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Abstract:
Light dark matter is an exciting new frontier in the search for dark matter candidates. We propose to use

one of the most powerful energy sensors developed in the last twenty years, Microwave Kinetic Inductance
Detectors (MKIDs), to search for dark matter in an optical haloscope. The advantage of MKIDs for this
application is that they have already been proven as very low background energy-resolving photon sensors
with sub-eV energy resolution for 1 eV photons. This energy range is of great interest for dark matter
searches, and is difficult to achieve with semiconductor-based detectors. In addition, MKID arrays with
over 20,000 pixels have been demonstrated, making them a mature technology and ready to be integrated
into this experiment. The proposed research aims to discover or exclude light dark matter candidates with
masses in the 0.25 eV – 2.5 eV range, covering a substantial region of dark matter parameter space and
significantly exceeding existing constraints.
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Dark matter has long been known to comprise 25% of the energy budget in our universe1;2. However,
its precise nature remains undetermined despite extensive searches for candidate particles that cover many
orders of magnitude in mass and couplings to Standard Model (SM) particles. Based on astrophysical ob-
servations, dark matter is known to be non-relativistic, but much less is known about its physical nature.
Understanding the microscopic properties of dark matter is one of the central goals of modern astrophysics
and particle physics. One direction has been the search for weakly-interacting massive particles (WIMPs)
whose masses and couplings are comparable to those of the known weak gauge bosons, because the interac-
tions of WIMPs in the early universe generically lead to present-day abundances consistent with observation.
This has been the focus of an impressive experimental program including (for example) the liquid noble gas
detectors LUX3, PANDA-X4, and Xenon1T5, as well as the low temperature detector CDMS6. Together
these experiments have excluded large swaths of parameter space for the WIMP particle. A more recent
direction is the search for light, bosonic dark matter particles, which appear in many well-motivated exten-
sions of the Standard Model. Such dark matter candidates are poorly constrained by existing experiments
and require qualitatively new search strategies, one of which is pursued in this proposal.

A particularly well-known example of a light boson in beyond-SM theories is the QCD axion, proposed
40 years ago to solve the Strong CP problem7–9. More generally, ‘axion-like’ particles are common in
theories beyond the Standard Model, including in string theory, where the complexity of compactifications
of the many extra dimensions typically gives rise to light pseudoscalar particles10–12. These constructions
also generically give rise to additional vector bosons, or ‘dark photons’13;14.

In addition to appearing in many well-motivated extensions of the Standard Model, axions and dark
photons are also natural dark matter candidates that are easily produced in the early universe. Axions are
produced during a period of inflation through the misalignment mechanism, where quantum fluctuations of
the axion field are later converted into long-wavelength fluctuations that redshift as cold, pressureless dark
matter15–17.

A process similar to misalignment can produce dark photon dark matter during inflation18. Unlike
axions, however, the amplitude of the long-wavelength dark photon modes redshifts rapidly during the early
universe, resulting in fluctuations contributing to the dark matter abundance being at smaller scales. The dark
photon abundance depends on the Hubble scale HI of inflation at which these fluctuations are generated18,
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Bounds on the CMB tensor-to-scalar ratio constrain HI to be . 1014 GeV, so this mechanism can produce
all of the DM for a range of dark photon masses centered around the eV scale.

Given its high occupancy number, light bosonic dark matter is best described as a coherent, classical
field. These dark matter oscillations have a frequency set by the DM mass mDM, and amplitude propor-
tional to

√
ρDM, where ρDM ∼ 0.3 GeV/cm3 is the local DM density. The light dark matter field exhibits

macroscopic spatial coherence on a length scale of order its de Broglie wavelength, 103 times larger than
its Compton wavelength. The coherence time is determined by the inverse kinetic energy spread, roughly
106 periods of oscillation. In our proposal, we aim to take advantage of the spatial coherence of dark matter
to efficiently convert it into single photons at frequency given by the DM mass. In the case of dark photon
dark matter, this conversion proceeds directly via the coupling to charged particles. For axions and axion-
like particles, conversion occurs in the presence of a background magnetic field. In what follows we will
focus on the conversion of dark photon dark matter, with the understanding that the proposal can be readily
adapted to search for axion dark matter by the addition of a magnetic field.

In order to convert non-relativistic dark matter into relativistic photons, the target must have optical
structures on the scale of the dark matter Compton wavelength, correcting the momentum mismatch between
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Figure 1: Left: Proposed experimental setup: stack of dielectric layers, with alternating indices of refraction.
In the presence of the right type of background DM oscillation (e.g. dark photon DM), at a frequency
corresponding to the inverse spacing between the layers, the layers will emit photons in the transverse
direction from both sides of the stack. On one side the photons are extinguished. On the other side, a
lens focuses them onto an MKID photon detector array. To detect axion DM with a coupling to photons,
a magnetic field should be applied parallel to the layers. Tight: Projected sensitivity in the plane of dark
photon mass (mA) and coupling (κ) with 8 chirped stacks, at 95% C.L., assuming respective dark count
rates (DCRs) of 2× 10−3, 2× 10−4, 10−5 Hz, and no background in the MKID detector array.

the dark matter and the photon. A simple example of such a structure is a series of dielectric layers, with
different refractive indexes19, e.g. n1 and n2. We will use the terminology ‘optical stack’ to refer to these
structures. Each stack has alternating layers of two dielectric materials, n1n2n1n2 · · ·n1n2 . The adjacent
occurrence of each dielectric material is what we call a ‘period’, e.g. n1n2.

These layered structures modify the dispersion relation of the photon mode inside the dielectric ma-
terials, such that dark matter can resonantly convert to photons at the same frequency. Due to the spatial
coherence of dark matter, the converted photon can add coherently over the entire stack as long as the stack
is not thicker than the dark matter coherence length. The converted photon signal, in terms of emission rate,
is enhanced quadratically by the number of repeated layers in the stack.

We propose to combine the concept of a Dark Matter Haloscope with the most powerful detectors cur-
rently available for photon detection, Microwave Kinetic Inductance Detectors, or MKIDs. MKIDs are
superconducting detector arrays that can determine the energy of each arriving photon without read noise or
dark current, and with microsecond temporal resolution. An illustration of the experimental design is shown
in the left panel of Figure 1, where an optical stack converts dark photons originating from the transverse
direction to real photons collimated in the transverse direction out of the stack where a lens focuses the light
down onto an MKID array. As such this is a directional dark matter detector. The entire setup will be in a
dilution refrigerator to allow operation of the MKID and eliminate the background of blackbody photons.
Detailed simulations have been carried out to evaluate the relevant backgrounds and ultimate sensitivity of
this experiment, as shown in the right panel of Figure 1. Even modest initial experiment can set extremely
low limits over a wide range of potential dark matter masses.
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