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The big picture

• Very good indirect evidence exists for dark matter, so why hasn’t it been 
detected? 

• This talk is about using a resonant microwave cavity - a haloscope, to search 
for a particular dark matter candidate - the dark photon



Dark photon dark matter theory

• One of the simplest possible SM extensions: add a new ‘dark’   

  

•   can mix directly with the SM photon, controlled via the parameter   

• Light dark photons are best described as a coherent wave oscillating at a 
frequency set by  , rather than a collection of distinct particles.  

• Just like the axion this can provide a natural DM candidate. Interesting 
phenomenology and experimental possibilities! 

• Unlike the axion: no B-field needed, no specifically favoured   values
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The dark photon is a promising candidate for the dark matter which comprises most of the matter
in our visible Universe. Via kinetic mixing with the Standard Model it can also be resonantly
converted to photons in an electromagnetic cavity, o↵ering novel experimental possibilities for the
discovery and study of dark matter. We report the results of a pathfinder dark photon dark matter
cavity search experiment performed at Hunan Normal University and the Institute of Physics,
Chinese Academy of Sciences, representing the first stage of the APEX (Axion and dark Photon
EXperiment) program. Finding no statistically significant excess, we place an upper limit on the
kinetic mixing parameter |�| < 3.7 ⇥ 10�13 around mA ' 29.5 µeV at 90% confidence level. This
result exceeds other constraints on dark photon dark matter in this frequency range by roughly an
order of magnitude.

Introduction. Overwhelming evidence exists that a
large majority of the matter in our Universe is ‘dark’, in
that it interacts very feebly or not at all with the Stan-
dard Model (SM) [1–6]. In the ⇤CDM model, this dark
matter (DM) is weakly interacting, non-relativistic, and
cosmologically stable. Beyond this point not much is
known about the underlying nature of DM, or its inter-
actions with SM particles.

In light of this, the dark photon is a promising DM
candidate. As a spin-1 gauge boson associated to some
additional U(1) symmetry, it is firstly one of the simplest
possible extensions to the SM [7–9]. Having the same
quantum numbers as a SM photon, dark photons can
also convert into SM photons via kinetic mixing [10, 11],
as described by the Lagrangian

L = �1

4
(Fµ⌫Fµ⌫+Fµ⌫

d Fdµ⌫�2�Fµ⌫Fdµ⌫�2m2
AA

2
d), (1)

where Fµ⌫ and Fµ⌫
d are the electromagnetic and dark

photon field strength tensors respectively, � is the kinetic
mixing parameter, mA is the dark photon mass, and Aµ

d
is the dark photon gauge field. If mA and � are both
su�ciently small, then the dark photon should be stable
on cosmological timescales [12], and hence an attractive
DM candidate.

Su�ciently light dark photons are best described as a
coherent wave oscillating at a frequency set bymA, rather
than a collection of distinct particles, leading to interest-
ing phenomenology and experimental possibilities. The
degree of coherence here is controlled by the DM velocity
distribution, and in particular v2DM ⇠ 10�6 [13, 14].

Several known mechanisms are capable of producing a
relic population of dark photons, such as displacement
of the dark photon field via quantum fluctuations during
inflation. These fluctuations provide the initial displace-
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(Figure courtesy of Ciaran O’Hare)

APEX

APEX was based at Hunan Normal University and the Institute of Physics, Chinese Academy of Sciences 
From October APEX will run at Anhui University, whilst we prepare a dedicated laboratory at Henan Normal University
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How do we search for this ‘dark’ wave?
• Dark photons/axions from the DM halo resonantly convert to photons when   

matches the resonance frequency of a microwave cavity  

  

  

• Peak power is  ,     

• We don’t know  , so we need to scan the parameter space
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 A

Expected haloscope

signal power


is  𝒪(10−24 W)

Noise floor from cavity 
blackbody radiation, plus 

added Johnson noise from 
the receiver chain 

Veff = ( ∫ dV E( ⃗x ) ⋅ Ad( ⃗x ))2

∫ dV |E( ⃗x ) |2 |Ad( ⃗x ) |2



APEX experimental details I

• Keysight N5231B network analyser 

• Keysight N9020B spectrum 
analyser 

• Bluefors LD 400 dilution refrigerator 

• Cryogenic HEMT amplifiers, 36 dB 
gain 

• Room temperature amplifiers, 36 
dB gain 

• Attenuators, circulators/isolators, 
cables

Key components

Total noise temperature: 7.5 K, gain: 108 dB, loss: 23 dB



APEX experimental details II



APEX experimental details III

3

(Keysight N9020B) and a network analyzer (Keysight
N5231B)

We measure the transmission spectrum and reflection
spectrum through the two ports of this cavity by using a
four-port network analyzer. The total attenuation due to
cables in the low and room temperature sections is about
20 dB, in the room temperature stage we also mount
two 20 dB attenuators in the two outports of network
analyzer, respectively. The scanning frequency range is
set to 15 MHz, the probing power reaching the cavity
is about �142 dBm which corresponds average photon
number hni = P/2~!r inside the cavity is less than
1. Taking the maximum value of the measured reflection
data as background, we normalize the reflection spectrum
and transmission spectrum. We find that the cavity has
a dissipation rate  = 2⇡⇥0.6 MHz, a QL value of 11006,
reflection and transmission coe�cients of R2 = 0.758 and
T 2 = 0.175, and a coupling � = 0.9539 at 7.139 GHz.

For the dark photon search, emission power from the
cavity is measured using the Keysight N9020B Spectrum
Analyzer. In this case, we set the frequency range of
our scan to 7.1389 GHz ± 75 kHz, with a step size be-
tween points of 750 Hz. Each frequency point is scanned
105 times continuously. We repeated this procedure 103

times to give 108 measurements per frequency point. The
scan time is set to automatic: given our chosen param-
eters, the time to automatically scan 105 times is 22.1
ms. By repeating this 103 times, we arrive at a total
integration time per point of 22.1 s.

The e↵ective volume Ve↵ cannot be directly measured,
and so needs to be computed via simulation. In practice
we expect the dark photon field to be spatially uniform
over scales much larger than the cavity size, so that the
field orientation can be specified via a constant unit vec-
tor n̂. With Ad(x) / n̂, Eq. (4) then becomes

Ve↵ =

�R
dVE(~x) · n̂

�2
�R

dV |E(~x)|2
� =

�R
dVE(~x)

�2
�R

dV |E(~x)|2
� hcos2 ✓iT , (6)

where ✓ is the (unknown) angle between E(x) and Ad(x)
during a typical measurement integration time. Assum-
ing the dark photon is randomly polarized, hcos2 ✓iT =
1/3 for a cavity haloscope of this type [16].

The electric field distribution of the cavity operat-
ing in the TM010 mode was simulated using CST Mi-
crowave Studio, as illustrated in Fig. 2. The simulated
Ve↵hcos2 ✓i�1

T was 51.3 cm3.

FIG. 2. Electric field distribution of the TM010 cavity mode.

The relevant experimental parameters are summarised
in Table I.

� f0 QL Ve↵ G ⌘ b tint

0.9539 7.139 GHz 11006 17.1 ml 88 dB 0.5 20 Hz 22.1 s

TABLE I. Key experimental parameters.

Data analysis. To analyse the resulting data we
broadly follow the prescription outlined in other dark
photon cavity haloscope searches, such as Ref. [23]. That
said, as a pathfinder experiment our approach is simpler
in that we do not tune the cavity, and analyse only a
single power spectrum.
This being the case, various steps in the standard anal-

ysis prescription are not required, such as the combi-
nation of various power spectra measured at di↵erent
resonant frequencies. Furthermore, the frequency range
under consideration is su�ciently narrow that gain fre-
quency dependence is also negligible, so we do not need
to employ e.g. the Savitzky-Golay filtering common to
other haloscope data analyses.
Subtracting firstly the mean power hP i ' 3.5⇥10�21W

from the measured power spectrum power we find the
power excess Pe = P � hP i, shown in Fig. 3 in units of
the corresponding standard deviation �P . We can see
that the data are compatible with the null hypothesis.

FIG. 3. Spectral power excess, in units of the standard devi-
ation. As can be seen, all data points lie within 3 standard
deviations of the mean.

This being the case, we can place limits on the contri-
bution of dark photon dark matter to the observed signal
power. For each mass under consideration, we construct
reference spectra with � = 1 and the assumed form of
the lab-frame DM frequency distribution

F (f) ' 2

✓
f � fDM

⇡

◆1/2 ✓ 3

1.7fDMv2DM

◆3/2

(7)

⇥ exp

✓
� 3(f � fDM )

1.7fDMv2DM

◆
,

which satisfies
R

dfF (f) = 1, where fDM = mA/2⇡ and
vDM ' 9 ⇥ 10�4c is the DM virial velocity [23]. Convo-
lution of the dark photon signal power in (2) with this

• To find   we simulate the TM010 mode in CST Microwave studioVeff

Summary of key parameters

• Transmission and reflection measurements allow us to find  β, f0, QL
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FIG. 3: Simulated cavity transmission spectrum containing
the TM010 and TM011 modes.

are inside the cavity for microwave signal transmission

and detection. The width and thickness of the pins

are 0.5mm and 0.2mm, and their length inside the

cavity is 2.5mm, which determines the loaded quality

factor of the cavity. The four lowest resonance fre-

quencies of the cavity are calculated to be 5.6762GHz

(TE111), 7.0853GHz (TM010), 7.2787GHz (TM011), and

7.8303GHz (TM012), respectively. As shown in Fig. 3,

we simulate the resonance frequencies around the TM010

of the cavity with CST software, with the copper con-

ductivity at 5.96⇥ 10
7
S/m. In the frequency range from

6GHz to 7.5GHz, the simulated frequencies for TM010

and TM011 are 7.0857GHz and 7.2789GHz, respectively,

which agree well with our calculations. We TM010 as our

working mode of the cavity because it has a higher form

factor in dark matter conversion.

We performed transmission spectrum measurement on

the cavity via a vector network analyzer (VNA) by in-

jecting a probe signal through the input channel on one

of the cavity’s ports, and then detecting the amplified

signal through the output channel on the other port. As

shown in the upper and lower panels in Fig. 4, the S21

spectra of the TM010 and TM011 modes are presented

with an IF frequency 30Hz. To extract the decay rate

of the resonant cavity modes, we injected a signal power

P = �145 dBm which keeps the cavity’s average photon

number hni = P/2h̄!c less than 1 for the measurement

of the two cavity modes. Then we fitted the S21 spec-

tra with Lorentzian curves for both modes and extracted

resonant frequencies and decay rates. For TM010 mode,

the room-temperature resonant frequency is found to be

!c/2⇡ = 7.113GHz, with its decay rate /2⇡ = 0.72MHz

and quality factorQl = 9879. Therefore, its experimental

measurement results (7.113GHz) correspond very well

with its theoretical predictions (7.0853GHz) and sim-

ulation outcomes (7.0857GHz). The low-temperature

(22 mK) TM010 frequency is !c/2⇡ = 7.138GHz, with

/2⇡ = 0.60MHz and Ql = 11897 at 22mK. We also

measured the TM011 mode, and the measured resonant

frequency is !c/2⇡ = 7.305GHz, decay rate /2⇡ =

0.99MHz, quality factor Ql = 7379 at room tempera-

FIG. 4: Test results for the TM010 (upper) and TM011 (mid)
modes. The lower panel is the reflection measurement of
TM010 and the fitting result with Eq. (5)

ture, and !c/2⇡ = 7.331GHz, /2⇡ = 0.99MHz, and

Ql = 7405 at 22mK, respectively.

To extract the extrinsic quality factor, we also mea-

sured the reflection (S21) of the cavity via the three-port

4
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ulation outcomes (7.0857GHz). The low-temperature

(22 mK) TM010 frequency is !c/2⇡ = 7.138GHz, with

/2⇡ = 0.60MHz and Ql = 11897 at 22mK. We also

measured the TM011 mode, and the measured resonant

frequency is !c/2⇡ = 7.305GHz, decay rate /2⇡ =

0.99MHz, quality factor Ql = 7379 at room tempera-

FIG. 4: Test results for the TM010 (upper) and TM011 (mid)
modes. The lower panel is the reflection measurement of
TM010 and the fitting result with Eq. (5)

ture, and !c/2⇡ = 7.331GHz, /2⇡ = 0.99MHz, and

Ql = 7405 at 22mK, respectively.

To extract the extrinsic quality factor, we also mea-

sured the reflection (S21) of the cavity via the three-port

7.11 7.12 7.13 7.14 7.15

Frequency (GHz)

0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

|T
|2

Exp-22mk

Exp-RT

Fit

7.11 7.12 7.13 7.14 7.15

Frequency (GHz)

0.0

0.2

0.4

0.6

0.8

1.0

N
or

m
al

iz
ed

|T
|2

Exp-22mk

Exp-RT

Fit



Data analysis

• Data arrive in the form of power spectra, measured by the spectrum analyzer

• We calculate the reference signal power   in each bin and compare to the 
measured power excess   via the likelihood 

  

Pref
Pe

p(Pe |mA, χ) = ∏
i

1

2πσ2
P

exp (−
(Pe − Pref χ2)2

2σ2
P )

Each point here is
the average of   

measurements
108

No excess over  :
compatible with the

null hypothesis

3σ

Mean power is 
 𝒪(10−23 W)

Uncertainty is primarily 
statistical: 1.7% relative 

uncertainty in  , systematics 
are subleading

Pe



(Using the AxionLimits code)
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• We have performed a cavity haloscope experiment, searching for dark 
photon DM 

• Finding no statistically significant excess, we we place an upper limit
  around   (90% CL) 

• This exceeds other constraints on dark photon DM in this frequency range 
by roughly an order of magnitude 

• From Oct 2024 (Anhui University): implement cavity scanning, with 
addition of 9 T magnetic field and ‘dual-path’ interferometric readout for 
axion searches with quantum enhanced sensitivity 

• From Oct 2025: move to a dedicated lab at Henan Normal University, to 
search for axions, dark photons and even gravitational waves

|χ | < 3.7 × 10−13 mA ≃ 29.5μeV

More details in 2404.00908 and 2404.10264    

Discussion and conclusions
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Discussion and conclusions

Thanks for listening!





• Not long after the first axion papers, people realised that                                               
this wonderful new light particle could be dangerous….


• Solving   gives


 

··ϕ + 3H ·ϕ + m2
aϕ = 0
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Figure 4: Evolution of various quantities in the exact solution to the background evolution
of an ALP, Eq. (58), for a radiation-dominated universe (p = 1/2). Dimensionful quanti-
ties have arbitrary normalization. Vertical dashed lines show the condition defining aosc..
Further discussion of this choice, and the approximate solution for the energy density, is
given in the text.
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Extra: axion/dark photon cosmology

Figure courtesy of ‘Axion Cosmology’, D. J. E. Marsh, 1510.07633
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Cosmological aspects of a very weakly interacting axion are discussed. A solution to the problem of domain walls dis- 
cussed by Sikivie is mentioned. Demanding that axions do not dominate the present energy density of the universe is shown 
to give an upper bound on the axion decay constant of at most 1012 GeV. 

It has been suggested that the strong CP problem 
may be solved by extending the Peccei-Quinn idea 
[1] to grand unified theories [ 2 - 4 ] .  In other words, 
one should require of  a grand unified theory that it 
possesses a U(1) symmetry broken explicitly only by 
anomalies. Moreover, this symmetry should be broken 
spontaneously at the unification scale. In such a theory, 
the CP violating angle, 0, becomes dynamical; it is the 
would-be Goldstone boson (axion) of  this spontaneous- 
ly broken symmetry. QCD gives rise to a potential for 
this angle with a minimum very near the origin. The 
axion itself receives a tiny mass as a result of  this sym- 
metry-violating potential. Its interactions are extreme- 
ly weak, having a strength inversely proportional to 
)cA, the axion decay constant. In particular, this ax- 
ion would not appear in experiments nor would it 
play any role in astrophysical environments such as 
stars. 

However, this lack of  interaction raises concerns 
of  a cosmological nature. For temperatures much 
higher than QCD scales, we expect 0-dependent ef- 
fects to fall as some large power o f T  [5]. Thus, at the 
grand-unified scale, the Peceei-Quinn symmetry will 
be an essentially exact symmetry. At temperatures 
above fA,  this symmetry will be unbroken; as the tem- 
perature is lowered, spontaneous symmetry breaking 

will occur, and 0 will take some random value on the 
interval [0, 2n] (actually, on a somewhat smaller inter- 
val; see below). 

At temperatures well below the QCD scale, we can 
calculate the axion potential using current algebra ar- 
guments. For definiteness, we focus on the model of 
ref. [2],  in which the Peccei-Quinn symmetry is 
broken by the expectation value of  a singlet field (with 
Peccei-Quinn charge 1) 

(~0) = 2 -1 /2 fA e i° . 

Following ref. [6],  it is natural to work with the 
anomaly-free, partially conserved current (specializing 
for simplicity to the case of  two light quarks; inclusion 
of  the strange quark is straightforward) 

7** -]u- "PQ -- [N/(1 +Z) ]  (fiVu75 u +ZdTuVsd) ,  

where Z = mu/m d. We must also include the current 
of axial isospin, 

].3 1 - 
u A = ~ (UTuYs u -- a Yu 3'5 d) 

Following a method discussed by Sikivie, we write the 
expectation values of  fermion bilinears as 

(fiLUR) = ](fiLUR)I exp{i{a + IN/(1 + Z)]  0}} , 

(dLd R) = I(CtLdR)I exp {i{---a + [NZ/(1 +Z)]  0}} . 
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Extra: The misalignment mechanism     V(a)

• When axion/dark photon begins oscillate,   


• Inserting into the EOM gives  ,  


• At the top of the potential we have   (dark energy), at the 
bottom   (free scalar field). Therefore  


• Just like ordinary non-relativistic matter: the coherent oscillations 
of the axion field function as a natural cold dark matter candidate 

• For QCD axions, with initial misalignment angle   we typically have


 

ϕ ≃ ϕ0 cos(mat + φ)

ϕ0 ∝ a−3/2 ρa ∝ |ϕ0 |2 ∝ a−3

ωa = − 1
ωa = 1 ⟨ωa⟩ = 0

θa,i

the limit of the anthropic boundary for DM-like axions with ma = 10�24 eV. This is visible
in Fig. 5, and from the fa scaling of Eq. (63). We find fa  4 ⇥ 1017 GeV: ULA DM is
natural for comfortably sub-Planckian values of the decay constant.

4.3.2 The QCD Axion

QCD non-perturbative e↵ects switch on at T ⇠ ⇤QCD ⇠ 200 MeV, precisely when the QCD
axion with intermediate fa begins oscillations. The temperature dependence of the axion
mass in QCD is given by:

m2

a
(T )f2

a
= �top.(T ) , (64)

where �top.(T ) is the QCD topological susceptibility, which must be calculated. The original
calculation is due to Ref. [41] and is reviewed in e.g. Ref. [134], while a modern calculation
in the ‘interacting instanton liquid model’ (IILM) is given in Ref. [113]. A simple power-law
dependence of the axion mass on temperature applies at high temperatures, T > 1 GeV:

m2

a
(T ) = ↵a

⇤3

QCD
mu

f2
a

✓
T

⇤QCD

◆�n

. (65)

This should be matched to the zero temperature value, Eq. (5), at low T . ⇤QCD.
The standard [41] value for the power-law from the dilute instanton gas model (DIGM)

is n = 7+nf/3+· · · ⇡ 8 (where nf is the number of fermions active at a given temperature).
The fits of Ref. [113] from the IILM give n = 6.68 and ↵a = 1.68 ⇥ 10�7 (which also agrees
with Ref. [135]). The temperature dependence can also be computed non-perturbatively
on the lattice in the pure Yang-Mills limit (e.g. Refs. [136, 137, 138, 139]), and at low
temperatures from chiral perturbation theory (for a recent calculation, see Ref. [140] and
references therein). The lattice calculations of Ref. [136] find n = 5.64 (compare to the
pure Yang-Mills, nf = 0, DIGM). Ref. [140] consider a range between n = 2 and n = 8
from lattice and instanton calculations respectively.

The temperature of the Universe in the radiation dominated era is determined by the
Friedmann equation in the form

3H2M2

pl
=

⇡2

30
g?T

4 . (66)

Taking the standard n = 8 result, using that g? = 61.75 for tempertaures just above the
QCD phase transition, and defining 3H(Tosc) = ma, the QCD axion with fa < 2⇥1015 GeV
begins oscillating when T > 1 GeV [134]. From this point on, axion energy density scales
as a�3 independently of the behaviour of ma(T ). The relic density can thus be reliably
computed from the high-temperature power-law behaviour of ma(T ), scaled as a�3 from
Tosc. The relic density is fixed by the initial misalignment angle and fa. For fa < 2 ⇥
1015 GeV it is given by [134]

⌦ah2 ⇠ 2 ⇥ 104

✓
fa

1016 GeV

◆7/6

h✓2

a,i
i . (67)

For fa & 2 ⇥ 1017 GeV oscillations begin when T < ⇤QCD, such that the mass has reached
its zero-temperature value. In this case the relic density is

⌦ah2 ⇡ 5 ⇥ 103

✓
fa

1016 GeV

◆3/2

h✓2

a,i
i . (68)

Note that there is not an overlapping region of validity for Eqs. (67) and (68). For
2 ⇥ 1015 GeV . fa . 2 ⇥ 1017 GeV oscillations begin during the QCD epoch, the dilute
instanton gas approximation breaks down and the relic density calculation is more compli-
cated (see e.g. Refs. [134, 113, 141]). However, it is argued in Ref. [134] that Eq. (67) is a
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