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Electron beam fixed target experiments such as NA64 and LDMX use missing energy-momentum to
detect the production of dark matter and other long-lived states. The most studied production mechanism is
dark Bremsstrahlung through a vector mediator. In this work, we explore a complementary source of
missing energy-momentum signals: Bremsstrahlung photons can convert to hard vector mesons in
exclusive photoproduction processes, which then decay to dark matter or other invisible particles, such as
neutrinos. We find that existing NA64 data can improve the leading constraints on invisible light vector
meson decays, while a future run of LDMX could improve them by up to 5 orders of magnitude. For the
examples of a dark photon and a Uð1ÞB gauge boson mediator, accounting for meson decays substantially
enhances these experiments’ sensitivity, especially to thermal relic dark matter of mass mχ ≳ 0.1 GeV.
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I. INTRODUCTION

Light dark matter (DM) in the sub-GeV mass range has
received a surge of interest over the last decade, triggered
by its potential to explain several direct and indirect
detection anomalies [1–3], and more generally by its
viability as a WIMP-like thermal relic in simple dark
sector models. Such models generically predict meson
decays with missing energy, and several works explored
flavor violating decays of B mesons, D mesons, and kaons
[4–6], and invisible and radiative decays of light flavorless
mesons [4,7] and heavy quarkonia [8–11]. More recently,
invisible and radiative decays of light flavorless mesons
[12,13] and heavy quarkonia [14–18] into DM have been
reconsidered from an effective field theory perspective.
Motivated by these predictions and others, flavor facto-

ries have set limits on invisible meson decay, as we show in
Table I. Invisible decays of the light mesons ω, ϕ, η, and η0
have been searched for at BES [19,20], and the leading
constraints on the invisible decay of heavy quarkonia J=ψ
and ϒ have been set at BABAR [21,22]. Recently, NA62
[23] has set a stringent limit on invisible decays of π0

mesons.

In this paper, we describe a new method for detecting
invisible meson decay. Existing searches tag the invisibly
decaying meson by producing it through the decay of a
heavier meson. By contrast, missing energy/momentum
experiments such as NA64 [33,34] and LDMX [35,36] are
sensitive to any process in which a beam electron transfers
most of its energy to invisible particles, leading to a missing
energy signal with no accompanying penetrating particles.
The exclusive production and invisible decay of an energetic
meson contributes to this inclusive missing energy signal. As
a result, such experiments may be used to simultaneously set
limits on the invisible branching ratios of all kinematically
accessible mesons, potentially strengthening existing con-
straints by orders of magnitude. These electron beam experi-
ments are conventionally interpreted as probes of the DM
coupling to electrons, but as we will see, their sensitivity to
invisible meson decays also offers a powerful probe of the
DM or light mediator couplings to quarks.
We will consider dark sector models where the DM

particle χ interacts with a vector mediator A0 which in turn
interacts weakly with quarks, focusing on the well-moti-
vated examples of a kinetically mixed dark photon [37,38]
and a Uð1ÞB gauge boson [39–42]. (For reviews of dark
sectors and dark photons, see Refs. [43–46].) Such models
can be probed by the invisible decays of flavorless vector
mesons. This signature is particularly promising because
photons impinging on nuclei can efficiently convert into
these mesons, through exclusive forward photoproduction
reactions that transfer little energy to the recoiling nucleus
or nucleon. Our work thus complements Ref. [47], which
focuses on invisible decays of light pseudoscalar mesons.
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A simple estimate demonstrates the potential of our
approach. At NA64 or LDMX, the sequence of events that
leads to a missing energy/momentum signal from invisible
vector meson decay is shown in Fig. 1. The expected
yield of the vector meson V through exclusive photo-
production is NV ¼ NefbrempV , where Ne is the number
of electrons on target, fbrem is the fraction that produce a
hard Bremsstrahlung photon, and pV is the probability
the photon undergoes an exclusive photoproduction
process.
Most photons initiate an electromagnetic shower

through a photon conversion process, with cross section
σγN→eþe−N ≃ 7mN=9X0, where mN is the mass of the
nucleus and X0 is the radiation length. The photoproduction
cross section is σγN→VN ¼ fVnucAσV0 , where σ

V
0 is the cross

section for exclusive photoproduction on a single nucleon,
and fVnuc is an order-one correction factor. Thus,

pV ≃
9

7

σV0X0fVnuc
mp

¼ 10−5
X0

12.86 g=cm2

σV0
1 μb

fVnuc
1.0

; ð1Þ

where we have normalized to the radiation length for
copper. Typically σV0 is on the order of 1 μb, so that given
the LDMX Phase II design parameters Ne ¼ 1016 and
fbrem ¼ 0.03, we expect meson yields on the order of 109 to
1010. This leads to the strong projected bounds on invisible
vector meson decay shown in Fig. 2. As we will see, at high
mA0 , the corresponding sensitivity to dark sector models
exceeds that due to A0 Bremsstrahlung, largely because the
latter is parametrically suppressed by ðme=mA0 Þ2.
The rest of the paper is structured as follows. In Sec. II,

we describe in greater detail how invisible meson decay can
give rise to missing energy/momentum signals at NA64 and

FIG. 1. Schematic depiction of the DM signal at LDMX from
A0 Bremsstrahlung (top) and invisible vector meson decay
(bottom). In the former, DM is produced through an on or off
shell A0 in the target. In the latter, a hard photon is produced in the
target, and converts to a vector meson V in an exclusive
photoproduction process in the calorimeter. The vector meson
then decays invisibly to DM via mixing with the A0.

FIG. 2. Bounds on invisible meson decay, summarizing infor-
mation from Tables I and II. We show the best current bound, our
projected 90%C.L. exclusions for four experimental benchmarks
(assuming zero background events), and the invisible branching
ratio within the SM due to decays to neutrinos.

TABLE I. Summary table for invisible and radiative decays of flavorless vector mesons V and pseudoscalar mesons M. Most
experimental bounds are as in Ref. [24], except for invisible π0 decay and radiative η and η0 decay. The experimental bounds on invisible
decays tag decays of a heavier meson and search for missing mass corresponding to the given meson, while those for radiative decays
search for missing mass from an invisibly decaying X. In the Standard Model, these processes occur through decays to neutrinos. Note
that for the pseudoscalar mesons, decays to two neutrinos are proportional to m2

ν because of helicity suppression. Thus, decays to four
neutrinos may dominate, but they are also extremely rare [25], being suppressed by ðGFm2

MÞ4.
BrðV;M → invÞ BrðV;M → νν̄Þ BrðV;M → γ þ XinvÞ BrðV;M → γνν̄Þ

ρ0 � � � 2.4 × 10−13 [25] � � � Unknown
ω < 7 × 10−5 [19] 2.8 × 10−13 [25] � � � Unknown
ϕ < 1.7 × 10−4 [19] 1.7 × 10−11 [25] � � � Unknown
J=ψð1SÞ < 7 × 10−4 [21] 2.7 × 10−8 [26] < 1.7 × 10−6 [27] 7 × 10−11 [28]
ϒð1SÞ < 3 × 10−4 [22] 1.0 × 10−5 [26] < 4.5 × 10−6 [29] 2.5 × 10−9 [15]
π0 < 4.4 × 10−9 [23] See caption < 1.9 × 10−7 [30] 2 × 10−18 [31]
η < 1.0 × 10−4 [20] See caption ≲ 5 × 10−4 [32] ∼ 2 × 10−15 [31]
η0 < 6 × 10−4 [20] See caption ≲ 2 × 10−6 [32] ∼ 2 × 10−14 [31]
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LDMX. In Sec. III, we estimate the exclusive photo-
production yields of the relevant vector mesons, reserving
details for the Appendix. We calculate the invisible
branching ratios in the dark photon and Uð1ÞB models
in Sec. IV, and show the resulting projected constraints in
Sec. V. We conclude by discussing potential future direc-
tions, such as experimental studies and applications to
neutrino physics, in Sec. VI.

II. MISSING ENERGY/MOMENTUM
EXPERIMENTS

Fixed target experiments have emerged as a powerful
probe of light dark sectors [48–50]. In this paper, we focus
on the missing energy approach [51], exemplified by
NA64, and the missing momentum approach [52], exem-
plified by the proposed LDMX experiment. In both cases,
individual electrons from a low-intensity electron beam are
tagged and directed at a target. Dark matter production
through A0 Bremsstrahlung, shown at the top of Fig. 1,
leads to an observed final state consisting solely of a much
lower-energy (and transversely deflected) recoil electron,
with the rest of the energy carried by the produced DM
particles, which pass through the detector without interact-
ing. These events are identifiable with order-one efficiency
by measuring the electron’s energy loss with downstream
tracking and/or calorimeters, together with the absence of
other detected particles that could have carried the energy
away. Missing energy/momentum experiments must mea-
sure the detector response to one electron at a time, which
limits their event yield. Nonetheless, they can match or
exceed the sensitivity of much higher-luminosity beam
dump experiments to weakly coupled light DM, as beam
dumps are only sensitive to the small fraction of DM
production events where the DM rescatters in a downstream
detector.
In the missing energy approach, the target is the front of

the electromagnetic calorimeter itself. By contrast, in the
missing momentum approach, DM production occurs in a
thin target separated from the electromagnetic calorimeter,
allowing the electron to be subsequently deflected and
tracked downstream of the target. This enables a higher
degree of background rejection, as well as in situ back-
ground measurements that would lend credence to any
claimed discovery.
In both experimental approaches, electrons often pro-

duce hard Bremsstrahlung photons in the target which carry
away the majority of their energy, and such events must be
rejected extremely reliably. A key potential source of
background is the case where the hard photon initiates a
hadronic shower through an exclusive photoproduction
process, such as γp → πþn or γN → NKSKL. Reliably
rejecting these photonuclear reactions is an important
design driver for the downstream electromagnetic and
hadronic calorimeters, which has been studied in detail
for LDMX in Refs. [35,36].

The main point of this paper is that the exclusive
photoproduction of vector mesons, γN → VN, can also
be an important source of real missing energy/momentum
signals. These vector mesons carry almost all of the original
photon’s energy, and decay well before directly interacting
with any other nuclei in the calorimeters. If they decay to
invisible final states such as DM, as shown at the bottom of
Fig. 1, then the entire process leaves no trace of the original
photon besides the recoil energy of the nucleus or nucleon.
Therefore, it is crucial to understand the efficiency with
which these recoils survive vetoes used by NA64 and
LDMX to reject Standard Model backgrounds. While this
is ultimately an experimental question, we will argue below
that these survival probabilities should be of order one.
As discussed in the following section, meson production

proceeds through both coherent and incoherent processes.
Coherent production involves scattering off an entire
nucleus, and is peaked at very low momentum transfer
q≲ 1=rnuc. Even for a light target nucleus such as silicon,
this corresponds to recoil kinetic energies below 100 keV.
Such energy depositions are unobservably small, especially
given the likelihood that the nucleus would never even
reach active material of the calorimeter. Thus, coherent
meson photoproduction produces an unambiguous missing
energy signal. It accounts for most of the light meson yield
at NA64, and about half of the meson yield at LDMX.
However, it is form factor suppressed for heavy mesons,
such as ϕ mesons at LDMX and J=ψs at NA64.
In these cases, incoherent production dominates; it leads

to recoils off individual nucleons, with characteristic
momentum transfer ∼500 MeV. Therefore, the nucleons
receive a typical kinetic energy ∼100 MeV, and recoil at
wide angles of 50° to 70° from the beam line. These
energies are near the sensitivity limits of the detectors.
For example, a proton with 50 MeV kinetic energy at

these angles would stop within one tungsten absorber layer
of the LDMX ECal, and thus could be completely unde-
tectable. By contrast, a 200 MeV proton could travel
through 5 to 10 layers and leave a short track, similar to
those LDMX has proposed to use to reject short-lived
charged kaon backgrounds [36]. These higher-energy
proton recoils may also be vetoed by NA64’s selections
on the lateral and longitudinal shape of the electromagnetic
shower [51]. When the scattered nucleon is a neutron, it
would miss the NA64 HCal completely due to the
wide production angle and so is presumably undetectable,
but the veto efficiency of the LDMX side HCal for wide-
angle, low-energy neutrons is marginal (e.g., see Fig. 50
of Ref. [35]).
Properly determining the signal efficiency for incoherent

meson production is thus an experimental question that
requires detailed simulation and, preferably, in situ perfor-
mance measurements. Nucleons with recoil energies below
50 MeV are virtually assured to appear as missing energy,
while those with recoil energies up to 200 MeV would
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survive vetoes with an order one probability. For this work,
we therefore take a kinetic energy cutoff of 100 MeV for
both protons and neutrons at NA64 and LDMX. However,
as discussed below, our results are generally not qualita-
tively sensitive to the choice of cutoff.
We note that at LDMX, the pT distribution of missing-

energy events from meson photoproduction and invisible
decay matches that of ordinary Bremsstrahlung, not the
higher-pT spectrum expected from A0 Bremsstrahlung.
Therefore, electron pT does not offer any additional dis-
criminating power between the meson-induced signal and
Bremsstrahlung-initiated background. This does not impact
our sensitivity analysis, which is based on LDMX projec-
tions that assume sub-single-event backgrounds before any
additional electron pT requirements. However, it does limit
the toolkit available for distinguishing a meson-induced
signal from mismodeled backgrounds.
We will numerically estimate meson yields for four

experimental benchmarks, described in Table II. First, we
consider both existing NA64 data using a 100 GeV beam,
and the results of a future run with roughly 20 times more
electrons [53] at similar energies. At NA64, an event is
potentially identified as signal if more than half of the
energy is missing. On the basis of the thick target
Bremsstrahlung results of Ref. [54], we estimate that a
fraction fbrem ≈ 0.5 of the electrons result in a hard photon
carrying at least this much energy, and since the
Bremsstrahlung spectrum is roughly flat, we take a typical
photon energy of 75 GeV. For LDMX, we consider the two
nominal stages of running described in Ref. [35], assuming
a thin, 10% radiation length tungsten target. For the 4 GeV
“Phase I” benchmark, the trigger requires the electron to
lose more than 2.8 GeV of its energy, which occurs via
Bremsstrahlung to a fraction fbrem ≈ 0.03 of the electrons,
resulting in photons with typical energy 3.5 GeV. For the
8 GeV “Phase II” benchmark, we double these energy
numbers.

III. VECTOR MESON PHOTOPRODUCTION

Our next task is to refine our estimate of the exclusive
photoproduction yield NV . Proton beam dumps face a
similar problem, as in their case, pseudoscalar meson decay
is an important source of DM. Typically, the reach

of a proton beam dump experiment is estimated using
Monte Carlo simulations (e.g., see Refs. [55–57]), which
are tuned to match data at the ∼25% level. However, this
approach is unnecessary for our purposes. Particle transport
Monte Carlo programs such as GEANT4 [58] excel at
modeling the complex secondary interactions that occur
for typical photons. This level of modeling is not required
for our study, where photons only undergo a single,
exclusive photoproduction process, and the vector mesons
produced in these reactions decay well before interacting
with any matter in the downstream detector.
In fact, a simulation-based approach is also inadequate,

as neither GEANT’s hadronic models nor particle physics
Monte Carlo simulations such as PYTHIA [59] include
careful modeling of exclusive photoproduction processes.
PYTHIA’s parton-based modeling is designed for the deep-
inelastic regime, while our reactions of interest are in the
diffractive regime. Meanwhile, GEANT4 [60] does not
include short-lived resonances in its hadronic models,
but rather treats reactions such as γp → ρp as a component
of, e.g., γp → πþπ−p. More specialized programs such as
GiBUU [61] do propagate the light vector mesons through
nuclei, but no semiclassical procedure can adequately
describe coherent photoproduction, which often accounts
for most of the meson yield. For heavy nuclei and high
photon energies, neglecting coherent photoproduction
underestimates the yield by up to an order of magnitude.
Therefore, we will focus on estimating the yield trans-

parently from a combination of theory and experimental
measurements. Of course, to study more experimentally
subtle questions, such as the probability of vetoing a
recoiling nucleon from incoherent photoproduction,
the models discussed below would need to be embedded
into a Monte Carlo program with appropriate systematic
uncertainties.
To begin, we refine Eq. (1) to account for the fact that

the calorimeters are comprised of layers containing differ-
ent nuclei. Weighting by the photon survival probability
yields

pV ¼
Z

∞

0

exp

�
−
Z

x

0

7ρðx0Þ
9X0ðx0Þ

dx0
�
ρðxÞσV0
mp

fVnucðxÞdx: ð2Þ

TABLE II. Total electrons on target Ne, electron energy Ee, and estimated fraction fbrem of electrons that yield hard Bremsstrahlung
photons (with typical energy Eγ), for our four benchmarks, as discussed in Sec. II. We also show the per-nucleon exclusive light vector
meson photoproduction cross sections and the estimated total meson yields, calculated as described in Sec. III.

Ne Ee (GeV) Eγ (GeV) fbrem σρ0 ðμbÞ σω0 ðμbÞ σϕ0 ðμbÞ Nρ Nω Nϕ NJ=ψ

NA64 (current) 2.8 × 1011 100 75 0.5 9 0.8 0.7 7 × 106 5 × 105 5 × 105 6 × 103

NA64 (ultimate) 5 × 1012 100 75 0.5 9 0.8 0.7 1.2 × 108 9 × 106 8 × 106 1.1 × 105

LDMX Phase I 4 × 1014 4 3.5 0.03 23 5 0.4 1.1 × 109 1.9 × 108 1.1 × 107 � � �
LDMX Phase II 1016 8 7 0.03 16 1.9 0.5 3 × 1010 3 × 109 5 × 108 � � �
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For both NA64 and LDMX, this integral is largely
determined by the composition of the front of the electro-
magnetic calorimeters. At NA64, most of the mesons are
photoproduced in the lead absorber layers, with most of the
remainder from carbon in the plastic scintillator [34]. For
LDMX, about half of the mesons are photoproduced from
carbon, silicon, and oxygen in the preshower, while most of
the rest are photoproduced in the tungsten absorber layers
[62]. Note that in general, pV is higher for materials with
lighter nuclei, because the radiation length scales as
X0 ∼ A=Z2, due to coherent scattering off the Z protons.
The per-nucleon exclusive photoproduction cross section

σV0 has been thoroughly measured for all relevant mesons in
the entire energy range of interest. We extract the light
vector meson cross sections in Table II from the theoretical
fit of Ref. [63]. For the ϕ meson, Pomeron exchange is the
dominant contribution, explaining the characteristic slow
rise in cross section with energy. For the ρ and ω mesons,
exchanges of light mesons such as the f2ð1270Þ and π0

dominate for low energies, while Pomeron exchange takes
over at high energies, explaining why the cross section
remains fairly high at NA64 energies.
Naively, the cross section for nuclei is simply the

incoherent sum AσV0 , but the computation of the correction
factor fnuc is nontrivial. To proceed, we must note that
mesons can be exclusively photoproduced through two
distinct processes. In the coherent process, the nucleus
remains in its ground state and recoils as a whole, leaving it
with negligible kinetic energy; it is peaked at very low
momentum transfer, with a scale set by the radius of the
nucleus. In the incoherent process, the meson recoils off an
individual nucleon, and the characteristic momentum trans-
fers are somewhat higher, being set by Pomeron physics.
These qualitative features are shown in Fig. 3.

We separate the contributions of these processes by
defining finc;coh ¼ σinc;coh=Aσ0, where fnuc ¼ finc þ fcoh.
Naïvely, the cross section for the incoherent process
scales as A, but it is suppressed by absorptive final state
interactions. In the limit of a very large, opaque
nucleus, the effective number of nucleons participating is
determined by the geometric cross section of the nucleus,
Aeff ∼ r2nuc ∼ A2=3, leading to the rough scaling finc ∼ A−1=3.
It is further suppressed by nuclear shadowing, a destructive
interference effect most important at high photon energies.
In the coherent process, the photoproduction amplitude

is coherently summed over the nucleons, leading
to a forward differential cross section dσcoh=dtjθ¼0 that
naively scales as A2. The coherent peak extends up to
t ∼ 1=r2nuc ∼ A−2=3, implying a rough scaling fcoh ∼ A1=3,
though it is also suppressed for heavy nuclei by absorptive
final state interactions. In contrast to the incoherent process,
the coherent cross section increases at higher photon
energies, because a lower longitudinal momentum transfer
qk ≈m2

V=Eγ is required to produce the meson, leading to
constructive interference across the entire nucleus. These
qualitative features are shown in Fig. 4.
The coherent and incoherent cross sections on nuclei can

be measured separately, since coherent production is
peaked at very low momentum transfer. For the light vector
mesons, the coherent cross sections have been thoroughly
measured decades ago, for a wide variety of nuclei and
photon energies, and a standard Glauber optical model fits
the data; we estimate that the theoretical uncertainty is at
most 25%. The subleading incoherent cross section is less
well measured, and the data is more ambiguous; here we
estimate an uncertainty of up to 50%. Further details on
the theoretical modeling and experimental measurements
may be found in the Appendix, but for the purposes of
estimating the reach, the conclusion is simply that fnuc is
close to one for most energies and nuclei we consider, as
shown in Fig. 5. We compute the entries in Table II by
additionally requiring that the nucleon recoil energy be less
than 100 MeV for the incoherent process, which decreases
the incoherent yield by up to 50%. However, as shown in
the Appendix, our results are not strongly dependent on the
precise choice of cutoff; it is usually the uncertainty on the
coherent and incoherent cross sections that dominates.
We may also consider heavier vector mesons, and the

most promising example is J=ψ photoproduction at NA64.
Following HERA data [64], we estimate a per-nucleon
elastic photoproduction cross section of σJ=ψ0 ¼ 15 nb at
NA64 energies. Photoproduction of J=ψ on nuclear targets
may also be described by optical models, which have been
recently refined within the leading twist approximation to
treat ultraperipheral ion collisions at the LHC (e.g., see
Ref. [65]). Fortunately, it is much more straightforward
to treat the lower center-of-mass energies at NA64,
Wγp ∼ 10 GeV. In this case, the high longitudinal momen-
tum transfer strongly suppresses coherent photoproduction

FIG. 3. Differential cross sections for coherent (dashed) and
incoherent (solid) ω photoproduction. We also show contours of
nucleon recoil energy for the incoherent process.
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and nuclear shadowing in incoherent photoproduction.
Furthermore, final state interactions are relatively unim-
portant because the J=ψ-nucleon cross section is several
times smaller than for the light vector mesons [66]. We may
thus estimate fcoh ≈ 0, finc ≈ 1, with accuracy comparable
to our other yield estimates.
NA64 can also produceϒ mesons, but the cross sections

at its energies are orders of magnitude smaller than for J=ψ,
making it uncompetitive with the current BABAR con-
straint. Meanwhile, at LDMX energies, ϒ production and
incoherent J=ψ production are kinematically forbidden.
Coherent J=ψ production is kinematically allowed, but our
optical models are not necessarily trustworthy in this very
high momentum transfer regime; in any case, they predict a
very strong suppression. We thus consider only J=ψ
production at NA64, yielding the final column of Table II.

IV. INVISIBLE BRANCHING RATIOS

Given the meson yields shown in Table II, LDMX and
NA64 can place a 90% confidence level (C.L.) limit
BrðV → invÞ ≤ 2.3=NV on the invisible branching ratio
of each relevant meson, assuming zero background events
and neglecting theoretical uncertainty, yielding the results
shown in Fig. 2. We expect that current NA64 data could
already set a strong limit on the invisible decays of the ρ
meson, improve the bounds for ω and ϕ by about an order
of magnitude, and improve the J=ψ bound by roughly a
factor of 2. Of course, actually setting such limits would
require a more detailed analysis of theoretical uncertainties
and experimental efficiencies, since our projections con-
sider only statistical uncertainty.
Future NA64 data will improve on all of these results by

roughly a factor of 20. In particular, the resulting limit on
J=ψ invisible decay would be competitive with the pro-
jected limit BrðJ=ψ → invÞ ≤ 3 × 10−5 from a future run
of BES III [67]. LDMX could further improve on the light
meson results by orders of magnitude, highlighting the
potential of missing energy/momentum experiments as
precision probes of meson physics.
To constrain specific dark sector models, we must

compute the expected invisible branching ratio of each
meson. For concreteness, we focus on dark sectors with
pseudo-Dirac fermion DM, and a vector mediator with
interactions

L ⊃ ϵeA0
μJ

μ
X þ gDA0

μχ̄γ
μχ ð3Þ

where ϵ is the kinetic mixing parameter, and JμX ¼P
q cqq̄γ

μq stands for the electromagnetic current JμEM
(cq ¼ Qq) or the baryon current JμB (cq ¼ 1=3). For the
Uð1ÞB model, we also assume a loop-suppressed kinetic

FIG. 4. Contributions to meson yield from incoherent (solid) and coherent (dashed) processes, as a function of the nucleon number A,
for typical photon energies at LDMX and NA64. We show results for ω (left) and ϕ (right) photoproduction; results for ρ are similar to
those for ω. Coherent production is suppressed for the ϕ meson at low photon energies, due to its higher mass.

FIG. 5. Measure of total meson yield for the ω and ϕ for three
benchmark nuclei, as a function of the photon energy Eγ.
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mixing ϵe=ð4πÞ2 with the photon. This does not affect the
meson decay signature, but it is relevant for computing the
reach from A0 Bremsstrahlung and the thermal relic
target below the two-pion threshold. For the dark sector
parameters, we take benchmarks αD ¼ g2D=4π ¼ 0.5 and
mA0=mχ ¼ 3.
To compute the invisible branching ratios for light vector

mesons, we first find the relevant form factors, defined by
h0jJμXjVðϵÞi ¼ imVfV;Xϵμ. From the results of Appendix C
of Ref. [68], which accounts for ϕ − ω and ρ − ω mixing,
we infer the first three rows of Table III, giving the
couplings fV;q to light quark currents q̄γμq. Note that
fρ;s vanishes because we are ignoring the small effect of
ρ − ϕ mixing, but this does not qualitatively affect the
results. Next, we straightforwardly infer the bottom two
rows of Table III. Here, fω;EM is suppressed due to a partial
cancellation between the u and d components, while fρ;B is
strongly suppressed, because it is only nonzero due to
mixing effects.
The amplitude for an on-shell vector meson V to decay to

χχ̄ through a virtual A0 is

M ¼ ημν − qμqν=m2
A0

q2 −m2
A0

ðgDϵeÞðūðpÞγνvðp0ÞÞðmVfV;XϵμÞ;

ð4Þ

where qμ is the meson’s momentum. Squaring and sum-
ming over final spins and averaging over initial meson
polarizations ϵμ gives the decay rate

ΓV→χχ̄ ¼
αDðϵeÞ2f2V;X

3

ðm2
V þ 2m2

χÞ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

V − 4m2
χ

q

ðm2
A0 −m2

VÞ2 þΓ2
A0m2

A0
ð5Þ

in the frame of the meson. The resonant peak is cut off by
the width ΓA0 of the A0 due to decay to DM, where, for our
dark sector model,

ΓA0

mA0
¼ αD

3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4m2

χ=m2
A0

q
ð1þ 2m2

χ=m2
A0 Þ ð6Þ

for on shell A0. (These results can equivalently be derived
by considering mixing with the A0 in the vector meson
dominance framework, e.g., see Ref. [69].) The expected

number of missing energy events via production of V is
then NVΓV→χχ̄=ΓV .
However, in the above derivation, we have implicitly

applied the narrow width approximation for the vector
meson V by taking it to be on shell. A more accurate
expression is obtained by averaging Eq. (5) over the
spectral density of photoproduced Vs, or equivalently, by
treating both V and A0 as intermediate states in the full
γN → χχ̄N process. In particular, when ΓA0 ≪ ΓV but the
two resonances overlap, jmA0 −mV j≲ ΓV , it is more
accurate to apply the narrow width approximation to the
A0. Assuming a Breit-Wigner line shape for both resonan-
ces, the resulting correction is equivalent to multiplying
Eq. (5) by ΓV=ΓA0 and replacing ΓA0 with ΓV in the
denominator. We apply this correction when showing
results for the ρ meson, which is about twice as wide as
the A0 for nearby masses, resulting in a flattening and
broadening of the resonant peaks.
When the masses are widely separated,

jmA0 −mV j ≫ ΓA0 ;ΓV , the situation is more subtle. Here,
the spectral density has two distinct contributions. The
contribution at q2 ≈m2

V corresponds to the standard result
from on shell Vs, while the additional contribution at
q2 ≈m2

A0 corresponds to production of far off shell vector
mesons that mix with a nearly on shell A0. The contribution
of this second peak can be comparable or even greater,
especially when αD ≪ 1. It cannot be interpreted in terms
of an invisible branching ratio of the ρ, but it does enhance
the signal rate. However, properly evaluating this contri-
bution would require a more detailed treatment of the
momentum dependence of the photon-ρ Pomeron
vertex, the final-state phase space, and the spectral shape
of the ρ. Therefore, we conservatively neglect it in this
initial study.
Finally, for the J=ψð1SÞ, we compute the invisible decay

width by comparing it to the decay width to eþe−, as in
Ref. [70]. Because the quarks carry spin 1, the quark spinor
bilinear ūγμv is purely spatial, which implies that the
longitudinal term in the A0 propagator does not contribute
to the amplitude. As a result, the two decay widths are
identical up to constants and kinematic factors, giving

BrðJ=ψ → χχ̄Þ
BrðJ=ψ → eþe−Þ ¼

αD
αe

�
ccϵ
Qc

�
2

×
mVðm2

V þ 2m2
χÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

V − 4m2
χ

q

ðm2
A0 −m2

VÞ2 þ Γ2
A0m2

A0
; ð7Þ

where we used me ≪ mV ¼ mJ=ψ . In the limit
mχ ; mA0 ≪ mV , the final factor reduces to unity, leaving
the expected ratio of couplings.

TABLE III. Form factors describing the coupling of a light
vector meson V to a current X.

fV;X (MeV) ρ ω ϕ

ūγμu 157 136 8
d̄γμd −148 142 8
s̄γμs 0 −10 233
JμEM 154 46 −75
JμB 2.8 89 83
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V. PROJECTED REACH

For a specific dark sector model, the expected number of
signal events is Nsig ¼

P
V NVBrðV → invÞ, and if no

signal and background events are seen, a 90% C.L. limit
may be set on the model by imposing Nsig < 2.3. In Fig. 6,
we show the current and projected constraints on the dark
photon model from individual mesons. As indicated in the
left panel, current constraints on the invisible decays of
J=ψ and the light vector mesons are not competitive with
the leading experimental bounds. However, as shown
in the right panel, missing energy experiments can improve
the latter constraints by up to 5 orders of magnitude, in the
case of LDMX Phase II. When combined with the
projected improved measurements of J=ψ and ϒ invisible
decays, we find that meson decays alone can probe a
substantial portion of the thermal freeze-out “target” region
of couplings for mχ ≳ 0.1 GeV.
In Fig. 7, we show the same results for a Uð1ÞB gauge

boson mediator. In this case, most constraints on dark
photons do not apply, because they depend on the dark
photon’s coupling to electrons. Instead the strongest con-
straints for most masses come from precision measure-
ments of rare processes, which are enhanced due to the
Uð1ÞB anomaly, though invisible ϒ decay remains the
strongest constraint at high masses. Despite these strong
existing bounds, the projected future reach from meson
decay probes new parameter space for mχ ≳ 0.1 GeV, and
covers almost the entirety of the thermal freeze-out region.
The sensitivity to invisible ρ meson decay is suppressed by
a small form factor, as noted above, but this is compensated
by increased sensitivity to invisible ω decays.

Referring to Table I, invisible decays to neutrinos in the
Standard Model remain a negligible background for the
light vector mesons, even at LDMX Phase II. However,
they imply that any future meson decay experiment will
only be able to probe 2 to 3 orders of magnitude beyond
LDMX Phase II, before running into a “neutrino floor” that
slows further progress. For the J=ψ , this floor is a few
orders of magnitude beyond the NA64 (ultimate) projec-
tions, while Belle II will nearly reach the ϒ floor.
Conversely, by searching for invisible meson decays,
LDMX and NA64 will also be sensitive to neutrino-quark
interactions from physics beyond the Standard Model. As
we discuss in Sec. VI C, they could provide the leading
bounds on several effective operators that are otherwise
difficult to probe with upcoming neutrino experiments.
In Fig. 8, we show the constraints on dark sectors for our

four experimental benchmarks. The main qualitative fea-
ture is that in all cases, meson decay improves the reach of
these experiments for mA0 ≳ 0.5 GeV. In this regime, the
reach due to A0 Bremsstrahlung is weak, due to the
ðme=mA0 Þ2 suppression of the Bremsstrahlung cross sec-
tion, and the fact that the higher momentum transfer begins
to resolve heavy nuclei. In the case of NA64, meson decay
does not currently probe new parameter space. However, it
will allow future runs of NA64 to probe the thermal freeze-
out region at masses around the resonancesmA0 ≈mV , up to
an order of magnitude higher in mass than through A0
Bremsstrahlung alone. Meson decay also extends the reach
of LDMX upward in mass, by roughly a factor of 2. We
note that the reach from Belle II is highly complementary:
when combined with LDMX, the thermal freeze-out region
from MeV to GeV masses will be well explored.

FIG. 6. Constraints on the dark photon model with fermionic DM. At left, we show existing constraints from current bounds on
invisible vector meson decays, as well as those from the beam dumps LSND [71,72], E137 [73,74], MiniBooNE [75], and COHERENT
[76], radiative pion decay at NA62 [30], the missing energy experiment NA64 [77,78], production in eþe− collisions at BABAR [79],
and precision measurements of the Z0 mass at LEP [80]. At right, we show the strongest projected 90% C.L. exclusions from invisible
decays of each meson alone. For the light vector mesons and J=ψ , these constraints will come from LDMX and NA64, respectively,
assuming zero background events. For the ϒ, we take the projected limit Brðϒ → invÞ < 1.3 × 10−5 from Belle II [81].
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For the Uð1ÞB model, meson decay dramatically
improves the reach of both NA64 and LDMX, since
the A0 Bremsstrahlung channel is penalized by the loop-
suppressed coupling to electrons. Typically, these experi-
ments are viewed as probing mediator couplings to
electrons, while proton beam experiments probe couplings
to quarks. The meson decay signature discussed here shows
that electron beam experiments can have competitive
sensitivity to quark couplings.
The constraints we show fall sharply at threshold,

2mχ ¼ mV , but, in fact, heavier dark matter can be

produced in these experiments through the decays of
heavier mesons, such as the resonances ωð1420Þ and
ρð1450Þ of the light vector mesons. The main obstacle
to predicting this sensitivity is the lack of data on photo-
production cross sections for these resonances. We expect
the sensitivity to be lower, due to the larger width of the
resonances, but potentially still high enough to probe new
parameter space. Similarly, for the J=ψ , one can consider
production of excited charmonium states such as ψð2SÞ.
It is also interesting to consider how the reach due to

meson decay depends on the dark sector parameters ϵ, αD,

FIG. 7. Same as Fig. 6, but in the Uð1ÞB model. In this case, the leading existing constraints are from CCM [82,83] (rescaled to
mA0=mχ ¼ 3 using Ref. [84]), NA62 [30] [recast for a Uð1ÞB gauge boson using Ref. [69] ], MiniBooNE [75] (rescaled to αD ¼ 0.5),
and rare processes K → πX and Z → γX, which have 1=m2

A0 enhanced rates due to the Uð1ÞB anomaly [85,86]. These latter constraints
are shaded more lightly at the right, since they may be removed by coupling to a nonanomalous current such as B − 3Lτ. Thermal relic
curves assume a loop-suppressed kinetic mixing with the photon, and are computed as in Ref. [87].

FIG. 8. Projected 90% C.L. exclusions for the four experimental benchmarks described in Table II, assuming zero background events,
in the dark photon (left) andUð1ÞB (right) models, both with fermionic DM. For comparison, we also show projections for Belle II [81],
and for A0 Bremsstrahlung at LDMX Phase II [87] and a future run of NA64 [53]. For projections from proton beam experiments, see
Ref. [88].
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mχ , and mA0 . First, both the thermal annihilation cross
section and the invisible meson decay rate are proportional
to ϵ2αD, which implies that for a fixed mass ratio
R ¼ mA0=mχ , both of these curves are roughly independent
of αD on a y vs mχ plot. Therefore, invisible meson decay
maintains its relative sensitivity to the thermal freeze-out
region for lower αD, though the reach due to A0
Bremsstrahlung improves. (However, as mentioned in
Sec. IV, the invisible decay rate might actually be enhanced
at lower αD because of the contribution of off shell vector
mesons mixing with on shell A0.)
The effect of changing the mass ratio R is shown in

Fig. 9. For lowmA0, increasing R rapidly improves the reach
in y of both A0 Bremsstrahlung and meson decay, because
y ∝ 1=R4, while in this regime the A0 Bremsstrahlung rate
is proportional to 1=R2, and the invisible meson decay rate
is independent of R. Increasing R allows invisible meson
decay to probe very high mediator masses,mA0 ≫ mV , even
though the mixing with the vector meson is lowered. In this
regime A0 Bremsstrahlung would be strongly suppressed
because of the high momentum transfer required to produce
the A0, but invisible meson decay is not, as the momentum
transfer is set by mV rather than mA0 .
Because invisible meson decay proceeds through off-

shell mediators, it also occurs in the “forbidden” regime
R < 2, where an on shell A0 cannot decay to DM. In this
case, there may be complementary constraints from visible
A0 decay, and there is still a predictive thermal target for
sufficiently highmA0 and αD [87]. However, the potential to
reach these targets through the meson decay signature is
weaker because of the scaling with R mentioned in the
previous paragraph.

VI. FUTURE DIRECTIONS

A. Additional meson decays

We have focused on the invisible decay of vector mesons
as a probe of dark sectors with vector mediators, but there
are numerous potential extensions. First, missing energy
experiments will also set leading, but weaker limits on the
invisible decay of pseudoscalar mesons. NA62 has set a
strong bound on invisible π0 decay, which seems difficult to
improve upon, but the bounds on invisible η and η0 decay
are quite weak. Since these mesons have a different spin
from the photon, they cannot be photoproduced by
Pomeron exchange. Instead, their exclusive photoproduc-
tion is described by Reggeon exchange, leading to cross
sections that rapidly fall with energy [89,90]. This sup-
presses the yield of these mesons at NA64, though both
NA64 and LDMX should still be able to significantly
improve bounds for η and η0.
In a similar vein, it could be interesting to investigate the

invisible decay of scalar mesons (JPC ¼ 0þþ), such as the
f0ð980Þ and a0ð980Þ, as these provide complementary
information to the invisible decay of vector mesons.
However, there is currently little data on the photoproduc-
tion of these mesons, with the first measurements only
made comparatively recently [91,92].
The invisible decay of neutral kaons has never been

measured, and both NA64 and LDMX should be able to set
strong bounds, without requiring a kaon beam. We note,
however, that there are several complications that suppress
the potential sensitivity. First, as for η and η0, the exclusive
photoproduction cross sections for KS and KL fall rapidly
with energy. Due to conservation of strangeness, kaon
photoproduction converts a nucleon to a hyperon. This
implies a minimum energy deposition in the calorimeters of
about 200 MeV when the hyperon decays; determining the
associated veto efficiency requires further detector study.
Finally, the KL is sufficiently long-lived that there is a
substantial penalty from demanding that it decay before
interacting with the calorimeters.
Mesons can also undergo radiative decays, into a photon

plus missing energy. For both LDMX and NA64, the signal
efficiency for such a process is penalized because the
photon must carry sufficiently little energy. This is rela-
tively unimportant at NA64, where the photon may carry a
substantial fraction of the meson’s energy, but at LDMXwe
require the photon to be soft enough to completely avoid
detection in the calorimeters, which requires it to be emitted
nearly backwards in the meson’s frame. It may be possible
to partially circumvent this penalty by allowing a small
amount of energy to be detected in the calorimeters, but this
could introduce other backgrounds, which would require a
more detailed study to evaluate.
In particular, missing energy experiments could improve

bounds on radiative η and η0 decay by orders of magnitude,
extending existing constraints associated with radiative π0

FIG. 9. Projected 90% C.L. exclusions from invisible vector
meson decay at LDMX Phase II in the dark photon model, for
several choices of the mass ratio R ¼ mA0=mχ . Thermal targets
are shown for R ¼ 3, and are roughly independent of the mass
ratio except when R − 2 is small.
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decay to higher A0 mass. Constraints on this process could
also be set using existing data at BES [93] and KLOE [94],
and much stronger future constraints could come from
“η-factory” experiments [95], such as the upcoming JEF
[96] and proposed REDTOP [97].

B. Additional dark sectors

We have focused on dark sectors with vector mediators
because they are probed by invisible vector meson decay,
but as indicated in Table IV, the other meson decays
discussed in the previous section can probe other types
of mediators. Here we consider each possibility in turn.
First, we note that vector mediators can also be probed

through radiative pseudoscalar meson decays. For the
reasons given in the previous subsection, we expect that
the associated constraints will be weaker, for the models
considered in this paper, than those from invisible vector
meson decays. On the other hand, when mA0 < mM, the A0
can be produced on shell in the decay M → A0γ, giving an
radiative decay rate independent of αD. It could therefore be
a leading constraint in models with αD ≪ 1, such as Uð1ÞB
models with αD ∼ αB.
Scalar mediators can be probed by radiative vector

meson decays. In the minimal case of a Higgs-mixed
scalar, the mediator couples to quarks proportionally to
their mass, and thus our signatures are not competitive with
collider and B meson constraints [98], which already
exclude most of the thermal relic target. On the other
hand, it may be possible to probe new parameter space in
models where the scalar preferentially couples to light
quarks [99–101].
Axial vector mediators can lead to invisible pseudoscalar

and radiative vector meson decay, and in minimal models,
they couple universally to up-type and down-type quarks
[102]. However, axial vectors are very strongly constrained
through the FCNC processes K → πA0 and B → KA0,
which occur with 1=m2

A0 enhanced rates due to the vector’s
coupling to a nonconserved current [86]. This will be the
strongest constraint at low mA0, but our meson decays may
be competitive for A0 masses above the K → πA0 threshold.
A similar story applies for pseudoscalar mediators [103], as
they behave like the longitudinal components of light axial
vectors.

Our results could also be generalized by changing the
type of DM considered. We have focused on pseudo-Dirac
DM because it is a simple option consistent with all
cosmological constraints. It is also a conservative choice,
since its thermal freeze-out region is the most difficult to
probe. However, we do not expect any of our results to
qualitatively depend on this choice. The coupling of the
mediator to quarks crucially determines which meson
decays are allowed because the initial meson states have
definite P and C. But since the DM is generally produced at
least semirelativistically, it does not necessarily exit in the s
wave, which implies that the particular coupling of the
mediator to DM is not as important. Therefore, we expect
similar results to apply for scalar and Majorana DM, except
that the falloff of the sensitivity near threshold, mV ≈ 2mχ ,
may differ. For this reason, we have not shown constraints
from DM direct detection, which depend sensitively on the
type of DM.
Finally, new physics that explicitly violates flavor could

give rise to invisible or radiative neutral kaon decays
[104,105], but this must compete with stringent existing
flavor constraints, such as from Kþ decays. For instance, in
a sterile neutrino model, these constraints imply BrðKL →
ννÞ≲ 10−10 [106], which could possibly be probed by
dedicated searches, but is likely out of reach of the strategy
described in this paper. On a related note, one can consider
models where the dark sector particles carry baryon
number, which can then lead to baryon decays with missing
energy [107], such as the invisible decay of neutral
hyperons [108]. At NA64, this can appear as a missing
energy signal if the hyperon is produced by e.g., γp →
KþΛ at large momentum transfer, so that it carries most of
the photon’s energy. However, the dark sector particle
masses must fall within a narrow window so that the
analogous nucleon decays are kinematically forbidden, to
avoid much stronger constraints on proton and neutron
decays, and there are again potentially strong but model-
dependent flavor constraints.

C. Neutrino constraints

Independent of dark matter, the signatures discussed here
can be used to test any model that enhances meson decays
with neutrinos in the final state. For example, a new gauge
boson that couples to both quarks and neutrinos can
mediate invisible vector meson decay or radiative pseudo-
scalar meson decay. Assuming the quarks and neutrinos
have comparable charges, the latter process is likely more
sensitive since it is suppressed by only g2, where g is the
gauge coupling, while the former is suppressed by g4.
Many of the strongest constraints on new light gauge

bosons, such as electron beam dump experiments, rely on
the coupling to electrons. Thus, light gauge bosons that
couple to a combination of B, Lμ, and Lτ [109–112] are
subject to fewer constraints. As a concrete example, a light
B − 3Lτ gauge boson would be nonanomalous, assuming

TABLE IV. Quark couplings to mediators that can cause
invisible and radiative decays of vector mesons V (JPC ¼ 1−−)
and pseudoscalar mesons M (JPC ¼ 0−þ).

Mediator coupling V → χχ̄ V → γχχ̄ M → χχ̄ M → γχχ̄

Scalar q̄q ✓
Pseudoscalar q̄γ5q ✓ ✓
Vector q̄γμq ✓ ✓
Axial vector q̄γμγ5q ✓ ✓
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the introduction of a right-handed neutrino, and predomi-
nantly decay invisibly to τ neutrinos. The leading direct
constraints on such a particle are largely from measure-
ments of radiative pseudoscalar decays [113], which, as
mentioned in Sec. VI A, could be significantly improved
upon by missing energy experiments.
However, there are also much stronger indirect con-

straints on such gauge bosons, due to constraints on
neutrino nonstandard interactions from measurements of
neutrino oscillations [114,115]. Therefore it may be more
interesting to take a more model-independent, effective
field theory point of view. As shown in Ref. [116], a
number of four-fermion operators involving strange quarks
or tau neutrinos are unconstrained by measurements of
neutrino oscillations or the CEνNS process. For these
operators, the best existing constraints come from the
relatively weak bounds on invisible vector meson decay,
and the potential 5 order of magnitude improvement of
these bounds at LDMX would resolve this blind spot.

D. Experimental prospects

The potential of the invisible meson decay signal
immediately suggests several avenues of further study, to
refine our rough estimates. As a first step, Monte Carlo
simulations could be used to compute the flux and
spectrum of Bremsstrahlung photons, account for the
detailed composition of the front of the calorimeters where
photoproduction dominantly occurs, and to better under-
stand the detector (non)response at NA64 and LDMX to the
recoil energy left behind. The optical models used for the
meson yields, which we estimate have uncertainties rang-
ing from 25% to 50%, could be substantially improved by
dedicated photoproduction measurements on nuclei at the
relevant energies. Ideally, however, one would additionally
perform in situmeasurements to assess the meson yield and
experimental efficiency, such as by “removing” tracks from
meson production and decay in real events. At LDMX, it
may also be possible to measure mesons produced in the
target itself.
Meson production could also be considered as an explicit

factor in the LDMX experimental design. For example,
because of the A=Z2 scaling of the photoproduction
probability pV, the meson yield could be significantly
enhanced using a preshower primarily composed of light
elements. However, this would also increase photonuclear
backgrounds, presenting a tradeoff against the reach from
A0 Bremsstrahlung. In addition, since mesons can also be
photoproduced in the target itself, the meson yield could be
enhanced by, e.g., replacing the tungsten target with a
thicker titanium target.
Further study of vector meson production and decay is

highly motivated for a number of experiments. At electron
beam dumps such as E137 or the proposed ILC beam dump
[117], the exclusive photoproduction processes described

here account for only a small fraction of the mesons
produced. However, these mesons are highly energetic,
leading to forward boosted dark matter that is more likely to
hit a distant detector; it would thus be interesting to
consider whether this effect could extend the beam dumps’
reach. At NA64, there is already an opportunity to claim
leading constraints on the invisible decays of ρ, ω, ϕ, and
J=ψ , if the experimental and theoretical uncertainties can
be accurately quantified. Finally, at future runs of NA64
and at LDMX, exploring this signature is essential to
assessing the ultimate sensitivity to dark matter.
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APPENDIX: OPTICAL MODEL FOR MESON
PHOTOPRODUCTION

As discussed in Sec. III, exclusive photoproduction
includes both a coherent process, where the nucleus
remains in the ground state and recoils as a whole, and
an incoherent process, representing the effect of photo-
production off individual nucleons. Both of these processes
are well described by a Glauber optical model. Such models
have a long history; we will follow the notation of the most
comprehensive review [118], but its results do not differ
significantly from the first theoretical expressions written
over 50 years ago, e.g., see Ref. [119]. First, the coherent
differential cross section for photoproduction of a vector
meson V is

dσc
dt

¼ dσ0
dt

����
θ¼0

����
Z

d2bdzeiðqT ·bþqkzÞnðb; zÞ

× exp

�
−
σV
2
ð1 − iαVÞ

Z
∞

z
dz0nðb; z0Þ

�����
2

; ðA1Þ

where ðdσ0=dtÞjθ¼0 is the forward differential cross section
for photoproduction of V off a single nucleon, nðb; zÞ is the
nucleon number density, qT and qk are the transverse and
longitudinal momentum transfer, σV is the scattering cross
section of V on nucleons, and αV is the ratio of the real to
the imaginary part of the V-nucleon scattering amplitude.
The first exponential factor represents the difference in
phases due to photoproduction at different points in the
nucleus, while the final factor accounts for absorption as
the meson leaves the nucleus.
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These absorptive final state interactions have a significant
effect, as shown in Fig. 10. Of course, in reality, final state
interactions actually produce other particles, and Monte
Carlo simulations indicate that a substantial fraction of the
inclusive meson yield arises from “sidefeeding,” i.e., pro-
duction in these secondary reactions [61]. However, for
missing energy experiments we require a hard vector meson
to carry the vast majority of the photon energy, so we are
primarily interested in exclusivemeson production; it is thus
reasonable to treat the final state interactions as purely
absorptive.

The coherent cross section is dominated at very low
momentum transfer, jtj ≪ m2

p, and in this regime
t ≈ −ðq2k þ q2TÞ, where qk ≈m2

V=2Eγ is the minimum

momentum transfer. In the high energy limit qkrnuc ≪ 1,
the coherent peak extends to qT ∼ 1=rnuc, leading to the
narrow coherent peaks shown in Fig. 11. For heavy nuclei
at few-GeV energies, we have qkrnuc ≳ 1, which leads to
the suppressed coherent cross sections shown in Fig. 4.
It is interesting to compare these results to the cross

section for A0 Bremsstrahlung, which can be estimated in
the Weizsäcker-Williams approximation (e.g., see
Ref. [48]). The integral in Eq. (A1) effectively defines a
form factor qualitatively similar to the elastic nuclear form
factor in A0 Bremsstrahlung, with both falling off for
t≳ 1=r2nuc. However, A0 Bremsstrahlung is a 2 → 3 process
with an intermediate virtual photon, leading to a differential
cross section additionally weighted by ðt − tminÞ=t2 which
softens the dependence on rnuc. This is responsible for the
Z2 scaling of A0 Bremsstrahlung at low mA0, in contrast to
the rough A4=3 scaling for coherent photoproduction.
Because tmin ∼ ðm2

A0=2EeÞ2 for A0 Bremsstrahlung, the
falloff in A0 Bremsstrahlung for high mA0 is similar to the
falloff in coherent photoproduction for high mV . However,
the absorptive term in Eq. (A1) implies that not all nucleons
in a heavy nucleus effectively contribute to coherent
photoproduction. This effectively lowers the nuclear radius
by an order-one factor, which is the reason the meson decay
signature reaches somewhat higher in mA0 than A0
Bremsstrahlung before being significantly form factor
suppressed. For example, at LDMX Phase II, the finite
beam energy suppresses coherent ϕ photoproduction by a
factor of ∼4, but it suppresses A0 Bremsstrahlung at mA0 ¼
mϕ by over two orders of magnitude.

FIG. 10. Illustration of the effects of parts of Eqs. (A1) and
(A2), with full results in purple. Shadowing and absorptive final
state interactions play comparable roles in reducing the incoher-
ent cross section. Without final state interactions, the coherent
cross section would be much larger, with fcoh ∼ A1=3.

FIG. 11. Illustration of the integrated differential cross section for meson production, for several different mesons (left) and nuclei
(right), at LDMX Phase II energies. Coherent production is sharply peaked at low t, especially for heavier nuclei. Incoherent production
extends significantly higher in t, and we show vertical contours of the associated nucleon recoil energy.
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Next, the incoherent differential cross section is

dσi
dt

¼ dσ0
dt

Z
d2b dz nðb; zÞ exp

�
−σV

Z
∞

z
dz0 nðb; z0Þ

�

×

����1 −
Z

z

−∞
dz00 nðb; z00Þ σV

2
ð1 − iαVÞeiqkðz00−zÞ exp

�
−
σV
2
ð1 − iαVÞ

Z
z

z00
dz000 nðb; z000Þ

�����
2

: ðA2Þ

Here, the first factor accounts for absorption, while the final
factor is a “shadowing” correction accounting for destruc-
tive interference between photoproduction at z, and photo-
production at z00 followed by scattering at z. (This equation
has a misprint in Ref. [118], which we have corrected.)
Both of these effects are comparably important for heavy
nuclei, as shown in Fig. 10. Because shadowing is a
coherent effect, it becomes more important at high
energies, leading to the decrease of finc with increasing
energy shown in Fig. 4. Measurements of the angular
distribution dσ0=dt are well described by exponentials
e−Bjtj, and following the most recent measurements, we
take B ¼ 6.4 GeV−2 for ρ [120], B ¼ 5.4 GeV−2 for ω
[121], and B ¼ 3.0 GeV−2 for ϕ [122,123]. For the J=ψ ,
we take B ¼ 4.7 GeV−2 as measured by HERA [64]. These
quantities determine the differential cross section at high
momentum transfer, shown in Fig. 11.
As discussed in Sec. II, we demand a nucleon recoil

energy Tp ≤ 100 MeV for incoherent photoproduction, but
the precise veto efficiency is somewhat uncertain. However,
because the LDMX and NA64 calorimeters are dominantly
comprised of heavy nuclei, where coherent photoproduc-
tion generally dominates, the choice of cutoff does not
qualitatively affect our results. Varying the cutoff by a
factor of 2 affects the light meson yields at NA64 by less
than 5%, while at LDMX it affects the ρ and ω yields at the
10% level. Coherent photoproduction is suppressed for ϕ at
LDMX and J=ψ at NA64, where the choice of cutoff leads
to a uncertainty of up to 50%.
For the parameters σV and αV , we adopt the values of

Model I of Ref. [118], which were motivated by quark
model estimates and chosen to adequately describe coher-
ent photoproduction data. The results do not depend
strongly on the nuclear density model, but we use a
Woods-Saxon distribution [124],

nðrÞ ∝ 1

1þ eðr−cÞ=a
; ðA3Þ

where c ¼ 1.12A1=3 fm and a ¼ 0.545 fm. We fix the total
single nucleon photoproduction cross sections σ0 to data, as
described in Sec. III.
Because coherent production is so sharply forward

peaked, the coherent and incoherent channels may be
measured separately by placing restrictions on t. As
reviewed in Ref. [118], coherent ρ and ω photoproduction
have been thoroughly measured for a variety of nuclei and
photon energies, and are well described by optical models
to within an uncertainty of at most 25%. Coherent ϕ
photoproduction is less well measured; the data can still be
fit but with a larger uncertainty in αϕ and σϕ.
There is much less data available for incoherent photo-

production, particularly at high photon energies, and the data
that exists is more ambiguous. At the time of writing of
Ref. [118], the data for incoherent ρ photoproduction was
sufficient to confirm the existence of a shadowing effect, but
not enough to investigate it in detail. We have chosen to
implement the simplest version of it, but theoretically reason-
able modifications of Eq. (A2) could change the cross section
by asmuch as 50%,while still fitting the data comparablywell.
More recently, a number of experiments have measured

incoherent photoproduction on nuclei, motivated by anoma-
lous results for ϕ mesons at SPring-8 [125] (for a recent
review, see Ref. [126]). The measurements indicate a steep
falloff of finc with increasing A for low photon energies,
corresponding to an absorption cross section σϕ dramatically
above the quarkmodel expectation. Several theoretical works
have proposed explanations based on “in-medium” modifi-
cations of the ϕ meson width, while Ref. [127] considers the
alternative of ω to ϕ transitions. Currently, these puzzling
results do not seem to have a canonical explanation, and
different experiments are not fully in agreement; thus, we
regard our estimate of ϕ production at LDMX Phase I to be
uncertain within a factor of 2. Fortunately, these in-medium
effects should become less important at the higher energies of
LDMX Phase II and NA64, where incoherent photoproduc-
tion is in any case subdominant.
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