure of merit.8 Since ∆ determines the effects of mass
mis-measurement, fixing a cut value ∆cut and requiring
∆ < ∆cut improves the invariant mass resolution of the
experiment for fixed σE and σp.

8 We use E/m rather than p/m for convenience, but clearly large
p/m implies large E/m and vice versa.
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FIG. 4. Final-state energy (left) and angular (right) distributions for electron (top) and proton (bottom) for the epA′ signal
process with DarkLight detector acceptances.
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allowed value, such that no part of the cross section is cut.

In Fig. 5 we show how the shape of the invariant mass
distribution changes as a function of ∆cut for the case
mA′ = 20 MeV, applying Gaussian smearing via the
experimental resolutions in Table I. For other values of
mA′ , the mass resolutions for various ∆cut are given in
Table II. Note that by kinematic constraints, the A′ can
never have more than 100 MeV of lab frame energy, so
there is always a value of ∆cut above which the signal
acceptance is unaffected. Similarly, since the signal re-
gion is restricted to mA′ > 10 MeV by constraints on the
photon measurement (see Sec. IV A), a global cut ∆ < 10
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FIG. 6. Missing energy distributions for the signal process
epA′. The portions of the signal kept after a cut of ∆ < 0.5
are illustrated by dashed vertical lines. Note that for this
particular cut, all of the 80 MeV signal is preserved.

keeps all of the signal cross section through the accessible
mass range.

Clearly, stronger cuts on ∆ reduce the signal cross
section: in Fig. 6, we see that a cut at ∆ = 0.5 (so
EA′/mA′ < 1.5) keeps only about 10% of the signal for
mA′ = 20 MeV, but keeps the majority of the signal
for mA′ = 50 MeV. In Sec. VI A, we will see that the
best reach is obtained for no ∆ cut at all, but we expect
that a mild ∆ < 1 cut would help build confidence in
any purported A′ signal. In Fig. 7, we show the effect
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FIG. 7. Final-state electron energy distributions for mA′ =
20 MeV with various ∆ cuts.

of various ∆ cuts on the electron energy distribution for
mA′ = 20 MeV; as expected, requiring the A′ to be pro-
duced nearly at rest forces the electron to come out with
more energy.

IV. BACKGROUNDS

We now consider several possible sources of back-
ground for the invisible search. We first consider var-
ious types of singles events (two-photon, one-photon,
and elastic), before moving on to a careful treatment
of pileup. We then consider other potential sources of
QED and electroweak backgrounds, and argue that they
are negligible compared to the photon and pileup back-
grounds. As mentioned in the introduction, a beam en-
ergy of 100 MeV puts DarkLight below pion threshold,
so there are no QCD backgrounds to contend with.

A. Photon backgrounds

The principal QED backgrounds involve one or more
photons in the final state. Cross sections for photon pro-
duction have a collinear singularity in the limit where the
electron is massless, but in our analysis the beam energy
is low enough that we must keep the electron mass, and
the singularity is cut off. There is also a soft singularity
as the photon energy goes to zero, but we account for this
by treating events with Eγ < 5 MeV as NLO corrections
to lower-order processes, as mentioned in Sec. II C.

1. Two-photon

With zero photon detection efficiency, the only irre-
ducible background for the invisible search at “parton-
level” (that is, not including experimental resolution ef-
fects) is two-photon bremsstrahlung ep → epγγ; one of
many contributing Feynman diagrams is shown in Fig. 8.

e− (p1)

p (p2)

e− (p3)

p (p4)

γ

γ γ

FIG. 8. Example Feynman diagram contributing to the back-
ground ep→ epγγ.
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FIG. 9. Diphoton invariant mass spectrum for ∆ < 1 and ex-
perimental acceptances. Signal distributions for three values
of mA′ with α′ = 10−8 and ∆ < 1 are shown for comparison.
The structure in the background at mmiss = 80 MeV is an
artifact of low Monte Carlo statistics.

As shown in Fig. 9, the two photons have a broad in-
variant mass spectrum, and the differential cross section
dσ/dm2

γγ for this QED process is larger than the corre-
sponding signal process ep→ epA′ by a factor of roughly
α2
EM/α

′ ≈ 104. Note that the kinematics of the electron
and proton, shown in Fig. 10, are nearly identical to those
of the signal process for a given diphoton invariant mass.
Since this is the main background, the diphoton cross
section will serve as a benchmark for deciding whether
additional backgrounds are negligible or not.

As discussed in Sec. II C, the main goal of including
photon detectors in the DarkLight setup is to make the
two-photon process a reducible rather than irreducible
background. The diphoton invariant mass is given by

m2
γγ = 2E1E2(1− cos θ12), (5)

where E1 and E2 are the two photon energies and θ12 is
the angle between them. This is maximized when θ12 = π
and E1 = E2 = E, giving mγγ = 2E. Since the Dark-
Light photon detectors can only see photons efficiently
with Eγ > 5 MeV, and since the ep→ epγγ background
is otherwise unmanageable, we set a lower limit of the
signal region to mA′ > 10 MeV.
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FIG. 10. Final-state energy (left) and angular (right) distributions for electron (top) and proton (bottom) for the epγγ
background assuming DarkLight detector acceptances. Here, we are restricting to an invariant mass window mγγ = 50±1.3 MeV
(corresponding to ∆cut = 1). The signal distributions for mA′ = 50 MeV and α′ = 10−8 are shown for comparison (magnified
by 104).

2. One-photon and quasi-elastic

The lowest-order QED process which generates “miss-
ing energy” from a radiated photon is ordinary
bremsstrahlung ep → epγ, where quasi-elastic scatter-
ing is the limit of this process when Eγ < 5 MeV. As-
suming full kinematic reconstruction, the invariant mass
(p1 +p2−p3−p4)2 is zero for an epγ final state, since the
photon has zero invariant mass.9 So this process would
not pose a background with perfect experimental resolu-
tion, even with zero photon detection.

However, realistic detector resolutions on the energies,
momenta, and angles of the outgoing electron and proton
change this story considerably. We can estimate the cross
section of elastic and one-photon events which leak into
the signal region by varying the outgoing four-vectors by
independent Gaussian weights with resolutions given in
Table I. The result is a very broad missing invariant mass
distribution shown in Fig. 11, even with the backwards
electron cut to be discussed further below.

It is perhaps surprising that percent-level mismea-
surements of four-vector components can lead to recon-
structed invariant masses on the order of 20 MeV. The

9 See the comment in footnote 2.
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FIG. 11. Missing invariant mass for elastic and one-photon
(Eγ > 5 MeV) epγ events with the backwards electron cut
of θe > 103◦. The two-lobed shape is an artifact of plotting
dσ/dm, rather than dσ/dm2, where the Jacobian factor of m
forces the linear behavior on both sides of m = 0.

reason can be seen from Eq. (3), which shows that σm
blows up as m→ 0. A four-vector which should be mass-
less is thus extremely sensitive to mismeasurement, the
more so the more energy it has. Thus, the same ∆cut

introduced in Sec. II B can be used to reduce this back-
ground. We can narrow the fake invariant mass distri-
bution further by requiring physically reasonable kine-
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Photon eff. θcut

0% 113◦

50% 108◦

95% 103◦

100% 102◦

TABLE III. Minimum allowed values of θcut for a given photon
detection efficiency, assuming a maximum event reconstruc-
tion rate of 50 kHz at 6× 1035 cm−2 s−1.

matics, namely that the missing invariant mass be suffi-
ciently positive and the missing energy be greater than
or equal to the missing invariant mass: mmiss > 10 MeV
and 1 < Emiss/mmiss < 1 + ∆.

The background from single quasi-elastic scattering
events can be suppressed almost completely by search-
ing for the proton in the kinematic region dictated by
quasi-elastic scattering.10 As shown in Fig. 12, even near
the lower limit of the signal region mA′ = 20 MeV, the
kinematics lie in disjoint regions of phase space, so this
quasi-elastic veto keeps all of the signal. For higher mA′ ,
the electron loses even more energy and the kinematics
become even more separated, such that the quasi-elastic
background cross section resulting from mis-measuring
the electron or proton energies is orders of magnitude
below the signal cross section for mA′ > 30 MeV.11

On the other hand, the much wider epγ invariant mass
distribution and the less efficient photon veto means that
one-photon events cannot in general be neglected, even

10 Events in which the proton is not detected only contribute to the
pileup background, since at least one proton must be present in
the final state in order to form a missing invariant mass.

11 As we discuss in Sec. VI C, this kinematic separation is also seen
in the VEPP-3 experiment.

 (MeV)missm
0 5 10 15 20 25 30 35 40

 (
p

b
/M

eV
)

m
is

s
/d

m
σd

-210

-110

1

10

210

, photon misses detectorγep

 cut∆No 

 < 10∆

 < 1∆
 < 0.1∆

 (MeV)missm
0 5 10 15 20 25 30 35 40

 (
p

b
/M

eV
)

m
is

s
/d

m
σd

-210

-110

1

10

210

, photon enters detectorγep

 cut∆No 

 < 10∆

 < 1∆
 < 0.1∆

FIG. 13. Measured missing invariant mass for one-photon
events with θe > 103◦, after various cuts on ∆, where the
photon either misses the detector (top) or enters the detector
volume (bottom).

after a cut on ∆. In Fig. 13 we show the one-photon in-
variant mass distribution remaining after various ∆ cuts.
If the photon goes undetected, an epγ event is indistin-
guishable on an event-by-event basis from a signal event
(or an epγγ event where both photons are lost).

In fact, the epγ process limits the overall event recon-
struction rate for the invisible search. DarkLight can
only afford to reconstruct four-vectors at a rate of 50
kHz for the invisible search, and a backwards electron
cut θe > θcut must be adjusted to keep the epγ rate man-
ageable. As can be seen from Fig. 13, the cross sections
for epγ events where a photon is lost down the beam-
line is roughly the same order of magnitude as when the
photon enters the detector volume. This implies that
to maintain the 50 kHz rate, the minimum allowed θcut
must change as a function of photon detection efficiency,
as shown in Table III. With 95% photon efficiency, we
gain a full 10◦ in angular coverage for the same event
reconstruction rate compared to no photon detection ca-
pability. In this way, photon detection functions not only
as a background-suppression technique, but also as a way
to keep more of the signal cross section given a maximum
event reconstruction rate.
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B. Pileup rejection from negative invariant mass

An important concern in a high luminosity environ-
ment is pileup, or the presence of two or more collision
events within a single timing window. Since elastic scat-
tering events have the same final state as signal events
but an enormously higher rate, one might worry that the
combinatorial background arising from mismatching an
electron from one elastic event with a proton from an-
other event in the same timing window could fake an in-
variant mass in the signal region 10−90 MeV. A related
issue is missing objects, for example when two elastic
events occur in a timing window but one of the electrons
is lost down the beam pipe, yielding a final state of one
electron and two protons. Fortunately, we can efficiently
deal with both of these situations simply by requiring
positive missing invariant mass-squared.

In the notation of Sec. II B, consider pileup between
an elastic event p1 + p2 → p3 + p4 and any other event
p1 + p2 → p′3 + p′4 + q (where q is invisible or not de-
tected). Suppose the electron from the second event is
mis-reconstructed as belonging to the elastic event:

p1 + p2 → p′3 + p4. (6)

Then, since p1+p2 = p3+p4 from four-momentum conser-
vation in the elastic event, there appears to be a missing
invariant mass-squared

m2 = (p1 + p2 − p′3 − p4)2 (7)

= (p3 + p4 − p′3 − p4)2

= (p3 − p′3)2

= 2m2
e − 2E3E

′
3 + 2

√
(E2

3 −m2
e)(E

′2
3 −m2

e) cos θ33′ ,

where θ33′ is the angle between p3 and p′3. It turns
out that this expression is strictly negative, and is zero
only when p3 = p′3, i.e. when the two events are iden-
tical. Analogous arguments hold for the other mis-
reconstructed event, with me replaced by mp and E′3
replaced by E′4. So by requiring the missing invariant
mass-squared to be positive, this source of background
can be eliminated, up to effects arising from the finite in-
variant mass resolution.12 We will make use of this trick
to mitigate potential backgrounds from pileup.

To discuss the effects of pileup on the DarkLight setup,
we need to compute the event rates for various processes.
The 10 ns effective timing window limits the average
number of (quasi-)elastic events to 〈Nep〉 = 0.65, and
one-photon events to 〈Nepγ〉 = 0.050. This means we
can safely assume that there will be a maximum of two
epγ events in any timing window; as we will show in

12 This conclusion is weakened slightly because of quasi-elastic
events with soft photons, but the bulk of pileup events still give
a negative invariant mass-squared, and the positive tail does not
extend into the signal region.
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θe > 103◦ for the epγ event. The positive tail is Monte Carlo
statistics-limited, but can be effectively eliminated by an iso-
lation veto on the trigger electron.

Sec. V, the effective two-event pileup cross section is al-
ready an order of magnitude below the epγγ cross section,
so higher numbers of pileup have effective cross sections
which are far below epγγ and hence negligible for this
analysis. There may be several elastic events in a timing
window, but by the negative invariant mass trick, these
will not contribute to the signal region (up to resolution
effects).

To simplify the discussion, we will assume that pileup
consists of exactly two events in a timing window. This
gives the following possibilities for final states:

• Background: ep/ep, ep/ep(γ), ep(γ)/ep(γ)

• Signal: ep/epA′

Here, (γ) stands for any nonzero number of final-state
photons, since as we have seen previously, one- and two-
photon events are indistinguishable on an event-by-event
basis due to the finite detector resolution. As discussed
in Sec. IV A 2, we can neglect ep/ep because of the high
proton detection efficiency, so the next leading pileup
background is ep/epγ. To take maximal advantage of
photon detection, we veto any event with a photon de-
tected in the tracking volume, and hence do not consider
ep(γ)/epA′ as part of the signal.

We now pair the backwards (trigger) electron with
both protons to form two invariant masses-squared m2

1

and m2
2, and define a signal event as having one of m2

1 or
m2

2 large and positive and the other strictly negative.13

13 Since all the reconstructed invariant mass distributions are
skewed slightly towards negative values, most of the mis-
reconstructed masses for ep/epA′, which are “truly” negative by
the invariant mass trick, will still be reconstructed as negative
rather than slightly positive. See the discussion in Sec. V A. The
requirement of a negative mass-squared helps eliminate back-
ground from epγ/epγ, which can have both m2

1 > 0 and m2
2 > 0

from either the correct or the incorrect pairing.
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The invariant mass spectra of the mis-reconstructed
masses for ep/epγ is shown in Fig. 14. Assuming perfect
experimental resolution, we clearly see the nonpositivity
property of Eq. (7). Including experimental resolution,
we find a small tail which extends to positive invariant
masses. As we will show in Sec. V A, we can effectively
eliminate this tail with an isolation veto on the trigger
electron.

This pileup mitigation technique of using negative in-
variant mass generalizes to higher numbers of pileup
events in a straightforward way. One can pair the trigger
electron with all detected protons and require a single
positive invariant mass-squared with all the rest strictly
negative.

C. Other potential backgrounds

The only truly irreducible background to the invisible
search in the Standard Model is ep→ epZ∗ → epνν (and
an analogous charged-current process), but at DarkLight
energies, the Z (or W ) is so far off shell that far less than
one event is expected during the entire running time of
the DarkLight experiment. In the DarkLight setup, there
is also a large rate of Møller scattering e−e− → e−e−

off atomic electrons, but kinematics force the outgoing
electrons to have very low energy, and these electrons
are swept into the Møller dump shown in Fig. 1.

Amusingly, the DarkLight visible search background
ep → epe+e− could also be a potential background for
the invisible search. If all three final-state leptons are
detected, we can simply impose a positron veto to dis-
card these events. If the positron exits the detector, then
the final state of eep looks like a pileup event where one
proton is undetected. In that case, though, the negative
invariant mass trick eliminates this background entirely,
since both e+e− invariant masses are positive. As we will
see below in Sec. V B, our analysis cut for dealing with
pileup will require a negative invariant mass.

Finally, the epe+e− cross section for both the positron
and one additional electron to escape detection is already
two orders of magnitude below the epγγ cross section
where both photons miss the detector. This exhausts the
QED backgrounds to order α4

EM. Events with three or
more photons are suppressed compared to the diphoton
cross section by an additional factor of αEM, and hence
can be neglected in this analysis.

V. ANALYSIS STRATEGY

Based on the considerations from the previous sections,
we now present an analysis strategy for DarkLight appro-
priate for the invisible search. We note that this strat-
egy is completely different from the one presented for
the visible search in Refs. [27, 28]. Essentially the only
shared feature is the requirement of a backwards electron
to limit the total rate to an manageable level. To take

into account the cap on the total event reconstruction and
data storage rates discussed in Sec. II B, we separate our
analysis cuts into object identification and vetoes (Level
1, outputting at 50 kHz) and event selection involving
full event reconstruction (Level 2, outputting at 300 Hz),
though we note the boundary between these regions is
flexible and will ultimately depend on the structure of
the readout electronics.

A. Level 1: Object identification and vetoes

Because of the enormous event rates, a hierarchical
trigger scheme is impractical, and so all Level 1 crite-
ria will be applied simultaneously for the free-running
trigger. As discussed previously, the main event selec-
tion criterion is a backwards electron of angle θe > θcut,
which we label the trigger electron. This cut is designed
to limit the overall event reconstruction rate, since the
elastic and epγ rates drop sharply as a function of angle,
while the signal has a fairly broad distribution of electron
angles centered near θe = 90◦ (see Fig. 4). Such a cut
keeps approximately 10% of the signal over most of the
mass range.

In addition to the backwards electron, we impose a
veto on any of the following situations:

• Elastic p veto: A proton consistent with quasi-
elastic kinematics (i.e. coplanar with the trigger
electron, and with energy and angle correlated to
that of elastic scattering within experimental reso-
lutions);

• Any γ veto: One or more detected photons above
5 MeV;

• Nearby e− veto: Any additional electrons with less
than 5◦ separation in θ from the trigger electron;

• Any e+ veto: Any positron with pT > 10 MeV.

These vetoes are all 1-bit pieces of information (the first
veto can be applied using a look-up table based on quasi-
elastic kinematics), and so can be applied at readout
time. Note that the backwards electron cut is correlated
with photon efficiency as in Table III.

The first veto suppresses the elastic background except
in cases where the detector fails to register the proton.
The second veto suppresses the background from ep(γ)
events.14 The third veto eliminates the small positive
invariant mass tail of elastic pileup, which arises from
events whose “true” fake invariant mass is very close to
zero. From Eq. (7), a near-zero invariant mass from

14 We assume for this analysis that the rate of electrons faking pho-
tons is zero; relaxing this assumption only increases the proba-
bility of a veto, and does not contribute to any additional back-
ground.
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Process Raw (Hz) Veto Level 1 (Hz) Level 2 (Hz) 50 MeV mass window (Hz)

ep 6.5× 107 p < 1 < 10−2 < 10−3

epγ 5.0× 106 γ 5.0× 104 2.0× 102 < 10−3

epγγ 1.6× 105 γ 1.7× 102 77 2.4

epe+e− 6.6× 103 e−, e+ 1.2× 102 2.3 < 10−2

ep/ep 3.1× 107 p, e− 1.2× 103 < 10−2 < 10−3

ep/epγ 2.4× 106 p, γ, e− 4.1× 102 < 10−2 < 10−3

epγ/epγ 2.4× 105 γ, e− 1.3× 103 7.3 0.27

Total Background 7.1× 107 – 5.0× 104 2.8× 102 2.7

Signal 5.4× 10−2 none 1.3× 10−2 1.3× 10−2 9.8× 10−3

TABLE IV. Example rates for a 50 MeV A′ search, assuming a luminosity of 6 × 1035 cm−2 s−1, α′ = 3 × 10−8, 95% photon
detection efficiency, θcut = 103◦, and ∆cut = 1 (1.3 MeV invariant mass resolution). The singles rates are total rates and
include the pileup rates. The ep/ep and ep/epγ rates include an arbitrary number of elastic events. The vetoes p, γ, e−, and
e+ refer to the four types of Level 1 vetoes described in Sec. V A. Although ∆cut = 1 does not affect the 50 MeV signal,
mis-measurement forces a small portion of the cross-section to lie outside the 50 MeV mass window, hence the reduction in
signal rate after the mass window cut.
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FIG. 15. Signal and background cross sections for mA′ =
50 MeV as a function of ∆cut.

ep/ep pileup only occurs when the paired events have
very similar kinematics. Requiring all additional elec-
trons to be at least 5◦ separated from the trigger electron
forces any accompanying protons from underlying elastic
events to have sufficiently different kinematics that the
reconstructed invariant mass remains negative.15 Finally,
the fourth veto ensures that the epe+e− background does
not contribute to the invisible search if the positron is de-
tected.

The rates after these selections are shown in Table IV.
Pileup rates are calculated by assuming a trigger on a

15 In fact, we can in principle have any number of additional elastic
events accompanying a signal event. After applying the third
veto, essentially all the mis-paired invariant masses will be nega-
tive even with finite experimental resolution, allowing us to take
full advantage of the negative invariant mass trick. Note that
we could improve the third veto by requiring only separation in
opening angle Ω between the two electrons instead of θ, but the
elastic rates at these large θ angles are sufficiently low that the
improvement would be modest at best.

backwards electron, then calculating the probability for
seeing a second event of the given type within the fol-
lowing 10 ns window according to Poisson statistics and
weighting the cross section by this probability. We see
that the output of Level 1 is 50 kHz as desired.

B. Level 2: Event reconstruction and selection

After the Level 1 vetoes, we are able to perform full
event reconstruction at 50 kHz, enabling additional Level
2 cuts for signal discrimination to yield a final data stor-
age rate of 300 Hz. From Table IV, the dominant back-
grounds after Level 1 are single ep(γ) events and epγ/epγ
pileup. The epγ events typically have small values of
m2

miss and do not enter the signal region, leaving mostly
epγγ. The epγ/epγ pileup can be largely eliminated us-
ing the negative invariant mass trick of Sec. IV B. We
can also improve the signal invariant mass resolution us-
ing the ∆cut criteria of Sec. III B.

At Level 2, we pairwise combine the trigger electron
with the various detected protons, and calculate all in-
variant masses. We keep only events with:

• A single invariant mass-squared greater than
(10 MeV)2;

• All other invariant mass-squared pairs negative;

• ∆ < ∆cut.

The ∆ < ∆cut selection further reduces the tail on the
ep(γ) singles and pileup, and should be optimized to max-
imize the signal to background ratio for a desired invari-
ant mass resolution.16 In Fig. 15, we illustrate the effect

16 For this reason, it may be advantageous to apply the ∆ cut
offline.
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of ∆ cuts on the signal and epγγ background cross sec-
tions for mA′ = 50 MeV and 95% photon efficiency; both
cross sections drop at the same rate as ∆cut is decreased,
so the reach is in fact worsened by stronger cuts on ∆.
On the other hand, as shown previously in Table II, the
mass resolutions increase uniformly with stronger cuts
on ∆. We note again that ∆cut = 10 is the maximum
kinematically allowed value of ∆ for the lightest A′ in the
signal region, mA′ = 10 MeV, so applying this cut keeps
100% of the signal. We will consider some representative
values of ∆cut = 10, 1, 0.5 in the analysis below.

As seen in Table IV, the only substantial backgrounds
remaining after the Level 2 criteria are epγ and epγγ,
with final data storage rate below the 300 Hz target.
For mA′ > 20 MeV, epγγ dominates. These background
rates could be further reduced by improving the photon
detection efficiency.

C. Analysis example

Here, we demonstrate the above analysis strategy by
applying these cuts to an example of a search for a 50
MeV A′ boson with α′ = 3× 10−8. We take 95% photon
detection efficiency, the corresponding θcut = 103◦, and
∆cut = 1, giving an invariant mass resolution of 1.3 MeV.
In Fig. 16, we show the missing invariant mass spectrum
of the various background processes after the analysis
cuts, confirming that the epγγ cross section dominates
for moderately large mmiss. For pileup backgrounds, the
elastic proton veto suppresses ep/ep and ep/epγ some-
what at Level 1, but the negative invariant mass trick
suppresses the Level 2 rates to well below the diphoton
cross section, so the only relevant pileup background is
epγ/epγ (which is still an order of magnitude smaller
than epγγ in the signal region). The last column of Ta-
ble IV shows the rate for the relevant background pro-
cesses in the 50 ± 1.3 MeV invariant mass bin. Even
with the relatively strict selection criteria, the signal rate
is over two orders of magnitude smaller than the back-
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FIG. 17. Results of a sample analysis with 1 ab−1 of data.
The resonance at mA′ = 50 MeV is clearly visible after sub-
tracting a smooth background fit shape.

ground, highlighting the need for a high luminosity ex-
periment.

To illustrate what a discovery of a 50 MeV A′ with
α′ = 3 × 10−8 would look like, we generated 1 ab−1 of
pseudodata (corresponding to 60 days of live data taking)
including the signal and all the backgrounds mentioned
above. We fit to the full missing invariant mass spectrum
for mmiss > 20 MeV using a smooth sixth-order polyno-
mial. For the case of background only, this polynomial
should match the measured distribution up to statistical
fluctuations. In the presence of a signal, a plot of data
minus fit divided by fit will show a spike at a candidate
mA′ value. This is demonstrated in Fig. 17, which shows
a clear spike at mmiss = 50 MeV which lies above the ex-
pected 5σ band from background statistical fluctuations.
Hence, with an inverse attobarn of data, one can resolve
the faint signal of an invisible A′ vector boson despite
the large backgrounds.

VI. EXPERIMENTAL REACH

A. DarkLight reach

Following the procedure outlined in Sec. V C, and re-
quiring a 5σ signal-to-background significance (that is,

S/
√
B > 5, where S and B are the number of signal

and background events respectively), we find the poten-
tial DarkLight invisible reach shown in Fig. 18. We chose
four representative values of photon efficiency: 0%, 50%,
95%, and 100%, with the appropriate value of θcut from
Table III. For comparison, we also show the DarkLight
visible (A′ → e+e−) reach from the study in Ref. [27].
The shaded areas represent excluded regions of param-
eter space from constraints on the electron and muon
anomalous magnetic moments [17, 18], or from beam
dump experiments [36, 37] in the case of the visible
search. Note that the beam-dump experiments, which
place strong constraints on long-lived A′ particles and
exclude a region of parameter space with small α′ for the
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FIG. 18. Left: DarkLight invisible search reach for various photon efficiencies. The gray shaded area indicates constraints
from anomalous magnetic moment measurements, with the green region indicating the “welcome” region where an A′ could
explain the (g−2)µ discrepancy. Right: The visible search reach is shown for comparison (adapted from Ref. [27]) and includes
additional constraints from beam dump experiments. The fluctuations in the reach for high photon efficiency are an artifact of
the difficulty of achieving high enough Monte Carlo statistics for events where both photons miss the detector.
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FIG. 19. DarkLight invisible search reach with 95% photon
efficiency for various choices of ∆cut.

visible search, do not place any constraints on the invis-
ible search. The green region represents the discrepancy
between experimental and theoretical values for (g−2)µ,
such that the discovery of an A′ with mass and coupling
within the band could explain the discrepancy [18].

We see that with 95% photon detection efficiency, we
can probe the majority of the preferred region. With no
photon detection, the invisible search does not even ex-
tend to a region of parameter space which is not already
excluded by anomalous magnetic moment data. Even

with 50% photon efficiency, we can barely probe the pre-
ferred region, thus showing the importance of efficient
photon detection. In Fig. 19, we show the effect of ∆
cuts on the reach for 95% photon efficiency. As shown
previously in Fig. 15, although the invariant mass reso-
lution improves with tighter cuts on ∆, the loss of signal
cross section outweighs this improvement and causes the
reach to decrease. However, taking ∆cut = 1 gives mass
resolutions on the order of 1 − 2 MeV throughout the
entire accessible mass range with only a modest loss of
sensitivity in the low-mass region.

B. Potential improvements

There are two straightforward ways to potentially im-
prove the DarkLight invisible search by modifying the de-
tector apparatus: increase photon efficiency or increase
photon acceptance. The importance of photon efficiency
is already highlighted in Fig. 18, where there is a po-
tential factor of 3 gain in going from 95% to 100% effi-
ciency, and part of this gain could be achieved by using a
thicker photon detector. On the other hand, in our stud-
ies we find that once 25◦ – 165◦ photon angular coverage
is achieved, only modest gains are possible by increasing
photon acceptance in the forward direction. In princi-
ple, one could add a forward photon endcap to enable
forward coverage down to 15◦, a limit which is set by
the forward lead collimator shown in Fig. 1.17 However,

17 As mentioned in Sec. II C the backwards angle 165◦ is limited by
the beam collimator.
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after all of the analysis cuts have been applied, the num-
ber of background events with photons in the 15◦ – 25◦

range is proportionally small, since most of the remain-
ing backgrounds involve one photon traveling within 5◦

of the beamline, a region that can never be instrumented.
A more challenging way to improve the DarkLight in-

visible search would be to increase signal acceptance.
Our Level 1 trigger strategy did not require any calcula-
tion of invariant masses, since all cuts involving invariant
masses were only applied at Level 2 after event recon-
struction. This meant that the 50 kHz output rate at
Level 1 was dominated by epγ events which were almost
entirely thrown out after the Level 2 signal discrimination
cuts. If we were able to focus on a particular invariant
mass region at Level 1, we could significantly loosen the
backwards electron cut, thus keeping more of the signal.
However, that would require extremely fast event recon-
struction at better than 50 kHz to improve the reach.

C. Comparison to VEPP-3 proposal

It is instructive to compare the DarkLight invisible
search strategy advocated here to the recent VEPP-3 pro-
posal in Ref. [31]. The VEPP-3 positron storage ring can
deliver a high-current positron beam of energy 500 MeV.
When the beam is incident on a hydrogen target, the pro-
cess e+e− → γA′ can allow a search for A′ bosons. This
search is independent of the A′ decay mode, since one
can compute the A′ invariant mass using just the single
final-state photon, which is detected using two symmet-
rical calorimeters covering 1.5◦ < θ < 4.5◦. The center-
of-mass energy for a 500 MeV beam is about 22.6 MeV,
and so the VEPP-3 experiment is designed to search for
an A′ with mass 5− 20 MeV. This is complementary to
DarkLight, which as shown in Fig. 18 is sensitive to A′

masses of 20− 80 MeV.
The reach for the VEPP-3 experiment, along with the

reach of several other experiments, is shown in Fig. 20.
We emphasize that most of the curves are for the visible
A′ → e+e− mode, while the VEPP-3 curve holds for any
decay mode. The sharp threshold at mA′ ≈ 21.1 MeV
is clearly apparent (here the A′ is labeled U on the hori-
zontal axis). VEPP-3 is mainly limited by the difficulty
of attaining a high-intensity, high-energy positron beam,
but is expected to have excellent performance up to the
kinematic threshold for A′ production.

The VEPP-3 setup has several interesting advantages.
First, the process e+e− → γA′ is a radiative return pro-
cess, where the cross section continues to increase until
just below the kinematic threshold for producing an A′.
This enhances the experimental reach despite the rather
small center-of-mass energy due to the fixed target. Sec-
ond, the VEPP-3 signal is a 2→ 2 process, compared to
the phase-space suppressed 2 → 3 signal for DarkLight.
This allows VEPP-3 to have a better reach than Dark-
Light despite having lower luminosity. Finally, although
the measured final state only consists of a single detected
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ton energy and angle (lab frame) in the VEPP-3 setup for
various A′ masses. For large enough mA′ there is a clean
separation between the e+e− → γγ background and the
e+e− → γA′ signal.

photon, the 2 → 2 kinematics is overconstrained. As
shown in Fig. 21, the outgoing photon energy and scat-
tering angle are perfectly correlated for a given A′ mass,
meaning that measurement errors which caused epγ to
fake a signal in the DarkLight setup will be less severe in
the VEPP-3 setup.

As with DarkLight, VEPP-3 has a potentially huge
background from the QED process where A′ is replaced
by a photon, in this case e+e− → γγ. Since it has dis-
tinct kinematics from the signal, the VEPP-3 experiment
is designed to eliminate this background using symmetric
photon detectors which veto an event where two photons
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are detected in coincidence; this serves the same pur-
pose as the DarkLight elastic veto and positive invariant
mass cut. That said, even with overconstrained kinemat-
ics, measurement errors with the quoted resolutions can
still pose a problem for low masses because of the high
γγ rate. The quoted energy and angular resolutions for
VEPP-3 are σE/E = 5% for 100 MeV < E < 450 MeV
and σθ = 0.1◦, so looking at Fig. 21, the γγ background
and mA′ = 5 MeV signal are only separated by 1σ−1.5σ.
This explains why the reach curve in Fig. 20 sharply de-
grades near mA′ = 5 MeV.

The main challenge of the VEPP-3 setup is that the
signal depends on detection of a single photon; any pro-
cess which produces any number of final-state photons
can potentially fake a signal. For example, e+e− → γγγ
can pose a significant background, as long as the kine-
matics are such that only a single photon ends up in
the detector volume while the other two miss. Other
backgrounds include ordinary bremsstrahlung off atomic
electrons (e+e− → e+e−γ) or protons (e+p → e+pγ).
These events can be partially suppressed with a detector
looking for final-state positrons. As was anticipated in
the VEPP-3 proposal, the positron bremsstrahlung cross
section is the dominates through the allowed parameter
space, even up to threshold. However, once a modest
10% positron veto is implemented, the 3-photon process
dominates. These events are irreducible in the same sense
as epγγ events for DarkLight, and limit the reach unless
additional coincident photon detectors are added.

D. Constraints from rare kaon decays

As pointed out in Ref. [17] and calculated in Ref. [18],
the rare kaon decay K+ → π+ + inv. can provide strong
constraints on an A′ with couplings to quarks. The Stan-
dard Model contribution to this process K+ → π+νν is
forbidden at tree-level by the absence of flavor-changing
neutral currents (FCNCs), and further suppressed by
the GIM mechanism, resulting in a branching ratio of
(8.4 ± 1.0) × 10−11. The measured branching ratio is
Br(K+ → π+νν) = (1.7±1.1)×10−10 [38], in agreement
with the Standard Model value, so this decay mode con-
strains any model of new physics which could contribute
to it. For an invisibly decaying A′, we must consider
constraints on K+ → π+A′, which we do in an effective
operator framework below the QCD confinement scale.

If the A′ couplings originate from kinetic mixing with
the photon, then K+ → π+A′ process is still suppressed
at tree-level since kinetic mixing leaves the flavor struc-
ture diagonal. This logic excludes the operator ∂µKπA

′µ

in the effective theory because, replacing A′µ → Aµ/κ

where κ =
√
α′/αEM, we would get a flavor-changing

tree-level coupling to the photon. The lowest-dimension
operator mediating K+ → π+γ∗ (note that the decay to
an on-shell photon is forbidden by angular momentum
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FIG. 22. Constraints on a kinetically-mixed A′ from the rare
decay K+ → π+ +inv. The orange shaded region is excluded.
This constraint would be removed if the A′ did not couple to
quarks.

conservation) appears at dimension-6:

L ⊃ 1

Λ2
∂µK∂νπF

µν . (8)

Via kinetic mixing, this generates the associated operator
(κ/Λ2)∂µK∂νπF

′µν mediating K+ → π+A′.

Integrating by parts and using equations of motion, we
have

L ⊃ 1

Λ2
π∂µK∂νF

µν +
κ

Λ2
π∂µK∂νF

′µν

⊃ e

Λ2
π∂µKψeγ

µψe +
κm2

A′

Λ2
π∂µKA

′µ. (9)

The first operator mediates K+ → π+e+e−; matching
the observed branching ratio of 3 × 10−7 [38] for this
process gives Λ ≈ 2 TeV. Requiring the K+ → π+ +
inv. branching ratio to stay within 2σ of the measured
value after including the contribution from K+ → π+A′

gives the constraint shown in Fig. 22. This result agrees
with Ref. [18], which used matrix elements obtained from
chiral perturbation theory [39].

The above constraint is only valid if the A′ couplings
arise from kinetic mixing. But there are many model-
dependent ways that this rare kaon decay constraint can
be modified. For example, if the A′ did not couple
to quarks, this constraint would be absent entirely. In
the other extreme, the A′ could have tree-level flavor-
violating couplings to the quarks, in which case the con-
straints would be considerably stronger.
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VII. CONCLUSIONS

The DarkLight experiment is a unique probe of the
luminosity frontier. Despite the fact that elastic electron-
proton scattering has been studied extensively since 1950
in an effort to understand the internal structure of the
proton [40, 41], we can use the increase in luminosity
provided by the JLab FEL electron beam to tease out
new physics which may be hiding at MeV-scale energies,
unnoticed only because of its extremely weak coupling to
the Standard Model.

We have presented here an analysis strategy for Dark-
Light which could discover an invisibly-decaying vector
boson A′ of mass 20−80 MeV in only 60 days of data tak-
ing, down to couplings of α′ ≈ 10−8. However, we have
shown that such a discovery would only be possible with
high photon detection efficiency, in order to suppress the
large epγγ background. It is remarkable that the “sweet
spot” of this search lies in the region where discovery of
an A′ could explain the 3σ anomaly in the muon mag-
netic moment. A complementary experiment VEPP-3
is optimized to look for invisibly-decaying A′ bosons of
mass 5− 20 MeV, and the combination of these two ex-
periments can probe a large portion of parameter space,
including the majority of the (g − 2)µ preferred region.

While our analysis has focused on the DarkLight setup
in particular, we have introduced two new techniques
which may be useful for other experiments at the lumi-
nosity frontier. We have introduced an event selection
criterion based on minimizing missing energy (in con-
trast with typical new physics cuts at the LHC which
maximize missing energy). This cut is useful in situa-
tions where the initial-state four-vectors are known with
certainty, so that one can construct a missing invariant
mass. We have also described a method for mitigating
the combinatorial background from pileup, by taking ad-
vantage of a peculiar feature of elastic kinematics which
forces the mis-reconstructed invariant mass-squared to
be negative.

A discovery of a new massive vector boson A′ would
open up the low-energy, high-luminosity frontier of par-

ticle physics. Since in many models the A′ mediates dark
matter interactions, a discovery through its invisible de-
cay mode could link dark matter physics with low-energy
physics in a very interesting way. Furthermore, Dark-
Light has the capability to detect both the visible and
invisible decay modes, allowing in principle a measure-
ment of the branching ratios to electrons/positrons and
invisible final states. Among experiments searching for
a dark vector boson A′, this capability is unique to the
DarkLight setup. We eagerly await the construction of
DarkLight and its contributions to physics beyond the
Standard Model.

Note added: While this paper was being prepared,
Refs. [42, 43] appeared, using a new tenth-order calcula-
tion of the electron g−2 [44] to set more stringent bounds
on α′ in the low A′ mass region.
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