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Quantum dual-path interferometry
scheme for axion dark matter searches
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Exploring the mysterious dark matter is a key quest in modern physics. Currently, detecting axions, a
hypothetical particle proposed as a primary component of darkmatter, remains a significant challenge
due to their weakly interacting nature. Here we show at quantum level that in a cavity permeated by a
magnetic field, the single axion-photon conversion rate is enhanced by the cavity quality factor and is
quantitatively larger than the classical result by π/2. The axion cavity can be considered a quantum
device emitting single photons with temporal separations. This differs from the classical picture and
reveals apossibility for the axion cavity experiment to handle the signal sensitivity at thequantum level,
e.g., a dual path quantum interferometry with cross-power and second-order correlation
measurements. This schemewouldgreatly reduce the signal scanning timeand improve the sensitivity
of the axion-photon coupling, potentially leading to the direct observation of axions.

The existence of cold dark matter is widely accepted1. One promising
candidate is the quantum chromodynamics (QCD) axion2–14 which is a
natural extension of the standardmodel of particle physics. The standard
model predicts that the amount of Charge-Parity (CP) violation of the
strong interaction should be order one. However, experiments mea-
suring the neutron electric dipole moment15 suggested an essentially
vanishing CP violation16, which gives rise to a puzzle now known as the
strong-CP problem17,18. The problem could be solved by adding the
Peccei-Quinn (PQ) symmetry 2,3, which is spontaneously broken by PQ
preserving potential and is explicitly broken by the QCD instanton
effect19,20. The symmetry breaking results in a pseudo-Nambu-
Goldstone boson, the QCD axion14. Currently, there are two particular
QCD axion benchmarkmodels,6,7 and8,9. Cosmic axions can be produced
abundantly during the QCD phase transition in the early universe, and
subsequently their relics could compose the cold dark matter observed
today10–13. Depending on whether the PQ symmetry occurred before or
after cosmological inflation, the naturalmasswindow of theQCDaxions
being the majority of dark matter is approximatelyOð10�5 � 10�3Þ eV21

or <Oð10�7Þ eV22. However, other production mechanisms are possible,
which will lead to a wider mass window. QCD axions couple to the
StandardModel particles weakly; in particular, it couples to two photons
with a coupling Oð10�17 � 10�12ÞGeV−1. Currently, many proposed
and ongoing experiments such as23–30 are actively searching the dark
matter axions. In condensed-matter systems, quasiparticle “axions"
which lead tomany exciting phenomena31–36 have already been observed.

It is tempting to believe that nature may repeat itself at many different
levels.

Axion haloscope experiments are generally based on resonant cavity
design37, in which the cosmic axions resonantly convert into a microwave
signal in a high-quality factor, Q, cavity permeated by a magnetic field.
Although the axion-photon coupling is small, the conversion rate is
enhanced by the coherence of the axionfield, themagnitude of themagnetic
field, and the highQ of the cavity.Modern cryogenic technology can sustain
Oð20ÞmK or lower temperature, which results in a subunity thermal
photon occupation number �n∼ 10�5 at the resonant frequency (typically at
several GHz) in the cavity. Therefore, it is useful to consider the quantum
transition picture in the cavity.

In this paper, we propose to use a 50/50beamsplitter followed by linear
amplifiers or single photon detectors to construct a dual-pathmeasurement
scheme that realizes Hanbury Brown and Twiss (HBT) interferometry38 in
quantum optics. Linear detectors (phase-preserving amplifiers) are widely
used in axion haloscope experiments. Current commercial cryogenic high
electron mobility transistors (HEMT) already offer a flat gain over a fre-
quency range of 10 GHz with the addition of random noise at 10–20 pho-
tons, and amplifiers such as the Josephson Parametric Amplifier (JPA)39 can
approach the standard quantum limit (SQL). At very low signal/thermal
photon occupation numbers, the major sensitivity hurdles are due to
quantum fluctuations and added noise in the detection channel. The tra-
ditional method of signal identification is to accumulate sufficient statistics
at each given frequency point, so it takes a long integration time due to the

1College of Physics and Optoelectronic Engineering, Department of Physics, Jinan University, Guangzhou, China. 2Key Laboratory of Particle Astrophysics,
Institute of High Energy Physics, Chinese Academy of Sciences, Beijing, China. 3Key Laboratory of Low-Dimensional QuantumStructures andQuantumControl of
Ministry of Education, Key Laboratory for Matter Microstructure and Function of Hunan Province, Department of Physics and Synergetic Innovation Center for
Quantum Effects and Applications, Hunan Normal University, Changsha, China. 4These authors contributed equally: Qiaoli Yang, Yu Gao, Zhihui Peng.

e-mail: qiaoliyang@jnu.edu.cn; gaoyu@ihep.ac.cn; zhihui.peng@hunnu.edu.cn

Communications Physics |           (2024) 7:277 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-024-01770-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-024-01770-y&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-024-01770-y&domain=pdf
http://orcid.org/0000-0002-9642-9033
http://orcid.org/0000-0002-9642-9033
http://orcid.org/0000-0002-9642-9033
http://orcid.org/0000-0002-9642-9033
http://orcid.org/0000-0002-9642-9033
http://orcid.org/0000-0002-8228-9981
http://orcid.org/0000-0002-8228-9981
http://orcid.org/0000-0002-8228-9981
http://orcid.org/0000-0002-8228-9981
http://orcid.org/0000-0002-8228-9981
http://orcid.org/0000-0002-7447-3893
http://orcid.org/0000-0002-7447-3893
http://orcid.org/0000-0002-7447-3893
http://orcid.org/0000-0002-7447-3893
http://orcid.org/0000-0002-7447-3893
mailto:qiaoliyang@jnu.edu.cn
mailto:gaoyu@ihep.ac.cn
mailto:zhihui.peng@hunnu.edu.cn


unfavorable signal-to-noise ratio. The HBT interferometer scheme
deployed in microwave quantum optics, however, has already been
demonstrated to achieve highnoise reductions40–43 because the uncorrelated
noises in the dual receiver chains cancel and the correlations of field
quadratures can be measured. With this scheme, the effective correlated
noise level can be significantly lower than the noise level in a single
amplification channel, as the interferometer setup is not sensitive to the
inevitablemicrowave signal insertion loss in the channels between the cavity
and the amplifiers.

Methods
Axion cavity at the quantum level
The viable QCD axion models predict extremely weak couplings
and light masses. Fortunately, the dark matter axion production
mechanism10–13 suggests a preferred axion mass window around neV
which could be the searching target, even though the uncertainty still is
several orders of magnitude. Many experimental schemes aimed at this
window have been proposed. In these proposals, the axion cavity halo-
scope is particularly sensitive and can reach the QCD axion parameter
space within current technology. The original calculation was given37,44

in a picture in which the cavity captures the photons produced and
enhances the conversion process through resonance when the cavity
modes match the energy of the axion particle. However, it was uncertain
whether the transition rate can be enhanced during a single axion-
photon conversion, which is quantum in nature. Some calculations, e.g.,
ref. 45, applied the Feynman diagram method, which requires the
existence of asymptotic outgoing states and thus cannot derive the
resonant cavity’s enhancement and form factor etc.

The axion field a couples to the photons by

Laγγ ¼ �gaγγa~E �~B; ð1Þ

where the axion-photon coupling gaγγ is defined as gaγγ = cγα/(πfa), fa is the
PQ scale factor, α = 1/137 is the fine-structure constant and cγ is a model-
dependent factor order of one.

The axion dark matter halo profile is crucial to axion searches. There
are several important parameters for the current discussion: the darkmatter
halo local densityρa = ρCDM≈0.45 GeV/cm3; the axiondarkmatter coherent
time, which is relatively long due to the small axion mass ma, the slow
velocity va ~10

−3c and the small velocity distribution δva≤ va.
Due to the small mass and slow velocity, the axion dark matter has a

long de-Broglie wavelength λa ¼ 2π=ðmavÞ∼Oð1� 100Þmeters, which is
much larger than the size of a respective resonant cavity, so the axion field is
homogeneous in a haloscope cavity. In addition, the axion coherence time
τa ¼ λa=δva>2π=ðmav

2
aÞ is significantly longer than the photon existence

time in the cavity: τc = 2πQ/ωa≈2πQ/ma, whereQ~105 for current state-of-
the-art technology; thus, the axion field can be regarded as monochromatic
during a cavity model transition (note that in some axion halo models, the
coherence time could be even longer if δva≪ va

46,47). Thus, we can write the
axion field as

a≈ a0 cosðωatÞ ¼
ffiffiffiffiffiffiffi
2ρa

p
ma

cosðωatÞ: ð2Þ

In the experimental literature, the axion quality factor Qa ¼ 1=v2a ∼ 106 is
often used to describe the coherence of axions.

In a cavity, the electric field operator~E can be expanded as

~E ¼ i
X ffiffiffiffiffi

ωk

2

r
ak~Ukð~rÞe�iωkt � ayk~U

�
kð~rÞeiωkt

h i
; ð3Þ

where ak, and a
y
k are the annihilation and creation operators for the photon

Fock state respectively, and ~Ukð~rÞ are the cavity modes satisfying the wave
equation ð∇2 þ ω2

kÞ~Ukð~rÞ ¼ 0 with the cavity-wall boundary conditions.
Assuming that the permitted magnetic field is along the ẑ direction,

~B ¼ ẑB0, the interaction Hamiltonian can be written as

HI ¼ �
Z
d3xLaγγ

¼ gaγγ

ffiffiffiffiffiffiffi
2ρa

p
ma

B0

Z
d3xẑ �~E

 !
cosðωatÞ:

ð4Þ

Up to the first order, the photon ∣0i ! ∣1i transition probability is

P ≈
���
D
1
���
Z t

0
dtHI

���0
E���

2

≈ g2aγγ
ρa
m2

a
B2
0

X
k

ωk

���
Z

d3xẑ � ~U�
k

���
2

×
sin2½ðωk � ωaÞt=2�
4½ðωk � ωaÞ=2�2:

ð5Þ

When t is large compared to ∣1/(ωk−ωa)∣, we can use the approximation
sin2ðΔωt=2Þ=½Δω=2�2≈2πtδðΔωÞ48. The transition rate is R = dP/dt. Let us
define the form factor

Ck ¼
��R d3xẑ � ~Uk

��2
V
R
d3xjUkj2

; ð6Þ

where V is the volume of the cavity, and the factor
R
d3xj~Ukj2 properly

normalizes the photon field operator. Then we have

R≈
π

2
g2aγγ

ρa
m2

a

B2
0V
X
k

Ckωkδðωk � ωaÞ: ð7Þ

Since
P

Ckωkδðωk � ωaÞ≈
R
Ckdωðω=dωÞ δ ðω� ωaÞ≈QCωa

, we have
the transition rate

R≈
π

2
g2aγγ

ρa
m2

a
B2
0Cωa

VQ: ð8Þ

This shows that the single axion-photon transition power Psig =ωaR ≈maR
is enhanced by the cavity’s quality factorQ, which is in good agreementwith
the calculation in the classical picture save for a quantum π/2 forefactor. For
a typical haloscope setup, the cavity volume is approximately one liter, with
Q ~ 105 and B ~ 10 T; then, one finds that the a → γ conversion rate is
approximately Oð1Þ per second for the QCD axions. The signal temporal
separations far exceed the resolution of linear detectors.

During laboratory measurements, the axions are free-streaming dark
matter, so that49 “the individual axion particle number is conserved and the
phase coherence of the full axion field constructed from the sum of these
particles is dominated by the commonmass they share and to a lesser extent
by velocity corrections which are drawn from a common darkmatter (DM)
velocity distribution. Beyond this the fields are entirely uncorrelated." Thus,
the axion DM field is different from the classical coherent field, such as the
electric field.When the axionDM is converted into photons, the axions still
behave as particles with a fixed mass and particle number. Due to energy
conservation, each time, only one axion can be converted into one photon
with energy mostly dominated by axion mass (the process of double-
conversion is highly suppressed in comparison, as we will explain later).

The thermal photon occupation number in the cavity is

n ðωa;TÞ ¼
1

eωa=kBT � 1
: ð9Þ

For axion mass ma ≥ 10−5eV and a cavity operating at approximately
T ≈ 20mK, the thermal photon state has a low occupation number n≪ 1;
thus, the cavity is almost always in the vacuum state. It is convenient to
define the cavity coupling parameter β =Q0/Qc, where Q0 is the quality

https://doi.org/10.1038/s42005-024-01770-y Article

Communications Physics |           (2024) 7:277 2



factor due to the photon losses by cavity-wall absorption andQc is due to the
photons leaving the cavity. The combined quality factor is then
Q�1 ¼ Q�1

0 þ Q�1
c , and the photon emission rate is R ⋅ β/(1+ β). Ideally,

β ~ 1 is the optimal working point, but its exact value depends on the cavity
design.

The single-photon emitting nature of the cavity can be observed. First,
the probability of converting multiple axions into multiple photons via
higher-order processes is very small. Generally, for example, there are two
ways to achieve two-photons conversion in a single process: (1) aa → γγ
annihilation with the exchange of a virtual photon. This process is sup-
pressed by the g4aγγ factor in comparison to the g2aγγ factor in single-photon
conversion. In addition, the annihilation process does not connect to the
external magnetic field, so it does not receive an enhancement from the
external magnetic field. (2) Higher-order operators that convert two axions
into two photons under an externalmagnetic field. The lowest-order gauge-
invariant of such operators will take the form a2½ðFFÞ2 þ ðF~FÞ2 þ :::�,
where the quartic field terms can assume different coefficients. These
quantum operators are dimension-10; compared to axion-axion annihila-
tion, they suffer even more severe suppression. Thus, such a contribution
can be safely ignored for axion-photon conversions in the cavity.

Second, although there is a chance that two or more single axion-
photon conversions occur before the converted photons exit the cavity,
these probabilities are extremely small. After a photon appears, the duration
of its existence in the cavity is 2πQ/ma. During this period, the probability of
another axion photon conversion is R ⋅ 2πQ/ma≪ 1.

Certainly, the signal rate drop to the single-photon level is not the same
as the rate at which photons are deterministically released. In principle, a
photon stateα∣0i þ β∣1i (whereα and β are complex numbers and hold the
normalized condition ∣α∣2+ β∣2 = 1) could exist, but itwould become almost
“decoherent". The B-field induced photon-axion transition is extremely
weak, so once a photon is generated inside the cavity, it cannot transit back
to a ∣0i state before the readout measurement occurs, as the latter is much
faster and effectively breaks the “coherence".

Furthermore, one could consider a similar scenario: the Purcell effect,
i.e., ref. 50. The ability of the Purcell effect to control the spontaneous
emission rate through cavitymodes is one of the key principles of realizing a
single-photon source. Axion dark matter with a static magnetic field B can
be regarded as a large number of independent, weakly coupled (to cavity)
two-level systems since the transition rate of axion(s) tomultiple photons is
much lower than the one-photon transition. The photon-cavity interaction
enhances the axion-photon transition rate as does the Purcell effect.
Therefore, it is possible to consider an alternative particle picture in which
axion dark matter particles can be regarded as radioactive isotopes that
spontaneously decay into photons. The existence of a cavity enhances the
decay rate because the phase space of decayed photons is constrained. The
wave and the particle pictures are complimentary in this case.

Combining these considerations, the axion-converted signal is very
close to an ideal single-photon pulse. In accordance with the current
experimental parameters, the axion cavity can be regarded as a single
photon emitter with a slow rate of R≲ 10Hz.

Dual-path interferometry
Since the axion cavity is a single-photon emitter at lowpulse rates, themajor
experimental bottleneck lies in the detection sensitivity of weak microwave
signals at the single-photon level. To date, practical microwave single-
photon detectors have yet to be realized51–53. The main challenge is that the
microwave photon energy is typically 4–5 orders of magnitude lower than
that of an optical photon, and it is difficult for detectors to distinguish single-
microwave photons from large noise backgrounds51. In the future, the
integration of materials science, advanced nanofabrication techniques, and
quantum technologies will be essential for realizing practical microwave
single-photon detectors. Currently, a typical linear detector scheme for an
axion cavity search consists of an amplification chain, which is a cryogenic
HEMT amplifier as a preamplifier placed at the 4 K temperature stage in a
dilution refrigerator, and subsequent room-temperature amplifiers. The

amplified microwave signal at GHz was downconverted to a few tens of
MHz and then sampled by digitizers at room temperature. The typical noise
temperature of a cryogenic HEMT is approximately several Kelvin. Con-
sidering the loss in the channel from themicrowave signal emitted from the
cavity at the 20mK stage to the cryogenic HEMT placed at the 4 K stage in
the refrigerator, the effective noise temperature Teff in the detection channel
could be higher than 10 K. With the development of superconducting
quantum information technology, recent axion cavity experiments, such as
ADMX-Sidecar54, QUAX–aγ55, etc., have applied TWPAs or JPAs,
respectively, as near quantum-limit preamplifiers to enhance detection
sensitivity. However, there is possible deterioration of the superconducting
JPA in a strong magnetic field environment, and there is approximately ~
−3 dB insertion loss from coaxial cables, switchers, and circulators placed
between the cavity and the quantum-limited amplifiers Teff of the detection
channel, which is approximately four times higher than the SQL54.

Thus, the effective temperature Teff on readout is often much higher
than the physical temperature in the cavity. The signal-to-noise ratio is

SNR ¼ Psig

kBTeff

ffiffiffi
t
b

r
; ð10Þ

where b is the detection bandwidth, Psig is the signal power, kB is the
Boltzmann constant and t is the integration time. The sensitivity on g2aγγ is
inversely proportional to Teff or grows over the square root of the
integrated time.

Here,we briefly interpret the quantumnoisewith detector observables,

Îr cosðωatÞ þ Q̂r sinðωatÞ ¼ Re ð̂Ir þ iQ̂rÞeiωat
� � ð11Þ

where we define the in-phase Îr and quadrature Q̂r component operators
with Îr ¼ ð̂ry þ r̂Þ=2; Q̂r ¼ �ið̂ry � r̂Þ=2 using the creation and annihila-
tion operators r̂þ and r̂. These operators satisfy commutation relations

½̂Ir; Q̂r� ¼ i=2 and ½̂rþ; r̂� ¼ 1: ð12Þ

Assuming the linear detector enhances the field by a gain of G, we have

_ωa

2
þ ðG2 � 1Þ_ωa

2G2 ≈ _ωa; ð13Þ

and for a largeG, this is often called the SQL56. Toprotect the cavity at 20mK
from thermal noise leakage from the second-stage amplifier (e.g., cryogenic
HEMT at 4 K), a preamplifier gain over 20 dB is needed. To the best of our
knowledge, it is still difficult to achieve 20 dB gain over a 1 GHz bandwidth
for a JPAor a traveling-wave parametric amplifier (TWPA)57, with the noise
level approaching the SQL simultaneously.

For signals with quantum origin, a dual-path measurement can be a
powerful tool because it measures the statistical correlation between
quadratures in the two channels in addition to the photon number n ¼
hayai in each channel. Recent quantum optics developments enable dual-
path detection in the microwave-frequency domain, and it can be per-
formed with phase-preserving linear amplifiers as well40–43,58. Linear
amplifiers arewell known for their high signal gain forweak electromagnetic
field signals but at the cost of extra noise. With a 50/50 beam splitter, as
shown in Fig. 1, dual linear amplifier chains can be constructed to measure
the signal correlation information. It has been shown40,41,43 that with a
recording of the full-time traces of the signals in both channels instead of the
time-averaged value in a single channel, the signal’s cross power in two
channels can be extracted and significantly improves the SNR.

The dual-path scheme in Fig. 1a forms a Hanbury Brown-Twiss
interferometer setup. The axion cavity acts as a quantum emitter to inject a
microwave single-photon field r̂, which passes through a microwave-
frequency beam splitter. The beam splitter gives rise to two output fields in
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channels 1 and 2,

r̂1 ¼ ðr̂ þ ν̂mÞ=
ffiffiffi
2

p
and r̂2 ¼ ðr̂ � ν̂mÞ=

ffiffiffi
2

p
: ð14Þ

ν̂m is the added noise field, for instance, ν̂m as the vacuum state or a
weak thermal state. Then, by measuring Î1 ¼ ð̂r1 þ r̂þ1 Þ=2 and
Q̂2 ¼ �i ðr̂2 � r̂þ2 Þ=2, a complex observable can be constructed as

ŜaðtÞ ¼ I1ðtÞ þ iQ2ðtÞ ¼ r̂ þ ν̂þm: ð15Þ

In fact, ŜaðtÞ behaves classically and resembles a complex number because
Ŝ
þ
a ¼ Ŝ

*
a and ½Ŝþa ; Ŝa� ¼ 0 under the effect of the added noise νm

59. After
amplification andmixing, the two classical complex envelopes Si(t), i = 1, 2,
at the digitizers can be written as

SiðtÞ ¼ Gir̂ ðtÞ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G2
i � 1

q
hþi ðtÞ þ νþm;iðtÞ; ð16Þ

wherewe lethidenote the added thermal noise in each linear amplifier chain
and νm,i(t) denote the vacuumnoise. Bothquadraturesof Ŝi canbemeasured
simultaneously by digitizers due to the commutator ½Ŝi; Ŝ

þ
i � ¼ 0. A pow-

erful Field Programmable Gate Array40,41 or Graphics Processing Unit
(GPU)43 can analyze the correlation of field quadratures in real-time. The
correlations of the output field quadratures are constructed as

hðS�i ÞmSnj i ¼ hðSþi Þ
mSnj i ¼ hð̂rþÞmr̂ni; ð17Þ

with integer-number power indexes m and n.

Results
Sensitivity enhancement
It is now straightforward to show that the signal can be picked up by the
instantaneous power function hS�i ðtÞSjðtÞi, where the power is

hS�i ðtÞSiðtÞi ¼ G2
i ðhr̂þðtÞ̂rðtÞi þ Ni þ 0:5Þ; ð18Þ

and the cross-power is

hS�1ðtÞS2ðtÞi ¼ G1G2ðhr̂þðtÞ̂rðtÞi þ N12 þ 0:5Þ: ð19Þ

Here, the component Pcavity ¼ hr̂þðtÞ̂rðtÞi identifies the power from the

cavity, Ni ¼ ðG2
i � 1Þhhþi hii=G2

i is the power of noise added in a single

channel, and N12 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðG2

1 � 1ÞðG2
2 � 1Þ

p
h1h

þ
2

� �
=G1G2 is the power of

correlated noise between channels 1 and 2. h1h
þ
2

� �
∼ 0 because the two

noise modes in the two detection channels are commutable and mostly
uncorrelated. That is,

N12 þ 0:5≪Ni þ 0:5; ð20Þ

and the magnitude of dual-path noise is significantly lower than the
magnitude of single-path noise, as illustrated in Fig. 2. Notably,
N12+ 0.5 ≥ 0.5 and Ni+ 0.5 ≥ 1 are related to the noise set by SQL. The
SNR in the dual-path scheme is enhanced two times compared to that in the
single-path scheme only in the ideal case.We emphasize that it is crucial to
upgrade from the traditional single-path setup to dual-path to cancel the
main part of uncorrelated noises from different detection channels in real
experiments. In practice,Ni is almost larger than four because of the possible

Fig. 1 | Scheme of the quantum dual-path setup for a resonant cavity darkmatter
axion search. a Single-sided cavity scheme. There is only one output port (outgoing
red line) of the cavity detector. Axions convert to microwave single photons that
escape from the cavity as a propagation quantum field with an annihilation operator
r̂ and subsequently pass through a 50/50 beam splitter along with a vacuum field or
weak thermal field v̂m near the cavity at the 20 mK stage in a refrigerator. The output
fields r̂1 and r̂2 are then amplified by two nominally identical amplification chains
(denoted as AMP, blue triangle) and downconverted into intermediate (e.g.,
25 MHz) frequency ωif with a mixer by the local oscillator (LO) at the same fre-
quency as the cavity’s resonance frequency. The field quadratures are recorded by
analog-to-digital converters (ADCs), and the complex envelopes Si are then
extracted and calculated by FPGA or GPU electronics in real-time. The single-sided
cavity scheme can overcome the inevitable insertion loss between the beam splitter
and the AMP. b Two-sided cavity scheme. If there are two identical output ports of
the cavity detector, the converted microwave single photons escape from the two
output ports with equal probability (outgoing red lines), and a beam splitter is not
necessary. The correlations between the two cavity outputs behave similarly to the
outputs of the beam splitter in (a). However, it is expected that the SNR in this
scheme is even higher than that in the scheme described in (a). It can overcome the
inevitable insertion loss between the cavity and the AMP.

0 4000 8000 12000

5

10

15

0 4000 8000 12000

90

100

110

Fig. 2 | Comparison between simulated cross power and single-channel power.
a The signal-to-noise ratio is much higher when using the cross-power setup, thus
revealing the injected signal. b A periodical signal is injected with white noise. As
described in Eq. (10), the scanning time is proportional to the square of the SNR.We
expect the signal scanning time to be greatly reduced with the dual-path scheme.
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deterioration of the superconducting JPA in a strong magnetic field
environment and themicrowave signal insertion loss between the cavity and
the detector in the current single-path experiment with JPAs working in the
GHz frequency range54. If the search frequency range is lower than 1GHz,
Ni is even larger than ten in the real experiment30. However, the scale of the
remaining correlated noise N12 depends on the experimental devices and
can be suppressed tomuch smaller than 0.5, and it can be directlymeasured
by the cross power without an axion cavity. This can be explained by the
thermal leakage from the cryogenicHEMT at 4 K inducing correlated noise
between the two channels of the beam splitter. Actually, it has been
demonstrated that the correlated noise N12 can be reduced and the SNR of
the dual-path scheme can be enhanced for the cross-power measurement if
there are quantum isolators or JPAs between the beam splitter and HEMT
at 4 K58.

The preamplifiers or detectors can be placed at a distance from the
cavity output port to help shield the strong magnetic field. Insertion loss
is inevitable because there are a series of microwave coaxial cables,
switchers, and circulators between the cavity port and the preamplifiers/
detectors. In realistic experiments, for instance, the effective noise
temperature in the detection channel is ~925 mK at 4.798 GHz even
when using JPA with an insertion loss ~−3 dB54. However, the effective
noise temperature should be ~240 mK if it is only limited by the SQL.
Therefore, there is an obvious advantage to using a dual-path inter-
ferometer scheme that can approach the effective noise temperature
with ~120 mK, which comes from quantum vacuum fluctuations,
especially to use the two-sided cavity scheme described in Fig. 1b to
detect converted microwave single-photon signals. In the two-sided
cavity dual-path scheme, there are two identical output ports, and the
converted microwave single photons escape from them with equal
probability. The correlations between the two cavity outputs behave
similarly to the outputs of the beam splitter in Fig. 1a. The dual-path
interferometer is not sensitive to loss or thermal noise in the single
channel, and the SNR could be enhanced by one order of magnitude
compared with the single-path amplification scheme based on JPA.

Recent dual-path setups40–43 showed that by using cross-power, the
effective noise temperature could be reduced compared to that of a single
channel. Figure 2 illustrates the noise level reduction with the simulation of
cross-power between two channels and the power in one channel averaged
over the same time. It has beendemonstrated that in a dual-pathexperiment
with a cryogenicHEMTaspreamplifiers, the correlatednoise temperature is
approximately 80mK and the effective total noise temperature is ~180mK,
corresponding to halfmicrowave photonnoise, for the signal at 7.2506 GHz

in the dual-path setup, which ismuch smaller than the characteristic ~10 K
noise in each detection chain41.

By Eq. (10), the SNR with a cross-power measurement is much higher
than the power calculation by replacing the SQL with a reduced effective
noise temperature. This allows faster signal-significance accumulation and
reduces the amount of required time-exposure at each frequency point in
future cavity axion dark matter search, esp. at relatively high frequencies.
Actually, the assumption of equal gain in both amplification channels and
a balanced microwave beam splitter is not difficult to achieve in
experiments40–43, and even anunbalanced detection channel does not hinder
the cancellation of correlated noise.

Notice that when closing the quantum limit, using units of noise
temperature to compare improvements between different schemes could
lead to a large underestimate. For example, a one-eighth decrease in the
noise temperature from 925mK to 120mK actually results in a 20 times
improvement in units of photon:

Exp _ω
kb120mK

h i
� 1

� 	
= Exp _ω

kb925mK

h i
� 1

� 	
¼ 20: ð21Þ

Researchers in particle physics may be more familiar with noise tempera-
ture, and the system noise temperature is directly related to the detection
SNR. Therefore, we continue to quote the noise temperatures here.

The second-order correlation function measurement
For power correlation statistics, one may consider

C2ðt; t þ τÞ ¼ r̂þðtÞr̂þðt þ τÞr̂ðt þ τ Þ̂rðtÞ� �

¼ 4 Sþ1 ðtÞSþ1 ðt þ τÞS2ðt þ τÞS2ðtÞ
� �

:
ð22Þ

As widely exploited in quantum optics, single-photon signals demonstrate
two important features: sub-Poissonian statisticsC2(τ) ≤ 1 and photon anti-
bunching C2(0) <C2(τ)41–43,58. When a signal candidate emerges during a
scan, the second-order functionmeasurement, as simulated in Fig. 3, allows
the measured C2(0) value to verify the nature of the signal: whether it is
converted as a single photon from dark matter axion (C2(0) ~0) or simply
from thermal noise (C2(0) ~1). (C2(0) ~0) arises from the fact that a single
photon can only arrive at one path at one time, and it is a well-known
technique in quantum optics to veto thermal noise40–43. Thus, our dual-path
scheme canprovide an additional test of the signal’s naturewhen the cavity’s
predicted occupation numbers are small, in which case most axion-
converted signals exit the cavity as single photons.

We must emphasize that it is easy to combine the quantum dual-path
scheme with other techniques, such as JPAs, microwave squeezing-state,
and single-photon detectors. Even with JPAs, the single-path noise tem-
perature is approximately four times higher than that limited by the SQL54.
However, with the dual-path measurement setup, noise due to the SQL in a
single path could be avoided. With the squeezing state, a fractional
breaching of SQL has been achieved60, while for cross-power, at least an
order of magnitude difference between correlated and uncorrelated noise
levels is typically expected40–43. In addition, both JPA and squeezing-state
techniques have rather small working bandwidths compared to that of
cryogenics HEMT. It is also expected that the effective noise temperature
can be further lowered by using JPA or TWPA as preamplifiers to protect
the axion haloscope detector and beam splitter from thermal noise leaked
from the high-temperature stage, e.g., HEMT at 4 K58. It was proposed to
detect the axion by a microwave single-photon detector61. We emphasize
that it is also easy to combine the dual-path measurement setup with a
single-photon detector, and it is expected that the SNR of axion detection
reaches a limit from the temperature of the axion haloscope cavity itself.We
think the best way would be to combine a dual-path scheme with broad-
band, high-efficiency single-photondetectors for application in axion search
in the future.
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Fig. 3 | Simulation of the second-order correlation function for a single-photon
pulse train with white noise. If photon antibunching is observed in the experiment
as C2(0) < C2(τ), the converted periodic signal is nonclassical.
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Conclusions
The axion cavity signal can be modeled quantum-mechanically because a
single photon Fock state in the cavity is populated and thenquickly decayed.
We show that the single-photon a → γ transition rate is amplified by the
cavity Q-factor, consistent with the classical picture. Since the axion cavity
can be regarded as a quantum signal emitter, it is effective to employ the
cross-power measurement in a dual-path interferometry setup instead of
using a single-channel receiver. Our dual-path HBT interferometry builds
on this work’s quantum-level proof of the enhancement to exploit the
single-photon cavity state, whichdifferentiates thepurpose from ref. 62. The
single-photon signal is splitted by a 50/50 beam splitter and then amplified
and mixed by heterodyne detectors. With a digital analyzer, the measured
cross-power effectively reduces the noise level due to the cancellation of
uncorrelated noise in the two channels. Compared to the traditional single-
channel readout, a high enhancement in the signal-to-noise ratio can be
achieved with the current dual-path setup with the HEMT as the pre-
amplifier. A higher enhancement for the JPA as the preamplifier is
achievable because the amplified vacuum variance (the minimum is 0.5
photons) is avoided. Thus, combining the dual-path interferometry scheme
with other techniques, e.g., single-photon detectors, could approach the
noise temperature limited by the temperature of the axion haloscope cavity
itself. The dual-path scheme can provide a substantially faster scanning rate
for axion dark matter searches or, equivalently, a higher sensitivity of axion
photon coupling. The second-order correlation function measurement can
additionally provide a test of the single-photonnature of an axion-converted
signal.

Data availability
Thedata used in this paper are available fromauthors on reasonable request.
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