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The dark photon is a massive hypothetical particle that interacts with the Standard Model by kinetically
mixing with the visible photon. For small values of the mixing parameter, dark photons can evade
cosmological bounds to be a viable dark matter candidate. Due to the similarities with the electromagnetic
signals generated by axions, several bounds on dark photon signals are simply reinterpretations of historical
bounds set by axion haloscopes. However, the dark photon has a property that the axion does not: an
intrinsic polarization. Due to the rotation of the Earth, accurately accounting for this polarization is
nontrivial, highly experiment dependent, and depends upon assumptions about the dark photon’s
production mechanism. We show that if one does account for the dark photon polarization, and the
rotation of the Earth, an experiment’s discovery reach can be enhanced by over an order of magnitude.
We detail the strategies that would need to be taken to properly optimize a dark photon search. These
include judiciously choosing the location and orientation of the experiment, as well as strategically timing
any repeated measurements. Experiments located at �35° or �55° latitude, making three observations at
different times of the sidereal day, can achieve a sensitivity that is fully optimized and insensitive to the dark
photon’s polarization state, and hence its production mechanism. We also point out that several well-known
searches for axions employ techniques for testing signals that preclude their ability to set exclusion limits
on dark photons, and hence should not be reinterpreted as such.
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I. INTRODUCTION

The hypothesis that galactic dark matter (DM) halos are
comprised of a cold population of bosons is accumulating
substantial interest in both theoretical and experimental
circles [1–3]. Examples of these DM candidates include the
pseudoscalars—like the widely popular QCD axion [4], or
its generalization, the axionlike particle [5–11]—as well as
light scalars [12–19], and vector particles [20–23]. From an

experimental standpoint, one of the primary appeals of
these ideas is that many of them possess a coupling to
electromagnetism that, while usually suppressed by a high
energy scale, is generically nonzero. This permits a diverse
array of laboratory experiments to directly detect them as
galactic DM. Much of the experimental activity has been
driven towards the detection of the axion. However many of
the axion’s experimental signatures are shared by another
DM candidate—the dark photon (DP)1 [11,24,25]—which
can be searched for with very similar techniques [26–39].
The DP is the gauge boson of a new dark U(1) added to

the Standard Model (SM) gauge group, under which the
SM fields are uncharged. This makes the DP nearly
unobservable, save for a small kinetic mixing with the
visible photon that is left in the theory at low energies [20].
The kinetic mixing leads to photon-DP oscillations,

*andrea.caputo@uv.es
†alexander.millar@fysik.su.se
‡ciaran.ohare@sydney.edu.au
§edoardo@physics.ucla.edu

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3. 1Also known as hidden photon, or paraphoton.

PHYSICAL REVIEW D 104, 095029 (2021)

2470-0010=2021=104(9)=095029(35) 095029-1 Published by the American Physical Society

https://orcid.org/0000-0003-1122-6606
https://orcid.org/0000-0003-3526-0526
https://orcid.org/0000-0003-3803-9384
https://orcid.org/0000-0001-7847-1281
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.104.095029&domain=pdf&date_stamp=2021-11-29
https://doi.org/10.1103/PhysRevD.104.095029
https://doi.org/10.1103/PhysRevD.104.095029
https://doi.org/10.1103/PhysRevD.104.095029
https://doi.org/10.1103/PhysRevD.104.095029
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


reminiscent of neutrino oscillations, or the axion-photon
mixing relied upon by DM axion detectors known as
haloscopes (see e.g., Ref. [40] for a review of experimental
techniques). The primary practical difference between the
two is that axion-photon conversion requires an applied
magnetic field, whereas DP-photon mixing is an inherent
feature of the model—making the latter in some scenarios
less demanding to search for.
While DPs lack as compelling a theoretical backing as the

QCD axion [41–45], they can, at the very least, function as a
viable cold DM candidates [39,46], and several production
mechanisms have been proposed to generate a sufficient
abundance of them in the early Universe [47–57]. So as a
minimal extension of the SM, the DP is therefore just as
worthwhile a target for experimental investigation as, say, an
axionlike particle.2 See Ref. [25] for a recent review of DPs
that extends to their role in contexts well outside of the scope
of our work.
While many haloscopes designed to search for axions are

also sensitive to DPs, there are few, if any, dedicated
exclusion analyses made by their respective collaborations.
The nonobservation of axions of a particular mass is simply
reinterpreted as a constraint on DPs of the same mass,
without fully taking into account the subtle differences
between the ways the two particles couple to experiments.
Most notably, the DP possesses a polarization, and there-
fore the direction of the E field it generates will have
nothing to do with the experiment. In contrast, the E field
generated by axions has a preferred direction provided by
the applied magnetic field. Most experiments designed to
detect DM-induced E or B fields are sensitive to the
directions of those fields. The parallels and differences
between the behaviors of axions and DPs in haloscopes
were first pointed out in 2012 by Ref. [39].3 Since then,
some subtly erroneous results of the recasting exercise
detailed in that work have propagated through the literature.
However, even dedicated DP searches must reckon with

the DP polarization. There are several reasons why this is
fraught with difficulty. Firstly, the DP polarization distri-
bution around the Earth will depends upon assumptions
about its production mechanism. Secondly, experiments
operate in a rest frame that rotates with respect to the DP
field, meaning the preferred direction of detection will vary
over the day if one assumes any degree of coherence to the
underlying polarization distribution. Since many experi-
ments, especially those designed to detect axions, are only
sensitive to E fields aligning with one axis, this will make
any DP interpretation of those experimental analyses
strongly orientation and time dependent. Approaches taken

to address these issues in past analyses have been overly
simplistic at best and plainly incorrect at worst.
A large number of new DP searches, and an even larger

number of proposals, have appeared since 2012. It is
therefore high time that the steps be laid out to perform
a more careful treatment of DP polarization. We will show
that with some simple changes to the data-taking procedure
(without changing the total measurement time, and there-
fore cost, of the experiment), an experiment can obtain
vastly improved limits on DPs in the absence of detection,
and would be in a much more robust position to study the
signal if in the presence of one.
In what follows, we will derive a set of mathematical

formulas to compute relevant quantities needed to account
for the Earth’s rotation with respect to the DP. These results
take the form of conversion factors that quantify how much
an exclusion limit is impacted by the range of possible
angles between the DP polarization and the axis or plane
that the experiment is sensitive to. We will see that the
dependencies of these conversion factors entail certain
experimental configurations being less impacted by this
uncertainty than others. The fully optimized scenario is one
in which the experimental location, running time, and
orientation all conspire to give a signal that is effectively
insensitive to the DP polarization. For the location, we will
see that latitudes of λlat ¼ �35° or �55° are optimal for
experiments that are sensitive along the north-south or the
zenith-Nadir axes, respectively. The optimal measurement
time is always one sidereal day, since in this case the
experiment samples all possible DP polarization angles
available to it. However, we will explain that a continuous
measurement lasting the entire day is not necessary, and a
close-to-fully optimized discovery reach can be achieved if
the experiment splits a short OðminÞ-long measurement
into three measurements spaced evenly over the day. As
mentioned above, we aim for all of our recommendations to
be incorporated relatively unintrusively via simple sched-
uling changes. So we emphasize that we do not require
these measurements to be conducted on the same date—
three measurements at different times of the sidereal day,
spaced months apart, would achieve the same result.
To begin, in Sec. II, we set the stage by giving a brief

overview of existing constraints on dark photons, all of
which are displayed in Fig. 1. Then in Sec. III we discuss
ways in which DPs can be produced in the early Universe
with sufficient abundance to explain the DM, and in the
process what these production mechanisms imply about the
present day DP polarization distribution around the Earth.
Then in Sec. IV we walk through the electrodynamics
associated with detecting DPs, and in Sec. V we discuss
various experimental techniques. In Sec. VI we discuss the
direction and time dependence inherent in DP detection,
and how this dictates the optimum scanning strategy.
Finally, in Sec. VII we determine how an experiment
could use the daily modulation signal to measure the DP

2Indeed, DPs can also play the role of a Z0-like mediator to a
dark sector; hence there is substantial interest in searching for
DPs in accelerators [58–62] and via searches for the millicharged
particles they may couple to [63–68].

3The haloscope limits from Ref. [39] were updated very
recently in Ref. [69].
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polarization following a positive detection. We summarize
and conclude in Sec. VIII. All the figures created for this
paper can be reproduced using the code available at
https://github.com/cajohare/DarkPhotonCookbook with
the exception of the DP constraint plots and their associated
data which are available at https://cajohare.github.io/
AxionLimits.

II. EXISTING CONSTRAINTS ON THE
DARK PHOTON

In Fig. 1 we show the current landscape of bounds on
DPs lighter than 0.1 MeV.4 We have chosen to show any
bound set by a physical laboratory experiment in red, those
set using astrophysical data in green, and those set using
cosmological data in blue. We now briefly run through the
sources of each bound.
Many model-independent bounds on the existence of

the DP in Nature have been obtained through tests of the
Coulomb 1=r2 force law, or, equivalently, via bounds on the
photon mass [70]. The ones we have shown here are from
Cavendish-like experiments [71–74], Plimpton and

Lawton’s experiment [74,75], atomic spectroscopy [76],
atomic force microscopy [74], and, at the lightest masses
displayed here, from the static magnetic fields of the Earth
[77] and Jupiter [78]. Similarly, there are purely laboratory
bounds on DPs set using light-shining-through-walls
(LSW) experiments, e.g., those run at ALPs [79],
SPring-8 [80], and UWA [81,82], as well as the microwave
LSW experiments performed by ADMX [83] and CROWS
[84]. CAST [85] and SHIP [86] are both helioscopes,
setting bounds on DPs emitted by the Sun. Finally,
TEXONO [87] is a reactor neutrino experiment, for which
a low mass DP limit was derived in Ref. [88].
Dedicated direct detection bounds on the DP, specifically

as a DM candidate, are set by the following experiments:
DAMIC [89], dark E field radio [35], DM Pathfinder [90],
FUNK [33], SENSEI [91], SHUKET [31], SuperCDMS
[92], SQuAD [93], three Tokyo dish antennae experiments
[28,30,34], WISPDMX [32], and XENON1T/XENON100
[94–99]. Several other underground DM detectors sensitive
to keV-mass DPs have also set limits [100–105] that are less
sensitive than XENON’s—we have neglected these to
reduce clutter.
One of the focuses of this work is on reinterpreting

haloscope limits on axions in the context of DPs. Those
shown are ADMX [106–110], HAYSTAC [111,112],
CAPP [113], and QUAX [114]. Results from several

FIG. 1. Current constraints on the DP’s mass, mX, and kinetic mixing parameter with the SM photon, χ. The general color scheme is
cosmological bounds in blue, experimental bounds in red, and astrophysical bounds in green. The thick white line that divides the
parameter space in two is the upper limit for which DPs are a viable candidate for 100% of the DM. The focus of this work are the
experimental bounds that reach below this line. Descriptions of each bound are given in Sec. II.

4Accelerator bounds on heavier DPs have been purposefully
ignored because the focus here is on DPs which can constitute
DM in and of themselves.

DARK PHOTON LIMITS: A HANDBOOK PHYS. REV. D 104, 095029 (2021)

095029-3

https://github.com/cajohare/DarkPhotonCookbook
https://github.com/cajohare/DarkPhotonCookbook
https://cajohare.github.io/AxionLimits
https://cajohare.github.io/AxionLimits


well-known axion haloscopes [115–119] are not shown
because they used their B field to test for potential (axion)
signals. In other words, a DP could have been observed, but
its signal would have been vetoed.
The upper limit of viable dark photon dark matter

(DPDM), shown by a thick white line, is taken from
various references. Although we run the risk of being
overly stringent, we adopt the most democratic approach
of taking the lower envelope of all published analyses,
including Arias et al. [39], Witte et al. [120,121], and
Caputo et al. [122,123], though we note that there are some
substantive disagreements between these analyses. Three
astrophysical limits also require DPDM: those based on the
heating of the intergalactic medium [124], the gas in the
Leo T dwarf [125], and the gas cloud at the galactic center
G357.8-4.7-55 [126], and again, there are also disagree-
ments between these analyses. Also at these lightest
masses, a recent experimental bound was set on DPDM
from an analysis [127,128] of SuperMAG data—a global
network of magnetometers studying the geomagnetic field.
The astrophysical bounds at higher masses are those

based on stellar cooling arguments applied to the Sun,
horizontal branch stars, and red giant stars in Ref. [129],
and neutron stars in Ref. [130]. Note that for the straight
part of the solar bound below 10 eV we use the improved
limit from the solar global fit performed in Ref. [131].
These bounds assume a nondynamical generation of the DP
mass: the Stueckelberg case. However, if the DP mass
originated via a Higgs mechanism, the stellar bounds
would be much stronger—plateauing at χ ∼ 10−13 for
mX ≲ 100 eV, down to arbitrarily small masses [99,132].
Another astrophysical bound was set using gamma rays

from the Crab nebula [133]. The final cosmological bound
is on γ → X happening in the early universe to the degree
that it would generate spectral distortions to the CMB,
which are tightly constrained by COBE and FIRAS [134].
Several groups have derived these constraints in the past
[122,123,135,136], with broad, but not perfect, agreement.
The one shown in Fig. 1 is from Ref. [123]. Lastly, we
shade in gray the mass window 6.5 × 10−15 eV < mX <
2.9 × 10−11 eV. If a DP existed in that range, then the field
would spin down stellar mass black holes due to super-
radiance [137–139].
Data for every bound shown in this figure can be

downloaded individually at https://cajohare.github.io/
AxionLimits/docs/dp.html.

III. DARK PHOTON CODOLOGY

Dark photons are a compelling candidate for new
physics. As they are simply the gauge boson of an addi-
tional U(1), they represent a very minimal extension to the
SM. Recently, several novel production mechanisms for
DPDM have been proposed, igniting interest even further.
In this section we summarize some of these mechanisms,
focusing on the degree of polarization they leave the relic

DPDMwith. This point is often overlooked in the literature
but is extremely relevant for their subsequent detection. We
also stress that, contrary to previous claims found in the
literature, the DP polarization is different from the isotropy
of the stress-energy tensor associated to the field, and
depends on the production mechanism.
Arguably one of the simplest ways to produce DPDM is

the misalignment mechanism, which is the most popular
mechanism used to generate axions [140–142]. However,
unlike axions, a minimal coupling to gravity does not lead
to the correct relic abundance—a nonminimal coupling to
the Ricci scalar needs to be invoked [39,47,48]. This
typically comes at the cost of introducing instabilities in
the longitudinal DP mode [143–145]. Therefore, some
extra work is required to make the theory consistent
(though finding such a UV theory is not the goal of this
work). For our purposes, the most notable consequence of
the misalignment mechanism, however it may be con-
structed, is that it naturally leads to relic DPDM with a
fixed polarization within the cosmological horizon. We
refer to this scenario later on as the fixed polarization
scenario, and it will have the most dramatic consequences
for direct detection. A scenario similar to the misalignment
mechanism consists of the DPDM production via quantum
fluctuations during inflation [48] (see also Refs. [49–52]).
In contrast to scalars and tensors, the vector is produced
with a power spectrum peaked at intermediate wavelengths,
evading bounds from long-wavelength isocurvature per-
turbations. Furthermore, this mechanism does not require a
nonminimal coupling to gravity.
Another scenario is one based on tachyonic instabilities5

which arise when the DP couples to a misaligned axion
[53–55]. The energy density is initially stored in the axion
field, and then the axion’s zero mode transfers to both
transverse and longitudinal components of the DP. Any
production mechanism involving tachyonic instabilities
dominantly produces a specific DP helicity, and we would
expect that the final relic will also carry the same helicity—
although later scatterings can deplete the degree of polari-
zation [147]. However, there exist other scenarios [56]
where the degree of polarization may be even more
pronounced and likely surviving scatterings. Lattice sim-
ulations of these models would be very relevant to the
experimental campaign.
DPDM could also be produced from the decay of

topological defects, such as a network of near-global,
Abelian-Higgs cosmic strings [57]. In this scenario, the
transversely polarized DP interaction is suppressed and the
radiation is dominated by the emission of longitudinally
polarized DPs. These modes would then come to constitute
the DM. The evolution of the network is complicated,
and consists of both short loops and infinite strings.

5A similar mechanism, based on a different instability, is
through parametric resonance. See e.g., Ref. [146].
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An educated guess would be that long strings, with lengths
of the order of the Hubble horizon, may lead to some
degree of polarization in the DP field by identifying a
preferred direction. On the other hand, DPs would be
produced also from the collapse of smaller closed loops, so
eventually the polarization alignment may be washed out.
We refer to the case where the DP has no single polarization
as the random polarization scenario.
To summarize, there are many interesting DP production

mechanisms that can successfully produce the correct
abundance of DM, several of them leading to some level
of coherence in the polarization distribution of the relic
DP field, possibly over the entire Universe. Unfortunately,
a more precise statement than this is not possible at the
moment. In fact, the situation becomes even less clear when
considering structure formation. It is not readily apparent
what effect the formation of DM halos would have, if any,
on the distribution of DP polarizations on the mpc scales
probed by an experimental campaign. Although dedicated
simulations will be needed to resolve this issue, we can at
least try to appreciate what impact gravity will have on
the DP polarization with a simple back-of-the-envelope
calculation.
Consider a particle with four-velocity uα and polarization

Sα; we know that uαSα ¼ 0 should hold in any frame. One
can thus derive the precession of the polarization according
to the equation of parallel transport,

dSα
dτ

¼ Γλ
ανSλ

dxν

dτ
; ð1Þ

where Γλ
αν are the Christoffel symbols and τ is proper time.

From here we can specialize to the motion in a gravitational
potential ϕ. Following e.g., Ref. [148], we can write the
time variation of the polarization as

dS
dt

¼ −S
∂ϕ
∂t − 2v · S∇ϕ − Sðv ·∇ϕÞ

þ vðS ·∇ϕÞ þ 1

2
S × ð∇ × SÞ: ð2Þ

It is then useful to define a new vector

S1 ¼ ð1þ ϕÞS −
1

2
vðv · SÞ; ð3Þ

whose evolution is governed by a spin-orbit equation,

dS1

dt
¼ Ω × S1; ð4Þ

where Ω ¼ − 1
2
∇ × ζ − 3

2
v ×∇ϕ, with ζ the vector

potential. We can then estimate the relative polarization
variation as

δS
S
∼ Tv

ϕ

Rc2
; ð5Þ

where T and R are the typical time and length scales of the
problem, and we have restored the factor of c for clarity. We
can then use the virial theorem, ϕ ∼ v2, and normalize
everything to typical values of our galaxy. We thus find

δS
S
∼ 4 × 10−3

�
v

2 × 10−3

�
3 T
13 × 109 yr

8 kpc
R

;

which shows how dark matter can easily preserve some
degrees of its initial polarization over the lifetime of the
galaxy. While a dedicated study is needed to understand
how a real halo of dark matter would be affected, this
estimate shows, at the very least, that a fixed polarization
over laboratory scales is a plausible scenario.
In this work we will take a phenomenological approach

and consider the two extreme cases: fixed polarization, and
totally randomized polarization. Our results are such that
any real scenarios will be bounded within these two limits.
The fixed polarization scenario will be the focus of the
majority of our results since it leads to signals that require
the most care to describe. We emphasize though that the
details of this study do not solely apply to the extreme case
where the DP polarization is fixed over the entire Universe.
They also apply to cases where only a fraction of the field is
coherently polarized, or if the polarization varies slowly
relative to our measurements.

IV. DARK PHOTON ELECTRODYNAMICS

Working with the assumption that the DM distribution
around the Earth is comprised of a cold population of DPs,
we now discuss how to detect them in the laboratory. This
requires us to first explain some aspects of electrodynamics
in the presence of DPs.
The low-energy effective Lagrangian due to the presence

of a gauge boson X of a dark U(1) that kinetically mixes
[20,25,39,149] with the visible photon A reads,

L ⊃ −
1

4
FμνFμν −

1

4
XμνXμν þ sin α

2
FμνXμν

þ eJμEMAμ þ
m2

Xcos
2α

2
XμXμ; ð6Þ

where Fμν, Xμν are the field strengths of the SM photon and
the DP, JμEM is the electromagnetic current, mX is the DP
mass and sinα is the kinetic mixing parameter. Note that we
neglect terms Oðα2Þ.
We can remove the kinetic mixing term by diagonaliza-

tion through Ã ¼ A cos α, X̃ ¼ X − sin αA. In the so-called
interaction basis, ðÃ; X̃Þ, the effective Lagrangian is
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L ⊃ −
1

4
F̃μνF̃μν −

1

4
X̃μνX̃μν þ e

cos α
JμEMÃμ

þm2
Xcos

2α

2
ðX̃μX̃μ þ 2χX̃μÃ

μ þ χ2ÃμÃμÞ; ð7Þ

where χ ≡ tan α and Ã, X̃ are interpreted as the photon
produced in electromagnetic interactions and the DP sterile
state respectively. These interaction states are the most
relevant when discussing DP detection.
In the interaction basis the electromagnetic coupling is

renormalized to ðe=cos αÞ and there are Ã − X̃ oscillations
due to the mass-mixing term. Due to decoherence, the
DPDM will be in the massive propagation eigenstate found
instead by diagonalizing the mass term in the DP
Lagrangian, Eq. (7). Assuming the kinetic mixing χ to
be small, the DM is mostly aligned with the sterile
eigenstate X̃.
Neglecting Oðχ2Þ terms and dropping the tildes, we

obtain the Lagrangian

L ⊃ −
1

4
FμνFμν −

1

4
XμνXμν þ eJμEMAμ

þm2
X

2
ðXμXμ þ 2χXμAμÞ; ð8Þ

from which one finds the wave equation in momentum
space

−K2Aν ¼ χm2
XX

ν: ð9Þ

Here, we defined the four momentum K ¼ ðω;kÞ and used
the Fourier expansion for a free field with the energy
ω ¼ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jkj2 þm2

X

p
. In the following, we will treat the

fields as complex, Xμ
cðt;xÞ, of which the actual fields

constitute the real part Xμ ¼ RefXμ
cg. Following

Refs. [38,150], we include a volume V in the definition
of the Fourier transform,

Xμ
cðt;xÞ ¼

ffiffiffiffi
V

p Z
d3k
ð2πÞ3 X

μðkÞe−iðωt−kxþδðkÞÞ: ð10Þ

In principle, one can have nontrivial information such as
the clumpiness of DM in the phases δðkÞ [150], however
for our purposes we are neglecting such issues and
assuming the density of DM remains constant throughout
measurements. Our use of a classical field description is
justified as the state occupation number required to make
up a local DM density of ρDM ∼ 0.3–0.5 GeVcm−3 [151]
out of sub-eV DPs must be very large. As the classical
calculation gives the expectation value of the measurement
for bosonic two-level mixing [152], the large occupation
number means a large number of DPs will be involved, so
that the overall measurement simply gives the expectation

value.6 Thus one would only need to worry about a
nonclassical state if higher order correlations are measured.
We will now show that most of the DM energy is stored

in the zero mode of the DP field. The energy density of the
DP field is given by

ρ ¼ 1

V

Z
d3k
ð2πÞ3

ωðkÞ2
2

jXðkÞj2: ð11Þ

The space-averaged DP field can be written as

hXμ
cðtÞi ¼ 1

V

Z
d3xXμ

cðt;xÞ

¼ Xμðk ¼ 0Þffiffiffiffi
V

p e−imXt ≡ Xμ
0e

−imXt; ð12Þ

where we have defined the amplitude of the plane wave
Xμ
0 ¼ ðX0

0;X0Þ ¼ Xμðk ¼ 0Þ= ffiffiffiffi
V

p
. At this point, we can

make contact between the field and the particle description.
Given the local velocity distribution in the laboratory rest
frame, flabðvÞ, the DM density is

ρ ¼ ρ

Z
d3v flabðvÞ; ð13Þ

so the DM velocity distribution can be identified with

flabðvÞ ¼
m3

Xω
2

2ð2πÞ3ρ jXðkÞj2; ð14Þ

where we assumed the DM to be nonrelativistic,
i.e., k ¼ mXv. Neglecting the DM kinetic energy,
ωðkÞ2 ¼ m2

X, we can write

ρ ¼ m2
X

2
hjXcðtÞj2i; ð15Þ

by taking a spatial average of the squared amplitude of the
DP field. Finally, if we also neglect velocity in the Fourier
transform Eq. (10) (i.e., we assume the velocity of the DM
to be zero), we can write

ρ ≃
m2

X

2
jhXcðtÞjij2 ¼

m2
X

2
jX0j2: ð16Þ

The quantity relevant to experiments is the ordinary
electric field induced by the DP field which acts like a
source in the wave equation, Eq. (9), for the interaction
eigenstate. In the limit of classically oscillating fields,
Gauss’s law in a homogeneous, isotropic medium with no
external sources reads∇ ·D ¼ 0. The electric displacement
field is related to the electric field viaD ¼ ϵEwhere ϵ is the
dielectric function of the medium (ϵvacuum ¼ 1).

6As with axion haloscopes, there is no Bose enhancement if
the final state is occupied [153].
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Therefore, the electric field produced by the DP is

jE0j ¼
���� χmX

ϵ
X0

����: ð17Þ

But if the experiment is sensitive to a particular
component of the produced electric field, for example in
the direction ẑ, then the resulting electric field shall be
written as

jE0j ¼
���� χmX

ϵ
X0 cos θ

����; ð18Þ

where cos θ ¼ ẑ ·X0=jX0j≡ ẑ · X̂. In conclusion, we see
that the DP signal depends upon the orientation of the
experiment with respect to the DP’s polarization.

V. DARK PHOTON DETECTION

Most searches for DPs as dark matter use the mixing of
the DP and visible photon to induce E or B fields, which are
then coupled to a detector. This is similar to searches for the
axion-photon coupling, which typically use an external B
field to mix axions with photons. Hence there is substantial
overlap between experiments that can search for axions and
those that can search for DPs. All experiments that we will
discuss are listed in Tables I and II.
Types of experiment exploiting electromagnetic mixing

include: cavities [156,165–170], dielectric disks [36,160],
dish antennae [27,28,162,171,172], plasmas [159], LC
circuits [173–177], and electric-field radios [35].
However, there are two key differences between DPs
and axions. The first is that the axion-induced E field is
always aligned with the external magnetic field due to the
E ·B coupling of the axion, whereas the DP can be
polarized in any direction. The second is that the mixing
does not “turn off” in the absence of a B field, which as
pointed out in Ref. [38] is often not checked when
reinterpreting axion limits in the context of DPs. This
behavior both changes potential noise vetoes (such as
demanding the signal vary as B2) and the requirements
of shielding [174,178].
By design, the majority of these experiments are only

sensitive to fields induced in specific directions. Most
commonly a single direction, e.g., a single polarization of
light as in Eq. (18), but for some designs all polarizations
lying along a two-dimensional plane may be measurable.
A schematic of these two classes is shown in Fig. 2. We refer
to experiments that are sensitive to a single polarization
direction as axial, and those that can sense polarizations
along a plane as planar. In the following subsections wewill
describewhich types of experiment fall into each of these two
categories. In this figure we also define our lab-centered
coordinate system basis that will become important whenwe
discuss daily modulation: ðN̂ ; Ŵ; ẐÞ, which point towards
the north, west, and zenith, respectively.

A. Cavity haloscopes

First introduced by Sikivie in Ref. [165], cavity halo-
scopes are the prototypical axion (and DP) direct detection
experiment. A cavity haloscope uses the resonant enhance-
ment of a cavity mode to increase the probability of DM
converting to photons over a narrow frequency range (given
by the width of the resonant mode, or quality factor, of the
cavity). However, resonant enhancement is only achieved if
the overlap of the photon wave function and DM wave
function is nonzero [150,165]. Which cavity modes achieve
a nonzero overlap depends on the geometry of the cavity.
For the popular cylindrical cavity, only transverse magnetic
(TM) modes have a nonzero overlap—transverse electric
modes, on the other hand, do not couple [179].7 Thus,
cylindrical cavities are only sensitive to the component of
the DP polarized along the axis parallel to the magnetic
field, which is usually aligned vertically.
For a more complicated cavity, such as multicavity arrays

[154,168–170], dedicated mode analyses are required to
determine how the DP couples. Even if the DP couples to
modes in multiple directions, each modewill have a preferred
E field direction. Depending on how the cavity is read out,
as long as these modes are not degenerate and have sufficient
frequency separation to be resolved, then each mode will
provide information on a specific polarization. If the modes
are not similar in their overall signal power, then the sensitivity
will be directionally sensitive in the sameway as a cylindrical
cavity. On the other hand, if eachmode is similar in power (for
example, a cubic cavity), then the experiment will be sensitive
regardless of the DP polarization. Cavities designed to detect
axions are usually not optimized for multiple polarization
directions since they do not need to be.
So we consider cavities to be “axial” in the sense that

they are sensitive to a single polarization direction. In these
cases, the signal power is suppressed by the angular factor
introduced in Eq. (18), cos2 θ, where θ is the angle between
X̂ and that direction. The average of this factor over all
possible DP polarization axes is hcos2 θi ¼ 1=3.

B. Dish antennae

In stark contrast to cavity experiments, dish antennae
allow a broadband DM search, relying on the nonresonant
breaking of translation invariance [27,171]. As shown in
Eq. (18) the mixing between dark and ordinary photons
depends on the medium. So by changing medium, the DP-
induced E field also changes. Because parallel E and B
fields must be conserved across changing media, propa-
gating photon waves are emitted to compensate, which
could then be detected. In other words, when the DPDM
passes through the dish the small electric field of the DP
makes the electrons in the dish oscillate, emitting an

7More precisely, only TM0n0 modes have a significant nonzero
overlap, with the largest being the TM010 mode [179].
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(almost) ordinary electromagnetic wave perpendicular to
the surface. Dish antennae can, at most, only be sensitive to
the component of the E field parallel to the interface
(usually a metallic mirror) [171]. In contrast to cavities, we

classify this kind of experiment as “planar,” as displayed by
the middle panel of Fig. 2. As a consequence, the emitted E
field is suppressed by cos θ, where θ is the angle between X̂
and the plane of the interface.

TABLE I. Summary of axion haloscopes and their parameters relevant for recasting exclusion limits to DPs. We denote planned
experiments with a “†”. Note that some axion exclusions cannot be reinterpreted as DP exclusions if the experiment used a magnetic
field to veto potential signals [38]. We assumed that, unless stated otherwise, all experiments did not use some form of magnetic field
veto, though it is possible that one was used without explicit acknowledgement. In the final column we have put our estimate of
hcos2 θiexclT which is a geometric factor used to convert axion exclusion limits (with varying C.L.s) to 95% C.L. DP exclusion limits,
accounting for the unknown polarization. The factor hcos2 θiexclT is defined in Eq. (34), and its calculation is the subject of Sec. VI. For
experiments with unknown locations, we have taken the largest and smallest values in the range λlab ∈ ½35°; 55°�. For experiments with
unknown orientations, we have taken the largest and smallest values over the range of possible orientations.

Experiment
Magnetic
field (T) Latitude (°)

Measurement
time, T Directionality hcos2 θiexclT

Cavities

ADMX-1 [107] 7.6 47.66 OðminÞ Ẑ pointing ∼0.025
ADMX-2 [108] 6.8 47.66 OðminÞ Ẑ pointing ∼0.019
ADMX-3 [110] 7.6 47.66 OðminÞ Ẑ pointing ∼0.019
ADMX Sidecar [109] 3.11a 47.66 OðminÞ Ẑ pointing ∼0.019
HAYSTAC-1 [111] 9 41.32 OðminÞ Ẑ pointing ∼0.019
HAYSTAC-2 [112] 9 41.32 OðminÞ Ẑ pointing ∼0.019
CAPP-1 [113] 7.3 36.35 OðminÞ Ẑ pointing ∼0.019
CAPP-2 [154] 7.8 36.35 OðminÞ Ẑ pointing ∼0.019
CAPP-3 [155] 7.2 and 7.9 36.35 90 s Ẑ pointing ∼0.019
CAPP-3 [KSVZ] [155] 7.2 36.35 15 hr Ẑ pointing 0.20
QUAX-αγ [114] 8.1 45.35 4203 s Ẑ pointing 0.023
†KLASH [156] 0.6 41.80 OðminÞ Ẑ pointing ∼0.019

RBF [115] Magnetic field veto
UF [116] Magnetic field veto
ORGAN [117] Magnetic field veto
RADES [157] Magnetic field veto

LC-circuits

ADMX SLIC-1 [158] 4.5 29.64 OðminÞ N̂ =Ŵ facing ∼0.19
ADMX SLIC-2 [158] 5 29.64 OðminÞ N̂ =Ŵ facing ∼0.19
ADMX SLIC-3 [158] 7 29.64 OðminÞ N̂ =Ŵ facing ∼0.19

ABRACADABRA [118] Magnetic field vetob

SHAFT [119] Magnetic field veto

Plasmas †ALPHA [159] 10 Unknown OðweekÞ Ẑ pointing 0.28–0.33

Dielectrics †MADMAX [160] 10 53.57 OðweekÞ Ẑ pointing or N̂ =Ŵ facing 0.26 or 0.62–0.66c
†LAMPOST [36] 10 Unknown OðweekÞ Any facing 0.61–0.66
†DALI [161] 9 28.49 OðmonthÞ Any facingd 0.61–0.66

Dish antenna †BRASS [162] 1 53.57 Oð100 daysÞ Any facing 0.61–0.66

Topological
insulators

†TOORAD [163]
10e Unknown OðdayÞ Any pointing 0.18–0.33

aRun B of Ref. [109] started at 0.78 T before the magnetic field was ramped up to 2.55 T, so it cannot naïvely be reinterpreted as a
DP limit.

bThe pickup geometry also does not allow for linearly polarized DP to be detected.
cMADMAX can sense the E field parallel to its disks, which will be vertical. But whether MADMAX will be axial or planar depends

on its antenna. The first number is if the antenna can sense only a single polarization, and the second is if it can sense arbitrary
polarization, in which case the range reflects the unknown final horizontal orientation of the experiment.

dThe DALI experiment is designed to be on an altazimuth mount and so can be aligned as required.
eThe B field would be varied for tuning purposes.
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Complicating matters is the issue that dish antennae are
often, as the name suggests, rounded. If the polarization is
spatially constant over scales comparable to the radius of
curvature, then cos θ will depend upon the position on the
dish. Because of this, the total power detected is propor-
tional to

R
dA cos2 θðxÞ [27], only being trivial for planar or

completely spherical systems. The details depend on the
exact geometry of the dish antenna, which can vary con-
siderably between experiments, so we leave the details for

dedicated analyses. To provide a rough guide, we make an
estimate assuming a planar dish geometry. When averaged
over all possible DP polarizations, hcos2 θi ¼ 2=3, for any
dish antenna with a sufficiently large radius of curvature.
Furthermore, depending on the antenna technology,

some experiments may only be sensitive to certain polar-
izations of light, e.g., some stages of the Tokyo dish
antennae [30,34]. This would introduce an additional factor
of cos θa, where θa is the angle between the light emitted

FIG. 2. Schematic of the two categories of experiment that we structure this study around. They are distinguished by their sensitivity to
the direction of the DP polarization. On the left, “axial” experiments sensitive to a single direction of polarization are represented via a
cylindrical cavity. In the middle, “planar” experiments, sensitive to a plane of polarization, are shown using a simple sketch of a dish
antenna. We express the DP polarization here in the lab-centered north-west-zenith basis shown in the far right image. To introduce some
nomenclature that will be important later: the cavity in this example would be sensitive to electric fields along the Ẑ axis, so we refer to
this as “zenith pointing.” On the other hand, the dish antenna is facing north, so it is sensitive polarizations in the Ẑ − Ŵ plane, which
we refer to as “north facing.”

TABLE II. Summary of dedicated DPDM experiments and some of their relevant parameters. We mark planned experiments with a
“†”. The penultimate column refers to the value of hcos2 θiT assumed by the corresponding reference, whereas the last column is our best
attempt to estimate the value of hcos2 θiexclT for the fixed polarization scenario, based on the published measurement times, locations, and
experimental orientations. This factor is defined in Eq. (34) and describes how much a 95% C.L. exclusion limit on the DP is impacted
by the unknown DP polarization angle with respect to the experiment. The calculation of hcos2 θiexclT factor is the subject of Sec. VI.

Experiment Latitude (°)
Measurement

time, T Directionality
Assumed
hcos2 θiT hcos2 θiexclT

Cavities
WISPDMX [32] 46.14 OðdayÞ (0.92N̂ þ 0.38Ŵ) pointing 1/3 0.23
SQuAD [93] 41.88 12.81 s Unspecified 1/3 0.019

Dielectrics †NYU Abu Dhabi [164] 24.45 OðdayÞ Ẑ facing N/A 0.65

Dish antennae

Tokyo-1 [28] 35.68 29 daysa Ŵ facing 2/3 0.62
Tokyo-2 [30] 36.06 OðweekÞ Axial, N̂ =Ŵ pointing 1/3 0.15–0.2
Tokyo-3 [34] 36.13 12 hr N̂ =Ŵ pointing or Ẑ facing Unspecified 0.15 or 0.62
SHUKET [31] 48.86 8000 s Ẑ pointing 1/3 0.04
FUNK [33] 49.10 OðmonthÞ (−0.5N̂ − 0.87Ŵ þ 0.28Ẑ) facing 2/3 0.56

LC circuits
DM Pathfinder [90] 37.42 5.14 hr Ẑ pointing 1b 0.075
Dark E field [35] 38.54 3.8 hrc Ŵ pointing 1/3 0.29
Dark E field spots [35] 38.54 5.8 daysd Ŵ pointing 1/3 0.58

aThis measurement alternated signal and background every 30 s.
bRather than assume a randomized angle, the DP current was assumed to be aligned with the device.
cThese numbers include dead time, so should not be taken as a single continuous measurement.
dThese numbers include dead time, so should not be taken as a single continuous measurement.
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from the dish antenna and detector polarization. For our
purposes we will consider dish antennae either planar or
axial depending on whether the detector is sensitive to two
polarizations or just one.

C. Dielectric haloscopes

Dielectric haloscopes use the same principles as a dish
antenna, but employ many semitransparent dielectric layers,
arranged so that thewaves emitted at each add constructively.
The constructive interference of the emitted waves enhances
the sensitivity at the expense of reduced bandwidth. This is
the core design principle of MADMAX [160,180], but the
concept can be implemented on much smaller scales/higher
frequencies, as proposed for LAMPOST [36]. Dielectric
haloscopes have the same polarization dependence as a
planar dish antenna. Depending on whether the antenna is
polarization-specific, a dielectric haloscope could be sensi-
tive to E fields aligned with either the plane of the dielectric
disks or the polarization of the antenna [36,181,182].
The recent proposal of using a topological insulator as an

axion detector, TOORAD, is mathematically equivalent to
a single-layer dielectric haloscope with near-zero refractive
index [163]. However, the device would only be sensitive to
a single polarization due to the very strong anisotropy of the
medium.

D. Plasma haloscopes

A more recent proposal, ALPHA, belongs to a distinct
class of experiment known as plasma haloscopes [159].
These experiments allow DM axions or DPs to convert to
photons by matching the photon mass (plasma frequency)
to the DM mass. While the principle holds for any plasma,
a more specific proposal allowing for tuneable, cryogenic
plasmas at the GHz regime is to use thin wire metamaterials,
aligned in a single direction [159]. As pointed out in
Ref. [38], the matching of the dispersion relation only occurs
in the direction of wire alignment. If the boundary of the
plasma is a conducting cylinder, then the experiment behaves
like a resonant cavity for nonaxial electric fields. Thus for
transverse polarizations the experiment behaves like a
cylindrical cavity, that is, with transverse electric modes
not coupling to DM. Thus a plasma haloscope consisting of a
cylindrical cavity with wires in only one direction will only
be sensitive to E fields aligned with the wires.8

E. LC circuits

Rather than measuring the E field induced by DPDM,
LC circuits (also referred to as lumped element circuits)
attempt to inductively measure a B field. This field can be
generated directly from the DM [173], or more commonly,

indirectly via the E field causing a current in a conductor
[118,174–177]. In fact, the (tiny) electric field generated by
the DP will create a displacement current, JX. This in turn
creates a magnetic field and an induced electric field,
defined, respectively, via

∇ ×BX ¼ JX; ð19aÞ

∇ ×EX ¼ −
∂BX

∂t : ð19bÞ

If the system size, r, is much smaller than a Compton
wavelength, m−1

X , then the E field will be suppressed;
however the B field will not, jEXj ∼mXrjBXj [174,178].
As the induced current is in the direction of the DP-

induced E field, only polarizations parallel to the conductor
can induce a B field [178]. As this B field is read out by an
inductive loop, the directionality is further constrained to
polarizations that generate a B field correctly aligned with the
readout loop. For an example, DM Radio [176] has a closed
toroidal conducting sheath and reads out azimuthal B fields.
With such a geometry the readout B field is proportional to
cos θ ¼ ẑ · X̂. Whereas in other geometries, such as ADMX
SLIC [158], the sensitivity can instead lie in a plane [178].
A similar idea (in fact, an electromagnetic dual) is to

have a shielded room much larger than the Compton
wavelength, and simply place an antenna to read out any
DP-induced E fields. Though there was an early proposal
for such an experiment to search for axions [183], it has
only recently been revived [35]. While in principle all
polarizations could be read out, the experiment operating
currently, referred to as dark E field radio [35], uses a
polarization sensitive antenna.
Thus we can see that a large class of the most developed

and promising light wavelike DM experiments are sensitive
to the polarization of DPs.

F. Signal-to-noise ratio

While the exact methods for reading out a signal depend
on the design of an experiment, measurement always boils
down to increasing the signal-to-noise ratio (SNR) by
integrating the signal over some measurement time, T.
Measurements at different times are often combined, either
to increase the signal-to-noise ratio, or to test an excess for
signal veracity (often referred to as a “rescan”). This
combination usually relies on the assumption that the
signal will remain constant with time, i.e., if a 3σ excess
is measured during an initial campaign, then it should
persist with subsequent interrogation. However, this is not
necessarily a safe assumption for DP signals.
For the experiments we are exploring, there are two main

methods of detection: linear amplification and single
photon counting. Regardless of whether the E or B field
is being measured, the fundamental sensitivity comes from
the power generated by the conversion of DPs, relative to

8However, this is a geometry-dependent statement. In princi-
ple, one could design an isotropic plasma inside a geometry that
led to equal sensitivity to any polarization.

CAPUTO, MILLAR, O’HARE, and VITAGLIANO PHYS. REV. D 104, 095029 (2021)

095029-10



the noise of the system. In all cases, the power in the
measuring device is determined by the dominant field,
either E2 or B2. As discussed above, projecting a DP
polarization onto the experiment also results in a factor of
cos θ, where from now on θ is taken to be the angle between
the DP polarization and the experimentally relevant geom-
etry: either a plane or an axis. This means we can assume
that the DP signal power can be written as

PðtÞ ¼ PX cos2 θðtÞ: ð20Þ

While real experiments will design dedicated statistical
analyses to test for signals, we can understand what the
generic consequences of this kind of temporal variation
would be by writing down some simple formulas for
the SNR.

(i) Linear amplification: the signal-to-noise ratio of a
linear amplifier with constant signal and noise
temperatures is easily written via Dicke’s radiome-
tery equation [184]

S
N

¼ P
Tsys

ffiffiffiffiffiffiffiffiffiffiffi
T

ΔνDP

s
; ð21Þ

where Tsys is the system noise temperature andΔνDP
is the DP linewidth. Since most experiments relying
on this formula are not analyzing the variation in the
power within the measurement time, T, the relevant
power in this expression is, P →

R
dtPðtÞ=T.

(ii) Photon counting: at higher frequencies, rather than
amplifying a measured voltage, it is often more
practical to use a photon counting device. Instead of
a noise temperature, the background is often better
characterized by a dark count (false counts). The
signal-to-noise ratio in such a system is

S
N

¼ 2ð ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ns þ nd

p
−

ffiffiffiffiffi
nd

p Þ; ð22Þ

where ns is the number of signal events and nd the
number of dark counts [185–187]. The integrated
signal over a continuous measurement is given by

ns ¼ η

Z
dt
PðtÞ
ω

; ð23Þ

where η is the detector efficiency.
So we can see quite generically that a simple analysis of the
total SNR for a continuous measurement is determined by

1

T

Z
dtPðtÞ≡ PXhcos2 θiT: ð24Þ

Crucially, the quantity hcos2 θiT will depend upon the
distribution of X̂ around the Earth. Recall that we classified

two scenarios in Sec. III: the random polarization scenario,
where X̂ is randomly drawn in every coherence time; and
the fixed polarization scenario where there is only a single
X̂ for the entire experimental campaign.
In the randomly polarized scenario, as long as the

measurement covers many coherence times, i.e.,

T ≫ τ ¼ 2π

mXv2
≃ 400 μs

�
10μeV
mX

�
; ð25Þ

then hcos2 θiT is simply given by the average of 1=3 for a
single polarization, or 2=3 for a plane. In this case the only
thing the experiment needs to do to account for the DP
polarization is to apply this factor to their expected signal,
e.g., P ¼ PX=3.
The situation for the fixed polarization scenario is more

involved because θðtÞ varies over course of the measure-
ment (or measurements). This can have important conse-
quences for the signal-to-noise ratio. Take the simple case
of two measurements, each of equal length T but separated
by some time Twait, with signal-to-noise ratios S1=N1 and
S2=N2. For simplicity, we will assume the backgrounds are
the same for both (N1 ¼ N2), and that the measurement is
not in a background-free regime. In this case, the combined
S=N ratio is given by

S
N
≃
S1 þ S2ffiffiffiffiffiffiffiffi

2N1

p

∝
PX

T

Z
T

0

dt cos2θðtÞ þ PX

T

Z
TwaitþT

Twait

dt cos2θðtÞ: ð26Þ

Assuming the first time average of cos2 θðtÞ is equal to the
second, then when the original signal is real there would be
a

ffiffiffi
2

p
increase in S=N. But if the first result was a fluke, the

second measurement would reduce the S=N ratio by
ffiffiffi
2

p
.

However, imagine if the case wereZ
T

0

dt cos2θðtÞ ≫
Z

TwaitþT

Twait

dt cos2θðtÞ; ð27Þ

i.e., the DP field was well aligned for the first measurement,
but poorly aligned for the second. In such a scenario, an
analysis assuming a constant PðtÞ would then see a
reduction in the S=N ratio by a factor of

ffiffiffi
2

p
, and potentially

conclude that the signal was a statistical fluke. While this is
an oversimplified case, it serves to illustrate that it can be
dangerous to reinterpret analyses that did not consider time
varying signals. However, we are not completely without
handles on this time variation. The Earth rotates in a
predictable and unambiguous way. As we will discuss in
the next section, simply accounting for—or, even better,
planning the experiment around—the Earth’s rotation, one
can greatly reduce the chances of encountering the sorts of
bad luck that led to the example described above.
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G. Deriving limits on dark photons

We have listed all past, current, and planned axion
haloscopes searching for the axion-photon coupling in
Table I. This table includes all the relevant information
needed to convert their limits on axions to limits on DPs.
The crucial differences between axions and DPs come

down to two factors: the absence of B in the DP case, and
the nontrivial polarization. The former implies that vetoes
demanding that the signal vanish in the absence of a
magnetic field, as often used in axion searches, would also
veto any DP signals and so make an experiment incapable of
discovering them. For clarity, we have also listed the
experiments for which this caveat applies in Table I.
As for the DP polarization, this issue requires more care

and we must think about what an exclusion limit means.
Most haloscope analyses take the form of a hypothesis
test—testing for the presence of an axion signal above
some noise. In the absence of any convincing signal
candidates, they can set an exclusion limit on the
coupling—the convention usually being at the 90 or
95% C.L. In the axion case the signal is a fixed number
and the exclusion is straightforward; however, in the DP
case, there is an unknown parameter which influences the
signal strength: hcos2 θiT . Therefore, since the measured
hcos2 θiT will be drawn from some (known) distribution, to
preserve the statistical meaning of an axion limit when
translating it to DPs, we should calculate some additional
factor hcos2 θiexclT that accounts for this. We define this
factor to be ratio of the axion and DP power thresholds that
can be excluded at 95% C.L. in the absence of a signal. The
quantity hcos2 θiexclT (or more precisely, its square root since
P ∝ χ2) will therefore encode howmuch the exclusion limit
on χ is weakened by the distribution of hcos2 θiT .
Doing this conversion accurately would require addi-

tional information we cannot easily obtain. For example,
we would need to know the noise distribution of each
experiment, as well as the local significance of the
measured power at each mass point. Nevertheless, we
can attempt an estimate of the limit one would obtain
from a full data analysis by (1) assuming the noise follows
Gaussian distribution and (2) assuming the measured signal
equals the median expected noise. The former assumption
is very often the case for most experiments, since they often
employ a technique of data stacking which will render most
noise distributions Gaussian by the central limit theorem.
The latter assumption is a practical one that will make the
resulting limit slightly inaccurate and only an estimate of
the median exclusion limit. We emphasize here that our
intention is not to set definitive limits on the DP using axion
haloscope data but to lay out the recipe for doing so, and we
predict what would be found.
Next, we adopt a stripped down toy model of the signal

and noise distributions to explain how we can relate the
axion and DP cases. Let us define the signal and noise in
the axion case as

P ¼ Pa þ N; ð28Þ

where Pa is the axion signal power andN is the noise which
follows a Gaussian distribution. For simplicity we assume
the noise has a mean of 0 and variance σN . The expected
(i.e., median) 95% C.L. exclusion limit will therefore be an
axion coupling that gives,

Pa

σN
> Φ−1½0.95� ¼ 1.64; ð29Þ

whereΦ−1 is the inverse cumulative distribution function of
the Gaussian noise.9

On the other hand, in the DP case, the signal is not a
single value, but follows a distribution given by

P ¼ PX þ N ≡ P0
Xhcos2 θiT þ N: ð30Þ

To get an equivalent 95% C.L. exclusion limit on P0
X we

must evaluate an inverse cumulative distribution function,
but this time not just of the normally distributed noise, but
the joint distribution of the noise and our nuisance
parameter hcos2 θiT. The cumulative distribution function
for a variable z ¼ xþ y can be written in terms of the
distributions on x and y, which, assuming they are
independent variables, is the following:

ΦðZÞ ¼ Pðz ≤ ZÞ ¼
Z

∞

−∞
dx

Z
Z−x

−∞
dy fðxÞfðyÞ: ð31Þ

For our problem we must therefore solve

Φ½0�≡
Z þ∞

−∞
dPX

Z
0−PX

−∞
dNfðPXÞfðNÞ¼ 1−0.95; ð32Þ

where we integrate the noise up toN ¼ 0 − PX, because we
want the cumulative distribution function for P < 0, which
is the expected noise level—i.e., we are demanding that
95% of measured signals would give a signal greater than
the observed noise. We can perform the integral over fðNÞ,
which is just a Gaussian, to find

Z
1

0

dhcos2θiT
fðhcos2θiTÞ

2

�
1þ erf

�
−P0

Xhcos2θiTffiffiffi
2

p
σN

��

¼ 1 − 0.95: ð33Þ

where fðhcos2 θiTÞ ¼ fðPXÞ=P0
X. We then solve this equa-

tion for P0
X=σN, giving us the power threshold required for

95% of all possible signals to be above the median noise.
Then, since we are matching this threshold to the axion’s
one, Pa=σN ¼ 1.64, we can take the ratio of these thresh-
olds to define,

9For experiments that quote 90% C.L. exclusions we use 1.28
here instead.
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hcos2θiexclT ¼ 1.64σN
P0
X

; ð34Þ

which effectively describes how much the DP power
threshold for a 95% C.L. exclusion needs to be enhanced
over the axion case. We will see in the next section that this
results in a value of hcos2 θiexclT that is typically in the
15th–30th percentile of the distribution fðhcos2 θiTÞ.
As a sanity check we can imagine what would happen if

the distribution of hcos2 θiT was a delta function:
δð1 − hcos2 θiTÞ. In that case, the solution to Eq. (33) is
P0
X=σN ¼ 1.64, giving hcos2θiexclT ¼ 1. So the power

threshold for the DP exclusion limit is identical to the
axion, as expected. This case is similar to what we expect in
the randomized polarization scenario. If the DP has a
random cos2 θ in every coherence time—and typically a
single measurement will be over a very large number of
coherence times—then the central limit theorem will
dictate that the resulting fðhcos2 θiTÞ for the stacked data
will be very tightly contained around its average of 1=3
(axial) or 2=3 (planar). This means we can assume that
hcos2 θiexclT will be equal to either 1=3 or 2=3 for the
random polarization scenario.
For the fixed polarization scenario on the other hand,

there is no single factor we can use since fðhcos2 θiTÞ
depends upon T, as well as the location, orientation, and
readout of the experiment. In general though, we will find
that for very short measurement times, the value of
hcos2 θiexclT is ∼0.025 for axial experiments and ∼0.37
for planar experiments.10 For longer T, the rotation of the
Earth will restrict the distribution of possible hcos2 θiT that
are available to the experiment and therefore hcos2 θiexclT
will increase. We present our estimate of hcos2 θiexclT for
axion haloscopes in the final column of Table I, but the full
mathematical recipe for its calculation is the subject of the
following section.
We note in passing that previous treatments of the fixed

polarization scenario [39,69] defined their conversion
factor as the fifth percentile of fðhcos2 θiTÞ, which gives
a value of 0.0025 instead of 0.025 for very short T axial
experiments. Such a prescription is more demanding of the
signal and the resulting limit using that conversion factor
would turn out to be suppressed over a limit that was truly
at the 95% C.L.
For the sake of completion, we have also made a similar

table for experiments that are dedicated to searching only
for DPs: Table II. Despite the fact that the directionality of
the DP polarization and its relationship to the device’s
geometry and orientation is of central importance to
computing the signal in these experiments, it is surprisingly

not always explicitly stated how this information was taken
into account. In the cases where it was not possible to glean
the orientation or location of the experiment from the
manuscript cited, the authors were contacted for further
information.
Finally, as well as the expected exclusion limits, we can

use the same technique as described above to define the
conversion factor needed to find the DP’s discovery limit,
hcos2 θidiscT We define “discovery” in this context to be the
case when 95% of experiments could reject the noise-only
hypothesis at 5σ or more. To calculate this we simply need
to take Eq. (32) and replace the upper limit of the integral
overN with 5σN − PX, so that we are imposing that 95% of
the signal’s distribution is 5σN away from the median noise.
This leaves us with solving

Z
1

0

fðhcos2 θiTÞ
2

�
1þ erf

�
5σN −P0

Xhcos2 θiTffiffiffi
2

p
σN

��
dhcos2 θiT

¼ 1−0.95: ð35Þ

If the solution to this equation is some value of P0
X=σN ,

then

hcos2θidiscT ¼ ð5þ 1.64ÞσN
P0
X

: ð36Þ

We will use hcos2 θidiscT when we want to discuss ways of
optimizing the experiment to have the greatest chance of
discovering the DP signal, not just setting exclusion limits
based on its absence.

VI. ACCOUNTING FOR THE ROTATION
OF THE EARTH

So far we have seen that because the DP possesses a
polarization, induced electromagnetic signals of the DP
will inherent the features of that polarization. In particular,
since we observe the DM signal from a rotating refer-
ence frame, any fixed DP polarization on scales much
larger than the milliparsec (mpc) scales probed by exper-
imental campaigns will generate signals with a strong
preference on the experimental orientation and, conse-
quently, a daily modulation. In this section we will derive
these signals.
We first need to lay down some coordinate systems.

There are two relevant ones: we need a coordinate system
to define the DP polarization which is fixed relative to the
rotating Earth, and a coordinate system to define our
detector that rotates with the surface of the Earth. These
are both shown in Fig. 3.
Following the left-hand panel of Fig. 3, we set the first of

these coordinate systems to be the conventional geocentric
equatorial frame defined by ðx̂e; ŷe; ẑeÞ. These axes point,
respectively, towards the vernal equinox, 90 degrees of

10Note that if the original published exclusion limit was at
90% C.L. rather than our chosen benchmark of 95%, then these
factors are 0.019 and 0.29.
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right ascension East from vernal equinox, and parallel to
the Earth’s spin axis.11 Next we define the detector-centric
coordinate system, as displayed by the three arrows in the
right-hand panel of Fig. 3. This system is defined by axes

ðN̂ ; Ŵ; ẐÞ which point towards the north, west, and the
zenith, respectively.

A. Axial experiments

To see one example of how the daily modulation plays
out, we first consider an experiment in which the DP signal
is proportional to the cosine squared of the angle with
respect to the vertical (as is the case for all experiments in
Tables I and II where the direction in the Directionality
column is listed as “zenith pointing”). This direction,
expressed in our equatorial coordinate system ðx̂e; ŷe; ẑeÞ
is, as a function of time,

ẐðtÞ ¼

0
B@

cos λlab cosω⊕t

cos λlab sinω⊕t

sin λlab

1
CA; ð37Þ

where ω⊕ ¼ 2π=1 day is the angular frequency of the
Earth’s rotation.12 Since we are only going to take time
averages, we have neglected the temporal phase that
describes the longitude and the local time of observation.
If we now define a direction for the DP’s polarization in

equatorial coordinates,

X̂ ¼

0
B@

sin θX cosϕX

sin θX sinϕX

cos θX

1
CA; ð38Þ

then the angle we are interested in is

cos2 θðtÞ ¼ ðX̂ · ẐðtÞÞ2: ð39Þ

The DP signal power accumulated over a measurement
time, T, is proportional to the time average,

hcos2 θðtÞiT ≡ 1

T

Z
T

0

cos2 θðtÞdt: ð40Þ

As discussed in the previous section, the statistics of this
quantity when sampling (θX;ϕXÞ across the sky will be

FIG. 3. A diagram of the coordinate systems used in this paper. On the left, a geocentric equatorial coordinate system in which we fix
the DP polarization vector, X̂, defined by angles ðθX;ϕXÞ. The x̂e direction is conventionally chosen to point towards the vernal equinox,
with ŷe pointing 90° of right ascension to the east. The Earth rotates anticlockwise in the x̂e − ŷe plane. On the right, the detector-centric
Cartesian coordinate system using axes pointing towards the north, west, and zenith. We also show three planes in the coordinate system
which we will need when describing those experiments that are sensitive to the component of X̂ projected onto a two-dimensional plane.
The zenith-facing plane is horizontal, whereas the north-facing and west-facing planes are both vertical in the lab.

11We are adopting the conventional definition of equatorial
coordinates but the orientation of x̂e and ŷe is irrelevant when are
assuming we have no knowledge of the polarization axis of the
DP and we are only looking at differences in time. We refer the
reader to the Appendix of Ref. [188] for the full rotation matrices
needed to convert between laboratory and equatorial coordinates
at a precise local time.

12Note that these signals will have a period equal to one
sidereal day, which is 23 hours and 56 minutes long, as opposed
to the solar day which is 4 minutes longer. This nuance is
unimportant for our analysis, but it would be an important part of
testing potential signals.
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what influences the sensitivity of the experiment. It can be
shown that

1

4π

Z
hcos2θðtÞiTd cos θXdϕ ¼ 1

3
ð41Þ

for all T, meaning the squared polarization component
when averaged over the sky is always 1=3 regardless of
how long the observation time is.
This result has implications for the exclusion and

discovery thresholds that we defined in Sec. VG. The
factors hcos2 θiexclT and hcos2 θidiscT must be below the mean
of the distribution, as they describe how much the power
threshold needs to be enhanced due to the distribution of
hcos2 θðtÞiT . Therefore the maximum that hcos2 θiexclT and
hcos2 θidiscT can ever reach will be when the distribution is
very tightly contained around the mean. This means that for
axial experiments, hcos2 θiexclT will be at most 1=3, which
happens to be the value for the random polarization
scenario. So when we are optimizing our experiment the
best we could hope to do is to make the limit the same for
both DP polarization scenarios.
However, although the all-sky mean of hcos2 θðtÞiT is

independent of the location and T, its distribution will vary
greatly, as we will now show. To simplify things further, let
us consider hcos2 θðtÞiT when T ¼ 1 sidereal day (or any
integer number). Since in this case the detector axis has
spun around 2π in the ðx̂e; ŷeÞ plane, we expect any

dependence on ϕX (which is the angle defined in this
plane) to drop out,

hcos2θðtÞiT¼n days

¼ 1

8
ð3þ cos 2θX − ð1þ 3 cos 2θXÞ cos 2λlabÞ: ð42Þ

So hcos2θðtÞiT¼n days is bounded between ð1þ cos 2λlabÞ=4
and ð1 − cos 2λlabÞ=2 with some distribution. This distribu-
tion is straightforward to compute numerically since cos θX is
drawn from a uniform distribution between ½−1; 1�.
We can do the same thing if we were interested in west-

or north-pointing experiments. For these cases we write the
detector axes in equatorial coordinates in a similar fashion,

ŴðtÞ ¼

0
B@

sinω⊕t

− cosω⊕t

0

1
CA ð43Þ

and

N̂ ðtÞ ¼

0
B@

sin λlab cosω⊕t

− sin λlab sinω⊕t

cos λlab

1
CA: ð44Þ

Repeating the calculation for these two directions leaves us
with three expressions for hcos2 θðtÞin−days that hold
whenever T is an integer number of sidereal days:

hcos2θðtÞin−days ¼

8>><
>>:

1
8
ð3þ cos 2λlab þ ð1þ 3 cos 2λlabÞ cos 2θXÞ North

sin2θX
2

West
1
8
ð3þ cos 2θX − ð1þ 3 cos 2θXÞ cos 2λlabÞ Zenith

: ð45Þ

Interestingly, we notice that one can choose the value of
λlab such that the θX dependence drops out. In these
instances, the value of hcos2 θðtÞin−days is the same for
every possible DP polarization. The distribution
fðhcos2 θiTÞ is a delta function, so these cases will be
when hcos2 θiexclT and hcos2 θidiscT are the largest possible.
Inspecting Eq. (45), we can see that this occurs when

North∶λlab ¼
1

2
cos−1

�
−
1

3

�
≈�54.74°;

West∶no latitude dependence;

Zenith∶λlab ¼
1

2
cos−1

�
1

3

�
≈�35.26°: ð46Þ

For experiments that use measurements that are on the
order of days in length, these latitudes will clearly be
preferential.13 Since a west-pointing experiment always

points in the direction that the Earth is rotating, it will
always do a 2π loop in space once every sidereal day,
independent of the latitude. It is worth remarking that the
effect of being at a different latitude can be replicated by
tilting the device by the relevant angle; however many
experiments are unlikely to have this level of freedom.
We show the full latitude-dependence of the distribution

of hcos2 θðtÞiexcln−days in the left-hand panel of Fig. 4. We see
that the preferred latitudes from Eq. (46) are the latitudes
that maximize hcos2 θiexclT . Also note that when a zenith-
pointing experiment is located at the north/south poles, or
when a north-pointing experiment is located at the Equator,
the resulting value of hcos2 θðtÞiexclT converges the

13Conveniently, all the experiments from Tables I and II are
located within ∼10° of one of the latitudes that maximize the
north- and zenith-pointing sensitivities.
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instantaneous value of 0.025, since those instruments will
not rotate with respect to X̂.
Next, we show the full distribution, fðhcos2 θðtÞiTÞ, as a

function of T by sampling over all DP polarizations. In
Fig. 5, we show these distributions for the north and zenith
cases, and for three example latitudes. We can see that for
λlab ≈ 55° in the north-pointing case, and λlab ≈ 35° in the
zenith-pointing case, the distribution converges on a single
value (1=3) for integer-day-long experiments. This coin-
cides with the preferential locations observed in Fig. 4.

B. Planar experiments

We also wish to calculate the signal for experiments that
are sensitive to any polarization component lying along a

plane. So for example, to calculate the angle θ with respect
to the plane defined by the Ẑ − Ŵ axes, we simply take the
complement of the angle with respect to the axis
perpendicular to that plane, i.e.,

cos θðtÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − ðX̂ · N̂ ðtÞÞ2

q
: ð47Þ

To inspect how this angle behaves further we simplify in
the same way as before by taking the average over an
integer number of sidereal days,

hcos2θðtÞin−days ¼

8>><
>>:

1
8
ð5 − cos 2λlab − ð1þ 3 cos 2λlabÞ cos 2θXÞ zenith-west ðperpendicular to floorÞ

1
4
ð3þ cos 2θXÞ north-zenith ðperpendicular to floorÞ

1
8
ð5þ cos 2θX þ ð3 cos 2λlab − 1Þ cos 2θXÞ north-west ðparallel to floorÞ

: ð48Þ

To make discussing these planes less confusing, we refer
to them as “north facing,” “west facing,” and “zenith
facing,” respectively, and the axial experiments as
“north pointing” etc. We find that we have an identical
latitude preference as for the angles with respect to
an axis,

North facing∶ λlab ¼
1

2
cos−1

�
−
1

3

�
≈�54.74°;

West facing∶ no preferred latitude;

Zenith facing∶ λlab ¼
1

2
cos−1

�
1

3

�
≈�35.26°: ð49Þ

FIG. 4. We define hcos2 θiexclT in Eq. (34) to parametrize how much a 95% C.L. DP exclusion limit is impacted by the distribution of
possible polarization angles. This parameter is an effective conversion factor for recasting prior exclusion limits into the fixed
polarization scenario. Here, we show the latitude dependence of this factor when T is an integer number of sidereal days. The left-hand
panel is for axial (1D) experiments, and the right-hand panel is for planar (2D) experiments. Each panel has three lines for the three
possible orientations of those experiments. This figure is to demonstrate the preferential latitudes derived in Eqs. (46) and (49) for
integer-day-long measurements. The factor plotted here depends upon the shape of the distribution of hcos2 θiT and is typically at the
15th–30th percentile.
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We show the full latitude dependence of hcos2 θiexclT in the
right-hand panel of Fig. 4. Notice that in this case the
average angle with respect to a plane at any one time is 2=3,
meaning that at the preferential latitudes the entire distri-
bution of hcos2 θðtÞin−days converges on this value.
As we did for the axial case, we also show the full

distribution of hcos2 θðtÞiT as a function of T, and for three
latitudes, in Fig. 6. The behavior is very similar, with the
35° and 55° latitude cases having singular points at integer
values of T for the zenith-facing and north-facing planes,
respectively.

C. Reinterpreting dark photon limits

Now that we know how to calculate the distributions of
hcos2 θiT , we can use this knowledge to estimate what
hcos2 θiexclT should be for past experiments. The results are
listed in the final columns of Tables I and II. This means we
can now do what we hinted at in Sec. V, and reinterpret

previous exclusion limits in the context of the fixed
polarization scenario.
For a concrete example of how this is done, we consider

the prototypical axion/DPDM experiment: the cavity
haloscope. The power is often written in terms of the
physical quantities of the cavity: volume V, quality factor
Q, external applied B-field B, and coupling factor κ,

Dark photons∶ Pcav ¼ κGXVQρDMχ
2mX; ð50aÞ

Axions∶ Pcav ¼ κGaV
Q
ma

ρDMg2aγB2; ð50bÞ

where gaγ is the dimensionful axion-photon coupling,
and ma is the axion mass. The geometry factors GX;a are
given by

FIG. 5. Distributions of hcos2 θðtÞiT after sampling the DP polarization ðθX;ϕXÞ isotropically across the sky. For each value of T we
use the logarithmic color scale to show the value of the distribution, normalized by its maximum value. The three columns correspond to
three different latitudes, λlab ¼ 35°, 45°, and 55°, from left to right. The two rows correspond to north-pointing experiments (upper
panels) and zenith-pointing experiments (lower panels). Notice that at integer values of T in sidereal days, the distribution approaches a
single point at a value of 1=3 in the upper right-most panel, and the lower left-most panel. These correspond to the peaks of the north-
pointing and zenith-pointing lines shown in the left-hand panel of Fig. 4. The white lines correspond to our two conversion factors which
we use to parametrize how much DP limits are impacted by the distribution of hcos2 θiT in the fixed polarization scenario, as described
in Sec. V F. The dashed line is hcos2 θiexclT , as defined in Eq. (34), and can be used to rescale exclusion limits. Whereas the dot-dashed
line is defined in Eq. (36), and can be used to rescale discovery limits.
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Dark photons∶ GX ¼ ðR dVEα · X̂Þ2
V 1

2

R
dVϵðxÞE2

α þB2
α
; ð51aÞ

Axions∶ Ga ¼
ðR dVEα ·BÞ2

VB2 1
2

R
dVϵðxÞE2

α þB2
α
: ð51bÞ

Here we have denoted the field of the α mode of a cavity
via Eα, Bα. It is simple to convert between the two
expressions for the cavity power. So to recast a limit on
gaγ to one on χ we just replace [39],

χ ¼ gaγ
B

mXj cos θj
; ð52Þ

where cos θ ¼ X̂ · B̂.
In fact, this statement holds generally for all the experi-

ments we consider, as long as θ is defined with respect to
the appropriate axis or plane. One caveat however is that
this conversion assumes a constant magnetic field over the

cavity, which may not always be the case. The differences
in most experiments may be small, but designs such as the
original Orpheus proposal [189]14 would actually be very
insensitive to DPs, as it would have employed an oscil-
latory magnetic field. We stress that deriving fully accurate
limits requires dedicated calculations of the geometry
factors—relying on this simple recasting may not always
be sufficient.
Figure 7 shows limits on DPDM in the fixed polarization

scenario that are the most accurate ones to date. We have
enlarged the radio-microwave range where the majority of
the experimental activity takes place. Though these limits
are still not fully optimized for each experiment, they are
consistent in their assumptions, which was not true prior to
this. As we mentioned in Sec. VG, the approach adopted
for handling this scenario was to simply take the fifth
percentile of the distribution: hcos2 θiT→0 ¼ 0.0025 or

FIG. 6. As in Fig. 5, but now for planar experiments, i.e., those where the DP signal depends upon the angle between the DP
polarization and a plane. We show the distributions of hcos2 θðtÞiT after sampling the DP polarization ðθX;ϕXÞ isotropically across the
sky. For each value of T we use the color-scale to display the distribution, which we have normalized by its maximum value. The three
columns correspond to three different latitudes, λlab ¼ 35°, 45°, and 55°, from left to right. The two rows correspond to north-facing
(upper panels) and zenith-facing (lower panels) experiments. Notice that at integer values of T in sidereal days, the distribution
approaches a single point at a value of 2=3 in the upper right-most panel, and the lower left-most panel. These correspond to the peaks of
the north-facing and zenith-facing lines in the right-hand panel of Fig. 4.

14Note that the name has been reused by the ADMX
collaboration for a dielectric loaded resonator [190].
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0.0975 [39].15 Looking at the final columns of Tables I
and II, we can see that these values are certainly overly
conservative for many experiments, especially those inte-
grating for longer than a few hours.
The factors of hcos2 θiexcl:T ¼ 1=3 (axial) or 2=3 (planar),

obtained under the random polarization scenario, would
enhance these bounds by ∼3.75 or 1.36, respectively. As
we discussed in Sec. III, this can only be a valid assumption
for certain DP production mechanisms. We stress therefore,
that if these values are chosen, an accompanying statement
must be made about the requirement this places on the DP
production mechanism. Due to the large differences in
these values, such a statement would be more important
than one about, say, the assumed DM density, which also
varies between publications but whose differences lead to
discrepancies of factors around ∼1.2.
In Fig. 7, we rescaled each limit so that they apply for

ρDM ¼ 0.45 GeV cm−3. This value is what the axion direct
detection community has adopted since Ref. [106] in 2002.16

However a value of 0.3 has been the standard over many

years in other direct detection communities. The other
experiments shown here, Dark E field, SHUKET, and
WISPDMX, all state (or at least imply) that they have chosen
a value of 0.3 (with the exception of SQuADwho chose 0.4).
To see even more clearly the difference in sensitivity

between the fixed polarization scenario, and the random-
ized polarization scenario, we use Fig. 8. Since the
sensitivity to χ scales as ∼ðhcos2θiexclT Þ−1=2 we have plotted
this against the measurement time for both axial and planar
experiments, but rescaled relative to the instantaneous value
hcos2θiexclT→0 ¼ 0.025 or 0.37. The difference between the
most optimistic and most pessimistic assumptions is around
a factor 3.75 for the axial case, and around a factor of 1.36
for the planar case. For the discovery limits however,
because these factors are much more sensitive to the low
tails of fðhcos2 θi, we reach improvement factors up to 10.5
and 2.37 for axial and planar experiments, respectively.
So in summary, simply using a certain value of T can

bring the fixed DP scenario limits closer, and even equal to,
the randomized case. In particular, for the cases when the
experiment is placed at the optimal latitude and integrates
over integer-day-long measurement times, the sensitivity
under the two scenarios is the same.

D. Making multiple measurements

As we hinted at in Sec. V F, the sensitivity of a DP search
can be greatly improved by a strategic choice of the time at
which to do a repeat measurement, or rescan. For the same
reason, the sensitivity can also be greatly harmed if the time
of rescan is poorly chosen. Fortunately, the rotation of the
Earth is something we can plan for. While prior to now, no

FIG. 7. Closeup of bounds on DPs in the radio-microwave frequency regime. The limits set by axion cavity haloscopes are in shades of
red, whereas the limits from devoted DP experiments operating in the same range of frequencies are shown in shades of green. We
impose an upper limit on DPs as DM from the bounds of Refs. [39,121] (the same upper limit as shown in Fig. 1). All of the
experimental bounds shown here have been rescaled from the original sources. Firstly, they have been rescaled such that they all assume
the same DM density of ρ0 ¼ 0.45 GeV cm−3. Secondly, we have rescaled them such that they all consider the fixed DP polarization
scenario. This relies on the factor hcos2 θiexclT , which is different for each experiment. The method of deriving these factors is detailed in
Sec. V G, and the result for each experiment is listed in the final columns of Tables I and II.

15We note that there was also subtle plotting error for the
reinterpreted axion limits presented in Ref. [39], which has been
fixed in more recent work [38,69].

16This unusual choice seems to stem from the fact that
Ref. [106] presented their exclusion limits as a function the
DM density for specific QCD axion models, as opposed to the
other way around as is now convention. KSVZ axions were ruled
as contributing more than 0.45 GeV cm−3 in 2002 and that
appears to have been adopted in subsequent experimental
analyses which presented limits for a fixed value of ρDM, despite
the fact they were at different frequencies. However, we are not
certain if this interpretation of history is correct.
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strategy of this kind of strategy seems to have not been
adopted in any direct search for DPs. Nevertheless, we can
detail some examples of better practice here, should a
future experiment wish to adopt a more strategic measure-
ment schedule. Before we begin, it is worth emphasizing
that there are two distinct possibilities that are relevant here.
One is if the experiment is repeating measurements to test a

candidate signal, and the other is if the repeat measure-
ments are simply to obtain more data to enhance the
sensitivity. As we will see these two cases require very
different strategies to be put in place.
We begin by picking up where the discussion in Sec. V F

left off, namely the case where we have made a measure-
ment of duration T, and we wish to add statistics to that

FIG. 8. We display the improvement that can be made to both exclusion limits (top row) and discovery limits (bottom row) on the DP’s
kinetic mixing parameter, χ, as a function of the measurement time, T, and for several experiment geometries and orientations. The left-
hand panels correspond to axial experiments, whereas the right-hand panels correspond to planar experiments. In all cases we display the
improvement made to the limit relative to the most conservative possible assumption (χconserv.): ignoring daily modulation and taking the
instantaneous results for hcos2 θiexclT and hcos2 θidiscT when T → 0. In the scenario that the DP has a random polarization every coherence
time, hcos2 θiT effectively takes on a single value of 1=3 (axial) or 2=3 (planar), and is the best the experiment could do. What this figure
shows is that by properly accounting for the daily modulation and how that changes the distribution of hcos2 θiT , the sensitivity in the
fixed-polarization scenario can be significantly improved—and for certain cases it can even match the random-polarization scenario.
The potential improvement could be up to a factor of ∼3.75 or ∼1.36 in the exclusion limits, and ∼10.5 or ∼2.37 in the discovery limits.
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measurement by repeating it, some time Twait later. From
what we have seen so far, there are scenarios where this
measurement could be disastrous for the detection of the
DP. Say we have a west-pointing experiment that happened
to get very lucky and picked up the DP polarization in
perfect alignment with the instrument. If the experimen-
talists decided to check that measurement, say, 6 hours
later, the polarization would now be antialigned with the
instrument and the signal will have disappeared. It would
then be quite reasonable to chalk the event up to transient
radio frequency noise and toss the Nobel-prize winning
signal in the bin with all the other radio stations.
Of course, this is an extreme case, but the point is that

the DP signal has large variations in time. These can
benefit the experiment, but they can also cause signals to
disappear when the alignment is bad. For this issue though
the solution is simple: test candidate DP signals at the same
time of the sidereal day as they were originally measured.
Now, if we want to talk about maximizing the potential

to detect signals in the first place, we must flip this
argument. The solution will be less straightforward,
because it relies on the range of cos θ swept about by a
given experiment over a given time, but we can use our
formulas derived in the previous subsections. We want to
determine the best strategy for performing rescans in the
absence of any candidate signals. This issue is very relevant
for many axion experiments which enhance their potential
SNRs by means of rescans and subsequently stacking their
data. In the context of DPs which are subject to strong daily
modulations it can be even more relevant. With a judicious
choice of Twait, it is possible to use the rotation of the Earth
to game the statistics of hcos2 θiT in the experiment’s favor.
Note that this need not involve a substantial increase in the
total time spent measuring a particular frequency.17 As long
as the measurement is noise dominated (which is the case
for all experiments considered here), the SNR remains the
same for any temporally constant signals, while the
probability of a poor alignment can be significantly reduced
for the temporally varying signals.
Imagine the following scenario: an experiment makes

three measurements, each with a duration T. The start of
each measurement is spaced out from the start of the
previous one by a time Twait. We have already calculated
the distribution hcos2 θiT for a single measurement of time
T (these are shown in Figs. 5 and 6), but say we were to
stack the data from the three measurements together and
take it as one measurement, what is the distribution of
hcos2 θiT then, and how does it depend on T and Twait?
Figure 9 shows precisely this.

In Fig. 9 we display T on a logarithmic scale to show
both the cases involving short subhour measurement
times, as well as those lasting days. However, we show
Twait between 0 and 1 days, and on a linear scale, as these
results are all periodic in that direction. This means that
Twait should be interpreted as the delay in the local time
from the original measurement. For example if the
original measurement took place at 00∶00 then a value
of Twait ¼ 0.5 days, corresponds to any second measure-
ment taking place at 12∶00 (and then a third, the same
time afterwards). It does not matter if that measurement is
several days afterwards. Similarly, it does not matter what
the exact time of the original measurement was, Twait ¼
0.5 days just means that there was 12 hours on the clock
between them. Recall that we are considering sidereal
days, i.e., a shift of four minutes per calendar day is
required to convert times of the sidereal day to the
calendar day.
Since we are interested now in optimizing future experi-

ments, we need to ensure we are preparing them to have the
best chance of discovering the DP, not just setting exclusion
limits. Our discovery limit conversion factor hcos2 θidiscT is
much more sensitive to the tails fðhcos2 θiTÞ, so we can
appreciate the effects of optimization much more by
focusing on this factor than hcos2 θiexclT . The three panels
on the left-hand side are for axial experiments, whereas the
three on the right-hand side are for planar experiments. The
color-scale corresponds to the value of hcos2 θidisc3T . The
orange contours enclose values of a different, but related,
distribution: the enhancement in the value of hcos2 θidisc3T
that is gained from doing the repeat measurements. Keep in
mind the quantity we are calculating is a time average, so
any enhancement originates solely from the rotation of
the Earth and not from the fact we are observing for
longer.
Examining Fig. 9, we see that when T ≳ 1 sidereal day, it

does not matter when the next measurements start, since the
experiment is already long enough that it samples all the DP
polarizations it can. On the other hand, for very short T, the
correct choice of Twait makes a great difference. For
instance, looking at the top-right panel, if the original
measurement of the north-facing experiment was only
10 minutes, then simply choosing the next measurement
to be at a time that was ∼0.33 or ∼0.66 sidereal days later
would allow the power to be enhanced by a factor of 3, just
from the factor of hcos2 θidisc3T alone.
The most dramatic cases are the north- and zenith-

pointing experiments where a strategic timing of short
measurements can lead to a power enhancement of over a
factor of 100, leading to an enhancement in sensitivity to χ
of a factor ≳10. This is roughly the factor difference
between the fixed and randomized polarization scenarios
that we saw in the lower panels of Fig. 8, which shows that
three measurements is already enough to sample almost the
whole distribution of possible polarizations. Since this

17The only increase in total measurement time comes from the
additional time spent tuning. If such a time were short compared
to the time spent measuring, then there is no real cost. Even if the
tuning time is nontrivial, we will show that the gain is high
enough that it is likely worth the additional time.
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factor is purely geometrical, the experiment gains an order
of magnitude in sensitivity to χ, with only a factor of three
increase in measurement time. As a point of comparison,
for an unmodulating DP signal, the sensitivity would scale

as χ−1 ∝ T1=2. Note again that for short measurement times,
where such a technique is most appropriate, this could
correspond to gaining a order of magnitude in sensitivity
simply by dividing the measurement in three.

FIG. 9. In each panel the color scale refers to the value of hcos2 θidisc3T obtained from three measurements, each of duration T, and each
separated by time Twait. The left column corresponds to axial experiments, and the right column to planar experiments. The top row is for
north-pointing/facing experiments located at their optimal latitude of ∼55°, the middle row is for west-facing/pointing experiments
which can be located at any latitude, and finally the bottom row is for zenith-pointing/facing experiments at the optimal latitude of ∼35°.
Note that in all cases the distribution is periodic in Twait over one sidereal day, so there is no need to extend the plots vertically. The
orange contours with labels enclose the region of the T − Twait space where that choice of Twait leads to an enhancement
hcos2θidisc3T =hcos2θidiscT by at least the amount shown.
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Before moving on, we remark that we have also
performed the same calculation for two measurements
rather than three.18 The qualitative trends are the same,
however the enhancement factors are lower, gaining at most
a factor of around 15 in hcos2 θidiscT . In the west-pointing
and west-facing cases, the optimum time to do a rescan for
sub-day-long measurements is around �6 hours, and does
not improve for three measurements rather than two.
Calling back to the discussion at the beginning of this
subsection, this is the opposite strategy to what one would
do to test for a candidate signal, however the reasoning is
the same. With two short measurements 6 hours apart, the
experiment is maximizing its potential to capture a range of
possible polarization angles, but that is exactly what one
should not do to test for a signal seen in the first
measurement.
It is unsurprising that the more individual measurements

we make, the closer we can get to the optimal experiment
which observes over the whole day and captures all
possible DP polarizations. However, we found that three
is already sufficient to get very close to the optimal case in
the north- and zenith-pointing experiments, which repre-
sents a dramatic potential improvement in sensitivity for
only a very minor reorganization of the experimental data
taking. For planar and west-pointing experiments, however,
there is little difference between two and three measure-
ments. A simple way to understand why is to consider that,
when defining a volume, one needs either three axes or two
planes. When an experiment is west pointing, at most one
can sweep out a disk, which requires only two axes to
define.

E. Optimizing future experiments

Now that we have discussed the best strategies for setting
limits on DPs, we look towards the future and examine the
extent to which these strategies could impact the sensitiv-
ities of upcoming experiments. Again we focus on the fixed
polarization scenario as this would require the greatest
amount of care in orienting the experiment and would leave
the DP sensitivity in any other polarization scenario
unchanged.
To do this, we first select a few of the major DP search

proposals listed in Tables I and II that aim to cover the
presently unconstrained DP parameter space. We then use
their stated projections and apply scaling factors to improve
their sensitivity in the fixed polarization scenario. Since
there are external factors that dictate what values of T are
possible, we will not attempt to alter anything about the
total measurement times. Rather we suggest ways in which
individual measurements could be divided, or in some
cases, the orientation of the experiment itself could be

changed. The strategies for each future experiment are as
follows:

(i) DM-Radio: each frequency is integrated over three
OðminuteÞ measurements spaced 8 sidereal hours
apart (the precise numbers of minutes make only
minor differences to the resulting hcos2 θiT).

(ii) Dark E field radio: the readout antenna is rotated so
that it is zenith pointing. The OðmonthÞ measure-
ment time is rounded to an integer number of
sidereal days.

(iii) ALPHA: the experiment is placed at a latitude as
close to λlab ¼ �35° as possible. The OðweekÞ-long
integration times are rounded to an integer number
of sidereal days.

(iv) MADMAX: a two-polarization sensitive antenna is
used. The experiment is then aligned so that the
disks face the north-south direction. The OðweekÞ-
long integration times are rounded to an integer
number of sidereal days.

(v) LAMPOST: if a laboratory is available close to�35°
then the experiment should be rotated so its dielec-
tric layers are parallel to the floor. If instead a
latitude close to�55° is more feasible then the layers
should face the north-south direction. TheOðweekÞ-
long integration times are rounded to an integer
number of sidereal days.

While integer-day-long measurements mildly improve the
value of hcos2 θiexclT , in practice being able to measure for
slightly longer may improve the total integrated power per
cost of running. We stick to integer-day-long measurements
purely for simplicity.
In Fig. 10 we plot the rescaled experimental projections

for the discovery of the DP at 5σ in 95% of experiments.
We compare our optimized projections against the estimate
one would make without incorporating any information
about the timing or orientation of the experiment. This
pessimistic scenario is, as we have already mentioned,
overly conservative, and corresponds to setting our dis-
covery conversion factor to the instantaneous result
hcos2θidiscT→0 ¼ 0.0036 or 0.13.
We neglect to include any projections for axion experi-

ments in this figure, whose DP sensitivity will likely rely on
a post hoc data analysis (in the style of Fig. 7). We instead
focus on those experiments that plan on a dedicated DP
search. For comparison, we have also shown projections
from SuperCDMS [94] and LZ [192]; however these
experiments rely on DP absorption and electronic emission,
which is why their limits are insensitive to the DP
polarization scenario. Our point here is that some DP
limits depend upon the production mechanism, and some
do not—a fact that is commonly brushed over or ignored.
In all cases we find that these strategies are sufficient to

raise the limits in the fixed polarization scenario up
to a level very close to the randomized polarization
scenario. All this requires is some slight adjustments to

18The equivalent figures for these cases can be found in the
GitHub repository linked to this paper.
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the data-taking schedule, and a judicious choice in exper-
imental alignment.
Much of this parameter space will therefore be con-

strained in the coming decades. As well as upcoming DM
searches, several strategies used to set the bounds on Figs. 1
and 10 will also see improvements over the next few years.
For example, upgraded LSW experiments [199–202],
experiments using atomic transitions [126,203,204], or
Aharanov-Bohm experiments [205,206] may improve the
purely laboratory bounds on DPs. Whereas searches using
x-ray [207] and radio [208,209] telescopes, fast radio burst
timing [210], or asteroseismology [211], may improve
upon existing astrophysical bounds.

VII. USING THE DAILY MODULATION
AS A SIGNAL

The daily modulation of the DP signal in the fixed
polarization scenario represents one of the clearest smoking
gun signals of DM that an experiments of this kind could
hope to observe. This is fortunate, given that a DP signal

candidate cannot be confirmed or rejected via the tuning of
the magnetic field. At least one DP experimental collabo-
ration has already suggested that they already will employ
the daily modulation as a final stage in their signal
confirmation decision trees [35]. It was also shown that
daily modulation can be measured with an array of direc-
tionally sensitive detectors [212]. The most convincing
property that the modulation will exhibit for confirming its
DM origin will be a period equal to one sidereal day
(23 hours and 56 minutes). If there were someway in which
a source of terrestrial noise would modulate on the time-
scale of a day (and it is already hard to contrive of such a
background), it would almost certainly have a period equal
to one solar day. The way this would manifest in practice is
that the phase of the daily modulation in local time would
be seen to drift forward slowly over the year. Around
6 months later the phase would be 12 hours ahead of the
time it was initially measured, but it would then cycle back
around over the next 6 months.
The daily modulation would be a striking signal in the

fixed polarization scenario: it would dominate the signal

FIG. 10. Projected DP discovery limits for planned experiments, and future runs of existing experiments: DM-Radio [191], dark E
field radio [35], ALPHA [38,159], MADMAX [160], LAMPOST [36], SuperCDMS [94] (assuming a Ge target), and LZ [192]. We
have plotted projections for two scenarios, the “standard” projection is the most pessimistic and assumes that no timing or directional
information is taken into account when running the experiment, or calculating the limit. Our “optimized” projection would be obtained if
the experiment followed some simple changes to the data taking that are outlined in the text of Sec. VI E. For the rest of the bounds,
rather than show every existing limit individually as in Fig. 1, we have combined the limits into three categories based on the level of
assumption involved. The red region encloses all constraints that are based on photon → DP transitions (e.g. light-shining through
walls) which in a sense are the least model dependent. In green, we show bounds invoking stellar cooling arguments, which also rely on
photon-DP conversion, but could be circumvented through similar model-dependent arguments as those used for axions [97,193–198].
Then in blue we show the bounds that rely on DPs comprising the majority of DM. In gray, we show the direct detection bounds from
devoted DP experiments, namely, SHUKET, WISPDMX, and dark E field radio. Note that the future projections vary in their levels of
optimism about the future, hence this is not the fairest comparison; however it serves to demonstrate what might be possible.
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when measured over timescales longer than a few hours.
Yet the only scenario in which the DP signal will not
sidereally modulate19 is when the polarizations are totally
randomized in every coherence spacetime patch. One can
imagine scenarios where only fraction of the DM is
polarized to begin with, or the polarization was mixed
somehow during structure formation and hence varied over
phase space, but in any of these scenarios a suppressed
daily modulation would still be present. Thus one must be
careful using daily modulation as a veto on possible DP
signals as one could inadvertently exclude a potential
discovery of a nonmodulating or slightly modulating
scenario.
The natural question to ask is then this: if we see a signal

of DPs in one of the experiments we have discussed, can
the DP polarization axis be measured, and can this
information be used to understand the production mecha-
nism behind the creation the DP dark matter. Just as in the
case of axions, any further scanning becomes unnecessary
postdetection and the experiment can quickly accumulate a
very high SNR. This permits the fine-grained study of the
spectral line shape, in the process unravelling the velocity
structure of the local DM halo. Note that the velocity
distribution is annually modulated by the relative motions
of the Earth and the halo, allowing the full velocity structure
of fðvÞ to be probed, as opposed to just the speed
distribution, fðvÞ [218]. However, one could also employ
a multiplexed network of phase-linked detectors that rely
on interferometry to further unravel this structure on much
shorter timescales [219]. These kinds of measurements
would allow the experiment to measure properties about the
DM halo and, via combination with simulations and
galactic surveys, would allow us to probe the merger
history of the Milky Way’s halo [220–222].
If the DP field is polarized in some way then the

measurement of that polarization may therefore offer an
even more distant window into the early Universe. Without
further intuition as to expected DP polarization distribution
in galaxies generated by different production mechanisms,
we cannot be more precise than simply raising this as a
tantalizing possibility. However, even if the DP polarization
is of no fundamental interest at all, its measurement would
be a crucial step in optimizing the continuous study of the
DP line shape.

So in a similar spirit to Refs. [150,218,219,223], we wish
to understand the extent to which an experiment could
reconstruct the true properties of the DP signal. In the case
of the polarization though, because we are less certain of
what the distribution of X̂ even is, it is not clear what we
should assume the correct answer to be. As we have
stressed, this subject is ripe for further exploration, but
we can sketch a simple example to show how such a study
would proceed.

A. Measuring the daily modulation

We will set up a toy statistical test that, while not
accurately reflecting the details of a real experimental
analysis, will at least resemble one, and incorporate some
of the main features. Firstly, we assume that our toy
experiment reads in some time series electromagnetic
signal and takes the Fourier transform of it to measure a
power spectrum. We then assume that many of these power
spectra are stacked together, which eventually total the
measurement time T. This has the effect of both amplifying
any signal present, whilst mitigating against the exponen-
tial noise in the randomly drawn DP signal amplitudes in
each frequency bin, and making the expected noise
spectrum close to Gaussian.
First let us assume that in this stacked data we have a

signal PXhcos2 θiT which is contained in the bandwidth
of the experiment Δν and is distributed according to the
distributions shown in Fig. 5. Then we assume that we have
some normally distributed noise with mean PN and
standard deviation σN ¼ PN=

ffiffiffiffiffiffiffiffiffi
TΔν

p
.

We adopt an Asimov dataset approach for analyzing
the daily modulation now. So we shift our definition of
hcos2 θidiscT slightly since we are no longer interested in
optimizing an experiment for a guaranteed discovery, but
rather we want to know what the typical experiment could
do. In this case we wish to find the discovery threshold for
when the median experiment seeing a signal could reject
the noise at 3σ. This can be straightforwardly calculated
using the same technique as in Sec. V G,

PXhcos2θidiscT > ð3þΦ−1½0.5�ÞσN ≈ 3σN; ð53Þ

where PX is the solution to20

Z
1

0

fðhcos2θiTÞ
2

�
1þ erf

�
3σN − PXhcos2θiTffiffiffi

2
p

σN

��
dhcos2θiT

¼ 0.5: ð54Þ

Note that one can also arrive at the same results by writing
down a profile likelihood ratio test statistic comparing the
signalþ noise and noise hypotheses, and this result will

19This statement only refers to the modulation due to the DP
polarization. In fact all DP signals will exhibit an extremely small
(v ∼ 10−6) daily modulation in the line shape due to the relative
motion of the rotating Earth-bound laboratory and the DM halo.
This is likely to be unobservable for the main DM halo which has
a typical dispersion of v ∼ 10−3. However it is conceivable that if
the experiment encountered a strongly coherent configuration of
the field like a Proca star [213], or ultracold stream [214–217],
then the daily modulation could be of comparable size to the
signal’s width in frequency space. 20We have removed the superscript “0” to reduce clutter.
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follow from the application of Chernhoff’s theorem [224]
(see Refs. [225,226] for further details).
Now we ask the following question: if the DP signal is

strong enough that the median experiment can exclude the
noise at 3σ, how much more time will it need to detect the
daily modulation? To answer this, we need to write down a
likelihood ratio that compares the modulated hypothesis
with an unmodulated one,

ΛðθX;ϕXÞ ¼ 2½lnLðdjMt; fP̂X; θX;ϕX; P̂NgÞ
− lnLðdjM0; f ˆ̂PX;

ˆ̂PNgÞ�; ð55Þ

where we use a single hat to refer to the maximum
likelihood estimators under the modulating model, Mt,
and double hats to refer to the maximum likelihood
estimators under the unmodulating model, M0.
Say that we observe some power, Pobs, from t ¼ 0 to

t ¼ T, and split the data up into temporal bins of width Δt
centered on times tj. Then the first likelihood in Eq. (55) is

lnLðPobsjMt; fP0
X; θX;ϕX; PNgÞ

¼ −
1

2σ2N

XNt

j¼1

�
Pobs
j − PXhcðθX;ϕXÞij −

Δt
T

PN

�
2

; ð56Þ

where Nt ¼ T=Δt, and we have used the shorthand,

hcðθX;ϕXÞij ≡ hcos2 θij ¼
1

Δt

Z
tjþΔt=2

tj−Δt=2
cos2 θdt: ð57Þ

Then, the second likelihood in Eq. (55) is for the unmod-
ulating case where we take the integrated signal over the
full T, sacrificing any sensitivity to ðθX;ϕXÞ,

lnLðPobsjMt; fPX; PNgÞ

¼ −
1

2σ2N
ðPobs − PX − PNÞ2: ð58Þ

We can use the maximized ratio Λðθ̂X; ϕ̂XÞ as a test
statistic (TS) for determining the detectability of daily
modulation, but we can also use the unmaximized ratio to
determine the accuracy with which the parameters ðθX;ϕXÞ
could be measured (which we will do in the next sub-
section). Rather than doing a full Monte Carlo simulation
of mock experiments, we can make progress with minimal
effort by simply asking what the median experiment would
be able to do. This can be answered with the Asimov
dataset [225], because profile likelihood ratio test statistics
obtained under this dataset often provide a very good
estimate to the median of their full asymptotic distributions.
The Asimov dataset is the case where we set the observa-
tion equal to the expectation for some set of “true”
parameters. In our case when

Pobs
j ¼ PAsi

j ≡ PXhcðθX;ϕXÞij þ
Δt
T
PN ð59Þ

for all j.
We now interpret Λ as a test statistic for detecting

modulations, TSmod. Under the Asimov data, the first log-
likelihood in Eq. (55) vanishes, leaving us with

TSmodðθX;ϕXÞ ¼
1

σ2N

�X
j

PXhcðθX;ϕXÞij − ˆ̂PX

�
2

: ð60Þ

The value of PX that maximizes the unmodulated signal

model likelihood will be ˆ̂PX ¼ PXhciT . Substituting that in
and manipulating the subsequent expression we can find,

TSmodðθX;ϕXÞ ¼
�
PX

σN

�
2
�X

j

hcij − hciT
�

2

;

¼
�
PX

σN

�
2
�
1

Δt

Z
T

0

cdt − hciT
�

2

;

¼
�
ThciTPX

σN

�
2
�
1

Δt
−
1

T

�
2

;

≈
�
ThciTPX

ΔtσN

�
2

: ð61Þ

In the first step we converted the sum over t bins to an
integral, and in the final step we have assumed Δt ≪ T.
Note that we have suppressed the dependence on the DP
angles, but they enter in via the dependence on hciT .
If we assume that the signal in one bin of interval Δt was

already large enough to detect, then we can substitute in our
result from Eq. (53) for the median 3σ exclusion of the
background,

TSmod ≈
�

3ThciT
Δthcos2θidiscΔt

�
2

: ð62Þ

Taking the typical value of hciT ∼ 1=3, we can see that if
we needed a time Δt to discover the DP, then we would
need ð3hcos2θidiscΔt Þ−1 times that much data to exclude a
nonmodulating signal at the same significance. In the
specific cases we discovered had hcos2θidiscΔt ¼ 1=3, (e.g.,
for zenith-pointing experiments at λlat ¼ 35° observing for
day-long measurement times) then this factor is equal to
one. Meaning a DP signal discovered at 3σ is already
enough to make the same claim about the modulation. The
results for the remaining experiments and for various values
of Δt can be inferred from Fig. 8.

B. Measuring the DP polarization

We can also use the same likelihood ratio to estimate
how well some true values of the angles ðθtrueX ;ϕtrue

X Þ could
be measured. We do this by taking the likelihood ratio,
Eq. (55), under the Asimov dataset for the true angles, and
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then examine the dependence on ðθX;ϕXÞ. The formula for
this is very similar to the modulation test statistic we just
derived, but now the first likelihood does not vanish since
we are allowing ðθX;ϕXÞ to vary,

ΛðθX;ϕXÞ ¼
�

3

hcos2θidiscΔt

�
2
��

ThctrueiT
�
1

Δt
−
1

T

��
2

−
1

Δt

Z
T

0

ðctrue − cÞ2dt
�
; ð63Þ

where we write ctrue ¼ cos2 θðθtrueX ;ϕtrue
X Þ. This likelihood

ratio will be asymptotically distributed according to a χ22
distribution since the models differ by two parameters
[227]. Therefore we can draw contours for ΛðθX;ϕXÞ −
ΛðθtrueX ;ϕtrue

X Þ ¼ −6.17 to show the typical size of a 2σ
measurement of the DP polarization axis. This is what is
shown in Fig. 11.
The darker shading in the three panels of Fig. 11

correspond to increasing the value of T. We assume that
Δt ¼ 1 day, i.e., the experiment required 1 day of obser-
vation to detect the DP signal. Then T here corresponds to
how many additional days of observation are being
assumed.
To make this result more evocative of a real scenario we

have switched from the equatorial coordinates we defined
X̂ in to galactic coordinates. We define the galactic
longitude and latitude, ðl; bÞ, using the coordinate rotation,

0
B@

sin θX cosϕX

sin θX sinϕX

cos θX

1
CA ¼ Rgal

0
B@

cos l cos b

sin l cos b

sin b

1
CA; ð64Þ

where

Rgal ¼

0
B@

−0.05487556 þ0.49410943 −0.86766615
−0.87343709 −0.44482963 −0.19807637
−0.48383502 þ0.74698225 þ0.45598378

1
CA;

with values assuming the International Celestial
Reference System convention for the right ascension and
declination of the North Galactic Pole, ðαGP; δGPÞ ¼
ð192°:85948;þ27°:12825Þ as well as the longitude of
the North Celestial Pole lCP ¼ 122°:932 [228].
We can see from Fig. 11 that the north- and zenith

pointing experiments require a smaller amount of addi-
tional data than the west-pointing experiments to obtain
similar sized contours around the true polarization axis.
Unlike west-pointing experiments, the north- and zenith-
pointing experiments sample the polarization in three
dimensions, so they can eventually refine their

FIG. 11. Three mock examples of the reconstruction accuracy
of the DP polarization axis. The true polarization axis is given by
the black stars. In each case we assume that the experiment has
been able to discriminate the signal from background at the
95% C.L. in one day, and the value of T corresponds to the
additional amount of data used to test for the daily modulation.
The size of each contour corresponds to the expected 2σ contour
around ðθX;ϕXÞ that the experiment could set given the meas-
urement time T. We display these angles in galactic longitude and
latitude ðl; bÞwith the galactic plane running horizontally through
b ¼ 0, and the galactic centre at (0,0). The celestial equator is
shown with a purple line, and the projected directions of the north
and south poles are shown with purple circles.
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measurement of ðθX;ϕXÞ to a single axis. This can be seen
by the fact that the contours on the top and bottom panels of
Fig. 11 are centered around the black stars whereas the
middle panel’s contours are centered around four locations.
In the west-pointing case we find that there are two
degenerate axes that the experiment is unable to tell apart.
These two axes are separated by 180° of rotation around the
Earth’s spin axis. This phenomenon would persist even
with indefinite data taking—a rotation of the experiment’s
antennae would be needed to lift the degeneracy.
Therefore, we conclude that the polarization axis of the

DP should be measurable very soon after the signal is
detected. This is good because an experiment designed to
study the DP could then be rotated by a suitable amount to
maximize the signal.

VIII. SUMMARY

We have highlighted some of the difficulties involved in
setting limits on DPs as a DM candidate, focusing on the
fact that the DP polarization distribution around the Earth is
unknown. The polarization state of the DPDM is initiated
by its production mechanism. However, as of now, the
precise polarization distributions generated by the several
proposed production mechanisms, and the subsequent
effects of structure formation, have not been rigorously
studied. If it can be shown that structure formation
completely randomizes the polarization then direct detec-
tion limits on DPs can be strengthened, sometimes signifi-
cantly. However, a serious possibility that appears to be true
for several mechanisms is for the DP to have a single
polarization over scales much larger than those probed by
terrestrial experiments. This latter scenario presents the
greatest challenge for detection and should be used as a
conservative baseline. Most experiments are sensitive to
either one or two (but not all) DP polarizations at a time.
Thus a limit must take into account the probability of the
experiment being misaligned with the DP polarization. This
probability varies by over two orders of magnitude depend-
ing on the measurement time, location, and alignment of
the experiment.
We began our discussion by explaining how to reinter-

pret limits from axion haloscopes in the context of DPs.
The first issue to reiterate is that the common approach of
vetoing candidate axion signals by testing for their dis-
appearance when the magnetic field is switched off means
that a DP could have been discovered but would have been
discarded as noise. This makes the RBF and UF axion
haloscope bounds unsuitable for reinterpretation. For other
haloscopes, a lack of information about the exact magnetic
field employed for a given measurement also forbids a
concrete reinterpretation in terms of DPs.
The second issue is related again to the DP polarization.

Accurately accounting for the variation in the signal due to
the rotation of the Earth requires precise timing and
orientation information. In both axion and dedicated DP

experiments, this information is usually not made available.
Such omissions make it impossible to set robust DP
bounds. Instead, we have demonstrated what would need
to be done, by performing a conservative calculation based
on the information that is available. The resulting bounds
are shown in Fig. 7. As an example of what could be
achieved in the future if the experimental data taking were
more strategic—and we have laid out the steps for doing so
in this work—we have displayed some projections
in Fig. 10.
To provide clarity for future experiments, we have

outlined a recipe for calculating the DP polarization
geometrical factor cos2 θ for any arbitrary measurement
time, polarization angle, and experiment orientation. This is
detailed in Sec. VI. We then outlined the best practices to
both maximize the sensitivity, and to avoid accidentally
discarding DP signals. In general, by measuring for times
close to an integer number of sidereal days, with well-
aligned experiments, one can obtain close to (or even equal)
to the best possible scenario. This represents a gain of over
an order of magnitude in coupling for experiments polar-
ized in a single direction, and a factor of three for experi-
ments sensitive to a plane of polarization. This result can be
seen in Fig. 8. Even for experiments where measurement
times are short, improvements in sensitivity of an order of
magnitude are possible simply by splitting measurements
into shorter ones spaced several hours apart—as is shown in
Fig. 9. We have also found that the location of the
experiment also impacts the sensitivity—as shown by
Fig. 4—with �35° and �55° representing the optimal
latitudes in most cases.
With the recent increase in the number of axion and DP-

sensitive haloscopes, it ismore important than ever to be sure
that we are extracting robust and instructive limits. Rather
than relying on others reinterpreting data with limited
information, we strongly encourage experimental collabo-
rations to perform dedicated DP analyses taking care of the
role of magnetic field vetoes, as well as orientation and
timing information. Further, without any reduction to the
experiment’s axion sensitivity or incurring any additional
run time, simple changes can result in substantial improve-
ments in DP sensitivity. If all experiments adopted such
strategies it would maximize our chances of discovering
DPDM or, at the very least, would allow us to rule out vast
swathes of unexplored parameter space.
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