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FIG. 1. A representative depiction of the landscape of the cosmic axion background (CaB), showing the di↵erential axion energy
density, given in (2), as a function of energy. The black dashed curves show four di↵erent realizations of the CaB, corresponding
to thermal production (with Ta = T0, the CMB temperature), a Gaussian distribution representative of parametric-resonance
production (with ⇢a = ⇢� , !̄ = 0.3 µeV, and �/!̄ = 0.1), dark-matter decay (� ! aa), and cosmic-string production (fa = 1015

GeV, Td = 1012 GeV). For the dark-matter decay distribution the parameters are set to parameters already accessible to
ADMX, as justified later in this work. In particular, we take mDM ' 5.4 µeV and ⌧ ' 2 ⇥ 103 tU , with tU the age of the
universe. While the thermal distribution will always peak roughly where shown and the cosmic-string production is dominant
at lower frequencies, the parametric resonance and dark-matter decay signals can populate the full energy energy range shown.
In all cases we set the axion photon coupling to the largest allowed value consistent with star-emission bounds over this energy
range, gSEa�� = 0.66 ⇥ 10�10 GeV�1. The colored regions denote the sensitivity in this same space that could be obtained by
reanalyzing existing ADMX and HAYSTAC data, or with the future sensitivities of DMRadio and MADMAX. In determining
the sensitivities, we have assumed that the CaB axion-photon coupling saturates star-emission bounds. We show the region of
parameter space where the CaB could partially alleviate the Hubble tension, labelled H0 Preferred. Finally, the gray dotted
line depicts the approximate boundary, to the left of which the CaB has su�cient number densities to be treated as a classical
wave.

(for a review, see e.g. [19, 20]). While we restrict our dis-
cussion to ga�� , many aspects of the CaB extend to more
general couplings.

At present, there are two primary classes of searches
for axion backgrounds using the coupling in (1). The
two strategies are broadly distinguished by where the
axions are produced: a relativistic population produced
in the cores of compact astrophysical objects or a non-
relativistic dark-matter population. For existing rela-
tivistic searches, the axions are produced in compact ob-
jects, such as stars like the Sun, which act as a bright
source of axions with energies in the ⇠keV range. Avoid-
ing excess cooling of these objects from axion emission
already puts a stringent bound on ga�� [21] with compa-
rable limits obtained by directly searching for the emitted
axions in helioscopes [22] or absorption in direct detec-
tion experiments [23]. Together these searches, which
we collectively refer to as “star-emission” bounds, are

able to set strong bounds on axions with ma . 1 keV,
with the strongest limits across this full range given
by ga�� . 0.66 ⇥ 10�10 GeV�1 as determined by the
CAST helioscope [24] and observations of Horizontal
Branch stars [25, 26]. For ma . 10�10 eV, these
bounds can be strengthened by X-ray searches from con-
version of axions emitted by SN-1987A [27] (assuming
the supernova remnant is a proto-neutron star [28]),
NGC 1275 [29], and super star clusters [30], reaching
ga�� . 3.6 ⇥ 10�12 GeV�1. We collectively denote these
existing star-emission bounds by g

SE

a�� . These will be rel-
evant as in the current work we will only consider axions
with ma ⌧ 1 keV, and therefore the same axions con-
stituting the cosmic background could also be produced
in these astrophysical objects, and must therefore satisfy
ga��  g

SE

a�� .

Dark-matter searches instead look for non-relativistic
axions with a much larger local number density [22]. Tra-
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Cosmic axion Background (CaB)
CaB: relativistic species 
of axions in Universe   

CaB sources 
- Thermal production  
- Decay of cosmic string 
- Dark matter decay 
- …

No dedicated CaB search was performed ever 
 → Plenty possibility of discovery of new physics 

Dror, Murayama, Rodd, Phys. Rev. D 103, 115004
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FIG. 1. A representative depiction of the landscape of the cosmic axion background (CaB), showing the di↵erential axion energy
density, given in (2), as a function of energy. The black dashed curves show four di↵erent realizations of the CaB, corresponding
to thermal production (with Ta = T0, the CMB temperature), a Gaussian distribution representative of parametric-resonance
production (with ⇢a = ⇢� , !̄ = 0.3 µeV, and �/!̄ = 0.1), dark-matter decay (� ! aa), and cosmic-string production (fa = 1015

GeV, Td = 1012 GeV). For the dark-matter decay distribution the parameters are set to parameters already accessible to
ADMX, as justified later in this work. In particular, we take mDM ' 5.4 µeV and ⌧ ' 2 ⇥ 103 tU , with tU the age of the
universe. While the thermal distribution will always peak roughly where shown and the cosmic-string production is dominant
at lower frequencies, the parametric resonance and dark-matter decay signals can populate the full energy energy range shown.
In all cases we set the axion photon coupling to the largest allowed value consistent with star-emission bounds over this energy
range, gSEa�� = 0.66 ⇥ 10�10 GeV�1. The colored regions denote the sensitivity in this same space that could be obtained by
reanalyzing existing ADMX and HAYSTAC data, or with the future sensitivities of DMRadio and MADMAX. In determining
the sensitivities, we have assumed that the CaB axion-photon coupling saturates star-emission bounds. We show the region of
parameter space where the CaB could partially alleviate the Hubble tension, labelled H0 Preferred. Finally, the gray dotted
line depicts the approximate boundary, to the left of which the CaB has su�cient number densities to be treated as a classical
wave.

(for a review, see e.g. [19, 20]). While we restrict our dis-
cussion to ga�� , many aspects of the CaB extend to more
general couplings.

At present, there are two primary classes of searches
for axion backgrounds using the coupling in (1). The
two strategies are broadly distinguished by where the
axions are produced: a relativistic population produced
in the cores of compact astrophysical objects or a non-
relativistic dark-matter population. For existing rela-
tivistic searches, the axions are produced in compact ob-
jects, such as stars like the Sun, which act as a bright
source of axions with energies in the ⇠keV range. Avoid-
ing excess cooling of these objects from axion emission
already puts a stringent bound on ga�� [21] with compa-
rable limits obtained by directly searching for the emitted
axions in helioscopes [22] or absorption in direct detec-
tion experiments [23]. Together these searches, which
we collectively refer to as “star-emission” bounds, are

able to set strong bounds on axions with ma . 1 keV,
with the strongest limits across this full range given
by ga�� . 0.66 ⇥ 10�10 GeV�1 as determined by the
CAST helioscope [24] and observations of Horizontal
Branch stars [25, 26]. For ma . 10�10 eV, these
bounds can be strengthened by X-ray searches from con-
version of axions emitted by SN-1987A [27] (assuming
the supernova remnant is a proto-neutron star [28]),
NGC 1275 [29], and super star clusters [30], reaching
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density, given in (2), as a function of energy. The black dashed curves show four di↵erent realizations of the CaB, corresponding
to thermal production (with Ta = T0, the CMB temperature), a Gaussian distribution representative of parametric-resonance
production (with ⇢a = ⇢� , !̄ = 0.3 µeV, and �/!̄ = 0.1), dark-matter decay (� ! aa), and cosmic-string production (fa = 1015

GeV, Td = 1012 GeV). For the dark-matter decay distribution the parameters are set to parameters already accessible to
ADMX, as justified later in this work. In particular, we take mDM ' 5.4 µeV and ⌧ ' 2 ⇥ 103 tU , with tU the age of the
universe. While the thermal distribution will always peak roughly where shown and the cosmic-string production is dominant
at lower frequencies, the parametric resonance and dark-matter decay signals can populate the full energy energy range shown.
In all cases we set the axion photon coupling to the largest allowed value consistent with star-emission bounds over this energy
range, gSEa�� = 0.66 ⇥ 10�10 GeV�1. The colored regions denote the sensitivity in this same space that could be obtained by
reanalyzing existing ADMX and HAYSTAC data, or with the future sensitivities of DMRadio and MADMAX. In determining
the sensitivities, we have assumed that the CaB axion-photon coupling saturates star-emission bounds. We show the region of
parameter space where the CaB could partially alleviate the Hubble tension, labelled H0 Preferred. Finally, the gray dotted
line depicts the approximate boundary, to the left of which the CaB has su�cient number densities to be treated as a classical
wave.

(for a review, see e.g. [19, 20]). While we restrict our dis-
cussion to ga�� , many aspects of the CaB extend to more
general couplings.

At present, there are two primary classes of searches
for axion backgrounds using the coupling in (1). The
two strategies are broadly distinguished by where the
axions are produced: a relativistic population produced
in the cores of compact astrophysical objects or a non-
relativistic dark-matter population. For existing rela-
tivistic searches, the axions are produced in compact ob-
jects, such as stars like the Sun, which act as a bright
source of axions with energies in the ⇠keV range. Avoid-
ing excess cooling of these objects from axion emission
already puts a stringent bound on ga�� [21] with compa-
rable limits obtained by directly searching for the emitted
axions in helioscopes [22] or absorption in direct detec-
tion experiments [23]. Together these searches, which
we collectively refer to as “star-emission” bounds, are

able to set strong bounds on axions with ma . 1 keV,
with the strongest limits across this full range given
by ga�� . 0.66 ⇥ 10�10 GeV�1 as determined by the
CAST helioscope [24] and observations of Horizontal
Branch stars [25, 26]. For ma . 10�10 eV, these
bounds can be strengthened by X-ray searches from con-
version of axions emitted by SN-1987A [27] (assuming
the supernova remnant is a proto-neutron star [28]),
NGC 1275 [29], and super star clusters [30], reaching
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evant as in the current work we will only consider axions
with ma ⌧ 1 keV, and therefore the same axions con-
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Discovery :) 
Uncertainty

Standard analysis completely level off the CaB signal 
 → Need new analysis technique (or new absolute power detector)

Uncertainty

ADMX doesn’t monitor absolute power level 
→ Only sensitive to signals much narrower than the digitization window

background

DM axion

background

CaB+b.g.

CaB case

Miss the  
discovery :(
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Equation of Motion

 
 

 

∇ ⋅ E = ρ

∇ ⋅ B = 0

∇ × E = − ∂tB

∇ × B = ∂tE + J

including axionmaxwell’s equation
CaB can induce 
this term

For detecting DM axion

 

 
 

∇ ⋅ E = ρ − gaγγB ⋅ ∇a

∇ ⋅ B = 0

∇ × E = − ∂tB

∇ × B = ∂tE + J + gaγγ(B∂ta − E × ∇a)

 is a key to explore CaBgaγγB ⋅ ∇a
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Anisotropy
Production mechanism of CaB: 
- Thermal production  
- Decay of cosmic string 
- X -> aa where X is dark matter 
- X -> ΦΦ -> aaaa at anywhere 
- X -> ΦΦ -> aaaa from galaxy 

isotropic

anisotropic 

Anisotropic signals varies signal amplitude 
as the Earth rotate (detector fixed on ground)

 
flux
χ → ϕϕ → aaaa
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Daily modulation
α=π/2: Signal maximized  
→Daily modulation

2

ter is narrow spectrally, the CaB can be comparatively
very broad. In a ⇠1 GHz frequency range, dark matter
has a bandwidth of O(1 kHz), whereas the CaB band-
width could be O(100 MHz) or larger.

In this work, we perform the first direct search
for the CaB with the Axion Dark Matter eXperiment
(ADMX) [20–26]. To do so, we focus on one specific
form the CaB could take: relativistic axions, a, emerging
from the decay of dark matter particles, �. The search
can therefore be considered as an extension of the dark
matter indirect detection program, with axions acting
as final states. As we will review, this signal gives rise
to power in a resonant cavity that modulates over the
course of a day. Accordingly, we introduce an analysis
strategy to directly search for modulating power in an
existing ADMX dataset, and in this way construct the
first analysis for the CaB.

ADMX as a telescope for dark matter decay. We
begin by outlining the details of the model we consider
and the power it could generate in ADMX. We search for
the axions arising from the decay of dark matter. The
simplest realization of such a scenario would appear to
be a two-body decay, � ! aa. However, as discussed in
Ref. [3], axions are bosons so that such a decay can be
enormously Bose enhanced, which would lead to a run-
away decay and rapidly deplete the dark matter. The
runaway would not occur if the decay is slightly modi-
fied, for instance by the inclusion of an intermediate state
' in a cascade decay. For this reason, we focus on ax-
ions arising from the decay channel � ! '' ! aaaa. In
general, the spectrum of axions produced in the decays
will depend on mDM, m', and ma. As we focus on rela-
tivistic axions, we always assume ma is negligible. If we
further assume m' ⌧ mDM, then the spectrum of axions
depends on two parameters: mDM and the dark matter
lifetime, ⌧ (see, e.g., Refs. [27, 28]). While there is no
dedicated experimental search of this scenario, there are
constraints on the lifetime for dark matter to decay into
a relativistic species, for instance, Dark Energy Survey
(DES) measurements require ⌧ > 50 Gyr ⇠ 3.6 tU [29],
where tU is the present age of the universe.

As detailed in the supplementary material, the result-
ing CaB from the dark matter decays will generate the
following di↵erential power in a resonant cavity,

dPa

d!
(!,↵) =

⇢cg
2
a��B

2
V C�

8Q((! � !0)2 + (!0/2Q)2)

!
3
0

!3

⇥


⌦MW

a (!)

Z
dzd�D⌫(�z)K(!,↵)

+
1

2
⌦EG

a (!)

Z
dzd�K(!,↵)

�
.

(1)

The power depends on properties of the cavity and of the
axion. For the cavity, B is the external magnetic field, V
is its volume, Q is the quality factor, � is the coupling be-
tween the cavity and antenna, C is the cavity form factor
for the TM010 mode [26], and !0 is the resonant angu-
lar frequency of the same mode. For the axion, we have

0 �/4 �/2
�

10�3

10�2

10�1

100

K
(�

0,
�

)

Axion Dark Matter

CaB

1

�
�a

⃗BaDM

aCaB

FIG. 1. Left: a schematic depiction of the spatial coherence
of a dark matter (orange) or CaB (light blue) signal over the
TM010 mode of a cylindrical cavity. The dark matter signal is
coherent across the cavity, and therefore independent of the
incident direction, whereas the CaB is not, and therefore the
dashed and solid curves can give rise to significantly di↵erent
signals. Right: a quantification of this e↵ect using the ex-
pression in Eq. (2), where ↵ is the angle between the incident
axion and the cavity magnetic field, R = 0.2 m, and L = 1 m.
The power of photons converted from the CaB is maximized
at ↵ = ⇡/2, when the cavity magnetic field is perpendicular
to the incident axions, and suppressed when ↵ = 0.

the axion energy ! and the expressions in parentheses
detail the flux of axions arising from decays within the
Milky Way (MW) and extragalactic (EG) decays. The
full expressions for the flux are given in the supplemen-
tary material, but briefly, ⌦a(!) describes the spectrum
of axions and depends on the lifetime ⌧ , vanishing as
⌧ ! 1, whereas the angular distributions are controlled
by the integrands. Specifically, we integrate over the full
sky using spherical coordinates � and ✓ = arccos z. The
parameter D⌫(z) describes the angular dependence of de-
cays in the MW, which occur primarily at the Galactic
Center, and there is no analog for the EG flux as the
flux of axions is essentially isotropic. The normalization
factor, ⇢c ' 4.8 keV/cm3, denotes the critical density.
The final ingredient in Eq. (1), K(!,↵), generates the

daily modulation, and describes the fact that the rela-
tivistic axion is not spatially coherent across the instru-
ment. As the ADMX cavity is not a sphere, the coherence
across the cavity will depend on ↵, the angle between the
axion, k̂, and the magnetic field, ẑ. For an ideal cylindri-
cal cavity of height L and radius R, we can compute [3]

K(!,↵) =


sin(!L cos↵)

!L cos↵

J0(!R sin↵)

1 � (!R sin↵/j01)2

�2
, (2)

where J0 is a Bessel function of the first kind, and j01 is
that function’s first zero. A depiction of why this factor
arises for the CaB, but not dark matter, is given in Fig. 1.
Axion dark matter (orange) has a significantly larger de
Broglie wavelength than its Compton wavelength. Con-
sequently, it sources a spatially coherent e↵ect across the
cavity. This is not the case for the CaB (light blue),
which has a de Broglie wavelength comparable to its
Compton wavelength and therefore can oscillate spatially
across the cavity. The e↵ect of the resulting interference
is described by K(!,↵). While this factor suppresses the

background

CaB+b.g.
12am 3am 6am 9am 12pm

Monitoring relative power  
level is enough to detect CaB
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CaB power at ADMX
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the CaB can be incredibly broad. In a ⇠ 1 GHz fre-66

quency range, dark matter has a bandwidth of O(1 kHz),67

whereas the CaB bandwidth could be O(100 MHz) or68

larger.69
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the present age of the universe.105
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resulting CaB from the dark matter decays will generate107

the following di↵erential power in a resonant cavity,108

dPa

d!
(!,↵) =

⇢cg
2
a��B

2
V C�

8Q((! � !0)2 + (!0/2Q)2)

!
3
0

!3

⇥


⌦MW

a (!)

Z
dzd�D⌫(�z)K(!,↵)

+
1

2
⌦EG

a (!)

Z
dzd�K(!,↵)

�
.

(1)109

The power depends on properties of the cavity and of the110

axion. For the cavity, B is the external magnetic field, V111

is its volume, Q is the quality factor, � is the coupling be-112

tween the cavity and antenna, C is the cavity form factor113

for the TM010 mode [26], and !0 is the resonant angu-114

lar frequency of the same mode. For the axion, we have115
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FIG. 1. Left: a schematic depiction of the spatial coher-
ence of a dark matter (orange) or CaB (light blue) signal
over the ADMX cavity. The dark matter signal is coherent
across the cavity, and therefore independent of the incident
direction, whereas the CaB is not, and therefore the dashed
and solid curves can give rise to significantly di↵erent signals.
Right: a quantification of this e↵ect using the expression in
Eq. (2), where ↵ is the angle between the incident axion and
the cavity magnetic field, R = 0.2 m, and L = 1 m. The
left schematic represents axion dark matter (orange) and the
CaB (light blue) fields in a cavity (black cylinder). A dashed
line denotes destructive interference. The power of photons
converted from the CaB is maximized at ↵ = ⇡/2, when the
cavity magnetic field is perpendicular to the incident axions,
and approaches zero at ↵ = 0.

the axion energy ! and the expressions in parentheses116

detail the flux of axions arising from decays within the117

Milky Way (MW) and extragalactic (EG) decays. The118
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this way construct the first analysis for the CaB.81

ADMX as a telescope for dark matter decay. We82

begin by outlining the details of the model we consider83

and the power it could generate in ADMX. As mentioned,84

we search for the axions arising from the decay of dark85

matter. The simplest realization of such a scenario would86

appear to be a two-body decay, � ! aa. However, as87

discussed in Ref. [3], axions are bosons so that such a de-88

cay is enormously Bose enhanced, which would lead to a89

runaway decay and rapidly deplete the dark matter. The90

runaway would not occur if the decay is slightly modified,91

for instance by the inclusion of an intermediate state '92

in a cascade decay. For this reason, we focus on axions93

arising from the decay channel � ! '' ! aaaa. In94

general, the spectrum of axions produced in the decays95

will depend on mDM, m', and ma. As we focus on rela-96

tivistic axions, we always assume ma is negligible. If we97

further assume m' ⌧ mDM, then the spectrum of axions98

depends on two parameters: mDM and the dark mat-99

ter lifetime, ⌧ (see, e.g., Refs. [27, 28]). While there is no100

dedicated search of this scenario, there are constraints on101

the lifetime for dark matter to decay into a relativistic102

species, for instance, Dark Energy Survey (DES) mea-103

surements require ⌧ > 50 Gyr ⇠ 3.6 tU [29], where tU is104

the present age of the universe.105

As detailed in the supplementary material (SM), the106

resulting CaB from the dark matter decays will generate107

the following di↵erential power in a resonant cavity,108
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The power depends on properties of the cavity and of the110

axion. For the cavity, B is the external magnetic field, V111

is its volume, Q is the quality factor, � is the coupling be-112

tween the cavity and antenna, C is the cavity form factor113

for the TM010 mode [26], and !0 is the resonant angu-114

lar frequency of the same mode. For the axion, we have115
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FIG. 1. Left: a schematic depiction of the spatial coher-
ence of a dark matter (orange) or CaB (light blue) signal
over the ADMX cavity. The dark matter signal is coherent
across the cavity, and therefore independent of the incident
direction, whereas the CaB is not, and therefore the dashed
and solid curves can give rise to significantly di↵erent signals.
Right: a quantification of this e↵ect using the expression in
Eq. (2), where ↵ is the angle between the incident axion and
the cavity magnetic field, R = 0.2 m, and L = 1 m. The
left schematic represents axion dark matter (orange) and the
CaB (light blue) fields in a cavity (black cylinder). A dashed
line denotes destructive interference. The power of photons
converted from the CaB is maximized at ↵ = ⇡/2, when the
cavity magnetic field is perpendicular to the incident axions,
and approaches zero at ↵ = 0.

the axion energy ! and the expressions in parentheses116

detail the flux of axions arising from decays within the117

Milky Way (MW) and extragalactic (EG) decays. The118

full expressions for the flux are given in the appendix, but119

briefly, ⌦a(!) describes the spectrum of axions and de-120

pends on the lifetime ⌧ , vanishing as ⌧ ! 1, whereas the121

angular distributions are controlled by the integrands.122

Specifically, we integrate over the full sky using spheri-123

cal coordinates � and ✓ = arccos z. D⌫(z) describes the124

angular dependence of decays in the MW, which occur125

primarily at the Galactic Center, and there is no ana-126

log for the EG flux as the flux of axions is essentially127

isotropic. The normalization factor, ⇢c ' 4.8 keV/cm3,128

denotes the critical density.129

The final ingredient in Eq. (1), K(!,↵), generates the130

daily modulation, and describes the fact that the rela-131

tivistic axion is not spatially coherent across the instru-132

ment. As the ADMX cavity is not a sphere, the coherence133

across the cavity will depend on ↵, the angle between the134

axion, k̂, and the magnetic field, ẑ. For an ideal cylindri-135

cal cavity of height L and radius R, we can compute [3]136

K(!,↵) =


sin(!L cos↵)

!L cos↵

J0(!R sin↵)

1 � (!R sin↵/j01)2

�2
, (2)137

where J0 is a Bessel function of the first kind, and j01138

is that function’s first zero. A depiction of why this fac-139

tor arises for the CaB, but not dark matter, is given in140

Fig. 1. Axion dark matter (orange) has a significantly141

larger de Broglie wavelength than its Compton wave-142

length. Consequently, it sources a spatially coherent ef-143

fect across the cavity. This is not the case for the CaB144

(light blue), which has a de Broglie wavelength compara-145
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Here, V is the volume of the cavity, B is the magnitude of
the magnetic field, C is the form factor representing the
overlap between the cavity resonant mode and the magnetic
field, gγ is the model-dependent numerical constant −0.97
(0.36) for the KSVZ (DFSZ) model which determines,
along with the axion decay constant fa, the axion coupling
to two photons gaγγ ¼ αgγ=πfa, ρa is the expected dark
matter density in the cavity, f is the frequency of the photon
induced by the axion field, and QL is the loaded quality
factor of the cavity.
The signal-to-noise ratio (SNR) is used as a metric of the

sensitivity of the experiment [39]:

SNR ¼ Paxion

kBTsys=ϵ

ffiffiffi
t
b

r
; ð2Þ

where kB is the Boltzmann constant, Tsys is the system
noise temperature, which is defined as the sum of the
physical and electronic noise temperatures, ϵ is the trans-
mission efficiency between the cavity and the JPA, t is the
integration time, and b is the detection bandwidth
b ¼ f=Qa ∼ f=106, the expected signal energy spread of
nonrelativistic axion dark matter with a velocity of ∼10−3c.
Tsys is measured with the SNR improvement (SNRI)

method. The SNRI is given by

SNRI ¼ Toff
sys=Ton

sys ¼
Gon

Goff

Poff

Pon
; ð3Þ

where GonðoffÞ and PonðoffÞ are the total gain of the rf chain
measured by the vector network analyzer and the power
spectral density of the rf chain measured by the digitizer for
the JPA in the on (off) state, respectively. As an over-
coupled resonator, the JPA acts as a lossless mirror for the
signal when the JPA is off. The SNRI was typically 7.5 dB.
Toff
sys is measured by the y-factor method [40] utilizing a

noise source placed at the 500 mK stage (labeled as the “hot
load”). The hot load temperature, Thot, can be varied
between 0.5–4 K. During a y-factor measurement, the
input of the cold receiver is connected to the hot load
by flipping a switch in the receiver so that thermal photon
from the hot load is detected. There is a linear relation
between Thot and the digitized power when the JPA is off:

P ¼ GoffbkBðThotϵh þ Toff
sysÞ: ð4Þ

Here, ϵh is the total transmission efficiency between the hot
load and the JPA. Hence, one can obtain Toff=ϵ from the y

intersection of a linear fit. We assume ϵh is equal to ϵ since
ϵh is dominated by losses in the circulators. During the
data-taking period, Toff=ϵ was measured by the y-factor
method every few months. The results were stable over
time around 3.5 K, though they varied with frequency by
0.2 K over the frequency range. From the above, the typical
Tsys=ϵ when the JPA is on was calculated to be 600 mK.
The data described here were acquired between October

2019 and May 2021. We aimed to probe axions with one
(two) times DFSZ coupling between 950 and 1020 (800
and 950) MHz. Throughout the operation, synthetic axion
generated signals (SAGs), which are created using lower
power rf tones, were injected into the cavity via its weak
port to ensure the robustness of the experiment. Two types
of SAGs were injected: calibration SAGs, which were
intended to verify the integrity of the receiver chain and
analysis framework, and blinded SAGs to practice the full
candidate evaluation procedure.
The explored frequency range was divided into 14

“nibbles,” narrow frequency ranges, typically 10 MHz in
width. The specific procedure repeated for each nibble is as
follows. First, digitizations for the entire nibble frequency
range were performed by moving both tuning rods sym-
metrically. The integration time was 100 seconds. The
spectral width was 50 kHz for each scan, and the data were
averaged with 100 Hz bin resolution. Next, an analysis was
performed to check for axionlike excesses (candidates)
above the noise.

FIG. 2. Digitization spectra including a blinded SAG for TM010

(black) and TM011 (red) mode after removing the receiver shape
and JPA standing wave distortion. The bottom small plot shows
combined SNR with respect to DFSZ power. The right small plot
shows the integrated signal power and how it varies according to
the Lorentzian cavity enhancement.
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Power Excess Modulation (PEM)3

overall power (K(!,↵)  1), the way in which it does
so is critically dependent on the incident angle of the
wave – for instance, a wave incident down the height of
the cavity will oscillate many more times than one inci-
dent radially, given that L � R. Combining this e↵ect
with the fact that the axions originate from dark matter
decays in the MW arise preferentially from the Galac-
tic Center and that cavity magnetic field orientation will
rotate with the Earth throughout the day, results in a
unique daily modulation signal that we will exploit to
search for the CaB.

A daily modulation analysis. Having defined the sig-
nal, we now outline the analysis we intend to perform on
existing ADMX data, which will fundamentally make use
of the daily modulation emerging from K(!,↵). Briefly,
ADMX uses an axion haloscope designed to search for
axions that could constitute the local dark matter halo
using a cold resonant cavity immersed in a static mag-
netic field. The apparatus consists of a 136 ` cylindrical
copper-plated stainless steel microwave cavity immersed
in a 7.5 T superconducting magnet. The resonant fre-
quency of the cavity is adjusted through the use of two
movable internal bulk copper rods. The RF power in
the cavity is extracted using an antenna, and then am-
plified with a Josephson Parametric Amplifier (JPA) [30]
and the following Heterostructure Field E↵ect Transistor
(HFET) amplifiers [31]. For further details, see Ref. [32].

In the present work, we will search for a CaB signal in
existing ADMX data that was collected with the explicit
purpose of searching for axion dark matter. The dataset
amounts to a series of power measurements taken over
100-second intervals throughout the day, each taken at
di↵erent resonant frequencies, and scanned in search of
the unknown dark matter mass. For each of these mea-
surements, a dark matter signal would emerge as a nar-
row line in the data on top of a broad thermal photon
background. There is then a relatively clean separation
into frequency regions where there is background only
and those where there is signal and background, which
allows one to calibrate the signal strength with respect
to the thermal noise within one digitization bandwidth.
Such a separation is not possible for the CaB. The sig-
nal is broader than both the cavity linewidth and the
digitization bandwidth: the only way to distinguish a
CaB signal from the thermal background in a single scan
would be to exploit the B

2 scaling in Eq. (1). If we
combine multiple scans taken throughout the day, how-
ever, we can search for the daily modulation of the CaB
signal. Unfortunately, the backgrounds also vary with
time; there is time variation in the gain as well as tem-
perature drifts in the system which are mentioned later.
The HFET response is relatively stable and therefore we
can neglect its time dependence. The bias current of the
JPA is adjusted every four digitizations to maximize the
dark matter signal-to-noise ratio. During this process,
gain stability is not the figure of merit, and the gain can
vary between 15–30 dB. This will lead to large fluctua-
tions in the observed power as a function of time, and

FIG. 2. Top: an example of the mean power (gray) as a
function of time collected on April 30, 2021. We further show
the JPA gain in green, and in the inset demonstrate the two
are strongly correlated. Bottom: For the same dataset, we
divide the mean power out by the gain (left axis) and show
the results PEM computed according to Eq. (3) (right axis).

will form an important background when searching for a
modulating signal.
To mitigate the impact of gain fluctuations, we define

a new observable, which we refer to as the Power Excess
Modulation (PEM),

PEM =
P (t)/GJPA(t) � hP (t)/GJPA(t)i

h�P (t)/GJPA(t)i
kBTsys

r
b

T
. (3)

Here, P (t) and �P (t) are the mean and standard devia-
tion of the power in a dataset collected at a time t, com-
puted over the frequencies in the digitization bandwidth,
which is 100 Hz for the data we used. For that same
dataset, we further use the gain in the JPA, denoted by
GJPA(t). Finally, h·i corresponds to expressions averaged
over a full day, Tsys is the system-noise temperature, typ-
ically around 500 mK, kB is the Boltzmann constant, b
is the bin width of the spectrum, and T is the collection
time for the dataset, which for the results we use is 100
seconds.
The PEM in Eq. (3) quantifies the variation of the

power in a single scan relative to the average for that day,
accounting for the measured gain. If we have PEM val-
ues collected at a series of times ti, we can combine these
into a single dataset dPEM ⌘ {PEM(ti)}, within which
we can look for an axion signal oscillating throughout the
day. To provide an example of the data, in Fig. 2 (top)
we show the mean power as a function of time through-
out the day, for data taken on April 30, 2021. As can
be seen, the gain from the JPA varies by an O(1) value
throughout the day, and those fluctuations are strongly
correlated with the observed value of P̄ . In the bottom
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We report the results from a haloscope search for axion dark matter in the 3.3–4.2 μeV mass range. This
search excludes the axion-photon coupling predicted by one of the benchmark models of “invisible” axion
dark matter, the Kim-Shifman-Vainshtein-Zakharov model. This sensitivity is achieved using a large-
volume cavity, a superconducting magnet, an ultra low noise Josephson parametric amplifier, and sub-
Kelvin temperatures. The validity of our detection procedure is ensured by injecting and detecting blind
synthetic axion signals.
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In the Standard Model of particle physics, the amount of
charge-parity (CP) violation by the strong interactions is
set by an angle θ whose value is expected to be of order one
[1]. However, the upper limit on the neutron electric dipole
moment [2] requires θ < 5 × 10−11. This discrepancy is
called the strong-CP problem. The existence of a new
global axial U(1) symmetry, proposed by Peccei and Quinn
(PQ) [3], would solve the strong-CP problem. This
symmetry must be spontaneously broken, implying the
existence of a pseudo Nambu-Goldstone boson, called the

axion [3–5]. The relic axions produced during the QCD
phase transition in the early Universe [6–8] satisfy all the
requirements of darkmatter [9]. Thus the hypothetical axion
solves both the strong-CP and dark matter problems. In the
scenario in which the PQ symmetry breaks before cosmo-
logical inflation (preinflationary scenario), the relic axion
abundance is determined only by the initial amplitude (θ0)
andmass of the axion field. The abundance of dark matter in
the Lambda cold darkmattermodel is naturally explained by
an axion mass above ∼0.1 μeV for θ0 > 0.1 [10,11]. In the
postinflationary scenario, where the PQ symmetry breaks
after cosmological inflation, most calculations suggest that
the axionmass lies in theOð1–100Þ μeV range [10–22]. The
axion has a coupling to two photons, and the numerical
values are represented by two benchmark models, the Kim-
Shifman-Vainshtein-Zakharov (KSVZ) [23,24] and Dine-
Fischler-Srednicki-Zhitnitsky (DFSZ) [25,26] models.
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The shape of the detected background is primarily
determined by two factors: the shape generated by the
room temperature receiver and the JPA standing wave due
to the imperfect isolation of circulators, C1 and C2. The
former is time independent and was removed by a reference
shape measured at the beginning of data taking. The latter
varies when the bias current of the JPA is changed and was
removed by a six-order Padé-approximant performed for
each spectrum. The flattened spectra were scaled by the
estimated Tsys=ϵ to obtain the correct power scale and were
convolved with the expected axion shape to improve the
sensitivity to axions. The spectra were coadded into a
“grand spectrum” to make use of all recorded spectra.
Typically, Oð10Þ candidates are found within a nibble
because of statistical fluctuations and calibration SAGs.
The criteria to select candidates are described in Ref. [41].
Accordingly, the candidates were scanned further, a rescan,
to check whether they are persistent. The rescan data are
later included in the analysis, and a Monte Carlo study
indicates that this procedure may induce a small bias of less
than 3% on the resulting extracted axion-photon coupling

limits in specific circumstances. After the first rescan, the
calibration SAGs were turned off and the second rescan
was performed to confirm whether the candidates were
SAGs or true signals. If all SAGs were identified and there
was no candidate left, then the data-taking moved on to the
next nibble. However, if there still remained one or more
candidates, more rigorous tests were performed as
described below.

FIG. 3. Electric field distribution as a heat map for TM010 (left)
and TM011 (right) modes simulated with COMSOL Multiphysics
[42]. Electric field for the mode and impressed magnetic field are
shown as red and black arrows, respectively. Calculated form
factors with CST Magnetic Field Solver are 0.455 and < 0.001
for TM010 and TM011 modes, respectively. The overlap between
the TM010 electric field and the magnetic field is large and
consistent across the volume, while the overlap between the
TM011 electric field is of opposite sign in the top and bottom of
the cavity, leading to cancellations in the cavity response to the
spatially uniform dark matter axion field.

FIG. 4. 90% C.L. upper limits on gaγγ as a function of axion
mass. The gray-, blue-, and yellow-colored areas represent
previous ADMX limits reported in Refs. [28,32,33]. The red-
colored area shows the limits of this work. We ruled out KSVZ
(DFSZ) axions in the 3.3–4.2ð3.9–4.1Þ μeV mass range.

TABLE I. A list of candidates remaining after turning off
calibration SAGs. The 896.448 MHz candidate was a blinded
SAG. “Persistence” is checked when the candidate exists in all
the scans with similar powers. “At same frequency” is checked
when the candidate was at the given frequency #300 Hz. “Not in
air” is flagged if the candidate could not be observed with a
spectrum analyzer attached to an external antenna at the exper-
imental site. “Enhanced on resonance” is flagged when the
integral of the signal power was scaled as a Lorentzian function.
“×” denotes tested but not passed.

Frequency
[MHz] Persistence

At same
frequency

Not in
air

Enhanced on
resonance

839.669 ✓ ✗ ✓ ✗
840.268 ✓ ✓ ✓ ✗
860.000 ✓ ✓ ✗ ✗
891.070 ✓ ✓ ✓ ✗
896.448 ✓ ✓ ✓ ✓
974.989 ✗ ✓ ✓ ✗
974.999 ✗ ✓ ✓ ✗
960.000 ✓ ✓ ✗ ✗
980.000 ✓ ✓ ✗ ✗
990.000 ✓ ✓ ✗ ✗
990.031 ✗ ✓ ✓ ✗
1000.000 ✓ ✓ ✗ ✗
1000.013 ✗ ✓ ✓ ✗
1010.000 ✓ ✓ ✗ ✗
1020.000 ✓ ✓ ✗ ✗
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Uncertainties

Four sources of uncertainties: 
1. Standard haloscope uncertainties ( ) 
2. Short timescale (about 5 minutes) fluctuation 
3. Daily fluctuation  
4. Uncertainty on 

Q, β, SNRI, Toff /ϵ, B2VC

K(ω, α)
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1. Standard Uncertainties on ADMX
12

A single candidate precipitated the full series of studies
that is undertaken in the event of an axionlike signal, for
which the final step would be a magnet ramp to check for
B2 scaling of the candidate signal power, as expected for an
axion signal. Figure 2 shows the line shapes for the
candidate. The candidate consistently emerged at the same
frequency even though the cavity resonant frequency and
digitization window were shifted. The frequency integrated
power followed the expected Lorentzian line shape, con-
sistent with the quality factor of the cavity. Therefore, it
most likely originates inside the cavity. The individual line
shapes followed the Maxwell-Boltzmann distribution
exactly within the statistical uncertainty, as is expected
from the standard halo model for dark matter.
A true axion signal should disappear when the TM011

mode is tuned to the candidate frequency because the
electric fields are of the opposite polarity at the top and
bottom of the cavity as shown in Fig. 3, so the form factor is
almost zero. The candidate failed this test, and the magnet
ramp was not applied. Therefore, the candidate was
determined not to be consistent with the axion hypothesis
and was subsequently revealed to be a blinded SAG.
Other than the blinded SAG, the analysis procedure

detected 15 persistent candidates as summarized in Table I.
None of the candidates passed the “enhanced on reso-
nance” check except the blinded SAG described above. The
other candidates did not pass the other criteria for being
likely axion candidates. Therefore we are confident that
these signals did not result from axion dark matter.
Upon eliminating all candidates in the frequency range

of interest, we set 90% confidence level (C.L.) upper limits
on the axion-photon couplings across the explored mass
ranges with the assumption that axions make up 100% of
the local dark matter density as shown in Fig. 4. We ruled
out KSVZ (DFSZ) axions in the 3.3–4.2ð3.9–4.1Þ μeV
mass range. We initially aimed for DFSZ sensitivity overall
(starting near the high-mass end of the energy range), but
our system noise was suboptimal, making the scan speed
much slower than we would like. Consequently, we
decided to cover the remaining frequency range at two
times DFSZ sensitivity (by scanning much more quickly)
and then to upgrade the detector to reduce the system noise.
The limits assumed that the velocity distribution of dark

matter axions is either a boosted Maxwell-Boltzmann
distribution [43] with dark matter density 0.45 GeV=cc
or in accordance with an N-body simulation [44] with dark
matter density 0.6 GeV=cc. The limits include systematic
experimental uncertainties associated with the cavity, the
amplifiers, and the electromagnetic field simulation
as shown in Table II. The largest uncertainty was
Toff=ϵ dominated by the temperature sensor accuracy.
Additionally, a sensitivity loss from potential overfitting
of signals from the Padé approximant used to remove
distortions in the digitized spectra was taken into account.
This effect was quantified by injecting software synthetic
signals into the real data and comparing analysis results to
the injected power. We determined that there was a 20%
suppression of the axion power, i.e., ∼10% loss of the
axion-photon coupling.
Alternatively, we can set limits on the dark matter axion

density with the assumption that the axion-photon coupling
is given by the KSVZ model. This is shown in Fig. 5. The
limit shows that KSVZ axions are excluded from contrib-
uting any more than 0.1 GeV=cc of the local dark matter
density, or 20% of the expected density.
In summary, we searched for the “invisible” axion dark

matter in the 3.3–4.2 μeV mass range. No axionlike excess
was observed. Therefore, we set a limit for the axion-
photon coupling that is the most stringent to date. We
intend to rescan the region covered here (3.3–4.2 μeV) at
DFSZ sensitivity after making a number of upgrades and
repairs to the current cavity and rf system. These upgrades
will include improving the thermal isolation of the cavity
from the 1-K support to lower the overall heat load on the
dilution refrigerator, upgrading the μ-metal shield to
mitigate the remaining magnetic field on the JPA, and
adding additional temperature sensors to measure the
system noise temperature precisely.

TABLE II. Summary of uncertainties associated with the
observed power.

Source Fractional uncertainty on Paxion

Cavity Q factor 2%
Antenna coupling 2%
JPA SNRI 0.8%
Toff=ϵ 4.3%
B2VC 3%
Total 6%

FIG. 5. 90% C.L. upper limits on the dark matter energy density
assuming the KSVZ model for axion coupling. The blue- and
yellow-colored areas represent previous ADMX limits reported in
Refs. [32,33], respectively. The red-colored area shows the limits
of this work. The KSVZ axions are excluded even though the
axion density is 0.1 GeV=cc (20%) of the total dark matter
density.

PHYSICAL REVIEW LETTERS 127, 261803 (2021)

261803-5

We just use the same  
uncertainties related to  
the axion halo scope



09
-1

6
12

09
-1

7
00

09
-1

7
12

09
-1

8
00

09
-1

8
12

09
-1

9
00

09
-1

9
12

09
-2

0
00

09
-2

0
12

°77.0

°76.9

°76.8

°76.7

°76.6

°76.5

P
ow

er
(d

B
m

) 951 MHz

901 MHz

851 MHz

1001 MHz

2. Daily power fluctuation
13

Receiver chain:  
Digitizer + HFET amps + cables 
is not perfectly stable 
ex.) temperature change, vibration… 

Dedicated 1-week power monitoring  
performed to extract potential  
uncertainty 

Estimated as 2.8%  
(not the dominant uncertainty)



3

overall power (K(!,↵)  1), the way in which it does
so is critically dependent on the incident angle of the
wave – for instance, a wave incident down the height of
the cavity will oscillate many more times than one inci-
dent radially, given that L � R. Combining this e↵ect
with the fact that the axions originate from dark matter
decays in the MW arise preferentially from the Galac-
tic Center and that cavity magnetic field orientation will
rotate with the Earth throughout the day, results in a
unique daily modulation signal that we will exploit to
search for the CaB.

A daily modulation analysis. Having defined the sig-
nal, we now outline the analysis we intend to perform on
existing ADMX data, which will fundamentally make use
of the daily modulation emerging from K(!,↵). Briefly,
ADMX uses an axion haloscope designed to search for
axions that could constitute the local dark matter halo
using a cold resonant cavity immersed in a static mag-
netic field. The apparatus consists of a 136 ` cylindrical
copper-plated stainless steel microwave cavity immersed
in a 7.5 T superconducting magnet. The resonant fre-
quency of the cavity is adjusted through the use of two
movable internal bulk copper rods. The RF power in
the cavity is extracted using an antenna, and then am-
plified with a Josephson Parametric Amplifier (JPA) [30]
and the following Heterostructure Field E↵ect Transistor
(HFET) amplifiers [31]. For further details, see Ref. [32].

In the present work, we will search for a CaB signal in
existing ADMX data that was collected with the explicit
purpose of searching for axion dark matter. The dataset
amounts to a series of power measurements taken over
100-second intervals throughout the day, each taken at
di↵erent resonant frequencies, and scanned in search of
the unknown dark matter mass. For each of these mea-
surements, a dark matter signal would emerge as a nar-
row line in the data on top of a broad thermal photon
background. There is then a relatively clean separation
into frequency regions where there is background only
and those where there is signal and background, which
allows one to calibrate the signal strength with respect
to the thermal noise within one digitization bandwidth.
Such a separation is not possible for the CaB. The sig-
nal is broader than both the cavity linewidth and the
digitization bandwidth: the only way to distinguish a
CaB signal from the thermal background in a single scan
would be to exploit the B

2 scaling in Eq. (1). If we
combine multiple scans taken throughout the day, how-
ever, we can search for the daily modulation of the CaB
signal. Unfortunately, the backgrounds also vary with
time; there is time variation in the gain as well as tem-
perature drifts in the system which are mentioned later.
The HFET response is relatively stable and therefore we
can neglect its time dependence. The bias current of the
JPA is adjusted every four digitizations to maximize the
dark matter signal-to-noise ratio. During this process,
gain stability is not the figure of merit, and the gain can
vary between 15–30 dB. This will lead to large fluctua-
tions in the observed power as a function of time, and

FIG. 2. Top: an example of the mean power (gray) as a
function of time collected on April 30, 2021. We further show
the JPA gain in green, and in the inset demonstrate the two
are strongly correlated. Bottom: For the same dataset, we
divide the mean power out by the gain (left axis) and show
the results PEM computed according to Eq. (3) (right axis).

will form an important background when searching for a
modulating signal.
To mitigate the impact of gain fluctuations, we define

a new observable, which we refer to as the Power Excess
Modulation (PEM),

PEM =
P (t)/GJPA(t) � hP (t)/GJPA(t)i

h�P (t)/GJPA(t)i
kBTsys

r
b

T
. (3)

Here, P (t) and �P (t) are the mean and standard devia-
tion of the power in a dataset collected at a time t, com-
puted over the frequencies in the digitization bandwidth,
which is 100 Hz for the data we used. For that same
dataset, we further use the gain in the JPA, denoted by
GJPA(t). Finally, h·i corresponds to expressions averaged
over a full day, Tsys is the system-noise temperature, typ-
ically around 500 mK, kB is the Boltzmann constant, b
is the bin width of the spectrum, and T is the collection
time for the dataset, which for the results we use is 100
seconds.
The PEM in Eq. (3) quantifies the variation of the

power in a single scan relative to the average for that day,
accounting for the measured gain. If we have PEM val-
ues collected at a series of times ti, we can combine these
into a single dataset dPEM ⌘ {PEM(ti)}, within which
we can look for an axion signal oscillating throughout the
day. To provide an example of the data, in Fig. 2 (top)
we show the mean power as a function of time through-
out the day, for data taken on April 30, 2021. As can
be seen, the gain from the JPA varies by an O(1) value
throughout the day, and those fluctuations are strongly
correlated with the observed value of P̄ . In the bottom

3. Short timescale fluctuation 
14

Residual JPA gain fluctuation 
is the dominant uncertainty 

This is calculated from the 
RMS of the PEM spectrum



154. Uncertainty on K(ω, α)
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FIG. 3. 90% C.L. on ga�� for a CaB arising from the decay
of dark matter, assuming ⌧ = 3.6 tU. The results do not
yet exceed the CAST bound [33], and are primarily limited
by fluctuations in the JPA gain. These would be removed
if the same analysis were performed using an absolute power
measurement, and with other improvements such as a reduced
system temperature or modified cavity geometry, significantly
enhanced sensitivity can be achieved. See text for details.

the signal as we describe in the supplementary material.
From here we define a signal hypothesis H1 as the alter-
native hypothesis where µ obtains its preferred value in
the data.

From these hypotheses, we define the probability of H0

and H1 as p(H0) and p(H1), respectively. We then set
the following criteria:

• p(H0) > 0.003: no evidence for new physics;

• p(H0) < 0.003 and p(H1) < 0.003: the null hypoth-
esis is disfavored, but there is no evidence for the
CaB; and

• p(H0) < 0.003 and p(H1) > 0.003: there is a pref-
erence for the CaB.

In the above, 0.003 corresponds to the 3� threshold.
In the absence of evidence for the maximal CaB sig-
nal predicted by H1, we can determine a 90% confi-
dence level (C.L.) limit on ga�� by scaling g

CAST
a�� with

p
µ+ 1.281 ⇥ �µ, where�µ is fit uncertainty on the best

fit value of µ. The value of 1.281 arises from 90% of the
one-sided Gaussian probability.

Using the above procedure, we searched for a signal
of the CaB between 800 and 995 MHz, which in total
amounted to 143 days of data. Nevertheless, we found
that the data taken near 850 MHz dominated the sensi-
tivity as it was taken over a period of time where the JPA
was especially stable. We analyzed each day of data sep-
arately and found that all spectra were consistent with
the expected background in the absence of a CaB, i.e.
p(H0) > 0.003. Therefore, we use the combined data

over all days to establish an upper limit on ga�� (with ⌧

fixed as above). The results are shown in Fig. 3.
At present, this first search for the CaB is not able

to reach the allowed parameter space below g
CAST
a�� . The

primary limitation is that existing haloscopes are only
sensitive to the relative power excess, for instance, as
encapsulated in the PEM. However, this is not a funda-
mental limitation. For example, a single photon counter
using a superconducting qubit (see e.g. Ref. [34]) essen-
tially measures the absolute photon occupation number
in the cavity, which would allow for absolute power mea-
surements. Such a measurement would remove the need
to subtract the mean, as we do in the PEM given we are
presently only sensitive to time variations rather than
the absolute scale. As a result, at present we are com-
pletely insensitive to the contribution to the CaB from
extragalactic decays, worsening the sensitivity to ga�� by
⇠2/5. An additional benefit of an absolute power mea-
surement is that as it only measures the number of states
in the cavity it will render the amplifiers gain fluctuations
negligible when at present they are our dominant back-
ground. Removing this background would improve our
sensitivity to roughly g

CAST
a�� . In addition to measuring the

absolute power, single photon counters using a supercon-
ducting qubit can potentially achieve a noise tempera-
ture of around 10 mK by using quantum nondemolution
measurements [35], which would improve the sensitivity
further. Finally, as we describe in the supplementary
material, the ADMX cavity geometry (L ⇠ 5R) signifi-
cantly suppresses the CaB power through K(!0,↵). A
cavity with L ⇠ R would largely lift that suppression.
In Fig. 3 we show the expected improved sensitivity that
would result from each of these considerations.

Discussion. We have performed the first direct search
for the CaB with an axion haloscope. While there are
many forms the CaB could take, we focused on the pos-
sibility of a cascade decay of dark matter to axions,
� ! '' ! aaaa, and exploited the resulting daily mod-
ulation in the signal. In particular, we introduced the
PEM analysis to search for a daily variation in the power,
and then applied this method to existing ADMX data.

While our results are specific to the dark matter decay
CaB, the methodology employed here is general and can
be used to search for other possible broadband signals
in axion haloscopes. The present sensitivity we obtained
with the PEM is roughly an order of magnitude weaker
than might have been expected, and this was solely due
to the large variations in the gain. To improve on this, fu-
ture measurements can monitor the relative HFET gain
fluctuation, for instance, by injecting RF tones during
data taking and thereby have an accurate measurement
of the gain at all times rather than every 5 minutes. Also,
data-taking without fine-tunings of the JPA bias current
at the same cavity resonant frequency would realize sta-
bler PEM spectra. Looking even further forward, the
sensitivity will improve significantly once absolute power
measurements in the cavity are possible, an avenue that
will be opened by single photon measurements. Com-

Best sensitivity ~ 2e-9 [/GeV] 
at lower mass 
(due to kinematics)

CAST bound is strong 
but ADMX did good job

There might be able to get  
better sensitivity by a few  
improvements
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FIG. 3. 90% C.L. on ga�� for a CaB arising from the decay
of dark matter, assuming ⌧ = 3.6 tU. The results do not
yet exceed the CAST bound [33], and are primarily limited
by fluctuations in the JPA gain. These would be removed
if the same analysis were performed using an absolute power
measurement, and with other improvements such as a reduced
system temperature or modified cavity geometry, significantly
enhanced sensitivity can be achieved. See text for details.

the signal as we describe in the supplementary material.
From here we define a signal hypothesis H1 as the alter-
native hypothesis where µ obtains its preferred value in
the data.

From these hypotheses, we define the probability of H0

and H1 as p(H0) and p(H1), respectively. We then set
the following criteria:

• p(H0) > 0.003: no evidence for new physics;

• p(H0) < 0.003 and p(H1) < 0.003: the null hypoth-
esis is disfavored, but there is no evidence for the
CaB; and

• p(H0) < 0.003 and p(H1) > 0.003: there is a pref-
erence for the CaB.

In the above, 0.003 corresponds to the 3� threshold.
In the absence of evidence for the maximal CaB sig-
nal predicted by H1, we can determine a 90% confi-
dence level (C.L.) limit on ga�� by scaling g

CAST
a�� with

p
µ+ 1.281 ⇥ �µ, where�µ is fit uncertainty on the best

fit value of µ. The value of 1.281 arises from 90% of the
one-sided Gaussian probability.

Using the above procedure, we searched for a signal
of the CaB between 800 and 995 MHz, which in total
amounted to 143 days of data. Nevertheless, we found
that the data taken near 850 MHz dominated the sensi-
tivity as it was taken over a period of time where the JPA
was especially stable. We analyzed each day of data sep-
arately and found that all spectra were consistent with
the expected background in the absence of a CaB, i.e.
p(H0) > 0.003. Therefore, we use the combined data

over all days to establish an upper limit on ga�� (with ⌧

fixed as above). The results are shown in Fig. 3.
At present, this first search for the CaB is not able

to reach the allowed parameter space below g
CAST
a�� . The

primary limitation is that existing haloscopes are only
sensitive to the relative power excess, for instance, as
encapsulated in the PEM. However, this is not a funda-
mental limitation. For example, a single photon counter
using a superconducting qubit (see e.g. Ref. [34]) essen-
tially measures the absolute photon occupation number
in the cavity, which would allow for absolute power mea-
surements. Such a measurement would remove the need
to subtract the mean, as we do in the PEM given we are
presently only sensitive to time variations rather than
the absolute scale. As a result, at present we are com-
pletely insensitive to the contribution to the CaB from
extragalactic decays, worsening the sensitivity to ga�� by
⇠2/5. An additional benefit of an absolute power mea-
surement is that as it only measures the number of states
in the cavity it will render the amplifiers gain fluctuations
negligible when at present they are our dominant back-
ground. Removing this background would improve our
sensitivity to roughly g

CAST
a�� . In addition to measuring the

absolute power, single photon counters using a supercon-
ducting qubit can potentially achieve a noise tempera-
ture of around 10 mK by using quantum nondemolution
measurements [35], which would improve the sensitivity
further. Finally, as we describe in the supplementary
material, the ADMX cavity geometry (L ⇠ 5R) signifi-
cantly suppresses the CaB power through K(!0,↵). A
cavity with L ⇠ R would largely lift that suppression.
In Fig. 3 we show the expected improved sensitivity that
would result from each of these considerations.

Discussion. We have performed the first direct search
for the CaB with an axion haloscope. While there are
many forms the CaB could take, we focused on the pos-
sibility of a cascade decay of dark matter to axions,
� ! '' ! aaaa, and exploited the resulting daily mod-
ulation in the signal. In particular, we introduced the
PEM analysis to search for a daily variation in the power,
and then applied this method to existing ADMX data.

While our results are specific to the dark matter decay
CaB, the methodology employed here is general and can
be used to search for other possible broadband signals
in axion haloscopes. The present sensitivity we obtained
with the PEM is roughly an order of magnitude weaker
than might have been expected, and this was solely due
to the large variations in the gain. To improve on this, fu-
ture measurements can monitor the relative HFET gain
fluctuation, for instance, by injecting RF tones during
data taking and thereby have an accurate measurement
of the gain at all times rather than every 5 minutes. Also,
data-taking without fine-tunings of the JPA bias current
at the same cavity resonant frequency would realize sta-
bler PEM spectra. Looking even further forward, the
sensitivity will improve significantly once absolute power
measurements in the cavity are possible, an avenue that
will be opened by single photon measurements. Com-
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FIG. 3. 90% C.L. on ga�� for a CaB arising from the decay
of dark matter, assuming ⌧ = 3.6 tU. The results do not
yet exceed the CAST bound [33], and are primarily limited
by fluctuations in the JPA gain. These would be removed
if the same analysis were performed using an absolute power
measurement, and with other improvements such as a reduced
system temperature or modified cavity geometry, significantly
enhanced sensitivity can be achieved. See text for details.

the signal as we describe in the supplementary material.
From here we define a signal hypothesis H1 as the alter-
native hypothesis where µ obtains its preferred value in
the data.

From these hypotheses, we define the probability of H0

and H1 as p(H0) and p(H1), respectively. We then set
the following criteria:

• p(H0) > 0.003: no evidence for new physics;

• p(H0) < 0.003 and p(H1) < 0.003: the null hypoth-
esis is disfavored, but there is no evidence for the
CaB; and

• p(H0) < 0.003 and p(H1) > 0.003: there is a pref-
erence for the CaB.

In the above, 0.003 corresponds to the 3� threshold.
In the absence of evidence for the maximal CaB sig-
nal predicted by H1, we can determine a 90% confi-
dence level (C.L.) limit on ga�� by scaling g

CAST
a�� with

p
µ+ 1.281 ⇥ �µ, where�µ is fit uncertainty on the best

fit value of µ. The value of 1.281 arises from 90% of the
one-sided Gaussian probability.

Using the above procedure, we searched for a signal
of the CaB between 800 and 995 MHz, which in total
amounted to 143 days of data. Nevertheless, we found
that the data taken near 850 MHz dominated the sensi-
tivity as it was taken over a period of time where the JPA
was especially stable. We analyzed each day of data sep-
arately and found that all spectra were consistent with
the expected background in the absence of a CaB, i.e.
p(H0) > 0.003. Therefore, we use the combined data

over all days to establish an upper limit on ga�� (with ⌧

fixed as above). The results are shown in Fig. 3.
At present, this first search for the CaB is not able

to reach the allowed parameter space below g
CAST
a�� . The

primary limitation is that existing haloscopes are only
sensitive to the relative power excess, for instance, as
encapsulated in the PEM. However, this is not a funda-
mental limitation. For example, a single photon counter
using a superconducting qubit (see e.g. Ref. [34]) essen-
tially measures the absolute photon occupation number
in the cavity, which would allow for absolute power mea-
surements. Such a measurement would remove the need
to subtract the mean, as we do in the PEM given we are
presently only sensitive to time variations rather than
the absolute scale. As a result, at present we are com-
pletely insensitive to the contribution to the CaB from
extragalactic decays, worsening the sensitivity to ga�� by
⇠2/5. An additional benefit of an absolute power mea-
surement is that as it only measures the number of states
in the cavity it will render the amplifiers gain fluctuations
negligible when at present they are our dominant back-
ground. Removing this background would improve our
sensitivity to roughly g

CAST
a�� . In addition to measuring the

absolute power, single photon counters using a supercon-
ducting qubit can potentially achieve a noise tempera-
ture of around 10 mK by using quantum nondemolution
measurements [35], which would improve the sensitivity
further. Finally, as we describe in the supplementary
material, the ADMX cavity geometry (L ⇠ 5R) signifi-
cantly suppresses the CaB power through K(!0,↵). A
cavity with L ⇠ R would largely lift that suppression.
In Fig. 3 we show the expected improved sensitivity that
would result from each of these considerations.

Discussion. We have performed the first direct search
for the CaB with an axion haloscope. While there are
many forms the CaB could take, we focused on the pos-
sibility of a cascade decay of dark matter to axions,
� ! '' ! aaaa, and exploited the resulting daily mod-
ulation in the signal. In particular, we introduced the
PEM analysis to search for a daily variation in the power,
and then applied this method to existing ADMX data.

While our results are specific to the dark matter decay
CaB, the methodology employed here is general and can
be used to search for other possible broadband signals
in axion haloscopes. The present sensitivity we obtained
with the PEM is roughly an order of magnitude weaker
than might have been expected, and this was solely due
to the large variations in the gain. To improve on this, fu-
ture measurements can monitor the relative HFET gain
fluctuation, for instance, by injecting RF tones during
data taking and thereby have an accurate measurement
of the gain at all times rather than every 5 minutes. Also,
data-taking without fine-tunings of the JPA bias current
at the same cavity resonant frequency would realize sta-
bler PEM spectra. Looking even further forward, the
sensitivity will improve significantly once absolute power
measurements in the cavity are possible, an avenue that
will be opened by single photon measurements. Com-
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FIG. S1. The relativistic cavity form factor from Eq. (2), evaluated at the nominal TM010 resonant frequency !0 = j01/R, for
di↵erent values of the ratio L/R. The ADMX geometry, where L = 5R, was shown as representing the CaB in Fig. 1, and
contrasted with the equivalent dark matter value of K(!0,↵) = 1. As can be seen, when L � R (as for ADMX), there is a
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FIG. 3. 90% C.L. on ga�� for a CaB arising from the decay
of dark matter, assuming ⌧ = 3.6 tU. The results do not
yet exceed the CAST bound [33], and are primarily limited
by fluctuations in the JPA gain. These would be removed
if the same analysis were performed using an absolute power
measurement, and with other improvements such as a reduced
system temperature or modified cavity geometry, significantly
enhanced sensitivity can be achieved. See text for details.

the signal as we describe in the supplementary material.
From here we define a signal hypothesis H1 as the alter-
native hypothesis where µ obtains its preferred value in
the data.

From these hypotheses, we define the probability of H0

and H1 as p(H0) and p(H1), respectively. We then set
the following criteria:

• p(H0) > 0.003: no evidence for new physics;

• p(H0) < 0.003 and p(H1) < 0.003: the null hypoth-
esis is disfavored, but there is no evidence for the
CaB; and

• p(H0) < 0.003 and p(H1) > 0.003: there is a pref-
erence for the CaB.

In the above, 0.003 corresponds to the 3� threshold.
In the absence of evidence for the maximal CaB sig-
nal predicted by H1, we can determine a 90% confi-
dence level (C.L.) limit on ga�� by scaling g

CAST
a�� with

p
µ+ 1.281 ⇥ �µ, where�µ is fit uncertainty on the best

fit value of µ. The value of 1.281 arises from 90% of the
one-sided Gaussian probability.

Using the above procedure, we searched for a signal
of the CaB between 800 and 995 MHz, which in total
amounted to 143 days of data. Nevertheless, we found
that the data taken near 850 MHz dominated the sensi-
tivity as it was taken over a period of time where the JPA
was especially stable. We analyzed each day of data sep-
arately and found that all spectra were consistent with
the expected background in the absence of a CaB, i.e.
p(H0) > 0.003. Therefore, we use the combined data

over all days to establish an upper limit on ga�� (with ⌧

fixed as above). The results are shown in Fig. 3.
At present, this first search for the CaB is not able

to reach the allowed parameter space below g
CAST
a�� . The

primary limitation is that existing haloscopes are only
sensitive to the relative power excess, for instance, as
encapsulated in the PEM. However, this is not a funda-
mental limitation. For example, a single photon counter
using a superconducting qubit (see e.g. Ref. [34]) essen-
tially measures the absolute photon occupation number
in the cavity, which would allow for absolute power mea-
surements. Such a measurement would remove the need
to subtract the mean, as we do in the PEM given we are
presently only sensitive to time variations rather than
the absolute scale. As a result, at present we are com-
pletely insensitive to the contribution to the CaB from
extragalactic decays, worsening the sensitivity to ga�� by
⇠2/5. An additional benefit of an absolute power mea-
surement is that as it only measures the number of states
in the cavity it will render the amplifiers gain fluctuations
negligible when at present they are our dominant back-
ground. Removing this background would improve our
sensitivity to roughly g

CAST
a�� . In addition to measuring the

absolute power, single photon counters using a supercon-
ducting qubit can potentially achieve a noise tempera-
ture of around 10 mK by using quantum nondemolution
measurements [35], which would improve the sensitivity
further. Finally, as we describe in the supplementary
material, the ADMX cavity geometry (L ⇠ 5R) signifi-
cantly suppresses the CaB power through K(!0,↵). A
cavity with L ⇠ R would largely lift that suppression.
In Fig. 3 we show the expected improved sensitivity that
would result from each of these considerations.

Discussion. We have performed the first direct search
for the CaB with an axion haloscope. While there are
many forms the CaB could take, we focused on the pos-
sibility of a cascade decay of dark matter to axions,
� ! '' ! aaaa, and exploited the resulting daily mod-
ulation in the signal. In particular, we introduced the
PEM analysis to search for a daily variation in the power,
and then applied this method to existing ADMX data.

While our results are specific to the dark matter decay
CaB, the methodology employed here is general and can
be used to search for other possible broadband signals
in axion haloscopes. The present sensitivity we obtained
with the PEM is roughly an order of magnitude weaker
than might have been expected, and this was solely due
to the large variations in the gain. To improve on this, fu-
ture measurements can monitor the relative HFET gain
fluctuation, for instance, by injecting RF tones during
data taking and thereby have an accurate measurement
of the gain at all times rather than every 5 minutes. Also,
data-taking without fine-tunings of the JPA bias current
at the same cavity resonant frequency would realize sta-
bler PEM spectra. Looking even further forward, the
sensitivity will improve significantly once absolute power
measurements in the cavity are possible, an avenue that
will be opened by single photon measurements. Com-
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Summary
- The first direct CaB search with the ADMX dataset 
- Achieved by the new analysis to search daily modulation signals  
→ Any daily modulation signal can be detected by this analysis 

- No signal found but limit on  in a particular CaB model 

→ Further improvements might open searches for  
    deeper parameter space 
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We report the first result of a direct search for a Cosmic axion Background (CaB) – a relativistic
background of axions that is not dark matter – performed with the axion haloscope, the Axion Dark
Matter eXperiment (ADMX). Conventional haloscope analyses search for a signal with a narrow
bandwidth, as predicted for dark matter, whereas the CaB will be broad. We introduce a novel
analysis strategy, which searches for a CaB induced daily modulation in the power measured by the
haloscope. Using this, we repurpose data collected to search for dark matter to set a limit on the
axion photon coupling of the CaB originating from dark matter decay in the 800–995 MHz frequency
range. We find that the present sensitivity is limited by fluctuations in the cavity readout as the
instrument scans across dark matter masses. Nevertheless, we demonstrate that these challenges
can be surmounted with the use of superconducting qubits as single photon counters, and allow
ADMX to operate as a telescope searching for axions emerging from the decay of dark matter. The
daily modulation analysis technique we introduce can be deployed for various broadband RF signals,
such as other forms of a CaB or even high-frequency gravitational waves.

Axions, originally motivated by their simple solution
to the strong CP problem [1], have since been accepted
more broadly as a compelling extension of the Stan-
dard Model. Most searches for axions that are relics of
the early Universe assume they make up a local non-
relativistic fluid, which is characteristic of dark mat-
ter [2]. However, a local axion energy density could take
on other forms. Axions could be produced in the early
Universe thermally, via parametric resonance, the decay

⇤ Correspondence to: tnitta@icepp.s.u-tokyo.ac.jp

of topological defects, or alternatively could emerge in
the late Universe from the decay of another dark mat-
ter candidate [3]. Collectively, the relativistic abundance
of such axions would form a Cosmic axion Background
(CaB): an axion analog of the photons in the cosmic
microwave background. The CaB, if produced in the
early Universe, would constitute a form of dark radia-
tion and therefore a contribution to �Ne↵ , for which the
Hubble tension provides a mild hint [4, 5]. In the late
Universe, the CaB will constitute a local axion energy
density, analogous to axion dark matter, and therefore
can be searched for with axion haloscopes [6–19]. The
principal di↵erence, however, is that whereas dark mat-
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 makes Daily modulation∇a
∇ ⋅ E = ρ − gaγγB ⋅ ∇a

The effective charge density will be changed by axion spatial gradients 
~ inner product of magnetic field and momentum changed effective charge

 B ⋅ ∇a ∼ B ⋅ k

20

which is parametrically identical to (58), and demon-
strates that the appearance of the width of p(!) is a con-
sequence of measuring the CaB over times longer than
the field is coherent.

The alternative qualitatively di↵erent readout strategy
proposed in this frequency range is resonant detection.
For the toroidal geometry described above, this can be
achieved by reading out the pickup loop through a reso-
nant circuit, which for our purposes can be characterized
by four parameters: the quality factor Q, resonant fre-
quency !0, total circuit inductance LT , and thermal noise
temperature T0. As in the broadband case, we can gen-
eralize the known dark-matter result (see e.g. Ref. [102])
to the CaB as follows,

⇢a

⇢�
=

1

g2a��⇢�

2LTT0

Q!0B
2

0
V

2

B

r
2TS

T⇡

⇥

"Z
d!

✓
!p(!)

!̄

◆2
#�1/2

,

(61)

which, up to experimental factors, is identical to (57).
This expression determines the expected CaB energy

density sensitivity for a given set of experimental pa-
rameters. Yet we can recast this result in the spirit of
Sec. III B, and forecast CaB sensitivity in terms of the
expected dark-matter reach. Indeed (57) holds equally
well for dark matter, taking ⇢a = ⇢DM, and evaluating
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, (62)

where in the final step we assumed f(v) follows the
canonical standard halo model. For a resonant instru-
ment, the frequency range is commonly restricted to a
single bandwidth of size �! = !0/Q around !0. For
Q < Q

DM
a this detail is irrelevant in the dark-matter com-

putation, as for ma = !0, then the dark-matter distribu-
tion is contained entirely within the bandwidth. For the
CaB however, we will generically have Q

CaB
a ⌧ Q, and

therefore expect p(!) to be constant over the range of
integration, leading to

Z
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. (63)

Having computed the result for both dark matter and
relativistic axions, we can take the ratio to determine
the CaB sensitivity as a function of the experimentally
achieved dark-matter coupling, glima�� , to be

⇢a
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r
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⇢�

 
g
lim

a��

gSEa��
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a Q

map(ma)

!
. (64)

If we approximate the energy distribution as log flat, so
p(ma) = Qa/ma, take !̄ = ma, and recall that the CaB
sensitivity can in principle be enhanced across at most
N ⇠ Q/Q

CaB
a bandwidths, then this result reproduces

the parametric scaling given in (44).

E. Resonant Cavity Detection (�a ⇠ L)

We next consider detection with a physical resonator,
as pursued by both ADMX and HAYSTAC, where a mi-
crowave cavity is constructed in order to resonantly en-
hance power produced at a frequency tuned to the cavity
dimension, !0 ⇠ 1/L. The design principle for these in-
struments is to optimize the search for the narrow spec-
tral feature dark matter predicts when its mass is such
that 1/ma ⇠ L ⇠ m. In particular, in the presence of a
large static magnetic field B0, an axion background will
source oscillating electromagnetic fields, thereby gener-
ating potentially detectable power in the cavity. As we
will show in this section, this statement is true for both
dark matter and the CaB. Importantly, the existing reach
of ADMX is already su�cient to probe open parameter
space, although a reanalysis of the data would be re-
quired, and the same will soon be true of HAYSTAC.
Parametrically our final sensitivity will be identical to

the resonant circuit expression (64). There will, however,
be important di↵erences. According to the expressions in
(52), the CaB will source AC electric and magnetic fields
in the presence of a large B0, and if we work in a regime
where the DC field is spatially uniform, we have

(r2
� @

2

t )Ea = ga��B0@
2

t a � ga��(B0 · r)ra , (65)

whilst Ba can be determined from Faraday’s law. The
presence of the ra contribution, which is subdominant
for a non-relativistic axion, will induce a new e↵ect
which can be qualitatively understood as follows. Taking
B0 = B0ẑ, then a simplified picture of the CaB where
a(t,x) / cos(!t�k ·x) will generate an electric field pro-
portional to ẑ � (n̂ · ẑ)n̂, where we took k = !n̂. The ẑ
component of this field – relevant to the transverse mag-
netic (TM) modes that will source power in the cavity –
is then proportional to sin2 ↵, where ↵ = arccos(n̂ · ẑ) is
the incident angle of the CaB with respect to the cavity
magnetic field. For a cosmic relic, the CaB will be in-
cident approximately isotropically on the detector, and
sin2 ↵ will take on a sky-averaged, and e↵ectively time-
independent, value.21 However, for local sources of rela-
tivistic axions, the distribution can be anisotropic. This
will certainly be the case for dark-matter decays in the
Milky Way, where the flux predominantly originates from
the Galactic Center. In the rest frame of the Earth, where
the direction of B0 is time invariant, the direction of the
Galactic Center will vary throughout the day, leading to
a daily variation in ↵. Accordingly, in general the CaB
power, which is proportional to sin4 ↵, will undergo O(1)
variations throughout the day. These daily modulations
provide a novel handle that can be used to distinguish
a CaB with a local origin from potential backgrounds,

21 If a detection is made, future experiments could further look for
axion spatial correlations analogous to those present in the CMB.
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which is parametrically identical to (58), and demon-
strates that the appearance of the width of p(!) is a con-
sequence of measuring the CaB over times longer than
the field is coherent.

The alternative qualitatively di↵erent readout strategy
proposed in this frequency range is resonant detection.
For the toroidal geometry described above, this can be
achieved by reading out the pickup loop through a reso-
nant circuit, which for our purposes can be characterized
by four parameters: the quality factor Q, resonant fre-
quency !0, total circuit inductance LT , and thermal noise
temperature T0. As in the broadband case, we can gen-
eralize the known dark-matter result (see e.g. Ref. [102])
to the CaB as follows,
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which, up to experimental factors, is identical to (57).
This expression determines the expected CaB energy

density sensitivity for a given set of experimental pa-
rameters. Yet we can recast this result in the spirit of
Sec. III B, and forecast CaB sensitivity in terms of the
expected dark-matter reach. Indeed (57) holds equally
well for dark matter, taking ⇢a = ⇢DM, and evaluating
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where in the final step we assumed f(v) follows the
canonical standard halo model. For a resonant instru-
ment, the frequency range is commonly restricted to a
single bandwidth of size �! = !0/Q around !0. For
Q < Q

DM
a this detail is irrelevant in the dark-matter com-

putation, as for ma = !0, then the dark-matter distribu-
tion is contained entirely within the bandwidth. For the
CaB however, we will generically have Q

CaB
a ⌧ Q, and

therefore expect p(!) to be constant over the range of
integration, leading to
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Having computed the result for both dark matter and
relativistic axions, we can take the ratio to determine
the CaB sensitivity as a function of the experimentally
achieved dark-matter coupling, glima�� , to be
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If we approximate the energy distribution as log flat, so
p(ma) = Qa/ma, take !̄ = ma, and recall that the CaB
sensitivity can in principle be enhanced across at most
N ⇠ Q/Q

CaB
a bandwidths, then this result reproduces

the parametric scaling given in (44).

E. Resonant Cavity Detection (�a ⇠ L)

We next consider detection with a physical resonator,
as pursued by both ADMX and HAYSTAC, where a mi-
crowave cavity is constructed in order to resonantly en-
hance power produced at a frequency tuned to the cavity
dimension, !0 ⇠ 1/L. The design principle for these in-
struments is to optimize the search for the narrow spec-
tral feature dark matter predicts when its mass is such
that 1/ma ⇠ L ⇠ m. In particular, in the presence of a
large static magnetic field B0, an axion background will
source oscillating electromagnetic fields, thereby gener-
ating potentially detectable power in the cavity. As we
will show in this section, this statement is true for both
dark matter and the CaB. Importantly, the existing reach
of ADMX is already su�cient to probe open parameter
space, although a reanalysis of the data would be re-
quired, and the same will soon be true of HAYSTAC.
Parametrically our final sensitivity will be identical to

the resonant circuit expression (64). There will, however,
be important di↵erences. According to the expressions in
(52), the CaB will source AC electric and magnetic fields
in the presence of a large B0, and if we work in a regime
where the DC field is spatially uniform, we have
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whilst Ba can be determined from Faraday’s law. The
presence of the ra contribution, which is subdominant
for a non-relativistic axion, will induce a new e↵ect
which can be qualitatively understood as follows. Taking
B0 = B0ẑ, then a simplified picture of the CaB where
a(t,x) / cos(!t�k ·x) will generate an electric field pro-
portional to ẑ � (n̂ · ẑ)n̂, where we took k = !n̂. The ẑ
component of this field – relevant to the transverse mag-
netic (TM) modes that will source power in the cavity –
is then proportional to sin2 ↵, where ↵ = arccos(n̂ · ẑ) is
the incident angle of the CaB with respect to the cavity
magnetic field. For a cosmic relic, the CaB will be in-
cident approximately isotropically on the detector, and
sin2 ↵ will take on a sky-averaged, and e↵ectively time-
independent, value.21 However, for local sources of rela-
tivistic axions, the distribution can be anisotropic. This
will certainly be the case for dark-matter decays in the
Milky Way, where the flux predominantly originates from
the Galactic Center. In the rest frame of the Earth, where
the direction of B0 is time invariant, the direction of the
Galactic Center will vary throughout the day, leading to
a daily variation in ↵. Accordingly, in general the CaB
power, which is proportional to sin4 ↵, will undergo O(1)
variations throughout the day. These daily modulations
provide a novel handle that can be used to distinguish
a CaB with a local origin from potential backgrounds,

21 If a detection is made, future experiments could further look for
axion spatial correlations analogous to those present in the CMB.

axion induced electric field becomes like this
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which is parametrically identical to (58), and demon-
strates that the appearance of the width of p(!) is a con-
sequence of measuring the CaB over times longer than
the field is coherent.

The alternative qualitatively di↵erent readout strategy
proposed in this frequency range is resonant detection.
For the toroidal geometry described above, this can be
achieved by reading out the pickup loop through a reso-
nant circuit, which for our purposes can be characterized
by four parameters: the quality factor Q, resonant fre-
quency !0, total circuit inductance LT , and thermal noise
temperature T0. As in the broadband case, we can gen-
eralize the known dark-matter result (see e.g. Ref. [102])
to the CaB as follows,
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which, up to experimental factors, is identical to (57).
This expression determines the expected CaB energy

density sensitivity for a given set of experimental pa-
rameters. Yet we can recast this result in the spirit of
Sec. III B, and forecast CaB sensitivity in terms of the
expected dark-matter reach. Indeed (57) holds equally
well for dark matter, taking ⇢a = ⇢DM, and evaluating
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where in the final step we assumed f(v) follows the
canonical standard halo model. For a resonant instru-
ment, the frequency range is commonly restricted to a
single bandwidth of size �! = !0/Q around !0. For
Q < Q

DM
a this detail is irrelevant in the dark-matter com-

putation, as for ma = !0, then the dark-matter distribu-
tion is contained entirely within the bandwidth. For the
CaB however, we will generically have Q
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a ⌧ Q, and

therefore expect p(!) to be constant over the range of
integration, leading to
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Having computed the result for both dark matter and
relativistic axions, we can take the ratio to determine
the CaB sensitivity as a function of the experimentally
achieved dark-matter coupling, glima�� , to be

⇢a

⇢�
=

r
2

3

⇢DM

⇢�

 
g
lim

a��

gSEa��

!2✓
!̄

ma

◆ p
QDM

a Q

map(ma)

!
. (64)

If we approximate the energy distribution as log flat, so
p(ma) = Qa/ma, take !̄ = ma, and recall that the CaB
sensitivity can in principle be enhanced across at most
N ⇠ Q/Q

CaB
a bandwidths, then this result reproduces

the parametric scaling given in (44).

E. Resonant Cavity Detection (�a ⇠ L)

We next consider detection with a physical resonator,
as pursued by both ADMX and HAYSTAC, where a mi-
crowave cavity is constructed in order to resonantly en-
hance power produced at a frequency tuned to the cavity
dimension, !0 ⇠ 1/L. The design principle for these in-
struments is to optimize the search for the narrow spec-
tral feature dark matter predicts when its mass is such
that 1/ma ⇠ L ⇠ m. In particular, in the presence of a
large static magnetic field B0, an axion background will
source oscillating electromagnetic fields, thereby gener-
ating potentially detectable power in the cavity. As we
will show in this section, this statement is true for both
dark matter and the CaB. Importantly, the existing reach
of ADMX is already su�cient to probe open parameter
space, although a reanalysis of the data would be re-
quired, and the same will soon be true of HAYSTAC.
Parametrically our final sensitivity will be identical to

the resonant circuit expression (64). There will, however,
be important di↵erences. According to the expressions in
(52), the CaB will source AC electric and magnetic fields
in the presence of a large B0, and if we work in a regime
where the DC field is spatially uniform, we have
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whilst Ba can be determined from Faraday’s law. The
presence of the ra contribution, which is subdominant
for a non-relativistic axion, will induce a new e↵ect
which can be qualitatively understood as follows. Taking
B0 = B0ẑ, then a simplified picture of the CaB where
a(t,x) / cos(!t�k ·x) will generate an electric field pro-
portional to ẑ � (n̂ · ẑ)n̂, where we took k = !n̂. The ẑ
component of this field – relevant to the transverse mag-
netic (TM) modes that will source power in the cavity –
is then proportional to sin2 ↵, where ↵ = arccos(n̂ · ẑ) is
the incident angle of the CaB with respect to the cavity
magnetic field. For a cosmic relic, the CaB will be in-
cident approximately isotropically on the detector, and
sin2 ↵ will take on a sky-averaged, and e↵ectively time-
independent, value.21 However, for local sources of rela-
tivistic axions, the distribution can be anisotropic. This
will certainly be the case for dark-matter decays in the
Milky Way, where the flux predominantly originates from
the Galactic Center. In the rest frame of the Earth, where
the direction of B0 is time invariant, the direction of the
Galactic Center will vary throughout the day, leading to
a daily variation in ↵. Accordingly, in general the CaB
power, which is proportional to sin4 ↵, will undergo O(1)
variations throughout the day. These daily modulations
provide a novel handle that can be used to distinguish
a CaB with a local origin from potential backgrounds,

21 If a detection is made, future experiments could further look for
axion spatial correlations analogous to those present in the CMB.
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which is parametrically identical to (58), and demon-
strates that the appearance of the width of p(!) is a con-
sequence of measuring the CaB over times longer than
the field is coherent.

The alternative qualitatively di↵erent readout strategy
proposed in this frequency range is resonant detection.
For the toroidal geometry described above, this can be
achieved by reading out the pickup loop through a reso-
nant circuit, which for our purposes can be characterized
by four parameters: the quality factor Q, resonant fre-
quency !0, total circuit inductance LT , and thermal noise
temperature T0. As in the broadband case, we can gen-
eralize the known dark-matter result (see e.g. Ref. [102])
to the CaB as follows,
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which, up to experimental factors, is identical to (57).
This expression determines the expected CaB energy

density sensitivity for a given set of experimental pa-
rameters. Yet we can recast this result in the spirit of
Sec. III B, and forecast CaB sensitivity in terms of the
expected dark-matter reach. Indeed (57) holds equally
well for dark matter, taking ⇢a = ⇢DM, and evaluating
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where in the final step we assumed f(v) follows the
canonical standard halo model. For a resonant instru-
ment, the frequency range is commonly restricted to a
single bandwidth of size �! = !0/Q around !0. For
Q < Q

DM
a this detail is irrelevant in the dark-matter com-

putation, as for ma = !0, then the dark-matter distribu-
tion is contained entirely within the bandwidth. For the
CaB however, we will generically have Q

CaB
a ⌧ Q, and

therefore expect p(!) to be constant over the range of
integration, leading to
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Having computed the result for both dark matter and
relativistic axions, we can take the ratio to determine
the CaB sensitivity as a function of the experimentally
achieved dark-matter coupling, glima�� , to be
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If we approximate the energy distribution as log flat, so
p(ma) = Qa/ma, take !̄ = ma, and recall that the CaB
sensitivity can in principle be enhanced across at most
N ⇠ Q/Q

CaB
a bandwidths, then this result reproduces

the parametric scaling given in (44).

E. Resonant Cavity Detection (�a ⇠ L)

We next consider detection with a physical resonator,
as pursued by both ADMX and HAYSTAC, where a mi-
crowave cavity is constructed in order to resonantly en-
hance power produced at a frequency tuned to the cavity
dimension, !0 ⇠ 1/L. The design principle for these in-
struments is to optimize the search for the narrow spec-
tral feature dark matter predicts when its mass is such
that 1/ma ⇠ L ⇠ m. In particular, in the presence of a
large static magnetic field B0, an axion background will
source oscillating electromagnetic fields, thereby gener-
ating potentially detectable power in the cavity. As we
will show in this section, this statement is true for both
dark matter and the CaB. Importantly, the existing reach
of ADMX is already su�cient to probe open parameter
space, although a reanalysis of the data would be re-
quired, and the same will soon be true of HAYSTAC.
Parametrically our final sensitivity will be identical to

the resonant circuit expression (64). There will, however,
be important di↵erences. According to the expressions in
(52), the CaB will source AC electric and magnetic fields
in the presence of a large B0, and if we work in a regime
where the DC field is spatially uniform, we have
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whilst Ba can be determined from Faraday’s law. The
presence of the ra contribution, which is subdominant
for a non-relativistic axion, will induce a new e↵ect
which can be qualitatively understood as follows. Taking
B0 = B0ẑ, then a simplified picture of the CaB where
a(t,x) / cos(!t�k ·x) will generate an electric field pro-
portional to ẑ � (n̂ · ẑ)n̂, where we took k = !n̂. The ẑ
component of this field – relevant to the transverse mag-
netic (TM) modes that will source power in the cavity –
is then proportional to sin2 ↵, where ↵ = arccos(n̂ · ẑ) is
the incident angle of the CaB with respect to the cavity
magnetic field. For a cosmic relic, the CaB will be in-
cident approximately isotropically on the detector, and
sin2 ↵ will take on a sky-averaged, and e↵ectively time-
independent, value.21 However, for local sources of rela-
tivistic axions, the distribution can be anisotropic. This
will certainly be the case for dark-matter decays in the
Milky Way, where the flux predominantly originates from
the Galactic Center. In the rest frame of the Earth, where
the direction of B0 is time invariant, the direction of the
Galactic Center will vary throughout the day, leading to
a daily variation in ↵. Accordingly, in general the CaB
power, which is proportional to sin4 ↵, will undergo O(1)
variations throughout the day. These daily modulations
provide a novel handle that can be used to distinguish
a CaB with a local origin from potential backgrounds,

21 If a detection is made, future experiments could further look for
axion spatial correlations analogous to those present in the CMB.
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which, up to experimental factors, is identical to (57).
This expression determines the expected CaB energy
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where in the final step we assumed f(v) follows the
canonical standard halo model. For a resonant instru-
ment, the frequency range is commonly restricted to a
single bandwidth of size �! = !0/Q around !0. For
Q < Q

DM
a this detail is irrelevant in the dark-matter com-

putation, as for ma = !0, then the dark-matter distribu-
tion is contained entirely within the bandwidth. For the
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Having computed the result for both dark matter and
relativistic axions, we can take the ratio to determine
the CaB sensitivity as a function of the experimentally
achieved dark-matter coupling, glima�� , to be
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If we approximate the energy distribution as log flat, so
p(ma) = Qa/ma, take !̄ = ma, and recall that the CaB
sensitivity can in principle be enhanced across at most
N ⇠ Q/Q

CaB
a bandwidths, then this result reproduces

the parametric scaling given in (44).

E. Resonant Cavity Detection (�a ⇠ L)

We next consider detection with a physical resonator,
as pursued by both ADMX and HAYSTAC, where a mi-
crowave cavity is constructed in order to resonantly en-
hance power produced at a frequency tuned to the cavity
dimension, !0 ⇠ 1/L. The design principle for these in-
struments is to optimize the search for the narrow spec-
tral feature dark matter predicts when its mass is such
that 1/ma ⇠ L ⇠ m. In particular, in the presence of a
large static magnetic field B0, an axion background will
source oscillating electromagnetic fields, thereby gener-
ating potentially detectable power in the cavity. As we
will show in this section, this statement is true for both
dark matter and the CaB. Importantly, the existing reach
of ADMX is already su�cient to probe open parameter
space, although a reanalysis of the data would be re-
quired, and the same will soon be true of HAYSTAC.
Parametrically our final sensitivity will be identical to

the resonant circuit expression (64). There will, however,
be important di↵erences. According to the expressions in
(52), the CaB will source AC electric and magnetic fields
in the presence of a large B0, and if we work in a regime
where the DC field is spatially uniform, we have
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whilst Ba can be determined from Faraday’s law. The
presence of the ra contribution, which is subdominant
for a non-relativistic axion, will induce a new e↵ect
which can be qualitatively understood as follows. Taking
B0 = B0ẑ, then a simplified picture of the CaB where
a(t,x) / cos(!t�k ·x) will generate an electric field pro-
portional to ẑ � (n̂ · ẑ)n̂, where we took k = !n̂. The ẑ
component of this field – relevant to the transverse mag-
netic (TM) modes that will source power in the cavity –
is then proportional to sin2 ↵, where ↵ = arccos(n̂ · ẑ) is
the incident angle of the CaB with respect to the cavity
magnetic field. For a cosmic relic, the CaB will be in-
cident approximately isotropically on the detector, and
sin2 ↵ will take on a sky-averaged, and e↵ectively time-
independent, value.21 However, for local sources of rela-
tivistic axions, the distribution can be anisotropic. This
will certainly be the case for dark-matter decays in the
Milky Way, where the flux predominantly originates from
the Galactic Center. In the rest frame of the Earth, where
the direction of B0 is time invariant, the direction of the
Galactic Center will vary throughout the day, leading to
a daily variation in ↵. Accordingly, in general the CaB
power, which is proportional to sin4 ↵, will undergo O(1)
variations throughout the day. These daily modulations
provide a novel handle that can be used to distinguish
a CaB with a local origin from potential backgrounds,

21 If a detection is made, future experiments could further look for
axion spatial correlations analogous to those present in the CMB.
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