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No oscillation, just emission 
of a feebly coupled state.  
In fact this flux is greater! *
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FIG. 7. Parameter space for hidden-photons (A0) with mass mA0 < 1 MeV (see Fig. 6 for

mA0 > 1 MeV). Colored regions are: experimentally excluded regions (dark green), constraints

from astronomical observations (gray) or from astrophysical, or cosmological arguments (blue),

and sensitivity of planned and suggested experiments (light green) (ADMX [14], ALPS-II [15],

Dish antenna [19], AGN/SNR [151]). Shown in red are boundaries where the A0 would account

for all the DM produced either thermally in the Big Bang or non-thermally by the misalignment

mechanism (the corresponding line is an upper bound). Regions bounded by dotted lines show

predictions from string theory corresponding to di↵erent possibilities for the nature of the A0 mass:

Hidden-Higgs, a Fayet-Iliopoulos term, or the Stückelberg mechanism. Predictions are uncertain

by O(1)-factors.

ordinary matter. An A0 in this mass range is motivated by the theoretical considerations

discussed above, by anomalies related to DM [165, 166], and by the discrepancy between the

measured and calculated value of the anomalous magnetic moment of the muon [120–122].

Fig. 6 shows existing constraints for mA0 > 1 MeV [116] and the sensitivity of several

planned experiments that will explore part of the remaining allowed parameter space. These

include the future fixed-target experiments APEX [126, 132], HPS [133], DarkLight [134] at

Je↵erson Laboratory, an experiment using VEPP-3 [135, 136], and experiments using the

MAMI and MESA [137] at the University of Mainz. Existing and future e+e� colliders can

also probe large parts of the parameter space for ✏ > 10�4
�10�3, and include BABAR, Belle,

KLOE, SuperB, Belle II, and KLOE-2 (Fig. 6 only shows existing constraints, and no future
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FIG. 6. Parameter space for dark photons (A0) with mass mA0 > 1 MeV (see Fig. 7 for

mA0 < 1 MeV). Shown are existing 90% confidence level limits from the SLAC and Fermilab

beam dump experiments E137, E141, and E774 [116–119] the electron and muon anomalous mag-

netic moment aµ [120–122], KLOE [123] (see also [124]), WASA-at-COSY [125], the test run results

reported by APEX [126] and MAMI [127], an estimate using a BaBar result [116, 128, 129], and a

constraint from supernova cooling [116, 130, 131]. In the green band, the A0 can explain the ob-

served discrepancy between the calculated and measured muon anomalous magnetic moment [120]

at 90% confidence level. On the right, we show in more detail the parameter space for larger values

of ✏. This parameter space can be probed by several proposed experiments, including APEX [132],

HPS [133], DarkLight [134], VEPP-3 [135, 136], MAMI, and MESA [137]. Existing and future

e+e� colliders such as BABAR, BELLE, KLOE, SuperB, BELLE-2, and KLOE-2 can also probe

large parts of the parameter space for ✏ > 10�4
� 10�3; their reach is not explicitly shown.

string theory constructions can generate much smaller ✏. While there is no clear minimum

for ✏, values in the 10�12
� 10�3 range have been predicted in the literature [140–143].

A dark sector consisting of particles that do not couple to any of the known forces and

containing an A0 is commonplace in many new physics scenarios. Such hidden sectors can

have a rich structure, consisting of, for example, fermions and many other gauge bosons.

The photon coupling to the A0 could provide the only non-gravitational window into their

existence. Hidden sectors are generic, for example, in string theory constructions [144–147].

and recent studies have drawn a very clear picture of the di↵erent possibilities obtainable in

type-II compactifications (see dotted contours in Fig. 7). Several portals beyond the kinetic

21
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SRF cavities developed at Fermilab have achieved Q ~ 109-10.
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FIG. 4. Intrinsic cavity quality factor Q of the investigated
1.3, 2.6, and 5 GHz cavities as a function of temperature. Pre-
viously, SRF cavities have only been studied at temperatures
above about 1.3 K. Below about 1 K a significant decrease in
Q is observed consistent with the TLS dissipation - the red
lines show TLS model fits. A dramatic increase in Q associ-
ated with the oxide-modifying heat treatment is apparent on
the 1.3 GHz and 5 GHz cavities.

after 450�C vacuum heat treatment for di↵erent starting
cavity photon populations are shown in FIG. 3. Blue and
black curves correspond to two di↵erent starting power
levels, as well as the di↵erent resolution bandwidths of
the spectrum analyzer. As the exponential decay fits (red
lines) indicate, the time constant and therefore the qual-
ity factor Q remains constant down to the noise floor of
about 10 photons and ⇠2 photons. We have also ob-
served no rf field amplitude dependence of the Q factor
for all the cavities in the dilution refrigerator setup. It
is consistent with our previous studies and higher tem-
perature/higher field measurements in the current study,
which showed that the “critical” TLS saturation field
Ec for niobium oxide is much higher - of the order of
Ec ⇠ 0.1 MV/m - and therefore TLS are not saturated
by the microwave fields from about n ⇠ 1020 all the way
down to n ⇠ 2.

Q(T ) measurements, which represent the main find-
ings of our paper, are shown in FIG. 4. A characteristic
/ 1/ tanh

�
↵ h̄!

2kT

�
temperature dependence of the qual-

ity factors Q(T ) for all the cavities is clearly observed
with the Q decreasing towards lower temperatures. The
amount of Q degradation is drastically suppressed by the
heat treatments - 340�C for the 1.3 GHz and 450�C for
the 5 GHz cavity respectively. This is consistent with
the removal of the significant number of TLS, which are
hosted by the pentoxide layer of SRF cavities - as shown
in our previous work [8].

TABLE I. Summary of TLS model fitting results.

f0 (GHz) Oxide treatment F �0 F �0
1.3 No 5.2⇥ 10�10 1.0⇥ 10�7 0.17
2.6 No 8.2⇥ 10�10 2.4⇥ 10�8 0.13
5 No 9.1⇥ 10�10 1.2⇥ 10�8 0.08
1.3 340�C 3 hrs 6.7⇥ 10�11 unknown n/a
5 450�C 3 hrs 5.6⇥ 10�11 unknown n/a

Below about 1 K the contribution to the surface resis-
tance caused by the thermally excited quasiparticles be-
comes negligible and the Q(T ) curves appear to be dom-
inated by a dissipation caused by the TLS. The TLS dis-
sipation increases as the temperature is further lowered
due to the decreased thermal saturation and therefore an
increased number of the TLS systems participating in the
resonant absorption of the microwave power.
In the TLS-dominated regime, an excellent fit is ob-

tained using the “standard” TLS model [9, 10] dissipa-
tion with �0 as the loss tangent of the TLS at T = 0 K, an
additional coe�cient ↵ to account for temperature mea-
surement e�cicency, and a fixed residual (Rres) surface
resistance:

1

Q(T )
= F �0 tanh

✓
↵

h̄!

2kT

◆
+

Rres

G
(1)

where F is the calculated filling factor [4, 15, 16], G =
268 Ohm is the geometry factor of the TM010 mode for
TESLA shape extracted from the finite element simula-
tions [12].
In Table I the obtained fit F �0 values are shown for all

the cavities investigated. A dramatic - about an order
of magnitude - decrease in F �0 is associated with the
heat treatments. For cavities before the heat treatments
(with the pentoxide layer) the participation ratios can be
calculated as in Ref. [8] assuming the ⇠5 nm oxide layer,
and the �0 values can then be estimated as well. These
are listed in Table I wherever applicable.
While the presence of TLS leads to the decrease of

Q from its values at higher temperatures, even in the
worst case (5 GHz without heat treatment) we obtain
the photon lifetime ⌧ = 32 msec, which is several times
higher than the previous record of ⇠10.2 msec [17]. After
the heat treatments, the achieved photon lifetimes of 0.5-
2 sec correspond to a ⇠50-200 times improvement.
To reveal the underlying material changes happening

during the vacuum treatment in the temperature range
of interest (340-450�C) we have performed the direct
studies on the niobium cavity cutout using the in-house
time-of-flight secondary ion mass spectrometry (TOF-
SIMS) system. TOF-SIMS allows obtaining the depth
profiles of various elements within the sample with the
sub-nanometer depth and better than parts-per-million
concentration resolution and has been actively used in
recent years to guide the SRF cavity near-surface struc-

Romanenko et al.

Phys.Rev.Applied 13 (2020)
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268 Ohm is the geometry factor of the TM010 mode for
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In Table I the obtained fit F �0 values are shown for all

the cavities investigated. A dramatic - about an order
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• SQMS partnership
• SQMS scientific and technological goals
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Lab Based Dark Photon Search
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a range of about 5 MHz with the ⇠12 Hz resolution, as
well as “fine” tuning using the piezoelectric element in a
range of about 8 kHz with the ⇠0.1 Hz resolution [7].

FIG. 1. The experimental setup for the DarkSRF experiment
consisting of two 1.3 GHz cavities.

Each of the cavities has been independently connected
by shielded microwave coaxial cables to the room temper-
ature signal generation and the measurement electronics.

Initially, both of the cavities have been measured at
2 K and 1.5 K in a liquid helium bath, using the stan-
dard SRF techniques [8] to obtain the fundamental mode
frequencies and intrinsic quality factors Q0, as well as the
input (Qin) and transmitted (Qt) antenna external qual-
ity factors.

Subsequently, both of the cavities have been powered
up by a single RF generator signal split into two routes.
Phase lock loop has been used to have the RF generator
follow the frequency of the emitter cavity and the tuner
mechanism has been applied to change the receiver cav-
ity frequency until it is resonantly excited by the same
signal as emitter. Since the radiation pressure on the cav-
ity walls changes the cavity frequency, this procedure for
frequency matching has been performed for each emitter
cavity stored energy used for the dark photon search.

After frequency matching, the cable connecting the
generator to the receiver cavity has been disconnected
and the measurement of the transmitted power from the
emitter cavity has been performed using spectrum ana-
lyzer centered around resonance frequency. The data has
been acquired for 30 minutes in each run.

Two data acquisitions runs performed, one at a higher
accelerating field level Eacc = 40 MV/m in the emitter

cavity (“high power” run), and one at a somewhat lower
- Eacc = 6 MV/m (“medium power” run). For the high
power case the detection sensitivity has been limited by
the residual cross-talk, whereas for the medium power
run the sensitivity has been limited by the thermal pho-
ton leakage from the input line on the receiver cavity.
CALCULATION PROCEDURE FOR THE EXCLU-

SION PLOT

FIG. 2. The new exclusion limit for the dark photon.

CONCLUSIONS

Our experiment constructed based on the high quality
factor SRF niobium cavities and utilizing the accelerator
technology for high precision frequency tuning allowed
to extend the exclusion boundary for the existence of
dark photons by several orders of magnitude in the broad
range of rest masses and coupling constants.
Future improvements involve further suppression of the

cross-talk at higher emitter cavity powers, as well as per-
forming the experiment with the receiver cavity at mil-
likelvin temperatures inside the dilution refrigerator cou-
pled with the quantum limited amplifier.
Fermilab is operated by Fermi Research Alliance, LLC

under Contract No. DE-AC02-07CH11359 with the
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FIG. 12: Schematic of the proposed up-conversion
axion dark matter experiment. A pump mode photon
at frequency !0 ⇠ GHz is upconverted by axion dark
matter into a nearly degenerate photon of frequency
!1 = !0 + ma. See Ref. [76] for additional details.

from real thermal photons, then the scan rate would im-
prove by a factor of O(102) to O(103) compared to SQL-
limited detection. The photon occupation number for
thermal photons in the cavity at temperature Tc = 50mK

is n̄c =
�
exp(hf/kbTc) � 1

��1

. The occupation num-
ber from the standard quantum limit is n̄SQL, and the
scan rate improvement from subverting the SQL limit is
n̄SQL/n̄c. The calculated scan rate improvement (assum-
ing very generously that the dark count is dominated by
the finite cavity temperature) is shown in Fig. 10.

The cavity conceptualized in this section will be sensi-
tive to DPDM with masses between 20.3 µeV (5 GHz)
and 33µeV (8 GHz) with kinetic mixing angles of
O
�
10�15

�
� O

�
10�16

�
, as shown in Fig. 11. The form

factor varies from C = 0.05 to C = 0.225, assuming
dark photons are randomly polarized.3 The Nb cavity
is expected to have an unloaded quality factor of 1010.
However, the superconducting qubit is likely to reduce
QL by a few orders of magnitude.

This project is currently at its conceptual and design
stage. The projection is likely to fluctuate by an order
of magnitude as this project matures. Regardless, SQMS
is excited to combine SRF cavity technology and qubit-
based photon counting to increase the DM search scan
rate by many orders of magnitude.

D. Axion Dark Matter Searches with
Up-Conversion

To date, most experiments searching for
electromagnetically-coupled axion DM employ static

3 Because dark photons are often thought to be randomly polar-
ized, the form factor for a dark photon haloscope, in this case, is
1/3 that of an axion haloscope.

magnetic fields, since these are more easily sourced at
large field strengths. In the presence of an axion DM
background, the axion-photon interaction sources a
feeble electromagnetic field oscillating at the axion mass
ma, which can be detected with a resonator tuned to
the same frequency. This is the strategy employed by
typical haloscope cavity experiments, which operate at
⇠ GHz frequencies, corresponding to axion masses of
ma ⇠ µeV. Since the resonant frequency is typically
controlled by the inverse geometric size of the detector,
probing much lighter axion masses requires prohibitively
large cavities. To circumvent this, LC circuit resonator
haloscopes are in the beginning stages of development
to search for much lighter axions, enabled by the fact
that their resonant frequency is not directly dictated by
the size of the circuit [77]. However, in the limit that
the axion’s Compton wavelength is much larger than
the characteristic size of the detector Ldet, the signal
power is parametrically suppressed by the small quantity
ma Ldet ⌧ 1.

As highlighted in Refs. [76, 78, 79], a heterodyne search
employing the oscillating electromagnetic fields of a res-
onant cavity completely undoes this unneeded suppres-
sion. This can be understood from the form of the axion-
induced e↵ective current introduced above in Eq. (10),
which in the long-wavelength limit is Ja / B @ta. For a
background magnetic field oscillating at a frequency of
!0, the resulting axion-induced emf is controlled by the
beats of !0 and ma, i.e., Ea / @tJa / !0 ± ma. Thus,
compared to an experiment employing static magnetic
fields, oscillating the field at !0 ⇠ GHz enhances the
signal by GHz/ma � 1 in the low-mass limit.

This enhancement carries over directly to the reach of
a proposed heterodyne search utilizing a single SRF cav-
ity [76, 78, 79]. A schematic of the setup is shown in
Fig. 12. A cavity is pumped at a frequency !0 ⇠ GHz.
The axion field interacts with the pump mode magnetic
field, resonantly driving power into a signal mode of
nearly degenerate frequency !1 ' !0 ± ma and distinct
spatial geometry, provided that the pump B-field and sig-
nal E-field have a large overlap B0 · E1 integrated over
the volume of the cavity (which is indeed the case when
the pump and signal modes are, e.g., low-lying TE and
TM modes). A scan over possible axion masses can be
achieved by slightly perturbing the geometry of the cav-
ity, thus modifying the frequency splitting |!1 � !0| to
match a wide range of axion masses. Compared to a
static-field LC circuit experiment of comparable size, the
SNR of a thermal-noise limited SRF heterodyne setup is
enhanced by

SNRSRF

SNRLC

⇠
!1

ma

✓
QSRF

QLC

◆ 1
2
✓

BSRF

BLC

◆2✓
TLC

TSRF

◆ 1
2

, (18)

where Q, B, and T are the quality factor, magnetic field
strength, and temperature of the corresponding setup,
respectively. Taking representative experimental param-
eters in the above expression, the larger quality factor of
SRF cavities approximately compensates for the smaller

Axion DM search - axion 
upconvert a pump field. 

Berlin et al (2019)
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FIG. 13: Projected sensitivity of an up-conversion axion dark matter experiment. As three representative
examples, we show the projected sensitivity of a 50L prototype, a cubic meter setup, and a futuristic experiment
with a total instrumented volume of 5 m3. Regions motivated by the QCD axion and ALP dark matter generated

by the misalignment mechanism are shown as orange and blue bands, respectively.

magnetic fields and larger temperatures achievable in a
superconducting heterodyne setup, leaving a residual en-
hancement SNRSRF/SNRLC ⇠ µeV/ma � 1 that be-
comes increasingly important at smaller axion masses.
Furthermore, since the frequency of the axion signal
!1 ⇠ !0 + ma is approximatley independent of the axion
mass in the long-wavelength limit, GHz cavities can e�-
ciently couple to extremely slowly oscillating axion fields,
opening up sensitivity to axion masses below a kHz, a re-
gion typically inaccessible with static field resonators.

The projected sensitivity to the axion parameter space
is shown in Fig. 13 for three choices of experimental pa-
rameters, including noise estimates that are anchored
to previous experimental measurements, such as those
performed for the MAGO gravitational wave experi-
ment [80–82]. A wider range of experimental parameters
is shown in Refs. [76, 79]. The projection for the 50L
prototype assumes a peak pump-mode magnetic field of
Bpump = 0.2 T, an intrinsic quality factor of Q = 1010,
and no attenuation of mechanical vibrations. The sensi-
tivity of the cubic meter setup assumes the same mag-
netic field, a larger quality factor of Q = 1012, and 100
dB of vibrational attentuation. Finally, the projections
for the futuristic setup assumes a total integrated vol-
ume of 5 m3, Bpump = 0.4 T, Q = 1012, and 130 dB of
vibrational attenuation.

These estimates indicate that noise induced by me-
chanical vibrations are likely to limit the sensitivity for
ma . kHz, while a thermal-noise limited setup is poten-

tiallly attainable for ma ⇠ kHz � GHz. In particular, a
thermal-noise limited cubic-meter sized cavity woud be
sensitive to the QCD axion for ma ⇠ 100 kHz�100 MHz.
As mechanical noise increases rapidly at lower frequency
splittings, there is strong motivation to consider active
or passive attenuation of vibrations stemming from the
immediate environment, such as the cooling apparatus,
as was considered in Ref. [82]. Regardless, a wide range
of uncharted axion DM parameter space remains attain-
able without any active attenuation and for modest ex-
perimental assumptions.

E. A Quantum Network of Haloscopes

The operation of haloscopes in ultra-coherent cavities
and quantum techniques presents new opportunities to
enhance the scan rate. One such example has been shown
by the HAYSTAC experiment [74]. There, the SNR and
the scan rate for axion DM have been enhanced with
a quantum metrology protocol [83]. In particular, a
squeezed vacuum state injected into an RF cavity and
homodyne detection along the squeeze direction together
allow for an improved SNR and a faster scan.

Recently, it was shown that the performance of a quan-
tum network could be utilized further to improve ax-
ion DM searches [84]. In particular, a network of mi-
crowave cavities that is local will experience a coherent
axion signal if the size of the network is less than the
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FIG. 6: Integrating out an axion leads to an e↵ective
quartic nonlinearity in the QED Lagrangian (top).

Integrating out the electron leads to a similar nonlinear
Lagrangian, the Euler-Heisenberg Lagrangian, that is

present in pure QED (bottom).

to have the same peak field value Epeak.
The SNR above assumed that the only important back-

ground is from thermal fluctuations. In order to reach
this level of sensitivity one must mitigate other sources
of background. A particular worry of this multi-mode
setup is that the signal mode lives in the same cavity as a
spectator mode which is being driven to high occupancy.
A small leakage of power either from the driving source
or from the spectator mode to the signal mode can easily
dominate over the thermal background. To put this in
perspective, an excited mode with Epeak ⇠ 80 MV/m at
GHz frequencies has roughly 1026 photons. The thermal
background at these frequencies is of order a few thou-
sand photons. These challenges were already identified in
Ref. [46]. In Ref. [47], it is shown that both of these noise
sources can be mitigated by using a pump with high Q

and with the pump frequency well separated from the sig-
nal mode frequency. In addition, such noise sources can
be further suppressed by optimizing the cavity geometry
and material science techniques to reduce nonlinearities.
As opposed to DM searches, the signal in a LSW experi-
ment may be turned o↵ by deactivating or detuning the
emitter in order to characterize the noise in the receiver
cavity.

3. Single-Cavity Axion Search and Euler-Heisenberg

The presence of an axion with a coupling ga�� to elec-
tromagnetic fields induces small deviations from the lin-
earity of electrodynamics [48, 49], and axion searches
can thus also be understood as precision tests of quan-
tum electrodynamics (QED). Famously, loop contribu-
tions from virtual electrons will also induce such nonlin-
earities in pure QED, which are parameterized by the
Euler-Heisenberg (EH) Lagrangian [50, 51]. The EH La-
grangian makes a prediction for light-by-light scattering

within the SM, which has never been observed at pho-
ton frequencies below the electron mass me = 511 keV
because the e↵ect is highly suppressed at low energies.
Here we will describe a proposed experiment to search
for both the axion-induced and EH nonlinearities using
high-Q SRF cavities. The operating principle [52–54]
is that in an SRF cavity simultaneously pumped at two
resonant frequencies !1 and !2, the enormous occupation
numbers of the pumped modes could generate a weak but
observable signal at the signal frequency !s = 2!1 � !2

if the cavity geometry is tuned to make !s a resonant
mode as well.

Consider the Feynman diagram in Fig. 6, top left,
which represents photon-photon scattering mediated by
an intermediate axion. When ma is large compared
to the energies of the scattering photons, the axion
may be “integrated out” by replacing its propagator as
(!2

� m
2

a)�1
! �m

�2

a . This leads to a local Lagrangian
of the form shown in Fig. 6, top right, which describes a
4-photon interaction, or equivalently a cubic nonlinearity
in the equations of motion.

This argument has a close analogy with the EH La-
grangian, which is the low-energy limit of QED when the
electron has been integrated out, ! ⌧ me. Feynman
diagrams of the type shown in Fig. 6, bottom left, give
rise to a local interaction with the Lagrangian given in
Fig. 6, bottom right. The nonlinearities of the EH La-
grangian may be described in terms of an e↵ective charge
and current density

⇢EH =�
4↵

2

45m4
e

r · P ; JEH =
4↵

2

45m4
e

✓
r⇥M+

@P

dt

◆
, (9)

with P = 7(E ·B)B+2(E2
�B2)E and M = 7(E ·B)E�

2(E2
�B2)B . Note that both P and M are cubic in the

electromagnetic fields, and will thus source cubic nonlin-
earities; for example, an oscillating E-field at frequency
! will source a response field at frequency 3!.

The axion-induced nonlinearities may also be non-local
when the axion is light, ! � ma, in which case a simple
Lagrangian description is not available. The situation for
any ma may still be parameterized in terms of an e↵ective
current,

⇢a = �ga��B · ra ; Ja = ga��

✓
ra ⇥ E + B

@a

@t

◆
, (10)

where a is the intermediate axion field determined by
integrating a Green’s function. As we will see below,
the form of a will depend on the relative sizes of ma

and the frequencies of the external E- and B-fields, but
as with the EH Lagrangian, ⇢a and Ja are cubic in the
electromagnetic fields for any ma.

A quick estimate may be made for the size of ga�� at
which axion-induced nonlinearities will be of the same
order of magnitude as the EH nonlinearities. Comparing
the coe�cients of the two local Lagrangians in Fig. 6, we
have that the axion-induced e↵ect dominates for

ga��

ma
& O(1) ⇥

↵

m2
e

'
10�10 GeV�1

10�6 eV
. (11)
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grangian makes a prediction for light-by-light scattering

within the SM, which has never been observed at pho-
ton frequencies below the electron mass me = 511 keV
because the e↵ect is highly suppressed at low energies.
Here we will describe a proposed experiment to search
for both the axion-induced and EH nonlinearities using
high-Q SRF cavities. The operating principle [52–54]
is that in an SRF cavity simultaneously pumped at two
resonant frequencies !1 and !2, the enormous occupation
numbers of the pumped modes could generate a weak but
observable signal at the signal frequency !s = 2!1 � !2

if the cavity geometry is tuned to make !s a resonant
mode as well.

Consider the Feynman diagram in Fig. 6, top left,
which represents photon-photon scattering mediated by
an intermediate axion. When ma is large compared
to the energies of the scattering photons, the axion
may be “integrated out” by replacing its propagator as
(!2

� m
2

a)�1
! �m

�2

a . This leads to a local Lagrangian
of the form shown in Fig. 6, top right, which describes a
4-photon interaction, or equivalently a cubic nonlinearity
in the equations of motion.

This argument has a close analogy with the EH La-
grangian, which is the low-energy limit of QED when the
electron has been integrated out, ! ⌧ me. Feynman
diagrams of the type shown in Fig. 6, bottom left, give
rise to a local interaction with the Lagrangian given in
Fig. 6, bottom right. The nonlinearities of the EH La-
grangian may be described in terms of an e↵ective charge
and current density

⇢EH =�
4↵

2

45m4
e

r · P ; JEH =
4↵
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e
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dt

◆
, (9)

with P = 7(E ·B)B+2(E2
�B2)E and M = 7(E ·B)E�

2(E2
�B2)B . Note that both P and M are cubic in the

electromagnetic fields, and will thus source cubic nonlin-
earities; for example, an oscillating E-field at frequency
! will source a response field at frequency 3!.

The axion-induced nonlinearities may also be non-local
when the axion is light, ! � ma, in which case a simple
Lagrangian description is not available. The situation for
any ma may still be parameterized in terms of an e↵ective
current,

⇢a = �ga��B · ra ; Ja = ga��

✓
ra ⇥ E + B

@a

@t

◆
, (10)

where a is the intermediate axion field determined by
integrating a Green’s function. As we will see below,
the form of a will depend on the relative sizes of ma

and the frequencies of the external E- and B-fields, but
as with the EH Lagrangian, ⇢a and Ja are cubic in the
electromagnetic fields for any ma.

A quick estimate may be made for the size of ga�� at
which axion-induced nonlinearities will be of the same
order of magnitude as the EH nonlinearities. Comparing
the coe�cients of the two local Lagrangians in Fig. 6, we
have that the axion-induced e↵ect dominates for

ga��

ma
& O(1) ⇥

↵

m2
e

'
10�10 GeV�1

10�6 eV
. (11)
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FIG. 7: Schematic of the proposed single-cavity
experiment [53, 54]. Note that the signal mode !s

extends through the bulk of the cavity, but the filtering
geometry suppresses the pump fields in the detection

region.

Since 10�6 eV corresponds to GHz frequencies, and the
strongest limits on ga�� which are agnostic to whether
or not the axion makes up the cosmological DM of the
universe are ga�� < 6.6 ⇥ 10�11 GeV�1 from the CAST
experiment [45], Eq. (11) shows that an experiment sen-
sitive to the EH nonlinearities could also set the strongest
bounds on the axion-photon coupling.

Consider an SRF cavity pumped simultaneously with
resonant electromagnetic fields E1,B1 and E2,B2 with
frequencies !1 and !2 respectively, as illustrated in Fig. 7.
The intermediate axion field can be obtained by integrat-
ing the source (E1 + B1) · (E2 + B2) against the massive
Klein-Gordon Green’s function, yielding an axion e↵ec-
tive current from Eq. (10) containing a frequency com-
ponent at !s = 2!1 � !2,

Ja(x, t) � J(c)
a (x) cos(!st) + J(s)

a (x) sin(!st) . (12)

For general ma, both quadratures in Ja are present, but
in the local limit ma � !s, Ja is always in phase with
the pump modes. Let Ês be the dimensionless signal
mode in a cavity with volume V , with normalizationR

d
3
x |Ês(x)|2 = V , and quality factor Qs. The axion-

sourced signal field Ea is then [54]

Ea(x, t) =
Qs

!sV
Ês(x)

Z
d
3
x
0 Ês(x

0) · Ja(x0
, t) , (13)

from which we can obtain the total number of photons
in the signal field as

Ns =
1

2!s

⌧Z
d
3
x |Ea(x, t)|2

�
, (14)

where the brackets denote time averaging. Note that all
of the above considerations hold equally well for the EH-
sourced signal field, using Eq. (9) instead for the e↵ective
current.

FIG. 8: Projected sensitivity of the single-cavity
experiment with di↵erent assumptions about the cavity
parameters, bandwidth, and measurement time; see text

for details.

We can obtain an estimate of the sensitivity by assum-
ing that thermal noise dominates the background and
using the Dicke radiometer equation for the SNR,

SNR =
Ps

T

r
t

B
⇡

Ns

Nth

1

2LQs

r
t

B
, (15)

where Ps is the signal power, t is the total measurement
time, B is the signal bandwidth, L is the length of the
cavity, and Nth = T/!s is the number of thermal photons
at the signal frequency (valid for temperatures T � !s).
Setting SNR = 1 and solving for ga�� for a cylindrical
cavity with a = 0.5 m and d = 1.56 m, temperature
T = 1.5 K, peak pump field strength E0 = 45 MV/m,
and the mode combination TE011/TM010/TM020 (with
fs = !s/(2⇡) = 0.527 GHz) yields the projected sensi-
tivities shown in Fig. 7, for various measurement times
and readout schemes. The red curves correspond to
Qs = 3 ⇥ 108, a measurement time of t = 1 day, and
a bandwidth B = !s

2⇡Qs
= 2 Hz (dark red) or B = 1/t

(light red); the latter may be achieved with a phase-
sensitive readout such as a lock-in amplifier, because the
phase of the signal is known according to Eq. (12). The
green curve corresponds to Qs = 1012, t = 20 days, and
B = 1/t, and would achieve sensitivity to the EH nonlin-
earity. In order for B = 1/t to be viable, the frequencies
of the cavity, and in particular the mode-matching con-
dition, must be robust to vibrational noise, possibly with
an active frequency-stabilizing scheme.

For all of the sensitivity curves, the limiting sensitivity
to ga�� is independent of ma for ma ⌧ !s and degrades
linearly with ma for ma � !s. This is one potential
advantage of the single-cavity scheme compared to the
two-cavity schemes: since the signal generation in the
single-cavity scheme takes place in the same spacetime
region as the pump region, a heavy o↵-shell axion does
not have to propagate to be converted back to photons,
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!s = 2!1 ± !2

Light-by-light scattering 
among cavity modes

Bogorad, Hook, KahnUIUC , Soreq (2019)
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FIG. 7: Schematic of the proposed single-cavity
experiment [53, 54]. Note that the signal mode !s

extends through the bulk of the cavity, but the filtering
geometry suppresses the pump fields in the detection

region.

Since 10�6 eV corresponds to GHz frequencies, and the
strongest limits on ga�� which are agnostic to whether
or not the axion makes up the cosmological DM of the
universe are ga�� < 6.6 ⇥ 10�11 GeV�1 from the CAST
experiment [45], Eq. (11) shows that an experiment sen-
sitive to the EH nonlinearities could also set the strongest
bounds on the axion-photon coupling.

Consider an SRF cavity pumped simultaneously with
resonant electromagnetic fields E1,B1 and E2,B2 with
frequencies !1 and !2 respectively, as illustrated in Fig. 7.
The intermediate axion field can be obtained by integrat-
ing the source (E1 + B1) · (E2 + B2) against the massive
Klein-Gordon Green’s function, yielding an axion e↵ec-
tive current from Eq. (10) containing a frequency com-
ponent at !s = 2!1 � !2,

Ja(x, t) � J(c)
a (x) cos(!st) + J(s)

a (x) sin(!st) . (12)

For general ma, both quadratures in Ja are present, but
in the local limit ma � !s, Ja is always in phase with
the pump modes. Let Ês be the dimensionless signal
mode in a cavity with volume V , with normalizationR

d
3
x |Ês(x)|2 = V , and quality factor Qs. The axion-

sourced signal field Ea is then [54]

Ea(x, t) =
Qs

!sV
Ês(x)

Z
d
3
x
0 Ês(x

0) · Ja(x0
, t) , (13)

from which we can obtain the total number of photons
in the signal field as

Ns =
1

2!s

⌧Z
d
3
x |Ea(x, t)|2

�
, (14)

where the brackets denote time averaging. Note that all
of the above considerations hold equally well for the EH-
sourced signal field, using Eq. (9) instead for the e↵ective
current.

FIG. 8: Projected sensitivity of the single-cavity
experiment with di↵erent assumptions about the cavity
parameters, bandwidth, and measurement time; see text

for details.

We can obtain an estimate of the sensitivity by assum-
ing that thermal noise dominates the background and
using the Dicke radiometer equation for the SNR,

SNR =
Ps

T

r
t

B
⇡

Ns

Nth

1

2LQs

r
t

B
, (15)

where Ps is the signal power, t is the total measurement
time, B is the signal bandwidth, L is the length of the
cavity, and Nth = T/!s is the number of thermal photons
at the signal frequency (valid for temperatures T � !s).
Setting SNR = 1 and solving for ga�� for a cylindrical
cavity with a = 0.5 m and d = 1.56 m, temperature
T = 1.5 K, peak pump field strength E0 = 45 MV/m,
and the mode combination TE011/TM010/TM020 (with
fs = !s/(2⇡) = 0.527 GHz) yields the projected sensi-
tivities shown in Fig. 7, for various measurement times
and readout schemes. The red curves correspond to
Qs = 3 ⇥ 108, a measurement time of t = 1 day, and
a bandwidth B = !s

2⇡Qs
= 2 Hz (dark red) or B = 1/t

(light red); the latter may be achieved with a phase-
sensitive readout such as a lock-in amplifier, because the
phase of the signal is known according to Eq. (12). The
green curve corresponds to Qs = 1012, t = 20 days, and
B = 1/t, and would achieve sensitivity to the EH nonlin-
earity. In order for B = 1/t to be viable, the frequencies
of the cavity, and in particular the mode-matching con-
dition, must be robust to vibrational noise, possibly with
an active frequency-stabilizing scheme.

For all of the sensitivity curves, the limiting sensitivity
to ga�� is independent of ma for ma ⌧ !s and degrades
linearly with ma for ma � !s. This is one potential
advantage of the single-cavity scheme compared to the
two-cavity schemes: since the signal generation in the
single-cavity scheme takes place in the same spacetime
region as the pump region, a heavy o↵-shell axion does
not have to propagate to be converted back to photons,

Fydjujoh!sfbdi;
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FIG. 4: Sensitivity to axion-photon coupling ga�� of
the LSW search [44]. See text for details. The yellow
region is constrained by solar axion detection [45].

entire system. The SNR is given by

SNR ⇠
g
4
B

4

c B
2

0
Lt

!5
�

2 Min


Q,

!Lt

Rt

�
tint

Tsys

. (7)

Tsys is the system temperature, with noise dominated by
either thermal or quantum fluctuations. B0 is the static
magnetic field in the conversion region, and Bc ⇡ 0.2 T
the SRF cavity’s lower critical field which limits the
power pumped into the source cavity. The signal power
scales linearly with integration time tint as the phase of
the input signal is known. � ⇠ 10�3 is a geometric fac-
tor, accounting for the propagation of the signal between
the production, conversion, and detection regions. Rt

is the toroid’s surface resistance and Lt its inductance
for toroidal currents. For su�ciently small Lt/Rt, the
system’s Q is set by the toroid’s properties. The toroid
surface resistance is estimated in [44] to be Rt ⇠ 100 n⌦,
due to the fringing components of the static conversion
field which will lead to flux vorticies in the toroid per-
pendicular to the flow of signal current. This resistance
is limiting for Q � 1010. To take full advantage of a
cavity with Q ⇠ 1012, the fringe fields must be su�-
ciently suppressed to allow Rt ⇠ n⌦. The reach in both
cases is given in Fig.4, assuming a cavity with source
frequency ⌫ = GHz and integration time tint = 30 days,
taking B0 = 5 T and Tsys = 0.1 K. Lt is proportional to
the toroid radius and is taken to be Lt = 125 nH which
corresponds to a 10 cm toroid. Reaching these sensitivi-
ties will require exquisite control over the receiver cavity
mode frequencies, as it is essential that a resonant mode
of this cavity lies within Q

�1 of the source frequency.
This will likely require continual active control to keep
the receiver cavity tuned to the source.

FIG. 5: Setup for axion search using two cavities
separated by a distance d, with a pump mode with a

frequency !0 in the receiver and two active modes !0,1

in the emitter. Axion is produced from the emitter with
a frequency equal to the sum or di↵erence of the two
active modes, !± = !1 ± !0. The axion may in turn

produce a photon in the receiver with frequencies equal
to !± ± !0, in which the combination that yields !1 can

be resonantly produced.

2. Two Cavities with a pump mode

The LSW proposal above introduces a conversion re-
gion in between the production and detection cavities,
so a large static B-field can be run there and turn the
produced axions into signal photons. An alternative ap-
proach as shown schematically in Fig. 5, is to replace the
static B-field with an oscillatory B-field, which can then
be directly run inside the receiver cavity. The oscillatory
B-field naturally comes about as a mode of the cavity,
which is the pump mode. Given an integration time tint,
the SNR is approximately given by Equation (5). with
the signal bandwidth �!1 is traditionally chosen as !1/Q

but can be as small as t
�1

int
[44]. We have assumed that

the dominant noise is from thermal noise in Eq. (5), char-
acterized by the temperature T . Other sources of noise
will be discussed later. Since the axion signal frequency
is !a = !1 ⌥ !0, we have that !a ⇠ !1 ⇠ !0 ⇠ V

�1/3,
where V is the volume of the cavity. In the limit that the
axion is massless, taking �!1 to be t

�1

int
yields

SNR ⇠
Q

8!1

V g
2

a��E
2

peak

 
!a

⌘
2

01
ga��V E

2

peak

4⇡d

!2

1

T
tint

⇠5

✓
Q

1010

◆✓
V

(0.2m)3

◆3✓
ga�� GeV

5 ⇥ 10�11

◆4✓
Epeak

80MV/m

◆6

⇥

✓
0.4m

d

◆2 ⇣
!a

GHz

⌘✓
tint

1year

◆✓
1.4K

T

◆

(8)

where both the emitter and receiver cavities are to have
the same volume V and the 3 active modes are assumed

LSW with pump fields excited in both cavities.

GaoUIUC , RH (2021)
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FIG. 6: Integrating out an axion leads to an e↵ective
quartic nonlinearity in the QED Lagrangian (top).

Integrating out the electron leads to a similar nonlinear
Lagrangian, the Euler-Heisenberg Lagrangian, that is

present in pure QED (bottom).

to have the same peak field value Epeak.
The SNR above assumed that the only important back-

ground is from thermal fluctuations. In order to reach
this level of sensitivity one must mitigate other sources
of background. A particular worry of this multi-mode
setup is that the signal mode lives in the same cavity as a
spectator mode which is being driven to high occupancy.
A small leakage of power either from the driving source
or from the spectator mode to the signal mode can easily
dominate over the thermal background. To put this in
perspective, an excited mode with Epeak ⇠ 80 MV/m at
GHz frequencies has roughly 1026 photons. The thermal
background at these frequencies is of order a few thou-
sand photons. These challenges were already identified in
Ref. [46]. In Ref. [47], it is shown that both of these noise
sources can be mitigated by using a pump with high Q

and with the pump frequency well separated from the sig-
nal mode frequency. In addition, such noise sources can
be further suppressed by optimizing the cavity geometry
and material science techniques to reduce nonlinearities.
As opposed to DM searches, the signal in a LSW experi-
ment may be turned o↵ by deactivating or detuning the
emitter in order to characterize the noise in the receiver
cavity.

3. Single-Cavity Axion Search and Euler-Heisenberg

The presence of an axion with a coupling ga�� to elec-
tromagnetic fields induces small deviations from the lin-
earity of electrodynamics [48, 49], and axion searches
can thus also be understood as precision tests of quan-
tum electrodynamics (QED). Famously, loop contribu-
tions from virtual electrons will also induce such nonlin-
earities in pure QED, which are parameterized by the
Euler-Heisenberg (EH) Lagrangian [50, 51]. The EH La-
grangian makes a prediction for light-by-light scattering

within the SM, which has never been observed at pho-
ton frequencies below the electron mass me = 511 keV
because the e↵ect is highly suppressed at low energies.
Here we will describe a proposed experiment to search
for both the axion-induced and EH nonlinearities using
high-Q SRF cavities. The operating principle [52–54]
is that in an SRF cavity simultaneously pumped at two
resonant frequencies !1 and !2, the enormous occupation
numbers of the pumped modes could generate a weak but
observable signal at the signal frequency !s = 2!1 � !2

if the cavity geometry is tuned to make !s a resonant
mode as well.

Consider the Feynman diagram in Fig. 6, top left,
which represents photon-photon scattering mediated by
an intermediate axion. When ma is large compared
to the energies of the scattering photons, the axion
may be “integrated out” by replacing its propagator as
(!2

� m
2

a)�1
! �m

�2

a . This leads to a local Lagrangian
of the form shown in Fig. 6, top right, which describes a
4-photon interaction, or equivalently a cubic nonlinearity
in the equations of motion.

This argument has a close analogy with the EH La-
grangian, which is the low-energy limit of QED when the
electron has been integrated out, ! ⌧ me. Feynman
diagrams of the type shown in Fig. 6, bottom left, give
rise to a local interaction with the Lagrangian given in
Fig. 6, bottom right. The nonlinearities of the EH La-
grangian may be described in terms of an e↵ective charge
and current density

⇢EH =�
4↵

2

45m4
e

r · P ; JEH =
4↵

2

45m4
e

✓
r⇥M+

@P

dt

◆
, (9)

with P = 7(E ·B)B+2(E2
�B2)E and M = 7(E ·B)E�

2(E2
�B2)B . Note that both P and M are cubic in the

electromagnetic fields, and will thus source cubic nonlin-
earities; for example, an oscillating E-field at frequency
! will source a response field at frequency 3!.

The axion-induced nonlinearities may also be non-local
when the axion is light, ! � ma, in which case a simple
Lagrangian description is not available. The situation for
any ma may still be parameterized in terms of an e↵ective
current,

⇢a = �ga��B · ra ; Ja = ga��

✓
ra ⇥ E + B

@a

@t

◆
, (10)

where a is the intermediate axion field determined by
integrating a Green’s function. As we will see below,
the form of a will depend on the relative sizes of ma

and the frequencies of the external E- and B-fields, but
as with the EH Lagrangian, ⇢a and Ja are cubic in the
electromagnetic fields for any ma.

A quick estimate may be made for the size of ga�� at
which axion-induced nonlinearities will be of the same
order of magnitude as the EH nonlinearities. Comparing
the coe�cients of the two local Lagrangians in Fig. 6, we
have that the axion-induced e↵ect dominates for

ga��

ma
& O(1) ⇥

↵

m2
e

'
10�10 GeV�1

10�6 eV
. (11)
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FIG. 1. A cartoon illustrating the di↵erences between GW-EM conversion (left) and axion-EM conversion (right) in the

presence of an external magnetic field B0. The GW e↵ective current is proportional to !ghB0, with a direction dependent on

the GW polarization and a typical quadrupole pattern, yielding a signal field with amplitude hB0. The axion e↵ective current

is proportional to !a✓aB0, with a direction parallel to the external field B0, yielding a signal field with amplitude ✓aB0. The

di↵ering geometry of the e↵ective current yields di↵erent selection rules for coupling the GW and axion to cavity modes.

fields has been noted since the seminal paper of Ra↵elt and Stodolsky [69], and the e↵ective current formalism [70] is

often used when studying axion dark matter signals in the low-frequency (quasistatic) limit [71, 72]. The Lagrangian

for an axion dark matter field a interacting with EM fields is L = �
1
4 ga�� a Fµ⌫ F̃µ⌫ = ga�� a E · B, where ga�� is

the dimensionful axion-photon coupling. Taking B = B0 to be a static external B-field, the Lagrangian now contains

the bilinear ga�� aE, which allows an axion field at frequency !a to convert to an E-field that oscillates at the same

frequency, with typical magnitude ga�� aB0. This is reflected in the equations of motion for the axion and EM fields,

which can be written so that the time derivative of a non-relativistic axion background field sources an e↵ective

current term je↵ � ga�� @taB0 ' !a ✓a B0 on the right-hand side of Ampère’s Law. Here, we defined the e↵ective

dimensionless field ✓a ⌘ ga��a, which will allow for a useful comparison to the GW case discussed above. Since

axion dark matter is described by a a non-relativistic spin-0 field, the direction of the e↵ective current is determined

straightforwardly by the external field B0, independent of the axion.1

A schematic illustration of this axion vs. GW comparison is shown in Fig. 1. The e↵ective current formalism helps

elucidate the fact that the cavity modes which couple most strongly to GWs will in general be di↵erent from those

excited by axions. Nonetheless, we will show below that for certain geometries, GWs do indeed have a non-zero

coupling to the TM010 cavity mode currently employed in, e.g., the ADMX and HAYSTAC axion detectors, meaning

that these experiments already have some sensitivity to GWs in their resonant frequency ranges. Momentarily

ignoring very important di↵erences in the spectral characteristics of the axion dark matter and GW fields, we can

derive a conservative estimate for the sensitivity of axion dark matter experiments to coherent high-frequency GWs

by comparing the respective forms of the e↵ective currents. In particular, identifying ✓a ⇠ h and noting that ADMX

is currently sensitive to the QCD axion parameter space, corresponding to ✓a ⇠ several ⇥ 10�22, implies that such

experiments are sensitive to similar values of the strain h (as well as smaller values for GW signals that are more

coherent than axion dark matter). A more precise sensitivity estimate will be provided in Sec. V.

Aside from the di↵erence in cavity mode selection rules, there is a second important conceptual di↵erence between

axions and gravitons related to the role of reference frames. The axion dark matter field is assumed to have a

Maxwellian speed distribution in the galactic rest frame, and moving to the laboratory frame where the cavity fields

are defined is a simple Galilean boost which does not parametrically a↵ect the signal strength. On the other hand,

the large gauge freedom of linearized general relativity allows the GW signal to be computed in di↵erent reference

frames, but a gauge transformation will also transform the background EM fields at the same order as the signal

strength. We explore these issues in detail below.

1
To be more precise, the dominant coupling in the e↵ective current for non-relativistic axions only involves the time derivative and not

the gradient of the axion field; instead, for relativistic axions [73], the wavevector partially determines the direction of the e↵ective

current. However, since gravitons are massless, GWs are always relativistic in this sense, which is an important di↵erence with the axion

scenario.
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FIG. 1. A cartoon illustrating the di↵erences between GW-EM conversion (left) and axion-EM conversion (right) in the

presence of an external magnetic field B0. The GW e↵ective current is proportional to !ghB0, with a direction dependent on

the GW polarization and a typical quadrupole pattern, yielding a signal field with amplitude hB0. The axion e↵ective current

is proportional to !a✓aB0, with a direction parallel to the external field B0, yielding a signal field with amplitude ✓aB0. The

di↵ering geometry of the e↵ective current yields di↵erent selection rules for coupling the GW and axion to cavity modes.

fields has been noted since the seminal paper of Ra↵elt and Stodolsky [69], and the e↵ective current formalism [70] is

often used when studying axion dark matter signals in the low-frequency (quasistatic) limit [71, 72]. The Lagrangian

for an axion dark matter field a interacting with EM fields is L = �
1
4 ga�� a Fµ⌫ F̃µ⌫ = ga�� a E · B, where ga�� is

the dimensionful axion-photon coupling. Taking B = B0 to be a static external B-field, the Lagrangian now contains

the bilinear ga�� aE, which allows an axion field at frequency !a to convert to an E-field that oscillates at the same

frequency, with typical magnitude ga�� aB0. This is reflected in the equations of motion for the axion and EM fields,

which can be written so that the time derivative of a non-relativistic axion background field sources an e↵ective

current term je↵ � ga�� @taB0 ' !a ✓a B0 on the right-hand side of Ampère’s Law. Here, we defined the e↵ective

dimensionless field ✓a ⌘ ga��a, which will allow for a useful comparison to the GW case discussed above. Since

axion dark matter is described by a a non-relativistic spin-0 field, the direction of the e↵ective current is determined

straightforwardly by the external field B0, independent of the axion.1

A schematic illustration of this axion vs. GW comparison is shown in Fig. 1. The e↵ective current formalism helps

elucidate the fact that the cavity modes which couple most strongly to GWs will in general be di↵erent from those

excited by axions. Nonetheless, we will show below that for certain geometries, GWs do indeed have a non-zero

coupling to the TM010 cavity mode currently employed in, e.g., the ADMX and HAYSTAC axion detectors, meaning

that these experiments already have some sensitivity to GWs in their resonant frequency ranges. Momentarily

ignoring very important di↵erences in the spectral characteristics of the axion dark matter and GW fields, we can

derive a conservative estimate for the sensitivity of axion dark matter experiments to coherent high-frequency GWs

by comparing the respective forms of the e↵ective currents. In particular, identifying ✓a ⇠ h and noting that ADMX

is currently sensitive to the QCD axion parameter space, corresponding to ✓a ⇠ several ⇥ 10�22, implies that such

experiments are sensitive to similar values of the strain h (as well as smaller values for GW signals that are more

coherent than axion dark matter). A more precise sensitivity estimate will be provided in Sec. V.

Aside from the di↵erence in cavity mode selection rules, there is a second important conceptual di↵erence between

axions and gravitons related to the role of reference frames. The axion dark matter field is assumed to have a

Maxwellian speed distribution in the galactic rest frame, and moving to the laboratory frame where the cavity fields

are defined is a simple Galilean boost which does not parametrically a↵ect the signal strength. On the other hand,

the large gauge freedom of linearized general relativity allows the GW signal to be computed in di↵erent reference

frames, but a gauge transformation will also transform the background EM fields at the same order as the signal

strength. We explore these issues in detail below.

1
To be more precise, the dominant coupling in the e↵ective current for non-relativistic axions only involves the time derivative and not

the gradient of the axion field; instead, for relativistic axions [73], the wavevector partially determines the direction of the e↵ective

current. However, since gravitons are massless, GWs are always relativistic in this sense, which is an important di↵erence with the axion

scenario.

Berlin et al [incliding KhanUIUC, Schutte-EngelUIUC] (2022) 

Note: correctly calculating the signal strength, is best done in the proper detector frame. 
Understanding frame effects and (incorrect) existing literature was alot of fun.
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�g/2� � [0.65, 1.02] GHz
Q � 8 � 104, B0 = 7.5 T
Vcav = 136 L, Tsys � 0.6 K

�g/2� � [5.6, 5.8] GHz
Q � 3 � 104, B0 = 9 T
Vcav = 2 L, Tsys � 0.13 K

�g/2� � [1.6, 1.65] GHz
Q � 4 � 104, B0 = 7.3 T
Vcav = 3.47 L, Tsys � 1.2 K

�g/2� = 26.531 GHz
Q � 1.3 � 104, B0 = 7 T
Vcav � 0.0078 L, Tsys � 4 K

�g/2� � [1, 2] GHz
Q � 106, B0 = 5 T
Vcav = 100 L, Tsys � 1 K

Projected Sensitivities of Axion Experiments

FIG. 17: The projected sensitivity of axion cavity
haloscope experiments to high-frequency coherent

gravitational waves.

ongoing.
The setup we focus on in this section is a cavity that

is permeated by a static external B-field. The incom-
ing GWs can interact with the static B-field of the
cavity and excite a specific cavity mode, as shown in
Fig. 16. Such a setup is most sensitive near resonance, so
that the resonant frequency matches the GW frequency,
!sig ' !g ⇠ GHz. Possible sources of GWs in this fre-
quency range are binary mergers of ultralight compact
objects with mass M . 10�11

M� and GWs emitted by
the superradiant axion cloud around spinning primordial
black holes, corresponding to masses of M ⇠ 10�4

M�.
For a review on high frequency GW sources and other
recent proposals, see, e.g. Ref. [90, 91].

Following Ref. [89], the sensitivity of the described
setup to the GW strain h is

h & 3 ⇥ 10�22
⇥

✓
1 GHz

!g/2⇡

◆ 3
2
✓

0.1

⌘n

◆✓
8 T

B0

◆✓
0.1 m3

V

◆ 5
6

✓
105

Q

◆ 1
2
✓

Tsys

1 K

◆ 1
2
✓

�⌫

10 kHz

◆ 1
4
✓

1 min

tint

◆ 1
4

, (19)

where !g is the GW frequency, ⌘n the coupling coe�cient
defined below, B0 the magnitude of the external B-field,
V the cavity volume, Q the cavity quality factor, Tsys

the system temperature, �⌫ the signal bandwidth, and
tint the integration time. In Fig. 17 we show the sensi-
tivity of cavity experiments originally designed to detect
axion DM. All experiments shown (except that labelled
“SQMS” which corresponds to a cavity under develop-
ment) only need to reanalyze data already recorded for
axion DM searches in order to set limits on GWs in the
GHz regime.

The coupling coe�cient ⌘n in the sensitivity estimate
of Eq. (19) is defined as

⌘n ⌘

���
R

V d
3x E⇤

n · ĵ
+,⇥

���

V 1/2
� R

V d3x |En|2
�1/2

, (20)

FIG. 18: Polar plot for the coupling coe�cient ⌘n for
TM01p and TE21p modes. The polar angle is �, the

orientation of the GW relative to the bore of the cavity,
as depicted in Fig. 16.

where the index n stands for a generic mode of the cav-
ity, En(x) the spatial cavity mode function, and ĵ

+,⇥
the e↵ective current induced by the GW. In particular,
ĵ
+,⇥ depends on the GWs polarization, which is indi-

cated with a + or ⇥ sign. The full definition can be found
in Ref. [89]. The coupling coe�cient is best evaluated in
the local inertial frame of the cavity. This frame is often
referred to as the proper detector frame or Fermi nor-
mal coordinate system [92–96]. Furthermore, resonant
cavities operate in the regime where the GW frequency
is comparable to the inverse geometric size of the cav-
ity, i.e., !gLdet ⇠ 1. In this case, evaluating the signal
strength requires the resummation of an infinite series of
derivatives acting on the Riemann tensor [89].

In Fig. 18 we show the coupling coe�cient as a function
of the incidence angle � of the GW. The external B-field
is taken to be coaxial with the cavity bore (↵ = 0). We
consider two modes of a cylindrical cavity: TM01p (left)
and TE21p (right). The coupling coe�cient is non-zero
in the TM010 mode used by most axion haloscopes, such
that already-recorded data can be reanalysed to search
for GWs. From Fig. 18 it is clear that the detailed spa-
tial structure and mode-dependence of the signal enables
sensitivity to the direction and polarization of the GW.

High-frequency GWs can also be detected by the in-
teraction of GWs with a pumped cavity mode, analogous
to the upconversion axion search in Sec. III D. In this
case, the GWs induce the transition of photons from the
pumped cavity mode into an empty signal mode [80–
82, 97–103]. A detailed analysis taking into account
the proper detector frame, and interactions of the GW
with mechanical modes of the cavity is currently ongoing.
Since this setup shares many features with multi-mode
axion DM searches, such as in Sec. III D, the R&D for
these two goals is synergistic.
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FIG. 12: Schematic of the proposed up-conversion
axion dark matter experiment. A pump mode photon
at frequency !0 ⇠ GHz is upconverted by axion dark
matter into a nearly degenerate photon of frequency
!1 = !0 + ma. See Ref. [76] for additional details.

from real thermal photons, then the scan rate would im-
prove by a factor of O(102) to O(103) compared to SQL-
limited detection. The photon occupation number for
thermal photons in the cavity at temperature Tc = 50mK

is n̄c =
�
exp(hf/kbTc) � 1

��1

. The occupation num-
ber from the standard quantum limit is n̄SQL, and the
scan rate improvement from subverting the SQL limit is
n̄SQL/n̄c. The calculated scan rate improvement (assum-
ing very generously that the dark count is dominated by
the finite cavity temperature) is shown in Fig. 10.

The cavity conceptualized in this section will be sensi-
tive to DPDM with masses between 20.3 µeV (5 GHz)
and 33µeV (8 GHz) with kinetic mixing angles of
O
�
10�15

�
� O

�
10�16

�
, as shown in Fig. 11. The form

factor varies from C = 0.05 to C = 0.225, assuming
dark photons are randomly polarized.3 The Nb cavity
is expected to have an unloaded quality factor of 1010.
However, the superconducting qubit is likely to reduce
QL by a few orders of magnitude.

This project is currently at its conceptual and design
stage. The projection is likely to fluctuate by an order
of magnitude as this project matures. Regardless, SQMS
is excited to combine SRF cavity technology and qubit-
based photon counting to increase the DM search scan
rate by many orders of magnitude.

D. Axion Dark Matter Searches with
Up-Conversion

To date, most experiments searching for
electromagnetically-coupled axion DM employ static

3 Because dark photons are often thought to be randomly polar-
ized, the form factor for a dark photon haloscope, in this case, is
1/3 that of an axion haloscope.

magnetic fields, since these are more easily sourced at
large field strengths. In the presence of an axion DM
background, the axion-photon interaction sources a
feeble electromagnetic field oscillating at the axion mass
ma, which can be detected with a resonator tuned to
the same frequency. This is the strategy employed by
typical haloscope cavity experiments, which operate at
⇠ GHz frequencies, corresponding to axion masses of
ma ⇠ µeV. Since the resonant frequency is typically
controlled by the inverse geometric size of the detector,
probing much lighter axion masses requires prohibitively
large cavities. To circumvent this, LC circuit resonator
haloscopes are in the beginning stages of development
to search for much lighter axions, enabled by the fact
that their resonant frequency is not directly dictated by
the size of the circuit [77]. However, in the limit that
the axion’s Compton wavelength is much larger than
the characteristic size of the detector Ldet, the signal
power is parametrically suppressed by the small quantity
ma Ldet ⌧ 1.

As highlighted in Refs. [76, 78, 79], a heterodyne search
employing the oscillating electromagnetic fields of a res-
onant cavity completely undoes this unneeded suppres-
sion. This can be understood from the form of the axion-
induced e↵ective current introduced above in Eq. (10),
which in the long-wavelength limit is Ja / B @ta. For a
background magnetic field oscillating at a frequency of
!0, the resulting axion-induced emf is controlled by the
beats of !0 and ma, i.e., Ea / @tJa / !0 ± ma. Thus,
compared to an experiment employing static magnetic
fields, oscillating the field at !0 ⇠ GHz enhances the
signal by GHz/ma � 1 in the low-mass limit.

This enhancement carries over directly to the reach of
a proposed heterodyne search utilizing a single SRF cav-
ity [76, 78, 79]. A schematic of the setup is shown in
Fig. 12. A cavity is pumped at a frequency !0 ⇠ GHz.
The axion field interacts with the pump mode magnetic
field, resonantly driving power into a signal mode of
nearly degenerate frequency !1 ' !0 ± ma and distinct
spatial geometry, provided that the pump B-field and sig-
nal E-field have a large overlap B0 · E1 integrated over
the volume of the cavity (which is indeed the case when
the pump and signal modes are, e.g., low-lying TE and
TM modes). A scan over possible axion masses can be
achieved by slightly perturbing the geometry of the cav-
ity, thus modifying the frequency splitting |!1 � !0| to
match a wide range of axion masses. Compared to a
static-field LC circuit experiment of comparable size, the
SNR of a thermal-noise limited SRF heterodyne setup is
enhanced by

SNRSRF

SNRLC

⇠
!1

ma

✓
QSRF

QLC

◆ 1
2
✓

BSRF

BLC

◆2✓
TLC

TSRF

◆ 1
2

, (18)

where Q, B, and T are the quality factor, magnetic field
strength, and temperature of the corresponding setup,
respectively. Taking representative experimental param-
eters in the above expression, the larger quality factor of
SRF cavities approximately compensates for the smaller

GW

Berlin et al [incliding KhanUIUC, Schutte-EngelUIUC] (2022) 
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Figure 5. Clock gradiometer. (a) Two dilute clouds of Sr atoms (blue dots) are initially launched
from positions z1 and z2, and are freely falling in vacuum under the influence of gravity. Laser light
(dark and light gray arrows) propagates between the atoms from either side, creating a symmetric
pair of atom interferometers at opposite ends of the baseline. (b) Space-time diagram of the
interferometer trajectories based on single-photon transitions between ground (blue) and excited
(red) states driven by laser pulses from both directions (dark and light gray). In contrast to Figure 4,
the pulse sequence shown here features an additional series of fi-pulses (light gray) traveling in the
opposite direction to illustrate the implementation of LMT atom optics (here n “ 2).

such as MAGIS, the laser pulses are derived from a single laser and both interferometers
are driven by nominally identical laser pulses (see Figure 5). Thus, clock gradiometry in
principle enables superior common-mode rejection of laser frequency noise compared to what
is possible with two-photon transitions in a single-baseline configuration12.

The measurement concept described here is closely related to recent proposals to detect
gravitational waves and dark matter using two optical lattice clocks separated over a baseline [7,
62]. Optical lattices circumvent the need to account for phase shifts associated with the
motion and the recoil of the atoms. However, in contrast to freely-falling atoms, those trapped
in optical lattices do not intrinsically serve as well-isolated inertial references since they are
rigidly connected to the sensor frame by the optical lattice trapping potential. Instead, these
proposals require an auxiliary inertial reference that can be realized by, for example, placing
the optical lattice clocks on drag-free satellites [7].

4. MAGIS-100 Detector Design

The MAGIS-100 detector is a long-baseline atom interferometer, interrogating ultracold atoms
in free fall along a 100 m baseline with a vertically propagating laser. The operation of the
12 With two-photon atom optics, it is possible to achieve su�cient rejection of laser frequency noise by using
multiple baselines [5, 133].

Related talks by C. Williams, S. Luthcke.

https://arxiv.org/abs/2104.02835
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Figure 1. (a) Projected gravitational wave strain sensitivity for MAGIS-100 and follow-on detectors.
The solid blue line shows initial performance using current state of the art parameters (Table 2,
initial). The dashed line assumes parameters improved to their physical limits (Table 2, final). LIGO
low frequency calibration data (gray) is shown as an estimate for the state-of-the-art performance
in the mid-band frequency range [75]. An estimate of gravity gradient noise (GGN) at the Fermilab
site is shown as an orange band (see Section 5.12). (b) Estimated sensitivity of a future km-scale
terrestrial detector (MAGIS-km, green) and satellite-based detector (MAGIS-Space, brown) using
detector parameters from Table 2. The detector can be switched between both broadband (black,
solid) and narrow resonant modes (black, dashed). The resonant enhancement Q can be tuned by
adjusting the pulse sequence [11]. Two example resonant responses are shown targeting 0.03 Hz
(8~k atom optics, Q “ 9) and 1 Hz (1~k atom optics, Q “ 300). The brown curve is the envelope of
the peak resonant responses, as could be reached by scanning the target frequency across the band.
Sensitivity curves for LIGO [76] and LISA [77] are shown for reference. Also shown are a selection
of mid-band sources including neutron star (NS) and white dwarf (WD) binaries (blue and purple)
as well as a black hole binary already detected by LIGO (red). The GGN band (orange) is a rough
estimate based on seismic measurements at the SURF site [78].

to new unexpected discoveries. Since gravitational waves are a fundamentally new way to
observe the universe, perhaps the most important discovery could be something we do not
expect. For this reason alone it is important to build detectors in all frequency bands.

In addition, the mid-band may be optimal for observing signals of cosmological origin.
This frequency range is above the white dwarf “confusion noise” but can still extend low
enough in frequency to see certain cosmological sources [11]. This band can also be an
excellent place to search for gravitational waves from inflation and reheating, and certain
models such as axion inflation may give signals large enough to be detected by future versions
of MAGIS [11]. Furthermore, thermal phase transitions in the early universe at scales above
the weak scale [79–87], or quantum tunnelling transitions in cold hidden sectors [88], or
networks of cosmic strings [89], or collapsing domain walls [90], or axion dynamics in the
early universe [91, 92], may produce detectable gravitational wave signals in this band. In

https://arxiv.org/abs/1908.00802
https://arxiv.org/abs/1711.02225
https://arxiv.org/abs/2104.02835
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Ghost Imaging of Dark Particles
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We propose a new way to use optical tools from quantum imaging and quantum communication
to search for physics beyond the standard model. Spontaneous parametric down conversion (SPDC)
is a commonly used source of entangled photons in which pump photons convert to a signal-idler
pair. We propose to search for “dark SPDC” (dSPDC) events in which a new dark sector particle
replaces the idler. Though it does not interact, the presence of a dark particle can be inferred by
the properties of the signal photon. Examples of dark states include axion-like-particles and dark
photons. We show that the presence of an optical medium opens the phase space of the down-
conversion process, or decay, which would be forbidden in vacuum. Search schemes are proposed
which employ optical imaging and/or spectroscopy of the signal photons. The signal rates in our
proposal scales with the second power of the feeble coupling to new physics, as opposed to light-
shining-through-wall experiments whose signal scales with coupling to the fourth. We analyze the
characteristics of optical media needed to enhance dSPDC and estimate the rate. A bench-top
demonstration of a high resolution ghost imaging measurement is performed employing a Skipper-
CCD to demonstrate its utility in a dSPDC search.

I. INTRODUCTION

Nonlinear optics is a powerful new tool for quantum
information science. Among its many uses, it plays an
enabling role in the areas of quantum networks and
teleportation of quantum states as well as in quantum
imaging. In quantum teleportation [1–4] the state of
a distant quantum system, Alice, can be inferred with-
out directly interacting with it, but rather by allowing
it to interact with one of the photons in an entangled
pair. The coherence of these optical systems has re-
cently allowed teleportation over a large distance [5].
Quantum ghost imaging, or “interaction-free” imag-
ing [6], is used to discern (usually classical) informa-
tion about an object without direct interaction. This
technique exploits the relationship among the emis-
sion angles of a correlated photon pair to create an
image with high angular resolution without placing
the subject Alice in front of a high resolution detec-
tor or allowing it to interact with intense light. These
methods of teleportation and imaging rely on the pro-
duction of signal photons in association with an idler
pair which is entangled (or at least correlated) in its
direction, frequency, and sometimes polarization.

Quantum ghost imaging and teleportation both dif-
fer parametrically from standard forms of information
transfer. This is because a system is probed, not by
sending information to it and receiving information
back, but rather by sending it half of an EPR pair,
without need for a “response”. The di�erence is par-
ticularly apparent if Alice is an extremely weekly cou-
pled system, say she is part of a dark sector, with a
coupling ‘ to photons. The rate of information flow

estrada@fnal.gov

roni@fnal.gov

rodriguesfm@df.uba.ar

matias.senger@physik.uzh.ch

Figure 1: Pictorial representation of the dSPDC process.
A dark particle Ï is emitted in association with a signal
photon. The presence of Ï can be inferred from the
distribution of the signal photon in angle and/or
frequency. We consider both the colinear (◊s = 0) and
non-colinear (◊s ”= 0) cases.

in capturing an image of Alice will occur at a rate
Ã ‘4 with standard methods, but at a rate Ã ‘2 using
quantum optical methods.

A common method for generating entangled photon
pairs is the nonlinear optics process known as sponta-
neous parametric down conversion (SPDC). In SPDC
a pump photon decays, or down-converts, within a
nonlinear optical medium into two other photons, a
signal and an idler. The presence of the SPDC idler
can be inferred by the detection of the signal [7].

In this work we propose to use quantum imag-
ing and quantum communication tools to perform an
interaction-free search for the emission of new parti-
cles beyond the standard model. The new tool we
present is dark SPDC, or dSPDC, an example sketch
of which is shown in Figure 1. A pump photon enters
an optical medium and down-converts to a signal pho-
ton and a dark particle, which can have a small mass,
and does not interact with the optical medium. Like
SPDC, in dSPDC the presence of a dark state can
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Figure 1: A schematic sketch of the SPDC proscess (top) and the dark SPDC process (bottom).
The frequency of the signal photon in dSPDC will differ from the standard case due to the different
dispersion relations of the produced dark state as compared to the idler photon.

detection of, say, the signal photon one can infer the presence and properties of the idler [6]. The
process of SPDC can be described by an effective Hamiltonian (see e.g. [6, 7])

HSPDC =

Z

crystal
d
3
~x

⇣
�
(2)
jklEjEkEl

⌘
, (1)

where we have used an index notation for the electric field Ej ⌘ ~E to more easily represent the
contraction with the second order susceptibility tensor �

(2)
jkl in the nonlinear optics crystal. The

susceptibility tensor, and the indices of refraction for pump, signal and idler photons, np, ns and
ni determine the differential and total rates of di-photon production. The fully differential rate
includes correlations among the energy, momenta, and polarizations of the photon pairs. For
particle physicists who are accustomed to working in the vacuum, the conversion (or decay) of a
single pump photon into a photon pair would normally be deemed both kinematically inaccessible
and disallowed by charge conjugation. For these readers we stress that SPDC is kinematically
possible thanks to the nontrivial dispersion of photons and that charge conjugation is broken by
the presence of a crystal without an anti-crystal. In addition, a second order susceptibility �

(2) is
only present in crystal structures that violate parity.

In this work we propose to search for dark SPDC (dSPDC), in which the idler photon is replaced
by a new light state, such as an axion or dark photons.

Axions : The axion, or axion-like particle (we will use the two terms interchangeably), is a light
pseuodscalar field �a

1. Its interaction with photons are described by the Hamiltonian (for a review
see [?])

Haxion =

Z

crystal
d
3
~x

⇣
ga� �a

~E · ~B

⌘
(2)

where we have deliberately taken the spatial integral only over the volume of an optical crystal,
even though it also extends outside the crystal. The reason is that our dSPDC process will be
kinematically possible, phase matching will be attainable, only within a bi-refringent crystal in
which ns > np. It is interesting to note the similarity of the two Hamiltonians in Equations (1)
and (2). Both Hamiltonain are non-linear. Both interaction can couple a pump photon to a signal
photon and a third light field, either an idler or an axion. The presence of the B-field in the axion
hamiltonian simply means a particular relationship between the pump and signal polarization
(indeed, the magnetic field is absent from Equation (1) only by convention). We will show that
an axion can be searched for using dSPDC in a material that is bi-refringent, but purely optically
linear.

Dark Photons: The dark photon [?] is a new massive U(1) gauge boson which can be written
as a vector potential A

0
µ which leads to dark electric and magnetic fields ~E

0 and ~B
0. The dark

1Since creation and annihilation operators are about to make an appearance, we will be calling the axion field
�a instead of the traditional a.
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Figure 1: A schematic sketch of the SPDC proscess (top) and the dark SPDC process (bottom).
The frequency of the signal photon in dSPDC will differ from the standard case due to the different
dispersion relations of the produced dark state as compared to the idler photon.

detection of, say, the signal photon one can infer the presence and properties of the idler [6]. The
process of SPDC can be described by an effective Hamiltonian (see e.g. [6, 7])

HSPDC =

Z

crystal
d
3
~x

⇣
�
(2)
jklEjEkEl

⌘
, (1)

where we have used an index notation for the electric field Ej ⌘ ~E to more easily represent the
contraction with the second order susceptibility tensor �

(2)
jkl in the nonlinear optics crystal. The

susceptibility tensor, and the indices of refraction for pump, signal and idler photons, np, ns and
ni determine the differential and total rates of di-photon production. The fully differential rate
includes correlations among the energy, momenta, and polarizations of the photon pairs. For
particle physicists who are accustomed to working in the vacuum, the conversion (or decay) of a
single pump photon into a photon pair would normally be deemed both kinematically inaccessible
and disallowed by charge conjugation. For these readers we stress that SPDC is kinematically
possible thanks to the nontrivial dispersion of photons and that charge conjugation is broken by
the presence of a crystal without an anti-crystal. In addition, a second order susceptibility �

(2) is
only present in crystal structures that violate parity.

In this work we propose to search for dark SPDC (dSPDC), in which the idler photon is replaced
by a new light state, such as an axion or dark photons.

Axions : The axion, or axion-like particle (we will use the two terms interchangeably), is a light
pseuodscalar field �a

1. Its interaction with photons are described by the Hamiltonian (for a review
see [?])

Haxion =

Z

crystal
d
3
~x

⇣
ga� �a

~E · ~B

⌘
(2)

where we have deliberately taken the spatial integral only over the volume of an optical crystal,
even though it also extends outside the crystal. The reason is that our dSPDC process will be
kinematically possible, phase matching will be attainable, only within a bi-refringent crystal in
which ns > np. It is interesting to note the similarity of the two Hamiltonians in Equations (1)
and (2). Both Hamiltonain are non-linear. Both interaction can couple a pump photon to a signal
photon and a third light field, either an idler or an axion. The presence of the B-field in the axion
hamiltonian simply means a particular relationship between the pump and signal polarization
(indeed, the magnetic field is absent from Equation (1) only by convention). We will show that
an axion can be searched for using dSPDC in a material that is bi-refringent, but purely optically
linear.

Dark Photons: The dark photon [?] is a new massive U(1) gauge boson which can be written
as a vector potential A

0
µ which leads to dark electric and magnetic fields ~E

0 and ~B
0. The dark

1Since creation and annihilation operators are about to make an appearance, we will be calling the axion field
�a instead of the traditional a.
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Figure 1: A schematic sketch of the SPDC proscess (top) and the dark SPDC process (bottom).
The frequency of the signal photon in dSPDC will differ from the standard case due to the different
dispersion relations of the produced dark state as compared to the idler photon.

detection of, say, the signal photon one can infer the presence and properties of the idler [6]. The
process of SPDC can be described by an effective Hamiltonian (see e.g. [6, 7])

HSPDC =

Z

crystal
d
3
~x

⇣
�
(2)
jklEjEkEl

⌘
, (1)

where we have used an index notation for the electric field Ej ⌘ ~E to more easily represent the
contraction with the second order susceptibility tensor �

(2)
jkl in the nonlinear optics crystal. The

susceptibility tensor, and the indices of refraction for pump, signal and idler photons, np, ns and
ni determine the differential and total rates of di-photon production. The fully differential rate
includes correlations among the energy, momenta, and polarizations of the photon pairs. For
particle physicists who are accustomed to working in the vacuum, the conversion (or decay) of a
single pump photon into a photon pair would normally be deemed both kinematically inaccessible
and disallowed by charge conjugation. For these readers we stress that SPDC is kinematically
possible thanks to the nontrivial dispersion of photons and that charge conjugation is broken by
the presence of a crystal without an anti-crystal. In addition, a second order susceptibility �

(2) is
only present in crystal structures that violate parity.

In this work we propose to search for dark SPDC (dSPDC), in which the idler photon is replaced
by a new light state, such as an axion or dark photons.

Axions : The axion, or axion-like particle (we will use the two terms interchangeably), is a light
pseuodscalar field �a

1. Its interaction with photons are described by the Hamiltonian (for a review
see [?])

Haxion =

Z

crystal
d
3
~x

⇣
ga� �a

~E · ~B

⌘
(2)

where we have deliberately taken the spatial integral only over the volume of an optical crystal,
even though it also extends outside the crystal. The reason is that our dSPDC process will be
kinematically possible, phase matching will be attainable, only within a bi-refringent crystal in
which ns > np. It is interesting to note the similarity of the two Hamiltonians in Equations (1)
and (2). Both Hamiltonain are non-linear. Both interaction can couple a pump photon to a signal
photon and a third light field, either an idler or an axion. The presence of the B-field in the axion
hamiltonian simply means a particular relationship between the pump and signal polarization
(indeed, the magnetic field is absent from Equation (1) only by convention). We will show that
an axion can be searched for using dSPDC in a material that is bi-refringent, but purely optically
linear.

Dark Photons: The dark photon [?] is a new massive U(1) gauge boson which can be written
as a vector potential A

0
µ which leads to dark electric and magnetic fields ~E

0 and ~B
0. The dark

1Since creation and annihilation operators are about to make an appearance, we will be calling the axion field
�a instead of the traditional a.
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Phase Matching in dSPDC
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Figure 2: Left: The allowed phase space for SPDC (black), dSPDC with m = 0 (red), and dSPDC with m = 0.1Êp

(blue) shown as in the plane of signal emission angle as a function of frequency ratio –Ê. The indices of refraction here
are np = 1.658 and ns = 1.486 as an example, inspired by calcite. The inset shows a zoom-in of the dSPDC phase space.
Right: Sketches depicting the momentum phase matching condition �k = 0 for SPDC and dSPDC, with massless Ï. In
both cases we take the same Êp and Ês. Due to the index of refraction for Ï is essentially one, and that for the idler
photon is larger (say ≥ 1.5), phase matching in dSPDC has a smaller signal emission angle than that of SPDC.
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Waveguide phase matching:

Figure 3: Solutions to the phase matching conditions for
the colinear dark SPDC process for the signal photon
energy as a function of the dark particle Ï mass. This
phase space is relevant for waveguide-based experiments.
Both axes are normalized to the pump frequency. The
two branches correspond to configurations in which Ï is
emitted forward (bottom) and backward (top).

One can trivially perform the integral over the d3ki

which will e�ectively enforce Equation (20) for trans-
verse momentum conservation, and set |ki| by conser-
vation of energy. The argument of the sinc function
is

�kz = kp ≠ ks cos ◊s ≠ ki cos ◊i (26)

= Êp

3
np ≠ ns–Ê cos ◊s ±

Ò
�2 ≠ n2

s–2
Ê sin2 ◊s

4

where in the second step we have used Equation (20)
and the definitions of –Ê and � in Equations (18)
and (19). The ± accounts for the idler or dark particle
being emitted in the forward and backward direction
respectively.

It is convenient to re-express the remaining three-dimensional phase space for (d)SPDC in terms of the
signal emission angles ◊s and „s, and the signal frequency (or equivalently –Ê). Within our assumptions, the
distribution in „s is flat. With respect to the polar angle and frequency we find

d2�̂
d(cos ◊s)d–Ê

=
2fiÊ3

p–2
Ê (1 ≠ –Ê) n3

sñ2
i

�2 ≠ –2
Ên2

s sin2 ◊s

ÿ

±
L2sinc2

53
np ≠ ns–Ê cos ◊s ±

Ò
�2 ≠ n2

s–2
Ê sin2 ◊s

4
ÊpL

2

6
(27)

where

ñi
def=

;
ni for SPDC
1 for dSPDC

. (28)

In Figure 4 we show the double di�erential distri-
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photon is larger (say ≥ 1.5), phase matching in dSPDC has a smaller signal emission angle than that of SPDC.
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respectively.
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Two Hypotheses: New Particle search vs Dark Matter search
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• Axion-like particles, dark photons, B-L, are each dark matter candidates with nice 
production mechanisms.

• In the Wave-like DM category. Oscillating at ω = mDM.

dark photons?   axions? 

dark photons?   axions? �

• Axion-like particles, dark photons, B-L,  are each well motivated as mediators of 
long range interactions that can be searched for.

�



Complementarity: New Particle search vs Dark Matter search

41

Emitter Receiver

Light Shining through wall:

Receiver

We produce our own dark stuff.

A dark matter search:

the DM filled Universe is 
the emitter

Complementary hypotheses.  
We want to test both!
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Figure 1: A schematic sketch of the SPDC proscess (top) and the dark SPDC process (bottom).
The frequency of the signal photon in dSPDC will differ from the standard case due to the different
dispersion relations of the produced dark state as compared to the idler photon.

detection of, say, the signal photon one can infer the presence and properties of the idler [6]. The
process of SPDC can be described by an effective Hamiltonian (see e.g. [6, 7])

HSPDC =

Z

crystal
d
3
~x

⇣
�
(2)
jklEjEkEl

⌘
, (1)

where we have used an index notation for the electric field Ej ⌘ ~E to more easily represent the
contraction with the second order susceptibility tensor �

(2)
jkl in the nonlinear optics crystal. The

susceptibility tensor, and the indices of refraction for pump, signal and idler photons, np, ns and
ni determine the differential and total rates of di-photon production. The fully differential rate
includes correlations among the energy, momenta, and polarizations of the photon pairs. For
particle physicists who are accustomed to working in the vacuum, the conversion (or decay) of a
single pump photon into a photon pair would normally be deemed both kinematically inaccessible
and disallowed by charge conjugation. For these readers we stress that SPDC is kinematically
possible thanks to the nontrivial dispersion of photons and that charge conjugation is broken by
the presence of a crystal without an anti-crystal. In addition, a second order susceptibility �

(2) is
only present in crystal structures that violate parity.

In this work we propose to search for dark SPDC (dSPDC), in which the idler photon is replaced
by a new light state, such as an axion or dark photons.

Axions : The axion, or axion-like particle (we will use the two terms interchangeably), is a light
pseuodscalar field �a

1. Its interaction with photons are described by the Hamiltonian (for a review
see [?])

Haxion =

Z

crystal
d
3
~x

⇣
ga� �a

~E · ~B

⌘
(2)

where we have deliberately taken the spatial integral only over the volume of an optical crystal,
even though it also extends outside the crystal. The reason is that our dSPDC process will be
kinematically possible, phase matching will be attainable, only within a bi-refringent crystal in
which ns > np. It is interesting to note the similarity of the two Hamiltonians in Equations (1)
and (2). Both Hamiltonain are non-linear. Both interaction can couple a pump photon to a signal
photon and a third light field, either an idler or an axion. The presence of the B-field in the axion
hamiltonian simply means a particular relationship between the pump and signal polarization
(indeed, the magnetic field is absent from Equation (1) only by convention). We will show that
an axion can be searched for using dSPDC in a material that is bi-refringent, but purely optically
linear.

Dark Photons: The dark photon [?] is a new massive U(1) gauge boson which can be written
as a vector potential A

0
µ which leads to dark electric and magnetic fields ~E

0 and ~B
0. The dark

1Since creation and annihilation operators are about to make an appearance, we will be calling the axion field
�a instead of the traditional a.
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Figure 1: A schematic sketch of the SPDC proscess (top) and the dark SPDC process (bottom).
The frequency of the signal photon in dSPDC will differ from the standard case due to the different
dispersion relations of the produced dark state as compared to the idler photon.

detection of, say, the signal photon one can infer the presence and properties of the idler [6]. The
process of SPDC can be described by an effective Hamiltonian (see e.g. [6, 7])

HSPDC =

Z

crystal
d
3
~x

⇣
�
(2)
jklEjEkEl

⌘
, (1)

where we have used an index notation for the electric field Ej ⌘ ~E to more easily represent the
contraction with the second order susceptibility tensor �

(2)
jkl in the nonlinear optics crystal. The

susceptibility tensor, and the indices of refraction for pump, signal and idler photons, np, ns and
ni determine the differential and total rates of di-photon production. The fully differential rate
includes correlations among the energy, momenta, and polarizations of the photon pairs. For
particle physicists who are accustomed to working in the vacuum, the conversion (or decay) of a
single pump photon into a photon pair would normally be deemed both kinematically inaccessible
and disallowed by charge conjugation. For these readers we stress that SPDC is kinematically
possible thanks to the nontrivial dispersion of photons and that charge conjugation is broken by
the presence of a crystal without an anti-crystal. In addition, a second order susceptibility �

(2) is
only present in crystal structures that violate parity.

In this work we propose to search for dark SPDC (dSPDC), in which the idler photon is replaced
by a new light state, such as an axion or dark photons.

Axions : The axion, or axion-like particle (we will use the two terms interchangeably), is a light
pseuodscalar field �a

1. Its interaction with photons are described by the Hamiltonian (for a review
see [?])

Haxion =

Z

crystal
d
3
~x

⇣
ga� �a

~E · ~B

⌘
(2)

where we have deliberately taken the spatial integral only over the volume of an optical crystal,
even though it also extends outside the crystal. The reason is that our dSPDC process will be
kinematically possible, phase matching will be attainable, only within a bi-refringent crystal in
which ns > np. It is interesting to note the similarity of the two Hamiltonians in Equations (1)
and (2). Both Hamiltonain are non-linear. Both interaction can couple a pump photon to a signal
photon and a third light field, either an idler or an axion. The presence of the B-field in the axion
hamiltonian simply means a particular relationship between the pump and signal polarization
(indeed, the magnetic field is absent from Equation (1) only by convention). We will show that
an axion can be searched for using dSPDC in a material that is bi-refringent, but purely optically
linear.

Dark Photons: The dark photon [?] is a new massive U(1) gauge boson which can be written
as a vector potential A

0
µ which leads to dark electric and magnetic fields ~E

0 and ~B
0. The dark

1Since creation and annihilation operators are about to make an appearance, we will be calling the axion field
�a instead of the traditional a.
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Figure 1: A schematic sketch of the SPDC proscess (top) and the dark SPDC process (bottom).
The frequency of the signal photon in dSPDC will differ from the standard case due to the different
dispersion relations of the produced dark state as compared to the idler photon.

detection of, say, the signal photon one can infer the presence and properties of the idler [6]. The
process of SPDC can be described by an effective Hamiltonian (see e.g. [6, 7])

HSPDC =

Z

crystal
d
3
~x

⇣
�
(2)
jklEjEkEl

⌘
, (1)

where we have used an index notation for the electric field Ej ⌘ ~E to more easily represent the
contraction with the second order susceptibility tensor �

(2)
jkl in the nonlinear optics crystal. The

susceptibility tensor, and the indices of refraction for pump, signal and idler photons, np, ns and
ni determine the differential and total rates of di-photon production. The fully differential rate
includes correlations among the energy, momenta, and polarizations of the photon pairs. For
particle physicists who are accustomed to working in the vacuum, the conversion (or decay) of a
single pump photon into a photon pair would normally be deemed both kinematically inaccessible
and disallowed by charge conjugation. For these readers we stress that SPDC is kinematically
possible thanks to the nontrivial dispersion of photons and that charge conjugation is broken by
the presence of a crystal without an anti-crystal. In addition, a second order susceptibility �

(2) is
only present in crystal structures that violate parity.

In this work we propose to search for dark SPDC (dSPDC), in which the idler photon is replaced
by a new light state, such as an axion or dark photons.

Axions : The axion, or axion-like particle (we will use the two terms interchangeably), is a light
pseuodscalar field �a

1. Its interaction with photons are described by the Hamiltonian (for a review
see [?])

Haxion =

Z

crystal
d
3
~x

⇣
ga� �a

~E · ~B

⌘
(2)

where we have deliberately taken the spatial integral only over the volume of an optical crystal,
even though it also extends outside the crystal. The reason is that our dSPDC process will be
kinematically possible, phase matching will be attainable, only within a bi-refringent crystal in
which ns > np. It is interesting to note the similarity of the two Hamiltonians in Equations (1)
and (2). Both Hamiltonain are non-linear. Both interaction can couple a pump photon to a signal
photon and a third light field, either an idler or an axion. The presence of the B-field in the axion
hamiltonian simply means a particular relationship between the pump and signal polarization
(indeed, the magnetic field is absent from Equation (1) only by convention). We will show that
an axion can be searched for using dSPDC in a material that is bi-refringent, but purely optically
linear.

Dark Photons: The dark photon [?] is a new massive U(1) gauge boson which can be written
as a vector potential A

0
µ which leads to dark electric and magnetic fields ~E

0 and ~B
0. The dark

1Since creation and annihilation operators are about to make an appearance, we will be calling the axion field
�a instead of the traditional a.
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Figure 1: A schematic sketch of the SPDC proscess (top) and the dark SPDC process (bottom).
The frequency of the signal photon in dSPDC will differ from the standard case due to the different
dispersion relations of the produced dark state as compared to the idler photon.

detection of, say, the signal photon one can infer the presence and properties of the idler [6]. The
process of SPDC can be described by an effective Hamiltonian (see e.g. [6, 7])

HSPDC =

Z

crystal
d
3
~x

⇣
�
(2)
jklEjEkEl

⌘
, (1)

where we have used an index notation for the electric field Ej ⌘ ~E to more easily represent the
contraction with the second order susceptibility tensor �

(2)
jkl in the nonlinear optics crystal. The

susceptibility tensor, and the indices of refraction for pump, signal and idler photons, np, ns and
ni determine the differential and total rates of di-photon production. The fully differential rate
includes correlations among the energy, momenta, and polarizations of the photon pairs. For
particle physicists who are accustomed to working in the vacuum, the conversion (or decay) of a
single pump photon into a photon pair would normally be deemed both kinematically inaccessible
and disallowed by charge conjugation. For these readers we stress that SPDC is kinematically
possible thanks to the nontrivial dispersion of photons and that charge conjugation is broken by
the presence of a crystal without an anti-crystal. In addition, a second order susceptibility �

(2) is
only present in crystal structures that violate parity.

In this work we propose to search for dark SPDC (dSPDC), in which the idler photon is replaced
by a new light state, such as an axion or dark photons.

Axions : The axion, or axion-like particle (we will use the two terms interchangeably), is a light
pseuodscalar field �a

1. Its interaction with photons are described by the Hamiltonian (for a review
see [?])

Haxion =

Z

crystal
d
3
~x

⇣
ga� �a

~E · ~B

⌘
(2)

where we have deliberately taken the spatial integral only over the volume of an optical crystal,
even though it also extends outside the crystal. The reason is that our dSPDC process will be
kinematically possible, phase matching will be attainable, only within a bi-refringent crystal in
which ns > np. It is interesting to note the similarity of the two Hamiltonians in Equations (1)
and (2). Both Hamiltonain are non-linear. Both interaction can couple a pump photon to a signal
photon and a third light field, either an idler or an axion. The presence of the B-field in the axion
hamiltonian simply means a particular relationship between the pump and signal polarization
(indeed, the magnetic field is absent from Equation (1) only by convention). We will show that
an axion can be searched for using dSPDC in a material that is bi-refringent, but purely optically
linear.

Dark Photons: The dark photon [?] is a new massive U(1) gauge boson which can be written
as a vector potential A

0
µ which leads to dark electric and magnetic fields ~E

0 and ~B
0. The dark

1Since creation and annihilation operators are about to make an appearance, we will be calling the axion field
�a instead of the traditional a.
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Figure 1: A schematic sketch of the SPDC proscess (top) and the dark SPDC process (bottom).
The frequency of the signal photon in dSPDC will differ from the standard case due to the different
dispersion relations of the produced dark state as compared to the idler photon.

detection of, say, the signal photon one can infer the presence and properties of the idler [6]. The
process of SPDC can be described by an effective Hamiltonian (see e.g. [6, 7])

HSPDC =

Z

crystal
d
3
~x

⇣
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jklEjEkEl

⌘
, (1)

where we have used an index notation for the electric field Ej ⌘ ~E to more easily represent the
contraction with the second order susceptibility tensor �

(2)
jkl in the nonlinear optics crystal. The

susceptibility tensor, and the indices of refraction for pump, signal and idler photons, np, ns and
ni determine the differential and total rates of di-photon production. The fully differential rate
includes correlations among the energy, momenta, and polarizations of the photon pairs. For
particle physicists who are accustomed to working in the vacuum, the conversion (or decay) of a
single pump photon into a photon pair would normally be deemed both kinematically inaccessible
and disallowed by charge conjugation. For these readers we stress that SPDC is kinematically
possible thanks to the nontrivial dispersion of photons and that charge conjugation is broken by
the presence of a crystal without an anti-crystal. In addition, a second order susceptibility �

(2) is
only present in crystal structures that violate parity.

In this work we propose to search for dark SPDC (dSPDC), in which the idler photon is replaced
by a new light state, such as an axion or dark photons.

Axions : The axion, or axion-like particle (we will use the two terms interchangeably), is a light
pseuodscalar field �a

1. Its interaction with photons are described by the Hamiltonian (for a review
see [?])

Haxion =

Z

crystal
d
3
~x

⇣
ga� �a

~E · ~B

⌘
(2)

where we have deliberately taken the spatial integral only over the volume of an optical crystal,
even though it also extends outside the crystal. The reason is that our dSPDC process will be
kinematically possible, phase matching will be attainable, only within a bi-refringent crystal in
which ns > np. It is interesting to note the similarity of the two Hamiltonians in Equations (1)
and (2). Both Hamiltonain are non-linear. Both interaction can couple a pump photon to a signal
photon and a third light field, either an idler or an axion. The presence of the B-field in the axion
hamiltonian simply means a particular relationship between the pump and signal polarization
(indeed, the magnetic field is absent from Equation (1) only by convention). We will show that
an axion can be searched for using dSPDC in a material that is bi-refringent, but purely optically
linear.

Dark Photons: The dark photon [?] is a new massive U(1) gauge boson which can be written
as a vector potential A

0
µ which leads to dark electric and magnetic fields ~E

0 and ~B
0. The dark

1Since creation and annihilation operators are about to make an appearance, we will be calling the axion field
�a instead of the traditional a.
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Figure 1: A schematic sketch of the SPDC proscess (top) and the dark SPDC process (bottom).
The frequency of the signal photon in dSPDC will differ from the standard case due to the different
dispersion relations of the produced dark state as compared to the idler photon.

detection of, say, the signal photon one can infer the presence and properties of the idler [6]. The
process of SPDC can be described by an effective Hamiltonian (see e.g. [6, 7])

HSPDC =

Z

crystal
d
3
~x

⇣
�
(2)
jklEjEkEl

⌘
, (1)

where we have used an index notation for the electric field Ej ⌘ ~E to more easily represent the
contraction with the second order susceptibility tensor �

(2)
jkl in the nonlinear optics crystal. The

susceptibility tensor, and the indices of refraction for pump, signal and idler photons, np, ns and
ni determine the differential and total rates of di-photon production. The fully differential rate
includes correlations among the energy, momenta, and polarizations of the photon pairs. For
particle physicists who are accustomed to working in the vacuum, the conversion (or decay) of a
single pump photon into a photon pair would normally be deemed both kinematically inaccessible
and disallowed by charge conjugation. For these readers we stress that SPDC is kinematically
possible thanks to the nontrivial dispersion of photons and that charge conjugation is broken by
the presence of a crystal without an anti-crystal. In addition, a second order susceptibility �

(2) is
only present in crystal structures that violate parity.

In this work we propose to search for dark SPDC (dSPDC), in which the idler photon is replaced
by a new light state, such as an axion or dark photons.

Axions : The axion, or axion-like particle (we will use the two terms interchangeably), is a light
pseuodscalar field �a

1. Its interaction with photons are described by the Hamiltonian (for a review
see [?])

Haxion =

Z

crystal
d
3
~x

⇣
ga� �a

~E · ~B

⌘
(2)

where we have deliberately taken the spatial integral only over the volume of an optical crystal,
even though it also extends outside the crystal. The reason is that our dSPDC process will be
kinematically possible, phase matching will be attainable, only within a bi-refringent crystal in
which ns > np. It is interesting to note the similarity of the two Hamiltonians in Equations (1)
and (2). Both Hamiltonain are non-linear. Both interaction can couple a pump photon to a signal
photon and a third light field, either an idler or an axion. The presence of the B-field in the axion
hamiltonian simply means a particular relationship between the pump and signal polarization
(indeed, the magnetic field is absent from Equation (1) only by convention). We will show that
an axion can be searched for using dSPDC in a material that is bi-refringent, but purely optically
linear.

Dark Photons: The dark photon [?] is a new massive U(1) gauge boson which can be written
as a vector potential A

0
µ which leads to dark electric and magnetic fields ~E

0 and ~B
0. The dark

1Since creation and annihilation operators are about to make an appearance, we will be calling the axion field
�a instead of the traditional a.
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Figure 1: A schematic sketch of the SPDC proscess (top) and the dark SPDC process (bottom).
The frequency of the signal photon in dSPDC will differ from the standard case due to the different
dispersion relations of the produced dark state as compared to the idler photon.

detection of, say, the signal photon one can infer the presence and properties of the idler [6]. The
process of SPDC can be described by an effective Hamiltonian (see e.g. [6, 7])

HSPDC =

Z

crystal
d
3
~x

⇣
�
(2)
jklEjEkEl

⌘
, (1)

where we have used an index notation for the electric field Ej ⌘ ~E to more easily represent the
contraction with the second order susceptibility tensor �

(2)
jkl in the nonlinear optics crystal. The

susceptibility tensor, and the indices of refraction for pump, signal and idler photons, np, ns and
ni determine the differential and total rates of di-photon production. The fully differential rate
includes correlations among the energy, momenta, and polarizations of the photon pairs. For
particle physicists who are accustomed to working in the vacuum, the conversion (or decay) of a
single pump photon into a photon pair would normally be deemed both kinematically inaccessible
and disallowed by charge conjugation. For these readers we stress that SPDC is kinematically
possible thanks to the nontrivial dispersion of photons and that charge conjugation is broken by
the presence of a crystal without an anti-crystal. In addition, a second order susceptibility �

(2) is
only present in crystal structures that violate parity.

In this work we propose to search for dark SPDC (dSPDC), in which the idler photon is replaced
by a new light state, such as an axion or dark photons.

Axions : The axion, or axion-like particle (we will use the two terms interchangeably), is a light
pseuodscalar field �a

1. Its interaction with photons are described by the Hamiltonian (for a review
see [?])

Haxion =

Z

crystal
d
3
~x

⇣
ga� �a

~E · ~B

⌘
(2)

where we have deliberately taken the spatial integral only over the volume of an optical crystal,
even though it also extends outside the crystal. The reason is that our dSPDC process will be
kinematically possible, phase matching will be attainable, only within a bi-refringent crystal in
which ns > np. It is interesting to note the similarity of the two Hamiltonians in Equations (1)
and (2). Both Hamiltonain are non-linear. Both interaction can couple a pump photon to a signal
photon and a third light field, either an idler or an axion. The presence of the B-field in the axion
hamiltonian simply means a particular relationship between the pump and signal polarization
(indeed, the magnetic field is absent from Equation (1) only by convention). We will show that
an axion can be searched for using dSPDC in a material that is bi-refringent, but purely optically
linear.

Dark Photons: The dark photon [?] is a new massive U(1) gauge boson which can be written
as a vector potential A

0
µ which leads to dark electric and magnetic fields ~E

0 and ~B
0. The dark

1Since creation and annihilation operators are about to make an appearance, we will be calling the axion field
�a instead of the traditional a.
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Axions and ALPs


