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We propose a way to use optical tools from quantum imaging and quantum communication to search
for physics beyond the standard model. Spontaneous parametric down-conversion (SPDC) is a commonly
used source of entangled photons in which pump photons convert to a signal-idler pair. We propose to
search for “dark-SPDC” (dSPDC) events in which a new dark-sector particle replaces the idler. Though
it does not interact, the presence of a dark particle can be inferred by the properties of the signal photon.
Examples of dark states include axionlike particles and dark photons. We show that the presence of an
optical medium opens the phase space of the down-conversion process, or decay, which would be forbid-
den in a vacuum. Search schemes are proposed that employ optical imaging and/or spectroscopy of the
signal photons. The signal rates in our proposal scales with the second power of the small coupling to new
physics, as opposed to light-shining-through-wall experiments, the signal of which scales with coupling
to the fourth power. We analyze the characteristics of the optical media needed to enhance dSPDC and
estimate the rate.
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I. INTRODUCTION

Nonlinear optics is a powerful new tool for quantum
information science. Among its many uses, it plays an
enabling role in the areas of quantum networks and tele-
portation of quantum states, as well as in quantum imaging.
In quantum teleportation [1–4], the state of a distant quan-
tum system can be inferred without direct interaction but,
rather, by allowing it to interact with one of the photons in
an entangled pair. The coherence of these optical systems
has recently allowed teleportation over a large distance [5].
Quantum ghost imaging, or “interaction-free” imaging [6],
is used to discern (usually classical) information about an
object without direct interaction. This technique exploits
the relationship among the emission angles of a correlated
photon pair to create an image with high angular resolution
without placing the subject in front of a high-resolution
detector or allowing it to interact with intense light. These
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methods of teleportation and imaging rely on the produc-
tion of signal photons in association with an idler pair
that is entangled (or at least correlated) in its direction,
frequency, and sometimes polarization.

Quantum ghost imaging and teleportation both differ
parametrically from standard forms of information trans-
fer. This is because a system is probed not by sending
information to it and receiving information back but,
rather, by sending it half of an EPR pair, without the need
for a “response.” The difference is particularly apparent if
the subject is an extremely weakly coupled system—say,
it is part of a dark sector—with a coupling ε to photons.
The information flow in capturing an image will occur at
a rate ∝ ε4 with standard methods but at a rate ∝ ε2 using
quantum optical methods.

The parametric scaling of rates with ε4 for conventional
imaging is similar to many searches for new particles that
are light and weakly coupled, dark photons and axions
(which is introduced below), where the new states are
emitted and detected in the laboratory. Both emission and
detection scale with the square of the coupling, leading to
an overall rate of ε4. The goal of this work is to adopt an
“interaction-free” method to search for these new particles,
inspired by quantum teleportation and ghost imaging and
using some of their tools, to achieve an ε2 scaling of signal
rates. This can be done if the new particle is produced in
association with a signal photon that is used for detection,
as illustrated in Fig. 1.
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FIG. 1. A pictorial representation of the dSPDC process. A
dark particle ϕ is emitted in association with a signal photon. The
presence of ϕ can be inferred from the distribution of the signal
photon in angle and/or frequency. We consider both the collinear
(θs = 0) and noncollinear (θs �= 0) cases.

A common method for generating entangled pho-
ton pairs in teleportation and imaging is the nonlinear-
optics process known as spontaneous parametric down-
conversion (SPDC). In SPDC, a pump photon decays, or
down-converts, within a nonlinear optical medium into
two other photons, a signal and an idler. The presence of
the SPDC idler can be inferred by the detection of the
signal [7]. SPDC is in wide use in quantum information
and provides the seed for cavity-enhanced setups such as
optical parametric oscillators (OPOs) [8].

In this work, we propose to use quantum imaging and
quantum communication tools to perform an interaction-
free search for the emission of new particles beyond the
standard model. The tool that we present is dark SPDC, or
dSPDC, an example sketch of which is shown in Fig. 1. A
pump photon enters an optical medium and down-converts
to a signal photon and a dark particle, which can have a
small mass, and does not interact with the optical medium.
As in SPDC, in dSPDC the presence of a dark state can
be inferred by the angle and frequency distribution of the
signal photon that is produced in association. The dSPDC
process can occur either collinearly, with θs = θi = 0, or as
shown in the sketch, in a noncollinear way.

The new dark particles that we propose to search for,
low in mass and very weakly interacting, are simple exten-
sions of the standard model (SM). Among the most well
motivated are axions, or axionlike particles, and dark pho-
tons (for a review, see Ref. [9]). Since these particles
interact with SM photons, optical experiments provide an
opportunity to search for them. A canonical setup is the
light-shining-through-wall (LSW) experiment, which sets
interesting limits on axions and dark photons using optical
cavities [10]. In optical LSW experiments, a laser photon
converts to an axion or dark photon, enabling it to penetrate
an opaque barrier. For detection, however, the dark state
must convert back to a photon and interact, which is a rare
occurrence. As a result, the signal rate in LSW scales as ε4,
where ε is a small coupling to dark states. This motivates

the interaction-free approach of dSPDC, in which the dark
state is produced but does not interact again, yielding a rate
∝ ε2.

From the perspective of particle physics, dSPDC, and
also SPDC, may sound unusual [11]. In dSPDC, for exam-
ple, a massless photon is decaying to another massless
photon plus a massive particle. In the language of particle
physics, this would be a kinematically forbidden transition.
If it were to happen in a vacuum, the process would vio-
late energy and momentum conservation and thus have no
available phase space. In this paper, we show how optics
enables us to perform “engineering in phase space” and
open up kinematics to otherwise forbidden channels. This,
in turn, allows us to design setups in which the dSPDC
process is allowed and can be used to search for dark
particles.

Broadly speaking, the search strategies we propose may
be classified as employing either imaging or spectroscopic
tools, though methods employing both of these are also
possible. In the first, the angular distribution of signal
photons are measured, while in the second, the energy
distribution is observed. For an imaging-based search, a
high angular resolution is required, while the spectroscopic
approach requires high frequency resolution. The latter has
the benefit that dSPDC can be implemented in a waveg-
uide, which will enhance its rate for long optical elements.
This is well established [12] for SPDC and will be derived
in detail in Ref. [13] for dSPDC. We note that, recently,
SPDC has been proposed as a tool to search for the con-
version of axionlike particles to photons in a magnetic
field, exploiting the reduced variance in photon number
in a setup with a movable mirror [14]. This proposal,
though its rate also scales with the square of the axion
coupling and also makes use of nonlinear optical tools,
is qualitatively different than our dSPDC proposal, e.g.,
in the phase-matching conditions and in the presence of
a magnetic field.

We present the basic ideas and formalism behind this
method and focus on the phase space for dSPDC. We
compare the phase-space distributions of SPDC to dSPDC
and discuss factors that may enhance the rate of dSPDC
processes. To estimate the dSPDC rates, in this work we
rescale known SPDC results. In a forthcoming paper [13],
we will derive the dSPDC rate more carefully, focusing
on the spectroscopic approach and on collinear dSPDC in
bulk crystals and waveguides.

This paper is structured as follows. In Sec. II, we
review axionlike particles and dark photons and present
their Hamiltonians in the manner in which they are usu-
ally treated in nonlinear optics. In Sec. III, we discuss
energy and momentum conservation, which are called
phase-matching conditions in nonlinear optics, and the
phase space for dSPDC. The usual conservation rules will
hold exactly in a thought experiment of an infinite optical
medium. In Sec. III C, we discuss how the finite size of
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the optical medium broadens the phase-space distribution
and plot it as a function of the signal-photon angle and
energy. In Sec. IV, we discuss the choice of optical materi-
als that allow for the dSPDC phase matching to enhance its
rates and to suppress or eliminate SPDC backgrounds. In
Sec. V, we discuss the rates for dSPDC and its scaling with
the geometry of the experiment, showing potential promis-
ing results for collinear waveguide setups with long optical
elements. We discuss future directions and conclude in
Sec. VI.

II. THE DARK-SPDC HAMILTONIAN

The SPDC process can be derived from an effective
nonlinear optics Hamiltonian of the form [15,16]

HSPDC = χ(2)EiEsEp , (1)

where Ej is the electric field for the pump, signal, and idler
photons and j = p , s, i, respectively. . We adopt the stan-
dard notation in nonlinear optics literature in which the
vector nature of the field is implicit. Thus the pump, signal,
and idler can each be of a particular polarization and χ(2)

represents the coupling between the corresponding choices
of polarization. The Hamiltonian of Eq. (1) is an effec-
tive field theory defined at length scales of the order of the
wavelength of optical light (or longer). At the microscopic
level, optics and nonlinear optics arise from the collective
back reaction of dipoles in the medium on light that is
traversing it (see, e.g., Ref. [17]. At the linear level, this
leads to indices of refraction that differ from unity. Nonlin-
ear phenomena arise due to the anharmonic material effect.
The fields in Eq. (1) can be expanded in modes and their
creation or annihilation operators to describe SPDC (see,
e.g., Refs. [12,15,16,18].

We now consider the dark-SPDC Hamiltonian

HdSPDC = gϕ ϕEsEp , (2)

in which a pump and signal photon couple to a new field ϕ

that has a mass mϕ . The effective coupling, gϕ , depends
on the model and can depend on the frequencies in the
process, the polarizations, and the directions of outgoing
particles. Like the SPDC case, this Hamiltonian is an effec-
tive theory at or below optical energy scales, though the
coupling strength may be set at much higher scales, as we
will see below. Indeed, this type of term arises in well-
motivated dark-sector models including axionlike particles
[19–21] and dark photons [22] (for a review, see also
Ref. [9]).

A. Axionlike particles

Axionlike particles, also known as ALPs, are light
pseudoscalar particles that couple to photons via a term

Haxion = gϕ ϕ �E · �B. (3)

They are naturally light due to a spontaneously broken
global symmetry at a scale fa. The coupling in Eq. (3)
is typically generated at a very high energy scale and is
a valid effective theory at low energies. When this inter-
action is describing interactions of optical photons, the
photon degrees of freedom in the interaction will have
indices of refraction that differ from unity. This opens the
phase space for the dSPDC process. When �E and �B are
expanded as quantum fields, they will create or annihilate
photons of different polarizations in the collinear configu-
ration. The axion Hamiltonian can then be written in the
scalar form of Eq. (2), with the pump and signal photons
chosen to have orthogonal polarization. The coupling gϕ

in this case is the usual axion-photon coupling of approx-
imately 1/fa (with a frequency-dependent coefficient of
order k/ω).

Since we do not perform a detailed analysis of the
backgrounds and feasibility here, we describe the exist-
ing limits on ALPs qualitatively and refer readers to limit
plots in Refs. [9,23]. In this work, we consider searches
that can probe ALPs with a mass of order 0.1 eV or
lower. The existing limits in this mass range come from
stellar and supernova dynamics [24], as well as from the
CAST Helioscope [25], and require gϕ � 10−10 GeV−1.
The planned helioscopes BabyIAXO [26] and IAXO [27]
will further improve on the reach of CAST. For comparison
with our setups, we also consider limits that are entirely
laboratory based, which are much weaker. At approxi-
mately 0.1 eV, an ALP coupling of order 10−6 GeV−1 is
allowed by all laboratory-based searches. For axion masses
around 10−3 − 10−2 eV, the “Polarisation of Vacuum with
LASer” (PVLAS) search[28] for magnetic birefringence
places a limit of gϕ � 10−7 − 10−6 GeV−1. Below masses
of an millielectronvolt, LSW experiments such as the
“Optical Search for QED Vacuum Bifringence, Axions and
Photon Regeneration” (OSQAR) [29] and the “Any Light
Particle Search” (ALPS) [30] set gϕ � 6 × 10−8. A large-
scale LSW facility, ALPS II [31], is proposed in order to
improve upon the astrophysical limits and CAST.

It is interesting to note that unlike LSW axion searches,
dSPDC does not require an external magnetic field to
be present, even though both processes use Eq. (3).
Because the Hamiltonian involves three fields and the
1 → 1 photon-to-axion conversion only involve two fields,
a magnetic field in the background is required. By con-
trast, the dSPDC is a 1 → 2 process and all three fields are
contracted with the initial or final states.

B. Dark photons

The dark photon [22] is a new U(1) gauge field, A′, with
mass mA′ , that mixes kinetically with the photon via the
Hamiltonian

Hmix = εFμνF ′
μν = ε

( �E · �E′ + �B · �B′) . (4)

030340-3



ESTRADA, HARNIK, RODRIGUES, and SENGER PRX QUANTUM 2, 030340 (2021)

It is possible to write the dark-photon interaction in a basis
in which any electromagnetic current couples to longitu-
dinally polarized dark photons with an effective coupling
of ε(mA′/ωA′) and to transversely polarized dark photons
with ε(mA′/ωA′)2 [32,33]. The same dynamics that lead to
the nonlinear Hamiltonian HSPDC will yield an effective
coupling of two photons to a dark photon as in Eq. (2),
with ϕ representing a dark-photon polarization state. For
longitudinal polarization of the dark photon, this can be
brought into the form of Eq. (2), with gϕ = εχ(2)mϕ . The
coupling to transverse dark photons will be suppressed by
an additional factor of mϕ/ωϕ .

Like axions, limits on dark photons come from astro-
physical systems, such as energy loss in the Sun [32],
as well as the lack of a detection of dark photons emit-
ted by the Sun in dark-matter direct-detection experiments
[33]. At a dark-photon mass of order 0.1 eV, the limit on
the kinetic mixing is ε � 10−10, with the limit becoming
weaker linearly as the dark-photon mass decreases. Among
purely laboratory-based experiments, ALPS sets a limit of
ε � 3 × 10−7. In forthcoming sections of this work, we
use these limits as benchmarks.

In addition to ALPs and dark photons, one can consider
other new dark particles that are sufficiently light and that
couple to photons. Examples include millicharged particles
[22] (also reviewed in Ref. [9]), which can be produced in
pairs in association with a signal photon. We leave these
generalizations for future work and proceed to discuss the
phase space for dSPDC in a model-independent way.

III. PHASE SPACE OF DARK SPDC

As stated above, the effective energy and momentum
conservation rules in nonlinear optics are known as “phase-
matching conditions.” We begin by reviewing their origin
to make the connection with energy and momentum con-
servation in particle physics and then proceed to solve
them for SPDC and dSPDC, to understand the phase space
for these processes.

A. Phase matching and particle decay

We begin with a discussion of the phase space in a two-
body decay, or spontaneous down-conversion. We use the
language of particle physics, but we label the particles as is
usual in nonlinear optics systems, which we discuss from
the onset. A pump particle p decays into a signal particle
s and another particle, either an idler photon i or a dark
particle ϕ:

SPDC: γp → γs + γi

dSPDC: γp → γs + ϕ.
(5)

We discuss the kinematics of the standard-model SPDC
process and the beyond-the-SM (BSM) dSPDC process

together, to compare and contrast. For this, in the discus-
sion below we use the idler label i to represent the idler
photon in the SPDC case and ϕ in the dSPDC case. Hence
ki and θi are the momentum and emission angle of either
the idler photon or of ϕ, depending on the process.

The differential decay rate in the laboratory frame is
given by [23]

d	

d3ksd3ki
= δ4

(
ppμ − psμ − piμ

)

(2π)22ωp2ωs2ωi
|M|2, (6)

where M is the amplitude for the process (which carries
a mass dimension of +1) and the energy-momentum four
vectors

pj μ =
(

ωj
kj

)
, (7)

with j = p , s, i. Traditionally, one proceeds by integrat-
ing over 4 degrees of freedom within the six-dimensional
phase space, leaving a differential rate with respect to the
two-dimensional phase space. This is often chosen as a
solid angle for the decay d� but in our case there will be
nontrivial correlations of the frequency and the angle, as
we will see in the next subsection.

It is instructive, however, for our purpose to take a step
back and recall how the energy-momentum-conserving
delta functions come about. In calculating the quantum
amplitude for the transition, the fields in the initial and
final states are expanded in modes. The plane-wave phases
ei(ωt−k·x) are collected from each and a space-time integral
is performed:

∫
d4xei(
ωt−
k·x) = (2π)4δ(3)(
k)δ(
ω), (8)

where the frequency and momentum mismatch are
defined as

{

ω = ωp − ωs − ωi,


k = kp − ks − ki,
(9)

and, again, the label i can describe either an idler photon or
a dark particle ϕ. In Eq. (9), we separate the momentum-
and energy-conserving delta functions to pay homage to
the optical systems that will be the subject of upcom-
ing discussion. The squared amplitude |M|2, and hence
the rate, is proportional to a single power of the energy-
momentum-conserving delta function times a space-time
volume factor, which is absorbed for canonically normal-
ized states (see, e.g., Ref. [34]), giving Eq. (6).

The message from this is that energy and momen-
tum conservation, which are a consequence of Neother’s
theorem and space-time translation symmetry, is enforced
in quantum field theory by perfect destructive interference
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whenever there is a nonzero mismatch in the momentum
or energy of initial and final states. In this sense, the term
“phase matching” captures the particle physicist’s notion
of energy and momentum conservation well.

The dSPDC process shown in Fig. 1 is a massless pump
photon decaying to a signal photon plus a massive par-
ticle ϕ. This process clearly cannot occur in a vacuum.
For example, if we go to the rest frame of ϕ and define
all quantities in this frame with a tilde ,̃ conservation of
momentum implies that k̃p = k̃s, while conservation of
energy implies that ω̃p = ω̃s + m. Combining these with
the dispersion relation for a photon in a vacuum, ω̃p ,s =
|k̃p ,s|, this implies that energy and momentum conservation
cannot be satisfied and that the process is kinematically
forbidden. Another way to view this is to recall that the
energy-momentum four vector for the initial state (a pho-
ton) lies on a light cone, i.e., it is a null four vector,
pμpμ = 0, while the final state cannot accomplish this,
since there is a nonzero mass.

In this work, we show that optical systems will allow us
to open phase space for dSPDC. When a photon is inside
an optical medium, a different dispersion relation holds,

ñp ω̃p = |k̃p | and ñsω̃s = |k̃s|, (10)

where ñp and ñs are indices of refraction of photons in the
medium in the ϕ rest frame, which can be different for the
pump and the signal. As we will see later on, under these
conditions the conclusion that p → s + ϕ is kinematically
forbidden can be evaded.

Another effect that occurs in optical systems, but not
in decays in particle physics, is the breaking of spatial-
translation invariance by the finite extent of the optical
medium. This allows for violation of momentum conserva-
tion along the directions in which the medium is finite. As a
result, the sharp momentum-conserving delta function will
become a peaked distribution of width L−1, where L is the
crystal size. We begin by solving the exact phase-matching
conditions in SPDC and dSPDC, which correspond to the
phase-space distributions for an infinitely large crystal, in
the following subsection. Next, we move on to the case in
which the optical medium is finite.

B. Phase matching in dSPDC

We now study the phase space for dSPDC to identify the
correlations between the emission angle and the frequency
of the signal photon. We also consider the SPDC process
in parallel, so that in the end we arrive at both results. In
this subsection, we assume an optical medium with an infi-
nite extent, such that the delta functions enforce energy and
momentum conservation.

The phase-matching conditions 
ω = 0 and 
k =
0—which must be strictly satisfied in the infinite-extent

optical medium scenario—imply that

{
ωp = ωs + ωi

kp = ks + ki
. (11)

Using the decomposition of k shown in Fig. 1, the sec-
ond equation can be expanded in coordinates parallel and
perpendicular to the pump propagation direction:

{
kp = ks cos θs + ki cos θi,

0 = ks sin θs − ki sin θi,
(12)

where the angles θs and θi are those indicated in the
cited figure. Since this process is happening in a material
medium, the photon dispersion relation is k = nω, where n
is the refractive index. The refractive index is, in general,
a function of the frequency, polarization, and direction of
propagation, and can thus be different for pump, signal,
and idler photons. For dSPDC, in which the ϕ particle is
massive and weakly interacting with matter, the dispersion
relation is the same as in a vacuum:

kϕ =
√

ω2
ϕ − m2

ϕ . (13)

Thus we can explicitly write the dispersion relation for
each particle in this process:

kp = npωp , (14)

ks = nsωs, (15)

and

ki =
⎧
⎨

⎩

niωi, for SPDC,
√

ω2
i − m2

ϕ , for dSPDC,
. (16)

where, again, the label “i” refers to an idler photon for
SPDC and to the dark field ϕ for dSPDC. Note that ki for
SPDC not only has m = 0 but also takes into account the
“strong (electromagnetic) coupling” with matter summa-
rized by the refractive index ni. As a result, for SPDC we
always have ki > ωi, while for dSPDC ki < ωi. Substitut-
ing these dispersion relations into Eq. (12) and using the
first equation in Eq. (11), we obtain the phase-matching
relation of the signal angle and the frequency:

cos θs = n2
p + α2

ωn2
s − �2

2αωnpns
, (17)

where we define

αω
def= ωs

ωp
(18)
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and

�
def= ki

ωp
=

⎧
⎪⎪⎨

⎪⎪⎩

ni (1 − αω) , for SPDC,
√

(1 − αω)2 − m2
ϕ

ω2
p

, for dSPDC.
(19)

Equation (17) defines the phase space for (d)SPDC, along
with the azimuthal angle φs. The idler angle, or that of the
dark particle in the dSPDC case, is fixed in terms of the
signal angle and frequency by requiring conservation of
transverse momentum:

sin θi = ks

ki
sin θs,

φi = φs + π , (20)

where ki is evaluated at a frequency of ωi = ωp − ωs and
ks at the frequency ωs according to the dispersion relation
in Eqs. (15) and (16).

In the left panel of Fig. 2, we show the allowed phase
space in the αω-θs plane for SPDC and for dSPDC with
both a massless and a massive ϕ. Here, we choose np =
1.486 and ns = 1.658, with ni = ns in the SPDC case.
These values are chosen to be constant with the frequency
and propagation direction, for simplicity, and are inspired
by the ordinary and extraordinary refractive indices in cal-
cite and are used as a benchmark in some of the examples
below.

We see that phase matching is achieved in different
regions of phase space for SPDC and its dark counterpart.

In dSPDC, signal emission angles are restricted to near the
forward region and in a limited range of signal frequen-
cies. The need for more forward emission in dSPDC can be
understood because ϕ effectively sees an index of refrac-
tion of one. This implies that it can carry less momentum
for a given frequency, as compared to a photon that obeys
k = nω. As a result, the signal photon must point nearly
parallel to the pump, in order to conserve momentum (see
Fig. 2, right). An additional difference to notice is that, in
contrast with the SPDC example shown, for a fixed signal
emission angle there are two different signal frequencies
that satisfy the phase matching in dSPDC. This will always
be the case for dSPDC. Although SPDC can be of this
form as well, typical refractive indices usually favor single
solutions, as shown for calcite.

1. Phase matching for collinear dSPDC

One case of particular interest is that of collinear
dSPDC, in which the emission angle is zero, as would
occur in a single-mode fiber or a waveguide. For this case,
so long as ns > np , an axion mass below some threshold
can be probed. Setting the emission angles to zero, there
are two solutions to the phase-matching equations, which
give signal-photon energies of

αω =
(
nsnp − 1

)±
√
(
ns − np

)2 − (
n2

s − 1
) m2

ϕ

ω2
p

n2
s − 1

. (21)
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FIG. 2. Left: the allowed phase space for SPDC (black), dSPDC with m = 0 (red), and dSPDC with m = 0.1ωp (blue), shown as in
the plane of signal emission angle as a function of frequency ratio αω. The indices of refraction here are np = 1.658 and ns = 1.486 as
an example, inspired by calcite. The inset shows an enlargement of the dSPDC phase space. Right: sketches depicting the momentum
phase-matching condition 
k = 0 for SPDC and dSPDC, with massless ϕ. In both cases, we take the same ωp and ωs. Due to the
index of refraction for ϕ being essentially one and that for the idler photon being larger (say, approximately 1.5), phase matching in
dSPDC has a smaller signal emission angle than that of SPDC.
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FIG. 3. Solutions to the phase-matching conditions for the
collinear dark-SPDC process for the signal-photon energy as a
function of the mass of a dark particle ϕ. This phase space is rele-
vant for waveguide-based experiments. Both axes are normalized
to the pump frequency. The two branches correspond to config-
urations in which ϕ is emitted forward (bottom) and backward
(top).

The + solution above corresponds to the case where the ϕ

particle is emitted in the forward direction, whereas the −
represents the case where it is emitted backward. The sig-
nal frequency as a function of the ϕ mass is shown in Fig. 3
for the calcite benchmark. For the near-massless case,
mϕ � ωp , a phase-matching solution exists for ns ≥ np ,
giving

ωs

ωp
= np ∓ 1

ns ∓ 1
. (22)

For calcite, we obtain ωs = 0.739ωp and ωs = 0.935ωp
for forward- and backward-emitted axions, respectively.

Of course, not just any combination of np and ns allows
us to achieve phase matching in dSPDC. We can state
here that ns > np is a requirement for phase matching to
be possible for a massless ϕ and that ns − np must grow
as mϕ grows. We discuss these and other requirements for
dSPDC searches in Sec. IV.

C. Thin planar layer of optical medium

We now consider the effects of a finite crystal. Specifi-
cally, we assume that the optical medium is a planar thin
layer [35] of optical material of length L along the pump
propagation direction ẑ and that it is infinite in transverse
directions. In this case, the integral in Eq. (8) is performed
only over a finite range and the delta function is replaced

by a sinc x ≡ sin x/x function

∫ L/2

−L/2
dz ei
kzz = L sinc

(

kzL

2

)
(23)

at the level of the amplitude. As expected, this allows for
momentum nonconservation with a characteristic width of
order L−1.

The fully differential rate will be proportional to the
square of the sinc function

d	

d3kpd3ki
∝ L2sinc2

(

kzL

2

)
δ2(
kT)δ(
ω) (24)

≡ d	̂

d3kpd3ki
, (25)

where 
kT is the momentum-mismatch vector in the
transverse directions. The constant of proportionality in
Eq. (24) will have frequency-normalization factors of the
form (2ω)−1 and the matrix element M. The matrix ele-
ment can also have a nontrivial angular dependence on θ

as well as on φ, depending on the model and the optical
medium properties. Note, however, that the current anal-
ysis for the phase space is model independent. We thus
postpone the discussion of overall rates to Sec. V (and in
greater detail in forthcoming work [13]) and here we limit
the study to the phase-space distribution only. We proceed
with the defined phase-space distribution d	̂ in Eq. (25),
which we now study.

One can trivially perform the integral over the d3ki,
which will effectively enforce Eq. (20) for transverse
momentum conservation, and set |ki| by conservation of
energy. The argument of the sinc function is


kz = kp − ks cos θs − ki cos θi

= ωp

(
np − nsαω cos θs ±

√
�2 − n2

sα
2
ω sin2 θs,

)

(26)

where in the second step we use Eq. (20) and the definitions
of αω and � in Eqs. (18) and (19). The ± sign accounts for
the idler or dark particle being emitted in the forward and
backward direction, respectively.

It is convenient to reexpress the remaining three-
dimensional phase space for (d)SPDC in terms of the
signal emission angles θs and φs and the signal frequency
(or, equivalently, αω). Within our assumptions, the distri-
bution in φs is flat. With respect to the polar angle and
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FIG. 4. The phase-space distribution d2	̂/d(cos θs)dαω for
SPDC in arbitrary units. The distribution is strongly peaked
along the region of phase space in which phase matching is
achieved. We use L = 1, λp = L/10, np = 2 and ns = ni = 4.
These parameters are unrealistic in practice but allow for clear
visualization of the distribution. The dashed lines show slices of
fixed signal angle or energy.

frequency, we find that

d2	̂

d(cos θs)dαω

= 2πω3
pα

2
ω (1 − αω) n3

s ñ2
i√

�2 − α2
ωn2

s sin2 θs

∑

±
L2sinc 2

×
[(

np − nsαω cos θs ±
√

�2 − n2
sα

2
ω sin2 θs

)
ωpL

2

]
,

(27)

where

ñi
def=
{

ni, for SPDC,
1, for dSPDC, (28)

In Fig. 4, we show the double differential distribution 	̂

for SPDC and in Fig. 5 it is shown for dSPDC, both for
a massless and a massive ϕ. As opposed to the infinite-
crystal case, the violation of translation invariance by the
finite extent of the crystal allows for a deviation from the
exact phase-matching conditions. However, the distribu-
tion still clearly peaks in regions of phase space that satisfy
the phase-matching conditions, those shown in Fig. 2. In
addition to the sharp peak, an interference pattern is seen
away for the phase-matching line when the momentum
mismatch is a full or half-integer of the crystal length, cap-
tured by the sinc function in Eq. (27). To have a clearer
view of these qualitative features in the distribution, we
pick somewhat exaggerated values for indices of refraction
in these figures.

1. dSPDC searches with imaging or spectroscopy

Though one can, in principle, measure both the angle
and the energy of the signal photon, it is usually easier to
measure either with a fixed angle or a fixed energy. For
example, a CCD detector with a monochromatic filter can
easily measure a single energy slice of this distribution,
as shown in the vertical dashed line in Fig. 4. Likewise, a
spectrometer with no spatial resolution can measure a fixed
angle slice of this distribution, as shown in the horizontal
dashed line of Fig. 4. An attractive choice for this is to
look in the forward region, with an emission angle θs = 0,
which is the case for waveguides. For this collinear case,
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FIG. 5. The phase-space distribution d2	̂/d(cos θs)dαω in arbitrary units for the dSPDC process for m = 0 (left) and m = 0.5ωp
(right). The distributions are strongly peaked where the respective phase-matching conditions are satisfied. The other parameters are
as in Fig. 4, with somewhat exaggerated indices of refraction to allow us to see the features in the distribution.
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atat

FIG. 6. Slices of the phase-space distributions for SPDC and for dSPDC with different choices of the ϕ mass. On the left, we
show angle distributions with fixed signal frequency, and on the right, we show frequency distributions for fixed signal angle. These
distributions allow us to separate SPDC backgrounds from the dSPDC signal, as well as the dSPDC signal for different values of mϕ .
The distributions become narrower for thicker crystals, enhancing the signal to background separation power. For these distributions,
we use L = 1 cm, λp = 400 nm and for the refractive indices np = 1.49 and ns = ni = 1.66, inspired by calcite.

we obtain a signal spectrum

d	̂

dαω

= 2πω3
pα

2
ω (1 − αω) n3

s ñ2
i

�

∑

±
L2sinc2

(

k(0)

z±L
2

)

,

(29)

where

k(0)
z± = kzp − kzs − k±

zi = ωp
(
np − nsαω ± �

)
(30)

is the momentum mismatch for collinear (d)SPDC. In
some cases, the collinear spectrum is dominated by just
the forward emission of the idler or ϕ, while in others there
are two phase-matching solutions that contribute similarly
to the rate.

In Fig. 6, we show two distributions, one for fixed sig-
nal frequency and the other for a fixed signal angle, the
latter in the forward direction. We see that both of these
measurement schemes are able to distinguish the signal
produced by different values of mass mϕ . Furthermore, in
cases where the standard-model SPDC process is a source
of background, it can be separated from the dSPDC sig-
nal. As expected, in the forward measurement the dSPDC
spectrum exhibits two peaks for the emission of ϕ in the
forward or backward directions. It should be noted that the
width of the highest peaks in these distributions decreases
with crystal length L.

IV. OPTICAL MATERIALS FOR DARK SPDC

Having discussed the phase-space distribution for
dSPDC, we now discuss which optical media are needed

to open this channel, to enhance its rates, and, if possible,
to suppress the backgrounds. A more complete estimate
of the dSPDC rate will be presented in Ref. [13]. Here,
we discuss the various features qualitatively to enable
optimization of dSPDC searches.

A. Refractive indices

As discussed above, the refractive index of the optical
medium plays a crucial role. It opens the phase space for
the dSPDC decay and determines the kinematics of the
process.

In order to enhance the dSPDC rate, it is always desir-
able to have a setup in which the dSPDC phase-matching
conditions that we discussed in Sec. III are accomplished.
Since the left-hand side of Eq. (17) is the cosine of an
angle, its right-hand side is restricted between ±1, so that

−1 <
n2

p + α2
ωn2

s − �2

2αωnpns
< 1. (31)

From this, we find that so long as ns > np , there is a range
of ϕ mass values that can take part in dSPDC. As the dif-
ference ns − np is taken to be larger, a greater ϕ mass can
be produced and larger opening angles θs can be achieved.

Using the inequalities in Eq. (31), we can explore the
range of desirable indices of refraction for a particular
setup choice. For example, suppose that we use monochro-
matic filter for the signal at half the energy of the pump
photons, αω = 1

2 . Figure 7 shows in blue the region where
the phase-matching condition is satisfied for the SPDC
process and in orange the region where the phase-matching
condition is satisfied for dSPDC. As can be seen, dSPDC
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FIG. 7. The regions in which the refractive indices np and ns

allow the phase matching with αω ≡ ωs/ωp = 1
2 for the SPDC

process (in this case, assuming that ni = ns) and dSPDC (in this
case, assuming that m/(ωp) � 1).

is more restrictive in the refractive indices. Furthermore,
typical SPDC experiments employ materials such as beta
barium borate (BBO), potassium dideuterium phosphate
(KDP) and lithium triborate (LBO) [15,36–38] that do not
allow the phase matching for dSPDC for this example.

A second example that is well motivated is the forward
region, namely θs = 0. In this case, phase matching can be
achieved so long as

(
ns − np

)2

n2
s − 1

≥ m2
ϕ

ω2
p

(32)

and ns > np . We will investigate collinear dSPDC in
greater detail in Ref. [13].

The dSPDC phase-matching requirement ns > np can be
achieved in practice by several effects. The most common
one, employed in the majority of SPDC experiments, is
birefringence [36,38–40]. In this case, the polarization of
each photon is used to obtain a different refractive index.
For instance, in calcite, the ordinary and extraordinary
polarizations have indices of refraction of no = 1.658 and
ne = 1.486. Taking the former to be the signal and tak-
ing the latter for the pump, phase matching can be met
for mϕ < 0.16ωp . Birefringence may also be achieved in
single-mode fibers and waveguides with noncircular cross
section, e.g., polarization-maintaining optical fibers [41].
Of course, the dependence of the refractive index on the
frequency may also be used to generate a signal-pump
difference in n.

B. Linear and birefringent media for axions

Axion electrodynamics is itself a nonlinear theory.
Therefore, dSPDC with emission of an axion can occur in a
perfectly linear medium. The optical medium is needed in
order to satisfy the phase-matching condition that cannot

be satisfied in a vacuum. Because the pump and signal
photons in axion dSPDC have different polarizations, a
birefringent material can satisfy the requirement of ns > np
and Eq. (32). Because SPDC can be an important back-
ground to a dSPDC axion search, the use of a linear or
nearly linear medium, where SPDC is absent, is desirable.
Interestingly, materials with a crystalline structure that is
invariant under a mirror transformation r → −r will have
a vanishing χ(2) from symmetry considerations [42].

C. Longitudinal susceptibility for dark-photon
searches

As opposed to the axion case, a dSPDC process with
a dark photon requires a nonlinear optical medium. As
a result, SPDC can be a background to dSPDC dark-
photon searches. In SPDC, the pump, signal, and idler are
standard-model photons and their polarization is restricted
to be orthogonal to their propagation. As a consequence,
when one wants to enhance an SPDC process, the nonlin-
ear medium is oriented in such a way that the second-order
susceptibility tensor χ(2) can couple appropriately to the
transverse polarization vectors of the pump, signal, and
idler photons. The effective coupling between the modes
in question is given by

χ
(2)

SPDC ≡ χ
(2)

jkl ε
p
j εs

kε
i
l , (33)

with the ε being the (transverse) polarization vectors for
the pump, signal, and idler photons. These are spanned
by (1, 0, 0) and (0, 1, 0) in a frame in which the respective
photon is propagating in the ẑ direction.

In dSPDC with a dark photon, there is an important dif-
ference. Because the dark photon is massive, it can have a

longitudinal polarization, ε
A′

L
l = (0, 0, 1). The crystal may

be oriented to couple to this longitudinal mode, giving an
effective coupling of

χ
(2)

A′
L

≡ χ
(2)

jkl ε
p
j εs

kε
A′

L
l . (34)

Maximization of this coupling benefits the search both
by enhancing signal and reducing background. The back-
ground is reduced because the SPDC effective coupling to
transverse modes given by Eq. (33) is suppressed. The sig-
nal is enhanced because the coupling to the longitudinal
polarization of the dark photon is suppressed by mA′/ω
rather than (mA′/ω)2 [32,33,43].

This motivates either nontraditional orientation of non-
linear crystals or the identification of nonlinear materials
that would usually be ineffective for SPDC. As an example
in the first category, any material that is used for type-
II phase matching, in which the signal and idler have
orthogonal polarization, can be rotated by 90◦ to achieve
a coupling of a longitudinal polarization to a pump and an
idler. In the second category, material with χ(2) tensors that
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are nonvanishing only in “maximally nondiagonal” x̂-ŷ-ẑ
elements would obviously be discarded as standard SPDC
sources but can have an enhanced dSPDC coupling.

V. DARK-SPDC SETUPS AND RATES

A precise estimate of the rate is beyond the scope of
this work and will be discussed in more detail in Ref. [13].
Here, we rescale known rate formulas in order to examine
the dependence of the rate on the geometric factors, such
as the pump power and beam area, the crystal length, and
the area and angle from which signal is collected.

Consider the geometry sketched in Fig. 8. A pump beam
is incident on an optical element of length L along the
pump direction. The width of the pump beam is set by the
laser parameters. The pump beam may consist of multi-
ple modes or can be guided in a fiber or waveguide [12]
and in a single mode. The width and angle of the signal
“beam” is set by the apparatus used to collect and detect
the signal. This too can include collection of a single mode
in a fiber (see, e.g., Refs. [15,18]) or in multiple modes. In
SPDC, when the idler photon may be collected, the width
and angle of the idler can also be set by a similar appa-
ratus. However, in dSPDC (or in SPDC if we choose to
only collect the signal), the ϕ beam is not a parameter in
the problem. In this case, we are interested in an inclusive
rate and would sum over a complete basis of idler beams.
Such a sum will be performed in Ref. [13] but usually the
sum will be dominated by a set of modes that are similar
to those collected for the signal.

Generally, the signal rate will depend on all of the
choices made above but we can make some qualitative
observations. The rate for SPDC and dSPDC will be pro-
portional to an integral over the volume defined by the
overlap of the three beams in Fig. 8 and the crystal. When
the length of the volume is set by the crystal, the process
is said to occur in the “thin-crystal limit.” In this limit, the
beam overlap is roughly a constant over the crystal length

Crystal

Pump

Signal

Dark particle
(or idler)L

{

FIG. 8. A sketch showing the overlap of the pump, signal, and
dark particle (or idler) beams with the crystal. In general, it is
desirable to maximize the integration length, which is defined by
the overlap of the three beams and the crystal.

and thus the total rate will grow with L. Since dSPDC is
a rare process, we observe that taking the collinear limit
of the process, together with a thicker crystal, may allow
for a larger integration volume and an enhanced rate. We
note, however, that in order to benefit from the enhanced
rate of the collinear process, one would need to contend
with the bright pump beam, which spatially overlaps with
the signal. Though this may be done with a combination
of frequency and polarization selection, going to a (per-
haps slightly) noncollinear configuration should also be
considered.

The total rate for SPDC in a particular angle, integrated
over frequencies, in the thin-crystal limit is [13,15]

	SPDC ∼ Ppχ
(2)

eff
2
ωsωiL

πnpnsniAeff
, (35)

where L is the crystal length, Pp is the pump power, Aeff is
the effective beam area, and χ

(2)

eff is the effective coupling
of Eq. (33). A parametrically similar rate formula applies
to SPDC in waveguides [12,13]. The pump power here
is the effective power, which may be enhanced within a
high-finesse optical cavity (see, e.g., Ref. [30]. The inverse
dependence with effective area arrises because the interac-
tion Hamiltonian is proportional to electric fields, which
grow for fixed power for a tighter spot. For “bulk-crystal”
setups, a pair production rate of the order of a few times
106 per milliwatt of pump power per second is achiev-
able [18] in the forward direction. In waveguided setups,
in which the beams remain confined along a length of
the order of a centimeter, production rates of order 109

pairs per milliwatt per second are achievable in potassium
titanyl phosphate (KTP) crystals [12,44], and rates of order
1010 have been discussed for lithium niobate [44]. Also
noteworthy are cavity-enhanced setups, in which the effec-
tive pump power is increased by placing the device in an
optical cavity, and/or OPOs, in which the signal photon is
also a resonant mode, including compact devices with high
conversion efficiencies (see, e.g., Refs. [45–48].

An important scaling of this rate is the L/Aeff depen-
dence. This scaling applies for the dSPDC rates discussed
below. Within the thin-crystal limit, one can thus achieve
higher rates with (a) a smaller beam spot and (b) a thicker
crystal. It should be noted that for collinear SPDC, the
crystal may be in the “thin limit” even for thick crystals
(see Fig. 8 and imagine zero signal and idler emission
angle). We now discuss the rates for dSPDC. We begin
with the dark-photon case, which leads to higher rates at
the chosen benchmark points.

A. Dark-photon dSPDC rate

The dSPDC rate into a dark photon with longitudi-
nal polarization, A′

L, can similarly be written as a simple
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rescaling of the above SPDC expression:

	
(A′

L)

dSPDC ∼ ε2 m2
A′

ω2
A′

Ppχ
(2)

A′
L

2
ωsωA′L

npnsAeff
, (36)

where the effective coupling χ
(2)

A′
L

is defined in Eq. (34).
This is valid in regions where the dark-photon mass is
smaller than the pump frequency, such that the produced
dark photons are relativistic and have a refractive index
of 1. Using the optimistic waveguide numbers above as a
placeholder and assuming an optimized setup with similar
χ(2), the number of events expected after integrating over
a time tint are

N
(A′

L)

events ∼ 1021

(

ε2 m2
A′

ω2
A′

)(
Pp

W

)(
L
m

)(
tint

year

)
. (37)

Benchmark points that saturate currant limits and corre-
sponding examples of dSPDC waveguide setups are sum-
marized in Table I. The current strongest laboratory-based
limit for dark-photon masses of order 0.1 eV is set by the
ALPS experiment at ε ∼ 3 × 10−7. For this dark-photon
mass mA′ ∼ 0.1ωp , the mA′/ωA′ term does not represent a
large suppression. In this case, of the order of ten dSPDC
events are produced in a day in a 1-cm crystal with 1 W of
pump power with the above assumptions. This implies that
a relatively small dSPDC experiment with an aggressive
control on backgrounds could be used to push the current
limits on dark photons.

Improvement of the limits from solar cooling, for which
εmA′/ωA′ is constrained to be smaller, would represent an
interesting challenge. Achieving ten events in a year of
running requires 1 W of power in a waveguide greater than
10 m (or a shorter waveguide with a higher stored power,
perhaps using a Fabry-Perot setup). Interestingly, in terms
of system size, this is still smaller than the ALPS II exper-
iment, which would reach 100 m in length and an effecting
power of a 100 kW. This is because LSW setups require
both production and detection, with limits scaling as ε4.

B. Axion dSPDC rate

A similar rate expression can be obtained for axion
dSPDC:

	
(axion)
dSPDC ∼ Ppg2

aγ γ ωsL

ωaxionnpnsAeff
, (38)

where the different scaling with the frequency of the dark
field is due to the different structure of the dSPDC interac-
tion (recall that χ(2) carries a mass dimension of −2, while
the dimension of the axion photon coupling is −1). Opti-
mal SPDC (dSPDC) rates are achieved in waveguides in
which the effective area is of the order of the square of the

wavelength of the pump and signal light. Assuming a (lin-
ear) birefringent material that can achieve dSPDC phase
matching for an axion, the number of signal event scales as

N (axion)
events ∼ 40

(
gaγ

10−6 GeV−1

)2 (Pp

W

)(
L
m

)(
tint

year

)
.

(39)

Benchmark points and example setups for axion dSPDC
are summarized in Table I. This rate suggests that a dSPDC
setup is promising in setting new laboratory-based limits
on ALPs. For example, a 10-m birefringent single-mode
fiber with 1 kW of pump power will generate of the order
of ten events per day for couplings of order 10−7 GeV−1.
To probe beyond the CAST limits in gaγ may be possible
and requires a larger setup, but not exceeding the scale,
say, of ALPS II. In a 100-m length and an effective pump
power of 100 kW, a few dSPDC signal events are expected
in a year. Maintenance of a low background would, of
course, be crucial. We note, however, that optical fibers
are routinely used over much greater distances, maintain-
ing coherence (see, e.g., Ref. [5]), and an optimal setup
should be identified.

C. Backgrounds to dSPDC

There are several factors that should be considered for
the purpose of reducing backgrounds to SPDC:

(a) The crystal length and signal bandwidth. In addition
to the growth of the signal rate, the signal band-
width in many setups will decrease with L. If this is
achieved, the signal-to-background ratio in a narrow
band around the dSPDC phase-matching solutions
will scale as L2.

(b) The timing. The dSPDC signal consists of a sin-
gle photon, whereas SPDC backgrounds will con-
sist of two coincident photons. Backgrounds can
be reduced using fast detectors and by rejecting
coincidence events.

(c) The optical material. As pointed out in Sec. IV,
purely linear birefringent materials can be used
to reduce SPDC backgrounds to axion searches.
Nonlinear materials with a χ(2) tensor that cou-
ples purely to longitudinal polarizations may be
used to enhance dark-photon dSPDC events without
enhancing SPDC. This technique to reduce SPDC
may also be used in axion searches.

(d) Higher-order nonlinearities. Though reflection
symmetry may be used to reduce three-photon inter-
actions, higher-order nonlinearities, such as four-
wave mixing, will likely be present at some level
and may contribute to backgrounds. For example, a
four-photon interaction may contribute to a one- to
three-photon transition, which would enable devia-
tions from the one-to-two phase-matching relations

030340-12



SEARCHING FOR DARK PARTICLES WITH QUANTUM OPTICS PRX QUANTUM 2, 030340 (2021)

TABLE I. The current laboratory-based and solar-based limits
on the couplings of dark photons and axionlike particles with a
benchmark mass of 0.1 eV. For each limit, we show the parame-
ters of an example dSPDC in a waveguide and the rate it would
produce for couplings that would produce the specified bench-
mark rate with the corresponding coupling. The pump power is
an effective power, which can include an enhancement by an opti-
cal cavity setup. For dark-photon rates, we assume a nonlinearity
of the same order as found in KTP crystals.

Current limits
Dark photon

(mA′ = 0.1 eV)
Axionlike particle

(ma = 0.1 eV)

Laboratory ε < 3 × 10−7 gaγ < 10−6 GeV−1

Example dSPDC setup Pp = 1 W Pp = 1 kW
L = 1 cm L = 10 m

	 = 10 per day 	 = 10 per day

Solar ε < 10−10 gaγ < 10−10 GeV−1

Example dSPDC setup Pp = 1 W Pp = 100 kW
L = 10 m L = 100 m

	 = 10 per year 	 = 10 per year

due to the presence of an additional photon in
the final state. Such a conversion process would,
however, lead to a continuum spectrum of signal
photons, as opposed to the sharp lines, say, of Fig. 6.
We further note that spectral features can arise due
to four-wave-mixing at frequencies—say, with zero
dispersion (see, e.g., Ref. [49])—and such effects
would need to be characterized and understood.

(e) Detector noise and optical impurities. Sources of
background that may be a limiting factor for dSPDC
searches include detector noise, as well as scatter-
ing of pump photons off impurities in the optical
elements and surfaces.

An optimal dSPDC-based search for dark particles will
likely consider these factors and is left for future inves-
tigation.

VI. DISCUSSION AND CONCLUSIONS

We present a method to search for new light and fee-
bly coupled particles, such as axionlike particles and dark
photons. The dSPDC process allows us to tag the produc-
tion of a dark state as a pump photon down-converts to
a signal photon and a “dark idler” ϕ, in close analogy to
SPDC. We show that the presence of indices of refraction
that differ from one open the phase space for the decay, or
down-conversion, of the massless photon to the signal plus
the dark particle, even if ϕ has a mass. This type of search
has a parametric advantage over LSW setups, since it only
requires the production of the axion or dark photon, with-
out the need to detect it again. In addition, axion searches
based on dSPDC do not require an external background
magnetic field. Precise sensitivity calculations for dSPDC
with dark-photon and axion cases that can be achieved
through this method are ongoing [13].

The commonplace use of optics in telecommunications,
imaging, and quantum information science, as well as the
development of advanced detectors, can thus be harnessed
to search for dark-sector particles. Our dSPDC proposal is
a first step to bring these areas into the fold of dark-particle
searches. Increasing dSPDC signal rates will require high
laser power and long optical elements. Enhancing the sig-
nal and suppressing SPDC backgrounds also requires iden-
tification of the right optical media for the search. Axion
searches would benefit from optically linear and birefrin-
gent materials, with greater birefringence allowing us to
search for higher axion masses. Searches for dark photons
would benefit from strongly nonlinear materials that are
capable of coupling to a longitudinal polarization. This, in
turn, motivates either nonconventional optical media or the
use of conventional crystals that are oriented by a 90◦ rota-
tion from that which is desired for SPDC. Enhancement
of the effective pump power with an optical cavity is a
straightforward way to enhance the dSPDC rate. We leave
the exploration of a “doubly resonant” OPO setup in which
the signal is also a cavity eigenmode (in parallel with
Ref. [30]) for future work. In addition, the exploitation of
four-wave mixing for dark-particle searches warrants fur-
ther exploration. Finally, the detection of rare signal events
requires sensitive single-photon detectors with high spatial
and/or frequency resolution.

Given the substantial effort in searching for axions and
dark photons, new and complementary approaches to the
search, which harness new areas of technology, are desir-
able. The dSPDC process possesses many experimental
handles by which a potential signal can be cross checked.
The signal is expected to vary in specific ways by chang-
ing the crystal length, the beam parameters, the indices of
refraction, and the pump frequency. The spectral and/or
angular dependence of the signal also exhibits sharp fea-
tures. Of course, even in the absence of a positive signal,
a new dSPDC-based limit on dark photons or axions is an
important component in the search for new light particles
interacting with photons. We conclude that phase-space
engineering using quantum and nonlinear optics tools
is a promising new technique for future explorations of
dark-sector parameter spaces.
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