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We present new results of a room temperature resonant AC haloscope, which searches for axions via

photon upconversion. Traditional haloscopes require a strong applied DC magnetic background field
surrounding the haloscope cavity resonator, the resonant frequency of which is limited by available bore
dimensions. UPLOAD, the upconversion low-noise oscillator axion detection experiment, replaces this DC

magnet with a second microwave background resonance within the detector cavity, which up-converts
energy from the axion field into the readout mode, accessing axions around the beat frequency of the
modes. Furthermore, unlike the DC case, the experiment is sensitive to a newly proposed quantum
electromagnetodynamical axion coupling term g,zg. Two experimental approaches are outlined—one
using frequency metrology and the other using power detection of a thermal readout mode. The results of
the power detection experiment are presented, which allows exclusion of axions of masses between 1.12 —

1.20 peV above a coupling strength of both g,,, and g,zp at 3 x 107% 1/GeV, after a measurement period

of 30 days, which is an improvement of 3 orders of magnitude over our previous result.

DOI: 10.1103/PhysRevD.107.112003

I. INTRODUCTION

The axion is a putative neutral spin-zero boson necessary
to solve the strong charge-parity problem in quantum
chromodynamics (QCD), which inherently couples weakly
to known particles and is predicted to be produced
abundantly in the early universe, and is thus a popular
candidate for cold dark matter [1-7]. Axions are commonly
searched for via the two-photon electromagnetic anomaly
(see Fig. 1 for Feynman diagram) determined in QCD via the
axion mixing with the neutral pion. Historically, searches
have targeted two well-known models for axion coupling
strength, the Kim—Shifman—Vainshtein—Zakharov (KSVZ)
[8-10] and Dine-Fischler—Srednicki—Zhitnitsky (DFSZ)
[11-13] predictions. However, more recently, the axion
search space has been expanded to include the possibility
of axionlike particles being produced in the early universe
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and the possibility of so-called “photophilic” and “photo-
phobic” axions [14-25]. This means the axion mass, m,,
could be extremely light or extremely heavy, which motivates
searching a wide span of axion parameter space.

In this work, we study the case where an ensemble of
axions interacts with an ensemble of photons (the input,
pump or background photons at frequency @) to perturb or
produce a very weak readout photon signal of frequency
w; ~ wy + w,, via the two-photon axion anomaly, where
w, = m,. Here, we consider only low-mass axions in the
quasi-static limit so that ®, < @, @1, where the interacting
fields are essentially classical. Such interactions up-convert
the low mass axion signal at @, to near the photonic
frequencies of w, and w;. The upconversion low-noise
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FIG. 1. Feynman diagram of the axion, a, interacting with two
photons (yq, 7;), via the electromagnetic anomaly of coupling
strength g, .
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oscillator axion detection (UPLOAD) experiment operates
on this principle. Furthermore, it has been recently pro-
posed that the upconversion technique is additionally
sensitive to a newly theorized axion coupling to photons
in quantum electromagnetodynamics (QEMD), g¢.zp.
which is predicted to exist if high energy magnetic charge
exists [26,27]. A direct current (DC) magnetic field halo-
scope is not sensitive to this coupling (as derived in [27]).

This type of low-mass upconversion experiment was first
proposed in [28] and experimentally realized in [29] and
showed that two modes excited in the same resonant cavity,
with nonzero overlap of the electric field of one with the
magnetic field of the other, would cause a putative axion
background of dark matter to perturb the frequency (or
phase) and amplitude (or power) of the readout mode. The
former effect is probed in what we call the “frequency
technique” and the latter using the “power technique.” The
first prototype experiment of the “frequency technique”
was performed in [29], which looked for phase or fre-
quency variations imprinted on the readout oscillator. In
2010, Sikivie put forward the concept of the ‘“power
technique” [30], which focused on the search for larger
mass axions using down-conversion; i.e., configurations
where axion signals at higher frequencies were down-
converted to lower frequencies. More recently, variations of
the “power technique” have been proposed, which excite
only the background mode, then look for power generated
at the readout mode frequency via upconversion [31-34],
as is our aim in the reported experiment.

The DC haloscope remains the most common way to
search for axions via power conversion where the back-
ground field is a DC magnetic field (w, = 0). Historically,
the reason for pursuing power detection over frequency
detection is because the DC Sikivie halocope [35,36] is
only second order sensitive to frequency shifts [37].
However, when two AC (alternating current) modes are
excited, the situation is different, and the DC and AC
haloscopes belong to different classes of detectors. Since
virtual photons or static fields carry no phase, the DC
haloscope belongs to the class of phase-insensitive systems.
In contrast, the AC scheme relies on a pump signal carrying
relative phases to the readout signal and axion field. This is
analogous to existing amplifiers that can be grouped into
DC (phase insensitive) amplifiers, where energy is drawn
from a static power supply, and parametric (phase sensitive)
amplifiers, where energy comes from oscillating fields [38].

In this work, we consider the AC haloscope technique to
search for low-mass axions to avoid the large volume DC
magnets needed for experiments like SHAFT [39], dark
matter radio [40,41], and ABRACADABRA [42-45].
Without the use of such large magnetic fields, one might
think that the technique is not worth pursuing. However, the
technique is compensated by a few factors: First, the
effective Q (quality factor) of the virialized axion is
enhanced through the upconversion process, and also,

due to the absence of a large magnetic field, high-Q
superconducting cavities may be used along with super-
conducting readout electronics without the problem of
magnetic shielding. In the following, we compare the
frequency and power techniques both theoretically and
experimentally, with the goal of optimizing our experiment
over the chosen mass range to below the mass range of the
axion dark matter experiment (ADMX) [46—48] and above
the domain of so-called ultralight axions. We also present
the first limits using the upconversion power technique in a
prototype room temperature experiment.

II. RESONANT AXION UPCONVERSION

Axion-photon upconversion experiments require the
configuration of two microwave modes in a cavity reso-
nator with a nonzero overlap of respective E (electric) and
B (magnetic) fields, where one mode is excited with high
power (the pump mode), while the other is used to read out
a signal from the axion mixing with the pump mode. There
are two types of axion-photon upconversion experiments:
(1) the case where both the pump and readout modes are
actively excited in the cavity, where the frequency of the
readout mode is the physical observable of the measure-
ment (we call this the frequency technique) [28,29,49];
(2) the case where only the pump mode is excited in the
cavity, and the thermal or axion-induced amplitude of the
quiet readout mode is the physical observable (the power
technique) [31-34].

In other work, we have implemented perturbation theory
to calculate the expected frequency shift [27] and show it
produces a result consistent with our previous derivations
for the frequency technique [28,29,49], while to derive the
sensitivity for the power technique, complex Poynting
theorem has been implemented [27]. For low-mass axion
searches, this technique is limited by how close two modes
can be tuned to each other. In particular, one could imagine
problems if the modes exist within one another’s band-
width. To access ultralight axions, this challenge may be
overcome by probing just a single mode with nonzero
helicity, where the mode acts as its own background field,
an idea which is explored in Ref. [50]. Furthermore, we
have generalized these calculations to include the monop-
ole coupling terms [26,27], whereby we find upconversion
experiments to be additionally sensitive to the axion-photon
coupling term, g,zp, defined in [26], so in our case, limits
set on g,,, the standard axion-photon coupling parameter,
are equivalent to limits on g,pp. Finally, it is worth
mentioning that this type of axion haloscope may also
be sensitive to high frequency gravitational waves [51,52].

Axion to photon conversion in the cavity occurs through
the dissipative channel associated with the electrical cur-
rents in the cavity walls as explained by Poynting theorem
[27,37]. Similar to an antenna, the oscillating currents will
radiate electromagnetic fields, in this case into the cavity
volume. The loss takes place at the cavity walls where the
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magnetic and electric fields are in phase (or current and
voltage), while the radiated photons oscillate over the
cavity volume out of phase. On resonance, the reactance
of the electric and magnetic fields cancels, but a high Q
factor allows power to build up, making the experiment’s
sensitivity proportional to the cavity Q factor.

A. Sensitivity of axion upconversion experiments

Here, we derive the sensitivity of the power technique,
where the background field will mix with the axion to
generate power at the readout mode frequency. From
Poynting theorem [27,37] for a resonant system, one can
show that on resonance, the imaginary term of Poynting
theorem goes to zero (no reactance on resonance), and the
power flow is real, which flows into the cavity through the
dissipative channel given by

1
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Since the phase of the photon leaving the cavity is not our
observable, we may arbitrarily set the axion phase. Setting

ay=a=a" = \@(ao), Eq. (1) becomes
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Noting that the power generated by the axion is the last
term in Eq. (2), and ignoring losses in the background field,
so B is real, we find the signal power is given by

wa€0¢{ap)
Poy = 9 "0 [ Re(B) - Re(Bo)av. (3
" 20,
In the steady state, we equate P, in (3) to the dissipated
power, P, = “"Q—llj‘, and then the stored energy is

U, = gaﬂ,%i? / Re(E,) - Re(cBy)dV. (4)

This is essentially the same process as undertaken by
Lasenby and Berlin et al. [31-34], which matches the
signal power to the dissipated power, so all three indepen-
dent calculations give essentially the same sensitivity.

We take it a step further here by calculating the sensitivity
including cavity parameters.
Since Uy, =% [E; - E{dV, we obtain

VU, =

wq€0{ap) [Re(E;) -Re(cBy)dV

" V2o, | folE, Ejdv

Then, defining the unit vectors so cBy = Eypb, and
E, = Ey e, Eq. (5) becomes

(5)
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where the overlap functions are defined by

1 1
<10 :V/el ~bodV and ¢, :V/e0~b,dV, (7)

where (ey, by) and (e;, b;) are the mode electric and
magnetic field real unit vectors [27,53], and the overlap
functions are analogous to /Cy;, the square root of the
form factor of a regular haloscope experiment, which is
maximized when the cavity mode’s electric field is parallel
to the applied static magnetic field [48,54].

Here, Ey = wzi s
of the background mode over the cavity volume V, which is
related to the incident power, P, by

460 Q1o
(ﬁ + )2 Oinc»

where P, is the circulating power

PcO

(8)

where fj is the coupling to the background mode and Q;
is the mode’s loaded quality factor. Now, we can determine
the square root of power in the coupling circuit of the
readout mode to be

\/I?: \/a)lQLlUl\/ﬂ_l

2 9
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where we define sw, = @, — |0y — w|, so when w, = 0,
then w, = wy — w, and the axion induced power is up-
converted to the frequency, ;. Thus, dw, defines the
detuning of the induced power with respect to the readout
mode frequency. Combining (6)—(9), we obtain

V Plout

where the transduction coefficient in units of square root
power is defined by

Kpayyga;/y (10> (10)
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Applying Poynting vector analysis in a similar way to

QEMD (quantum electromagnetodynamics) [27], it has
been shown that the transduction coefficient to g,pp is

Kpay, =

£012V20,7/BoQ10P1 QL1 Poine ‘
Vaa/ T BBy + 1)y /1 + 403, (2)?
(12)

Thus, the power technique is sensitive to the effective
monopole coupling term g¢,pp unlike the Sikivie-type
detectors that utilizes a DC B field.

To calculate the signal to noise ratio (SNR) for virialized
axion dark matter from the galactic halo, we take into
account that it presents as a narrow band noise source with a
linewidth of one part in 10°. In SI units, we may relate the
axion amplitude to the background dark matter density in

V L1m1ts on the axion
couplings (g;, i = ayy, aBB) can be found by calculating

_IKpi] EYEAY
la)a\/PN ¢ Afa '

where Py (W/Hz) is the noise power competing with the

axion signal, and Af,, is the axion bandwidth in Hz, where
Af, = % for virialized dark matter. This assumes the
measurement time, ¢, is greater than the axion coherence

time so that ¢ > Af;!.

Kpups = —

the galactic halo, p,, by (ay) =

SNRp; =g

(13)

. 6
For measurement times of ¢ < lfL

10° t)“ — 1. The noise power in such experi-

we substitute ( T

ments is dominated by thermal noise in the readout mode of
effective temperature 7'y and the noise temperature of the
first amplifier after the readout mode, T',,,, and is given by
[55,56]

4ﬂ1 kBTl_I_kBTamp
(br+ 12 (1+403 (%)) 2 2

In the case f; ~ 1 and dw, ~ 0 then Py ~ M, and

assuming f, ~ 1, the signal to noise ratios become

Py~ (14)
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B. Sensitive mode pairs for axion upconversion
experiments in a cylindrical cavity

In general, modes that resonate in a cylindrical cavity
may be classified as transverse magnetic (TM) or transverse
electric (TE) with respect to cylindrical coordinates
(r,¢,z). TM modes have no magnetic field in the z
direction (B, = 0), and TE modes have no electric field
in the z-direction (£, = 0). A mode can be further defined
by its standing wave field pattern in the cylindrical cavity,
characterized by three numbers: m, the number of azimu-
thal variations, which must be greater than or equal to 0; n,
the number of radial half-variations across the diameter,
which must be greater than or equal to 1; and p, the number
of axial half-variations, which must be greater than or equal
to 0 for TM modes or greater than or equal to 1 for TE
modes. The resultant mode is labeled either TM
TE,,,.,-

The choice of the two cavity modes for the experiment is
dictated by their favorable electromagnetic overlap function
in (7) where a larger overlap function increases the sensitivity
of the experiment to axion-photon couplings, g,,, and g,5-
&0 and &;; may take a maximum value of 1, and Fig. 2
illustrates the nonzero overlap of certain pairs of TE and TM
modes in an arbitrary right cylindrical cavity. For a high
overlap coefficient, it appears that the first condition is that
both modes should share the same azimuthal mode number
m. On inspection, mode pairs with good overlap include
TEO]] _TM020 with 501 = 0437, TEOI] - TM012 with
501 = 0366, TE012 - TM013 with 501 =0.439, TE112 -
TM] 11 with 50] = 0330, and TEZH - TM2]0 with
Eo1 = 0.427. These modes are plotted together in Fig. 3,
and we notice the best mode pairs differ in value of axial
mode number p by 1. A further complication occurs if the
azimuthal mode number, m, is nonzero. In this case, there
may be a phase shift between the azimuthal nodes of the two
modes, and thus, the sensitivity could be severely reduced.
So, for practical reasons, it is best to consider mode pairs with
m = 0, eliminating the need to confirm the spatial depend-
ence of the degenerate modes. In the end, we chose to use the
TEy;; — TMq,, mode pair for our experiment.

Unit vectors for the electric and magnetic field compo-
nents of TE and TM modes have analytical solutions for the
cylindrical cavity. As such, ¢ can be found analytically via
Eq. (7). Appendix B derives the following result for
arbitrary TM, ,, o and TE, , , modes:

1 V2,
501 = V/ enopo : bnldv 0

poﬂ-()(()no _)(On])
1
510 = V €y - bnopodv

42y ®
Ono _1 , (16)
where y, ;, represents the b root of the a' Bessel function,
2., represents the b root of the derivative of the a™ Bessel

mnp

pOﬂ:(){Ono )(%nl) ®o
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FIG.2. Frequency mode chart for the TM,,,,, and TE,,,,,, modes
(normalized with respect to the TM,; mode) versus aspect ratio,
AR:%. Top: m =0and p =0to4. Center: m =1and p = 1
to 4. Bottom: m =2 and p =1 to 4. Here, r. and L, are the
radius and length of the cavity, respectively. Axion upconversion
occurs when the two modes are close in frequency. The mode
pairs with favorable overlap are highlighted with an asterisk,
showing &y, calculated when the mode frequencies coincide.

function, @, is the pump mode frequency, and w, is the
readout mode frequency.

1. Sensitivity of the TEy;; — TMyyy mode pair

In this work, we implement the TEqy;; — TM,, mode
pair where the frequency of the TM,, pump mode is first
order insensitive to the tuning mechanism and is stationary
at 8.99 GHz, while the readout mode is tuned between 8.70
to 8.72 GHz to search for axions from 270 MHz to

N = 25T 7

Very high
mode density '

0 05 510
Aspect Ratio (AR=2r,/L;)

FIG. 3. Mode charts of Fig. 2 plotted together, with mode pairs
of high overlap marked by asterisks. To keep the mode density
low (and therefore avoid mode competition and mode crossings),
the figure reveals that the an aspect ratio between 1 and 3 is
optimal to achieve axion upconversion.

290 MHz. For these tuning ranges &, = —0.437, and
& varies from —0.451 to —0.449.

III. COMPARISON OF THE FREQUENCY AND
POWER TECHNIQUES

As previously stated, two methods, the “frequency
technique” and the “power technique” have been proposed
and tested in this work.

We have recently shown that when one compares
dissimilar axion haloscopes, the use of spectral density
of photon-axion theta angle noise is a practical comparison
parameter to use [52] and is given by (here, subscript 0
represents the background mode and 1 the readout mode)

5= Voowiv/kg(1+po)
2&100,V2+/B1 011Bo01oPo,.

2Tfy  Trs(Pi+1) dw, \?
X\/(ﬂ1+1)+ 2 <”4Qi1<wl>>’

(17)

for both the frequency and power upconversion techniques.
Here, Py, is the power incident on the cavity pump mode,
Po and f; are the cavity probe couplings, Q;o and Q| are
the loaded quality factors, kp is the Boltzmann constant, and
dbw, = w, — |w; — wy| is the angular frequency offset of
axion signal from readout mode resonance. 7'y and Tg are
the haloscope cavity temperature, which determines the
Nyquist noise generated in the cavity, and the added readout
system noise temperature, respectively. Equation (17) leads
to the signal to noise ratio for a signal of virialized galactic
halo dark matter axions to be given by [52]
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where p,, is the galactic halo dark matter density, and ¢ the
100

measurement time assuming ¢ > 7, = o
a

where 7, is the

axion coherence time.

For the power technique, Trg Will be dominated by the
noise temperature of the first amplifier in the readout chain,
while for the frequency technique, it will be dominated by
the noise temperature of the phase noise suppression
system. For a well-designed system, this should be equal
to the noise temperature of a low noise amplifier in the
phase detection circuitry. Therefore, the sensitivity of both
methods should be essentially the same. Experimentally,
the frequency method poses greater technological chal-
lenges due to the need to reject noise in the dual-pumped
resonator. In this work, where we search for axion masses
with equivalent frequencies between 270 and 290 MHz, we
found the power method a more robust experiment to
achieve the Nyquist limit, and so this method is reported
below. The reader may nevertheless find the experimental
details of the dual-pumped “frequency method” interesting
to read about in Appendix A.

IV. ROOM TEMPERATURE POWER
EXPERIMENT

Figure 4 depicts the experimental setup for the power
upconversion experiment. The cavity is a closed height-
tunable silver-plated copper cylinder of radius 29.3 mm,
supporting a pump mode (TMyy, fo) at 8.99 GHz and a
readout mode (TEy;;, f;) mode which can tune from
6.66 GHz to 12.13 GHz by varying the cavity height
between 6.4 cm and 1.4 cm via a micrometer attached to the
cavity lid.

A probe oriented to couple to the pump mode is provided
with 31 mW (15 dBm) of power at its resonant frequency
(from synthesizer 0), and a probe oriented to couple to the
readout mode collects data to examine for evidence of
axion upconversion. This experiment is very similar to a
regular (DC) haloscope, such as ADMX [48] and ORGAN
[54] with the exception that the pump photon is sourced
from a second mode within the cavity, instead of from a DC
magnet surrounding the cavity.

The axion interacts as a narrow band noise source with a
frequency of f,. If our experiment is tuned such that the
axion frequency satisfies f, = f; — fo, then we expect for
this axion source to be up-converted via the strong pump
mode (f) into photons at the readout frequency (f). In our
analysis, we assume that dark matter follows the standard
virialized halo model, and as such, that the relative axion
velocity distribution is Maxwell-Boltzmannian, with an
rms velocity of v, = 226 kms™' [57]. Thus, data analysis

DIG »| PC N

AXION FIELD DSO

\

Attenuator,

sA |[*

Circulator

FIG. 4. Schematic of the power experiment. A synthesizer
provides 15 dBm of incident power to the pump mode (TM,),
which interacts with the axion field (f, ~|f; — fo|) to deposit
power within the bandwidth of the readout mode at f; (TEq;;). A
band reject filter suppresses parasitic feedthrough of f, such that
f1 1s more efficiently amplified before being mixed down to F
(arbitrary, ~78 MHz) and digitized (DIG). The pump tone (f) is
kept on resonance with the TM,y,;, mode by periodically sweeping
the tone and viewing the response via a phase bridge connected to
a digital storage oscilloscope (DSO).

consists of searching for a narrow peak above the thermal
noise of f| resembling the expected axion line shape.

The axion-induced amplitude noise (W/Hz) would
appear in the power spectral density of amplitude noise
of the readout mode in the form

SAal (fa) :ngyk?;SA (fa)’

fa 2v2V/B1Bor/Q11Q10Po, . E10

0 T 1) 1407 (B4t

(19)

k,=

where £, is the geometric overlap factor, describing the
efficiency of photon upconversion between the two electro-
magnetic modes. Here, k, is the conversion ratio from
axion theta angle, 6 = g,,,S4(f,), to amplitude noise. As
previously noted, the axion (or axionlike particle) field may
be considered as a spectral density of narrow band noise,
centered at a frequency equivalent to the axion mass and
broadened due to cold dark matter virialization to give a
linewidth of approximately 107°f,,, and is denoted as S, (f)
(kg/s/Hz) [57]. This signal must compete against the
combined Nyquist noise of the readout mode and the
thermal noise of the readout amplifier (with units of
W/Hz), which is given by
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where 7' is the temperature of the cavity, and Ty, is the
effective temperature of the readout amplifier.

Synthesizer 0 provides the cavity with power at a
frequency of f, which is on resonance with the TM mode.
While this mode is height insensitive, and therefore
unresponsive to the tuning mechanism, its frequency
nevertheless wanders due to temperature fluctuations and
in response to mode crossings. Therefore, synthesizer O is
programmed to follow this wandering such that f,, remains
approximately on resonance. Analog active feedback to the
modulation port of the synthesizer was initially used for
frequency locking; however, we found that the jitter of the
pump mode during a data acquisition period introduced an
unacceptable and unnecessary level of uncertainty with
respect to axion frequency. Therefore, real-time active
feedback was abandoned and replaced with pump-tuning
steps between measurements, occurring every minute. Of
course, f, will consequently not be precisely on resonance
with the pump mode at all times. Nevertheless, the
uncertainty in pump power impacts SNR far less than
uncertainty in axion frequency. During a pump-tuning step,
the difference between the cavity resonance and the current
synthesizer frequency is determined via frequency sweep-
ing f, and observing the amplitude of reflection via an
oscilloscope at the output of a phase bridge set to amplitude
sensitivity. Thus, f, is adjusted to follow the TMy,,
resonance.

The readout channel includes a band reject filter tuned to
absorb power at f,, which feeds through the readout probe,
in order not to saturate the low noise amplifier which
amplifies f| to a measurable level. The amplified noise is
then mixed down with a second synthesizer, which outputs
a frequency of f1 o = f1 + F where the frequency of f is
approximately stationary and manually tuned every eight
hours. Therefore, digitizing and viewing a window around
F (a point in the IF spectrum, arbitrarily chosen to be
78 MHz) allows us to view the readout resonance.

Spectra of bin width 119 Hz and 3 MHz span (26,214
points), centralized on the readout mode, are averaged for
17 seconds before being saved to file. Each file also
includes a record of f; and f| o at the time of measurement,
such that f| (and therefore, f,) can be inferred. These
power spectra are then aligned to the grand axion frequency
spectrum and scaled according to putative axion sensitivity
(k,) before being vertically combined with the grand
spectrum via a maximum likelihood weighted average
based on the inverse variance for a given bin. This process
is detailed in the next section.

t=t, DIG fa
I'-F—I
f1a ] fLOa an
Synth o Synth,
t=t, fa
DIG
F
—
- fip fuon Too
Digitizer Synth o Synth,
FIG. 5. Datais collected at the digitizer (DIG) at a given offset

(fa=|f1 — fo]) for approximately eight hours before f; is tuned
via cavity height in order to scan an adjacent region of axion
space. Intermediate frequency (IF) interference, which is sta-
tionary with respect to f1 o (secondary synthesizer frequency, i.e.,
local oscillator), is not stationary with respect to axion space.
Therefore, such interference is not coherently combined with the
grand spectrum and can be easily vetoed from the axion
candidate list.

As f1o and f are discretely tuned at each height tuning
step and pump-tuning step, respectively, each bin in the grand
spectrum is a linear combination of contributions associated
with different bins in the digitized Fourier spectrum (see
Fig. 5). Therefore, IF noise, which is stationary with respect
to f1.0, is not coherently added to the grand spectrum due to
the fact that it is not stationary with respect to f,. Conversely,
axion-induced noise is coherently added. Tuning by height
(f1) or by LO frequency are thereby methods by which to
confirm or veto axion candidates.

A. Data analysis

The data analysis procedure, which has been briefly
outlined in the previous section, is based upon the
HAYSTAC analysis procedure [58] and is visualized in
Fig. 6. Firstly, we collect data from the output of the readout
mixer with a National Instruments Digitizer (NI-5761R)
with software written for the field-programmable gate array
(NI-7935R) on LabVIEW by Paul Altin [54]. This
observed power (P,,,), which has been filtered via the
band reject filter and amplified by the low noise amplifier is
transformed to power at the output of the readout probe
(P.,y) by subtracting the gain in the readout circuit. This
data is translated to its appropriate frequency position in
axion space via auxiliary data (f, and f} ). Synthesizer 0 is
always set to frequency values such that the edges of
digitizer bins match exactly with the edges of the grand
spectrum bins of the dataframe that is continuously updated
with new data.

The baseline of P, is found via Savitzky-Golay
filtering a peak-eliminated spectrum, which is then

112003-7



CATRIONA A. THOMSON et al.

PHYS. REV. D 107, 112003 (2023)

—147

-148} .

149} .

—150

P, (dBm)

—-151

-152

-153

—154

10

PSD Residuals (W/Hz)

2.0 2.5
Axion Frequency (MHz)

1.5

3.0
+2.8e2

FIG. 6.

—1.5e2
o ‘
o6l — Unfiltered |
| Filtered
| ’ - - Fit to Filtered
o) k i
€
m
Z -
& _30} *
-3.2} MN R
115
8 le—12
JR— 65
6 I~ 0’5
4

Rescaled PSD Residuals (s/kg/Hz)

3.0
+2.8e2

2.0 2.5
Axion Frequency (MHz)

1.5

Top left: Power coupled into the receiver chain from the thermal noise of the TE mode. Top right: Discriminating a baseline via

peak rejection and Savitzky-Golay filtering. Peak rejection before filtering minimizes the potential of an axion signal skewing the
baseline in a manner detrimental to SNR. Botfom left: Background subtracted power spectral density, leaving us with a forest of residuals
within which to discriminate an axion signal. Bottom right: Residuals scaled by the conversion coefficient k,, such that an axion of
coupling strength g,,, would appear at the same amplitude in this spectrum regardless of frequency. One can clearly see that SNR is

maximized on mode resonance.

subtracted from P, and divided by the resolution
bandwidth to produce a power spectral density of residual
noise (6, W/Hz). The peak of the baseline is recorded to
infer f;, the thermal TE mode resonance. The quality
factors and couplings of the pump and readout modes at
the tuning height are then extracted from the relevant
callibration curves so that the conversion coefficient k,
[Eq. (19)] can be determined for each bin (see Table I
|

fa,

for an overview of quality factors
coefficients).

The spectral density of raw residuals is divided by the
spectrum of k2 to produce the spectrum of scaled residuals
(8,). Specifically, raw cavity power spectral density in bin i
in the jth measurement, corresponding to an axion fre-
quency of f a0 is related to the relevant bin in the spectrum

and coupling

of scaled residuals via

-2

2V2, /B Bo, ) Q1 Quo EPo,,,

6“';.‘,' = 5i,.f

Referring to Eq. (19), it is clear that an axion with a
coupling constant of g,,, would appear in the spectrum of
8, with an amplitude of ¢2,S,(f,) (kg/s/Hz) where
Sa(f.) takes into account the Maxwell-Boltzmannian line

VT U104 )y 1+ 003, (B’

|

shape. The spectrum of standard deviations of the scaled
residuals, o, is similarly related to the standard deviation of
the power spectral density of raw residuals, 6. Neglecting
binning effects, an axion of a given g,,, would thus appear
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TABLE 1. Coupling and Loaded Quality Factors.

Minimun Maximum
Bo 0.762 0.775
B 0.867 0.891
Or, 6708 6720
0y, 10400 10418

at the same amplitude in any bin of J, regardless of its
position relative to the resonance peak.

As scaled residual spectra are collected, they are com-
bined with the grand search spectrum (§,) via a weighted
average where each bin is weighted by its scaled inverse
variance. Therefore, the amplitude of a bin i in the grand
search spectrum is equal to the sum of all weighted scaled
contributions divided by the sum of all weights:

S, (o, )72
J\7Si
Note that the weighted average preserves the units of §,
(kg/s/Hz). The grand search spectrum standard deviation
(0,) of a given bin i is simply the inverted square root of the
sum of all weights.

(6,)2=> (0,,)72 (23)

6, 1s an important parameter since it characterizes on a
bin-by-bin basis the noise against which an axion signal is
competing. Since the residual noise has a Gaussian dis-
tribution, we set a 4¢ candidate threshold to flag axion
candidates.

Sensitivity to axion peaks is enhanced by optimally
filtering the search spectrum for the expected axion line
shape. Essentially, the spectrum is convolved with the
axion line shape such that axionlike signals are amplified in
the data. Via Monte Carlo simulation, we found that an
axion in the optimally filtered data with a g,,, correspond-
ing to 9.56, was discriminable above the candidate thresh-
old with 95 percent confidence.

This detection efficiency could be somewhat improved
with finer frequency resolution in the Fourier spectrum,
however hardware limitations bottlenecked our bin width at
119 Hz. In our data, on average, the axion line shape covers
only 2.35 bins (with an axion bandwidth of approximately
280 Hz at f, = 280 MHz). Our matched filter therefore
imparts a limited improvement to our detection efficiency
compared to experiments with a higher number of bins per
axion linewidth. Therefore, in Fig. 7, axion exclusion limits
are placed on g,, (and g,pp), consistent with the final
amplitude of 9.5¢5, at the end of data processing.

Axion Mass (ueV)

10 112 114 116 118 120
10
< 106
)
[G]
=
= 107
3
[
8 10°8
S
>
10-9 ——————————————————————
270 275 280 285 290
Axion Frequency (MHz)
FIG. 7. In green, the 95% confidence axion exclusion zone for

both g,, and g,pp for the measured mass range between 1.12 —
1.20 peV (271.7 MHz—290.3 MHz) for a measurement period
of 30 days, which is an improvement of 3 orders of magnitude
over our previous result [29]. The bright green region represents
the uncertainty on excluded g,,,,, which is detailed in Appendix C.
The blue dashed line represents the approximate sensitivity
achievable with a niobium resonator of loaded quality factors
around 107 and cooled to a temperature of 4 K, measuring for a
period of 30 days, and using a cryogenic amplifier of noise
temperature 4 K. Construction for this setup is underway.

V. PROSPECTS OF DETECTING LOW-MASS
AXIONS USING UPCONVERSION

Equations (17), (19), and (20) posit that stronger axion
exclusion limits could be set by the reported technique by
selecting a resonator supporting suitable modes with higher
quality factors at lower carrier frequencies (and hence, larger
volume) and also cooled to lower temperatures. Such suitable
resonators have been reported in [51,59-61] for 1 GHz
cavities cooled to millikelvin temperatures. The quality
factors of the modes in the cavity for our reported experiment
were in the region of 6000 to 10,000, as expected from a
silver-plated copper cavity. Superconducting niobium
cavities, with a transition temperature of 9 K, offer a
promising choice to further this technique, requiring, how-
ever, a greater level of engineering than the room temperature
prototypes reported in this work, as detailed in recent
proposals showing the potential of this idea [31-34]. Such
an experiment could put significant limits on the axion
coupling term g, g, to which the DC haloscope is insensitive.
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APPENDIX A: PROTOTYPE FREQUENCY
EXPERIMENT

The experimental design of an improved frequency
metrology experiment, a prototype of which was first
reported in [29] is detailed in this section. The cavity, a
cylindrical resonator made of silver-plated super invar, had a
stationary TM,, mode at 11.195 GHz, and a TE(;; mode
tuneable over a large range, with both loaded Q factors of
order 2500. The Q factor was degraded compared to our
copper cavities, which may be due to an insufficient thick-
ness of silver plating on the invar cavity, which has poor
conductivity, a factor of 50 worse than copper. The decision
to use this cavity was based upon the superior thermal
expansion coefficient of super invar; however, the suspension
mechanism of the cavity lid, consisting of a commercial
micrometer, highly dominated the long-term dimensional
instability of the cavity and therefore, produced similar long-
term thermal frequency oscillation in both the copper and
invar cases.

Figure 9 depicts the frequency method experimental
setup, which is pumped by a low-phase noise synthesizer.
A signal reflected from the readout resonance was mixed
down to baseband and amplified before its Fourier spec-
trum was collected and interrogated for axion-induced
frequency noise. The challenge with this setup was main-
taining perfect frequency lock with the readout mode and
maximally suppressing its frequency noise, all the while
tuning the cavity height at every tuning step.

—— Freerunning Loop Oscillator
— Pumped Unlocked
— Pumped Locked

-1201

140}

10720
1072t

— 102

E E 10723
>

« 10—24
10725
10—26,

100 1000 10* 10° 10°

Fourier Frequency (Hz)
FIG. 8. Comparison between the free-running loop oscillator

scheme [29] and the pumped scheme of Fig. 9, with frequency
locking enabled (active feedback to the synthesizer modulation
port) and disabled. Top: Background noise represented as single
sideband phase noise. Bottom: Background noise represented as
fractional frequency noise.

Hybrid couplers paired with phase shifters and attenuators
were used to achieve carrier suppression (via destructive
interference) of both the parasitic feedthrough of the pump
mode and the carrier of the readout mode (preserving
sidebands) before amplification in the readout arm. It was
necessary to suppress any pump mode feedthrough before
amplification as not to saturate the readout amplifier.
Suppression of the readout carrier serves a similar purpose,
enabling a high frequency noise to voltage conversion
efficiency without overdriving amplifier and mixer ports.
This carrier-suppressed readout mode was mixed down to
baseband and collected via fast Fourier transform (FFT) at
the vector signal analyzer. A portion was also filtered and sent
to the modulation port of the synthesizer, which pumps the
readout mode. Thus, fluctuations of the target resonator
mode (f|) were actively followed by the synthesizer. Such

7
Lowpass Filter
bSO
F - -

Fmod

FFT Sythesizer
Amplifier AWG
vee X4 A:p = 2

Mixer
Frequency Shifter

@
Bandpass
X

Filter

Q) () 1+

Resonator
Attenuator @ Phase Shifter

FIG.9. The frequency noise readout system. A pump frequency
(blue, f) matching the TEj;; mode and a readout frequency
(orange, 1) matching TM,,, mode are provided via a synthesizer
and a frequency shifter referenced to an arbitrary waveform
generator (AWG). The reflection of the readout frequency from
the cavity carries frequency noise information, which is even-
tually discriminated and collected at baseband via fast Fourier
transform (FFT). A digital storage oscilloscope (DSO) allows
tuning of the carrier suppression system for the readout mode,
consisting of manual and voltage-controlled phase shifters and
attenuators (VCP and VCA) and two hybrid couplers that
suppress the carriers of the readout frequency and pump
frequency, respectively, improving the efficiency of frequency
to voltage conversion at the readout mixer. A fraction of the
frequency fluctuation information is filtered and returned to the
synthesizer, such that the synthesizer remains locked on reso-
nance with the TM mode. The beat note between f, and f| is
recorded to align collected spectra in axion space in post-

processing (f, = [f1 = f1]).

Circulator
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frequency locking significantly improves the background
noise level in the Fourier spectra, which we collected for
axion interrogation.

Figure 8 illustrates the improvement in background noise
over our previously published loop oscilllator experiment

[29], where /S, is the fractional frequency noise

(Hz/+/Hz) and may be theoretically predicted by

VkpTgs  (14p) 2 <5wa)2
1+4 . (A1
\/EQLI V Plinc 2ﬁ] \/ i QL] @3 ( )

This 5 orders of magnitude broadband improvement in
background phase noise represents approximately 2.5
orders of magnitude improvement in sensitivity to g,,,.
Taking the locked measurement of Fig. 8 as an example,
where the experimental parameters of the readout mode
were f; = 0.83, O, = 2550 and P;,. = 10 dBm, we derive
a minimum noise temperature of 360 K at the minimum
value of S, with respect to the Fourier frequency

(‘sw“ = 3.1 kHz). With more effort in the design of the
frequency feedback control loops and filters, it has been
shown that this range could be extended [62]. Without this
extra effort, sensitivity would be lost unless minute tuning
steps were made to localize data taking to this small
window of low-noise Fourier space. This issue, combined
with the difficulty of keeping the system locked as we tune,
led us to conclude that in this mass range, which requires
difference frequencies of 200 MHz or more, the power
technique is a simpler method to implement, while achiev-
ing optimal sensitivity.

VS, =

APPENDIX B: GENERAL CALCULATION FOR
OVERLAP FUNCTIONS WITH m=0

By solving the wave equation for a cylindrical cavity
resonator, one can find the unit vectors for the various
resonant modes [53]. Analytical expressions for the unit
vectors of the TM,,,o modes are given by:

JO(Z(,JA r) Ji (& r)
e, =——% and b, =—"—@; (Bl)
" Jl (ZOVLI) " Jl ()(Onl)
for TM, ,, , modes:
X n
. _ V2rpiel, (% r) G (ﬂplz> 5
i La)l-]l()mnl) L
Loy
+ \/i)(OnICJO( i r) cos <ﬂplz)2
rcwljl (){Onl) L
Xon
b = V2, ( e r) TPz .
mp = cos ¢; (B2)
Jl()(Onl) L

and for TE,, , modes:

()
e = sin <ﬂp OZ> 7

roro JO (){Ono ) L

b, , = “ 7 cos <7zp OZ> 7

roro LwOJO ()(6110) L
Yon
\/EC)d)nOJO <2—CO I") . (ﬂpoz>,\
— sin <.
rchJO ()d)no) L

Here, J;(x) is the i™ Bessel function, y, , represents the b
root of the ™ Bessel function, X4 » Tepresents the b™ root of

(B3)

the derivative of the a Bessel function, @ is the resonant
frequency, c is the speed of light, L is the cavity height and
r is the cavity radius.

Thus, if the readout mode is a TM, ,, o mode and the
background mode is a TE,, , mode, then the overlap
functions are nonzero when p, is odd, and given by

1 4\/_)(()n
501:—/e b, dV=— 2% ___ (B4
v e Po(XGny = Xon,)
1 4\/2)(6;1 (]
510:—/e ‘b, ,dV =— 2% L (Bs)
14 e Po”()d)zno —)(%nl) @o

In the more general case where the readout mode is a
™y, , mode (p; > 1), and the background mode is
again a TE, ,,, ,  mode (py > 1), then the overlap functions
are nonzero when the sum of p; + p, is odd, and given by

1 80X 0n

¢ :/en b, , dV = 0 ,

. 14 or ’ ( pl)”(XOno )((2)"1)
(B6)
1 / 820X on w;
=— /e, ‘b, , dV = 0 —.
R e E A S
(B7)

In general, &,y =&y Z—(‘); however, for upconversion,

) ® @y S0 &g~ .

APPENDIX C: UNCERTAINTY ANALYSIS

We here give our best estimate of systematic uncertainty
in the presented experiment, taking in many cases worst-
case values for uncertainty of parameters. As per Eq. (19),
Jayy May be expressed by
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where £ encodes filtering of the axion-induced power by
the Lorentzian readout mode, and G is the gain between the
readout port and the digitizer, which is used to retrieved
P_,,. Terms with negligible uncertainty have been omitted.

The uncertainty on £ was estimated by recognizing that
the extracted central readout mode frequency f, is subject to
fitting error. f; (as it contributes to informing L) is the
greatest contributor to uncertainty as the trace from which itis
extracted is produced from only 17 seconds of data and is
therefore fairly noisy. Taking the standard deviation of the
ensemble of fitted f; values to be the error, we find the
associated uncertainty in the position of the Lorentzian can
produce underestimation of P, especially in the region of
full-width-half-maximum (FWHM), where dP/dF is maxi-
mal. At the FWHM point, the Lorentzian centralization error
can cause a 28% underestimation in P_,. However, across
the spectrum, the magnitude of error is on average 22%,
which is the value we use in the uncertainty calculation.
These fractional errors were found in the conservative case of
the highest quality factor and highest central frequency. The
true drift in f; over this measurement period produces
relatively insignificant error compared to fitting error. In
future searches, we may take longer averaging periods in
order to reduce this fitting error.

The error in £, which is a parameter comparable to form
factor (C), is taken from previous haloscope searches to be
~5% [48,54,63]. However, due to the relative geometric
simplicity of our cavity, being an empty cylinder, compared
to these haloscopes, which feature internal tuning rods, we
in fact expect our experimental uncertainty to be lower. In
any case, it would be valuable to verify the resonant mode
shapes via the bead pull method, which may be a topic of
further work.

TABLE II.
to Yayy-

Major Uncertainties on Parameters Contributing

Fractional Uncertainty

0.05

G
f(Bo) 0.07
g(p1) 0.16

c 0.22
& 0.05
0, 0.2

The errors in f and Q are conservatively estimated from
previous haloscope experiments to be ~10% and ~20%,
respectively [48,54,63], and the error in the linear gain of
the amplifier is taken to be ~5%, which implies gain
stability within 0.2 dB.

To simplify the uncertainty calculation, errors in the
input coupling and output coupling expressions of Eq. (C1)
in brackets (labeled f(f,) and g(f,) in Table II) were
estimated by finding the maximal fractional error on these

expressions over all recorded # when % is taken to be 0.1.

This maximum is conservatively taken to be the uncertainty
on these expressions over all data-taking. The fractional
uncertainties of the contributing parameters are summa-
rized in Table II.

Taking the quadrature average of these fractional uncer-
tainties leads to our systematic uncertainty on g,,,:

595 ((&)2 . <5f(ﬁo)>2
Gary G f(Po)
5g(ﬁ1))2 <15£>2
+<9(ﬂ1) - 2L
ﬁ 2 léQLo 2 léQLl 2 1/2~ .
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