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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.
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Quantum Theory
Quantum Theory works ion two areas:


Quantum Simulation (a new and exciting field!)


Quantum Sensing (more related to this crowd):
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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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FIG. 1. Projected sensitivity to electromagnetically-coupled axion dark matter, for a kg · yr exposure of various targets inside a
10 T magnetic field. Solid colored lines assume negligible backgrounds, and dotted colored lines assume a dark count (DC) rate
of RDC = 1010/kg · yr. Targets utilizing single-phonon excitations include GaAs (light blue) and Al2O3 (purple) (proposed for
the TESSARACT experiment [112]), as well as SiO2 (turquoise). The Si (dark green) and Ge (light green) targets correspond to
single-electron excitations currently searched for by the CDEX [94], DAMIC [95–100], EDELWEISS [101–103], SENSEI [104–
106], and SuperCDMS [107–109] experiments. Doped Si (Si⇤, pink) [73] and ZrTe5 (red) [57] correspond to novel targets
utilizing low-energy electronic excitations. Shaded gray regions are existing limits derived from horizontal branch (HB) star
cooling [113], the CAST helioscope [114, 115], and searches for a ! 2� decays by the MUSE [116], HST [117], and VIMOS [118]
telescopes. Also shown as gray lines are projections from the IAXO (solid) [119], BREAD (dashed) (assuming DCs of ⇠ 104

or <⇠ 1 for masses below or above ⇠ 100 meV, respectively, over 103 days) [45], and LAMPOST (dotted) (assuming ⇠ 10 DCs
per 106 s run and ⇠ 104 runs) [48] experiments. The orange band denotes the range of couplings and masses as motivated by
the QCD axion.

ods. The first derivation involves self-energies, analogous
to calculations performed in the context of direct detec-
tion experiments; the second is provided within the lan-
guage of classical axion electrodynamics. These deriva-
tions provide complementary ways to understand the un-
derlying physics. We then discuss the projections shown
in Fig. 1, which illustrate the promising ability to explore
new, high-mass, QCD axion parameter space.

Absorption Rate.— Before deriving the rate for axion
absorption in a magnetized medium, we begin with a
synopsis of the final result for isotropic targets. The total
axion absorption rate, per unit exposure, is given by

R '
✓
ga�� B0

ma

◆2 ⇢DM

⇢T

Im


�1

"(ma)

�
, (2)

where ⇢DM ' 0.4 GeV/cm3 is the local axion DM energy
density, ⇢T is the mass density of the target, and "(ma)
is the dielectric function evaluated at energy ! = ma and
momentum deposition q = 0, appropriate for absorption
kinematics (q ⌧ !) which are assumed throughout. The
simplicity of this expression derives from the separability
of the axion absorption process as a+B0 ! E followed by
absorption of the corresponding electric field.1 The for-
mer process is governed by the strength of the external

magnetic field and ga�� , while the latter is determined
by the dielectric function, independent of both the axion
physics and, in the q ⌧ ! limit, the magnetic permeabil-
ity. This separability is advantageous since, in princi-
ple, the dielectric function of the target can be measured
directly. In the absence of measurement, this parame-
terization is useful as a bridge between particle physics
and first principles condensed matter calculations. First
principles calculations are a useful tool to understand
the contributions of individual excitations, which cannot
be understood from a measurement of the inclusive di-
electric function. However, this generally ceases to be
a problem when the various excitations are su�ciently
separated in energy.
The idea of relating the dielectric function to the DM

absorption rate into in-medium excitations has been used
for other DM models [52–54, 56, 79, 80], as well as in
calculations of the DM absorption rate into in-medium
photon states [50, 51, 120]. For example, for kinetically-
mixed dark photon DM, A0, the absorption rate into in-
medium excitations is [52, 56, 80]

R ' 2 ⇢DM

⇢T

Im


�1

"(mA0)

�
, (3)

where  is the kinetic-mixing parameter andmA0 is theA0

Dark SPDC, Collaboration with Juan.
“Axion absorption in Magnetized 
material”: Berlin and Trickle
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receiver cavity tuned to have a TE011 mode of matching frequency. LSthinW I (solid red) assumes readily achievable
experimental parameters and employs cavities of equal aspect ratio (R = L = 10 cm) separated by a barrier of
thickness d = 0.5 mm. LSthinW II (dashed red) and III (dotted red) use improved experimental parameters, similar
to the design goals of the ongoing Dark SRF experiment (whose projected reach is shown in dotted dark gray [26]).
LSthinW II and III are complementary searches, using different cavity geometries to specialize to smaller and larger
mA0 , respectively. LSthinW II uses the same cavity shape and wall thickness as LSthinW I, whereas LSthinW III
employs a pancake-like cavity (R = 15 cm, L = 0.3 cm) and a smaller barrier thickness, d = 10 µm. For more details,
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taken from the repository Ref. [27]. These include limits derived from the CROWS LSW experiment [11], the Dark
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power laws suggest that the optimal sensitivity occurs for
mA0 ' !. But there is additionally a resonant peak at
mA0 = !, evident in Fig. 5. At this critical mass, the
hidden photon field is sourced with wavenumber k = 0,
giving maximally constructive interference in the integral
of Eq. (9). The width of this feature is narrower for cav-
ities of larger aspect ratio R/L � 1, as R � !�1 implies
a larger phase incoherence over the emitter surface for a
small deviation of mA0 away from !.

V. DISCUSSION

The highest mass accessible to light-shining-through-
wall experiments is dictated not by the frequency of the
driven field but by the inverse of the distance separat-
ing the emission and detection regions. Thus, the upper
part of the mass range that can be explored can be sig-
nificantly enlarged in a “light-shining-through-thin-wall"
(LSthinW) experiment. We have focused on thin super-
conducting barriers, since their small penetration depth
implies that only several microns is needed for sufficient
shielding. In particular, such an experiment employing
superconducting cavities operating at ⇠ GHz frequen-
cies could have exquisite sensitivity to hidden photons

as heavy as ⇠ 0.1 eV. The development of thin barri-
ers, as opposed to higher-frequency sources, is a natural
alternative to enlarging the mass reach to new particles
and has strong synergistic overlap with other efforts, such
as future versions of the ARIADNE experiment [34, 35],
which will tentatively utilize ⇠ 100 µm niobium shields.

A unique feature of this setup is its ability to produce
and detect particles of mass up to ⇠ 0.1 eV, regardless
of whether they constitute the dark matter of our Uni-
verse. Indeed, the power of this approach is highlighted
by the fact that most experiments operating in this mass
range are often hindered by the difficulty in operating
low-loss resonators and photon detectors at meV ⇠ THz
frequencies [36–41]. In fact, our projections suggest that
the reach of an LSthinW experiment may even exceed
that of certain dark matter detectors [41], even though
the latter benefit from the assumed presence of a hidden
photon dark matter background.

In this work, we have discussed various setups in which
an LSthinW experiment using electromagnetic cavities
may be realized, but dedicated design efforts are needed
to fully bring this proposal to light. While we have con-
sidered simple vacuum cavities with a conducting bar-
rier, other arrangements may be advantageous and de-
serve further study. For example, the mass suppression

“Light shining thru thin wall”, 
Berlin, Janish, RH

Alpha, Millar et al
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and facilities to achieve bold 
scientific and technological 
goals in quantum.” 
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A DOE National QIS Research Center

    30 
  

   450+
Partner Institutions

Collaborators

SQMS MISSION  Achieve transformational advances in the major cross-cutting challenge of  
understanding & eliminating decoherence mechanisms in superconducting devices,  
enabling construction and deployment of superior quantum systems for computing & sensing.

[excerpt]

+ LLNL about to join (including ADMX folks)
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Build upon core strengths that were developed for accelerators: 
▪ Fermilab world’s best superconducting RF cavities (3D)  

– seconds of coherence (quality factors Q > 1010) 

▪ Associated deep structural and superconductivity knowledge of Nb (key part of 2D qubits) 
▪ Microwave, cryogenic, mechanical engineering and large scale integration experience  
▪ Deep 2D superconducting qubit and quantum processor expertise  
▪ Deep basic materials and superconductivity expertise

NbOx

Nb10nm

Basic Understanding → Coherence Improvement → 2D and 3D High Coherence QPUs 

SQMS Technology Thrust - Strategy



6 arXiv:2304.13257v2 

Group Best T1 
(µs) 

Freq. 
(GHz) 

Substrate Primary 
Material 

Publication 
Year 

Yu 503  3.8-4.7  Sapphire 
Ta, dry 
etch  2022 

SQMS  451  4.5-5  Silicon 
Ta/Nb, dry 

etch   2023

Houck  360  3.1-5.5  Sapphire 
Ta, wet 

etch  2021 

IBM  340  ~4  Silicon 
Nb, dry 

etch  2022 

IBM  234  3.808  Silicon 
Al, dry 
etch  2021 

SQMS  198  4.5-5  Sapphire 
Ta/Nb, dry 

etch   2023

Top published transmon qubit coherence times

SQMS National Nanofabrication Taskforce 
Pushing the Forefront of Qubit Coherence



▪ The SQMS sensing effort is both leveraging and providing ambitious goals 
for technology 
▪ Probing Dark sectors: 
▪ New light particles: Dark photons and axions. 
▪ Either as the dark matter, or as “just” new particle.  
▪ A multi-search goal. Our most engaging science goal. 
▪ Precision tests: 
▪ Tests of the standard model (electron g-2, Euler-Heisenberg) 
▪ Tests of quantum mechanics 
▪ Gravitational waves: 
▪ Expanding the frequency for GW detection beyond LIGO/VIRGO.

SQMS Physics and Sensing

7



▪ Several open challenges in Axion and Dark photon DM searches.  
▪ Accelerating the Search in the 1 to tens of GHz: 
▪ Increase quality factor 
▪ Going beyond SQL (e.g. photon counting, see Aaron’s talk) 

▪ Expanding the axion/dark photon search window to high and low masses (also 
non DM searches). 

Wave-like DM Detection
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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

23



Presenter | Presentation Title or Meeting Title9

Deepest sensitivity: Ultrahigh Q for Dark photon DM

DPDM search with 1.3 GHz cavity with  
Deepest exclusion to wavelike DPDM by an order of magnitude. 
Next steps: 
• Tunable DPDM search from 4-7 GHz. (“low hanging fruit”) 
• Implement photon counting to subvert SQL noise limit. 

𝑄𝐿 ≈ 1010 .

Cervantes et al., arxiv:2208.03183, in review in Phys. Rev. Lett.

Contacts: Raphael Cervantes
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▪ Axion haloscope: search for dark matter with 
high Q cavity in multi-tesla magnetic fields 

▪ Two SQMS designs substantially outperform 
state of the art copper cavities (and these ideas 
can be combined!) 

▪ Now partnering with ADMX team for first 
demonstration of a hybrid superconducting-
normal-conducting cavity in a real axion search.

Dark Sector: High Q in Multi-Tesla Fields

Hybrid copper-dielectric cavity (INFN): Di Vora et al., 
PhysRevApplied.17.054013

Superconducting Nb3Sn cavity (FNAL): Posen et al., 
arxiv:22014.10733, in review in Phys Rev Applied
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Contact: Sam Posen
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Access and control higher quantum levels 

4-levels: Ququart  2 qubits

8-levels: Quoct  3 qubits

New approach to QC: Qudit …

Many levels



Tanay Roy - Fermilab12

First Milestone: Photon Counting

Incorporate Transmon into a 
TESLA cavity Achieved photon counting

0
1

2345

Contacts: Alex Romanenko, Tanay Roy.
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Second Milestone: Fock states

Prepare quantum states

0⟩

1⟩

2⟩

3⟩

0⟩

1⟩

2⟩

3⟩

𝜏 ≈ 0.95 ms

Fock |1⟩
1

-1

0

Pa
rit

y

Fock |2⟩

1.5

-1.5

0.0

Pa
rit

y

Wigner tomography

Contacts: Alex Romanenko, Tanay Roy.
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▪ Axion DM search based on the heterodyne 
detection scheme: cavity design is finalized, 
contract for cavity fabrication placed (cavity 
arrival: Fall 2023) 

▪ In preparation for search: 
▪ Working on RF experimental set up and 

read out system 
▪ Addressing experimental challenges such 

as passive dampening of vibrations in LHe 
facility 

▪ Multimode feasibility study 

Multimode searches
Bogorad, et al., PRL, DOI:10.1103/PhysRevLett.123.021801 
Berlin, et al., JHEP, DOI:10.1007/JHEP07 (2020) 088 
Gao & Harnik, JHEP, DOI:10.1007/JHEP07 (2021) 053 
Berlin, et al., arXiv:2203.12714, Snowmass WP (2022) 
Sauls, PTEP, DOI:10.1093/ptep/ptac034 (2022) 
Giaccone, et al., arXiv:2207.11346 (2022)

Axion DM 
search concept

Experimental 
design for MHz 

Axion search

Contacts: Asher Berlin, Bianca Giacone
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Multimode searches
Berlin, et al., JHEP, DOI:10.1007/JHEP07 (2020) 088 
Berlin, et al., arXiv:2203.12714, Snowmass WP (2022) 
Giaccone, et al., arXiv:2207.11346 (2022)Snowmass 2021 White Paper Axion Dark Matter
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Figure 13: (Left) A schematic of the heterodyne/upconversion experimental setup of
Sec. 6.5 (taken from [264]). In an SRF cavity, a pump mode photon of frequency
l0 ⇠ GHz is converted by axion dark matter into a nearly degenerate photon of fre-
quency l1 = l0 +;0. (Right) The projected sensitivity of a superconducting upconversion
setup. As three representative examples, we show the projected sensitivity of a 50L proto-
type, a 1 m3 setup, as well as a futuristic experiment with a total instrumented volume of
5 m3. See text for additional details. Regions motivated by the QCD axion and dark mat-
ter produced by the misalignment mechanism are also shown as orange and blue bands,
respectively.

6.5 SRF Cavities and Related Techniques

The previous subsections describe experiments with static magnetic fields, in which axion
dark matter sources an effective current oscillating with frequency ;0. By contrast, in
the recently proposed heterodyne approach [264–266], a microwave cavity is prepared
by driving a pump mode with nonzero frequency l0 ⇠ 1 GHz � ;0. The dark matter
axion field causes frequency upconversion, driving power into a signal mode with nearly
degenerate frequency l1 ' l0 + ;0 and distinct spatial geometry. This process is efficient
provided that the pump ⌫-field and signal ⇢-field have a large overlap ⌫0 · ⇢1 when inte-
grated over the volume of the cavity. This is the case when the pump and signal modes
are, e.g., low-lying TE and TM modes. A scan over axion masses can be performed over
an extremely large range by only slightly perturbing the cavity geometry, which alters the
splitting l1 � l0. A schematic of the setup is shown in the left panel of Fig. 13.

The upconversion process leads to a GHz frequency axion signal, even for axion fre-
quencies/masses much smaller than 1 GHz ⇠ 1 `eV. Compared to other static field
approaches targeting long wavelength axions, upconverting the signal to GHz frequen-
cies is advantageous. This is because: 1) the signal power is parametrically enhanced by
⇠ GHz/;0 � 1 and 2) high-frequency GHz resonators can couple to very slowly oscillat-
ing axion signals, opening up sensitivity to axion masses below a kHz, a region typically
inaccessible with static field resonators. This signal can be efficiently read out with well-

40

Snowmass name:

SRF-m3 

Asher’s proposal:

SuperRAD

Contacts: Asher Berlin, Bianca Giacone
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Dark SRF: cavity-based search for the Dark Photon

Phase 2: in DR, 
receiver at ~mk, 
in quantum 
regime. Improved 
frequency 
stability. Phase 
sensitive readout. 

Will increase the 
search reach.

Phase 1: Pathfinder run in LHe. 
Demonstrated enormous potential 
for SRF based searches.

Romanenko et al., arXiv:2301.11512 (2023), in review in PRL. 
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FIG. 3. The measured power spectral density (PSD) of the
receiver cavity during the dark photon search run (blue) and
thermal noise calibration run (red). For both runs, the peaks
are caused by a leak of thermal photons from the receiver
input line. The reference frequency is f0 = 1.298041 GHz.
The two peaks were shifted within the drifting modeling by
3.5 Hz to coincide. The signal region is ±1.5 Hz around
the peak. The power measured between the thermal run
(�151.6+0.23

�0.25 dBm) and search run (�151.8+0.16
�0.17 dBm) is con-

sistent with each other within one sigma.

energy. We will present the results of one of the low
power runs with Eacc = 6.2 MV/m, Uem = 0.6 J. Runs
with higher stored fields exhibited a larger frequency drift
and/or a significant amount of cross-talk.

Noise analysis

Fig. 3 shows spectra measured in both a thermal run
(no excitation in the emitter cavity) and a search run. In
both cases, a relatively flat power spectrum is observed
with a peak centered at the frequency of the receiver cav-
ity. This is the expected signal measured from a HEMT
amplifier connected to a cavity that emits thermal pho-
tons around its resonant frequency. The peak was shown
not to originate from cross-talk, and it also remained
when the emitter power was turned o↵, signifying that it
is background rather than signal.

In the Eacc = 6.2 MV/m run, the emitter cavity was
excited using a 1 W amplifier, achieving 0.6 J of stored
energy. During the dark photon search, the receiver
spectrum was well described by a flat background at
�156 dBm of transmitted power Pt and a sharp peak
of Pt = �152 dBm at the cavity frequency, as shown
in Fig. 3. These values correspond to the power trans-
mitted by the receiver cavity and include the 37 dB of
amplification added by the HEMT on the Pt line. The
flat background is consistent with the thermal noise in
the HEMT amplifier, both in its power level and its vari-
ance (sampling over many frequencies).

The origin of the peak was identified to be a leak of

10-7 10-6 10-5
10-9

10-8

10-7

10-6
107 108 109

mγ' (eV)

ϵ

Frequency (Hz)

Dark SRF
Pathfinder Run

CMB

Coulomb CROWS

(old cavity)

FIG. 4. The new 95% C.L. exclusion limit on dark photon
parameter space. Our result is shown as the blue curve, where
the region above is excluded. Also shown in gray are existing
limits from the CROWS cavity experiment [8], measurements
of the CMB [18–20], and tests of Coulomb’s law [21, 22].

thermal photons from the receiver input line (used to
align the two cavities). This hypothesis was corroborated
in a subsequent run in which the peak was removed by
adding a 30 dB attenuator on the input line.3

RESULTS

In the absence of a signal, this run was used to set
a leading limit on the dark photon over a wide range
of masses, as shown in Fig. 4. The limit setting proce-
dure is described in the appendix with the experimen-
tal parameter set shown in Table I. The receiver power,
accounting for the power in the ±1.5 Hz of the peak
frequency after considering the amplification and qual-
ity factors in di↵erent subsystems, is �189.8+0.16

�0.17 dBm,
while from the thermal run we know the thermal power
around the peak is �189.6+0.23

�0.24 dBm. This allows us to
put a limit on the signal power arising from a dark pho-
ton for a broad range of masses, predicted using Eq. (2).
In particular, we demand that the signal power not ex-
ceed �189.5 dBm (not adding more than 0.3 dB beyond
the measured �189.6 dBm during the dark photon search
run) at 95% confidence level, using the CLs method [23]
and Eq. (3).
The result is shown in Fig. 4. Our experiment excludes

regions above the solid blue line. Compared to existing
constraints from the cavity LSW experiment CROWS [8],
measurements of the CMB [18–20] (note, however, that

3
The runs with this lower thermal background encountered a

larger cross-talk peak and were thus not used to set the strongest

limit.

A light-shining-through-wall experiment.

Contacts: Alex Melnichuk, RH
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▪ The most precise theory-experiment comparison in physics: 

▪ SQMS joined the effort, contributed to understanding loss sources.

2
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FIG. 2. (a) Cryogenic system supports a 50 mK electron trap
upon a 4.2 K solenoid to provide a very stable B. (b) Silver
electrodes of a cylindrical Penning trap. (c) Quantum spin
and cyclotron energy levels used for measurement.

⇢ = xx̂ + yŷ [47]. Cylindrical Penning trap electrodes
[48, 49] (Fig. 2b) with appropriately chosen relative di-
mensions and potentials produce such a potential for a
centered electron, which then oscillates nearly harmoni-
cally along ẑ at the axial frequency ⌫̄z ⇡ 114 MHz. For
B = 5.3 T, the trap-modified cyclotron and anomaly fre-
quencies are ⌫̄c ⇡ 149 GHz and ⌫̄a ⇡ 173 MHz [47]. A
circular magnetron motion at ⌫̄m = 43 kHz is cooled by
axial sideband cooling [47, 50] and its e↵ect is negligi-
ble during the measurement. Figure 2c shows the low-
est cyclotron and spin energy levels and the frequency
spacings, including a relativistic mass shift, �, given by
�/⌫c ⌘ h⌫c/(mc2) ⇡ 10�9 [47, 51].

The lowest cyclotron states for each spin are e↵ectively
stable because the spin is so nearly uncoupled from its
environment [47]. Without a trap, the cyclotron state
n = 1 has a lifetime ��1

c = 0.1 s. With a trap that is also
a low-loss microwave cavity, this rate for the spontaneous
emission of synchrotron radiation is inhibited by a factor
of 50 to 70. Cyclotron excitations can then be detected
before decay, when B is chosen so ⌫̄c is far from resonance
with cavity radiation modes [52]. The cyclotron damp-
ing contributes 0.03 Hz to the cyclotron and anomaly
linewidths (to be discussed), a negligible 0.2 ppt and a
very important 0.2 ppb, respectively. Blackbody photons
that excite n = 0 to n = 1 are eliminated by cooling the
trap cavity below 100 mK [42].

The Brown-Gabrielse invariance theorem [53],

⌫c =
p

⌫̄2c + ⌫̄2z + ⌫̄2m (4)

provides the ⌫c and ⌫a = ⌫s � ⌫c needed in Eq. (3) to
determine µ/µB . It is critical that Eq. (4) is invariant
under unavoidable misalignments of B and the axis of

V , and under elliptic distortions of V . The hierarchy
⌫̄c � ⌫̄z � ⌫̄m � � allows an expansion of Eq. (4) that
su�ces for our precision to be inserted in Eq. (3), so

� µ

µB
=

g

2
' 1 +

⌫̄a � ⌫̄2z/(2f̄c)

f̄c + 3�/2 + ⌫̄2z/(2f̄c)
+

�gcav
2

, (5)

with ⌫̄a and f̄c (defined in Fig. 2c) to be deduced with
⌫̄z from measured line shapes. The added cavity-shift
�gcav/2 arises because the cyclotron frequency couples
to radiation modes of the trap cavity, shifting both ⌫̄c
and ⌫̄a [54, 55]. This g/2 measurement correction and its
uncertainty are not reduced or evaded by a g � 2 mea-
surement. They must be determined and corrected at
the full 10�13 precision of µ/µB .
To measure the ⌫̄z needed in Eq. (5), the current in-

duced in the electrodes by the axial oscillation is sent
through a resonant circuit that is the input of a cryo-
genic HEMT amplifier. The 1-minute Fourier transform
of the amplifier output in Fig. 3c illustrates the Johnson
noise and electron signal canceling to make a dip that re-
veals ⌫̄z [56]. Energy loss in the circuit damps the axial
motion with a time constant ��1

z = 32 ms. The amplifier
heats the electron axial motion to Tz = 0.5 K.
Small shifts in ⌫̄z provide quantum nondemolition de-

tection (QND) of one-quantum spin and cyclotron jumps,
without the detection changing the cyclotron or spin
state. Saturated nickel rings (Fig. 2b) produce a mag-
netic bottle gradient, �B = B2

⇥
(z2 � ⇢2/2)ẑ � z⇢⇢̂

⇤

with B2 = 300 T/m2. This couples spin and cyclotron
energies to ⌫̄z, which then shifts by �⌫̄z ⇡ 1.3 (n +ms)
Hz. (The B2 and �⌫̄z are 5 and 3 times smaller than
used previously [37].) To rapidly detect jumps after the
cyclotron and anomaly drives are turned o↵, the ampli-
fied signal is immediately fed back to the electron. This
self-excited oscillator (SEO) [57] resonantly and rapidly
drives itself to a large amplitude even if ⌫̄z shifts with am-
plitude, whereupon the gain is adjusted to maintain the
amplitude. A Fourier transform of the large signal reveals
the small �⌫̄z that signals cyclotron and spin jumps.
Quantum jump spectroscopy produces anomaly and

cyclotron resonances (Fig. 3a-b) from which to extract
⌫̄a and f̄c to use in Eq. (5). Cyclotron and anomaly
quantum jump trials are alternated. The magnetic field
drift of 0.2 ppb/hr in the new apparatus is slow enough to
correct using a quadratic fit to the lowest cyclotron drive
frequencies that produce excitations. Each cyclotron
and anomaly quantum jump trial starts with resonant
anomaly and cyclotron drives that prepare the electron
in the spin-up ground state, |n = 0,ms = 1/2i, followed
by 1 s of axial magnetron sideband cooling [47, 50].
Cyclotron jumps to n = 1 are driven by a 5 s mi-

crowave drive injected between trap electrodes (Fig. 2b),
with an o↵-resonance anomaly drive also applied. Jumps
occur in less than 20% of the trials to avoid saturation ef-
fects. Cavity-inhibited spontaneous emission [52] makes

Electron magnetic moment (g-2)e:   
The quantum state of a single electron in a 
trap is monitored via a QND measurement.
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a new method of observing the decay time of an electron
exited to nc ⇡ 10.

A renormalized calculation [54, 55] with added cy-
clotron damping [37, 59] avoids the infinite cavity shifts
that result from summing all mode contributions. This
calculation assumes the mode frequencies of a perfect
cylinder, one Q for TE modes, and another for TM
modes. We calculate with dimensions chosen to best
match observed frequencies and a single Q value for all
modes. After shifts from the 72 observed modes using the
ideal frequencies and the one Q value are subtracted out,
contributions for these modes using measured frequencies
andQ values are added back in. The leading contribution
to cavity shift uncertainties comes from modifications of
the field that an electron sees from imperfections and
misalignments of the trap cavity. Figure 4a shows the
consistency of µ/µB determinations at 11 di↵erent mag-
netic fields, after each receives a di↵erent cavity shift.

A weighted average of the 11 determinations gives

� µ

µB
=

g

2
= 1.001 159 652 180 59 (13) [0.13 ppt], (6)

with 1� uncertainty in the last two digits in parenthe-
ses. Figure 1 shows the good agreement of this 2022
determination at Northwestern with our 2008 determi-
nation at Harvard [37] and an uncertainty that is im-
proved by a factor of 2.2. Because uncertainty correla-
tions from similar measurement methods are di�cult to
determine, we do not recommend averaging our two de-
terminations. Table I lists uncertainty contributions to
the final result. The statistical uncertainty is from the
fits that extract f̄c and ⌫̄a. The two dominant uncertain-
ties have been discussed – cyclotron broadening and cav-
ity shifts (treated as correlated for nearby fields). The
nuclear paramagnetism uncertainty is based upon the
measured temperature fluctuations of the silver trap elec-
trodes. The anomaly power shift uncertainty comes from
the measured frequency dependence on drive strength.

TABLE I. Largest uncertainties for g/2.

Source Uncertainty⇥1013

statistical 0.29
cyclotron broadening 0.94
cavity correction 0.90

nuclear paramagnetism 0.12
anomaly power shift 0.10
magnetic field drift 0.09

total 1.3

Several SM sectors together predict

g

2
= 1 +C2

⇣↵
⇡

⌘
+ C4

⇣↵
⇡

⌘2
+ C6

⇣↵
⇡

⌘3
+ C8

⇣↵
⇡

⌘4

+ C10

⇣↵
⇡

⌘5
+ ...+ aµ⌧ + ahadronic + aweak. (7)

The Dirac prediction [20] is first on the right. QED pro-
vides the asymptotic series in powers of ↵, along with the

muon and tauon contributions aµ⌧ [38]. The constants
C2 [21], C4 [22, 23], C6 [24, 25] and C8 [26] are calculated
exactly, but require measured lepton mass ratios as input
[29]. The measurements are so precise that a numerically
calculated tenth order C10 [27, 28] is required and tested.
A second evaluation of C10 [39] di↵ers slightly for reasons
not yet understood and the open points in Figs. 1 and 5
use this alternative. Hadronic and weak interaction con-
tributions are ahadronic [30–32] and aweak [33–36]. The
exact C8 and the numerical C10 are remarkable advances
that reduce the calculation uncertainty well below the
uncertainties reported for the measured µ/µB and ↵.
The most precise ↵ measurements [40, 41], needed for

the SM prediction of g/2 in Eq. (7), disagree by 5.5 �,
about ten times our measurement uncertainty (Fig. 1).
Until the discrepancy is resolved, the best that can be
said is that the predicted and measured µ/µB agree to
about �(g/2) = 0.7 ⇥ 10�12, half of the ↵ discrepancy.
A generic chiral symmetry model [63] then suggests that
the electron radius is less than Re =

p
|�(g/2)|~/(mc) =

3.2⇥10�19 m, and that the mass of possible electron con-
stituents must exceedm⇤ = m/

p
|�(g/2)| = 620 GeV/c2.

If �(g/2) would equal our µ/µB determination uncer-
tainty, then Re = 1.4⇥ 10�19 m and m⇤ = 1.4 TeV/c2.
A 2.2 times reduced �(g/2) would bring us to the level

of the intriguing 4.2 standard deviation discrepancy be-
tween the measured and predicted muon magnetic mo-
ment [43, 64]. The muon’s BSM sensitivity, expected to
be 40,000 times higher (the ratio of muon and electron
masses), is largely o↵set by our 3150 times smaller un-
certainty.

0 50 100 150 200
910× - 137. 035 999 000) -1α(

Cs
Rb
g/2(2008) with SM
g/2(2022) with SM

1− 0.5− 0 0.5    ppb

FIG. 5. SM prediction of ↵ using µ/µB from this Northwest-
ern measurement (red), and from our 2008 Harvard measure-
ment (blue), with solid and open points for slightly di↵ering
C10 [38, 39]. The ↵ measurements (black) were made with Cs
at Berkeley [40] and Rb in Paris [41]. A ppb is 10�9.

The fine structure constant ↵ is the fundamental mea-
sure of the strength of the electromagnetic interaction
in the low energy limit. For the SI system of units,
↵ = e2/(4⇡✏0~c) is a measure of the vacuum permittivity
✏0, given that and e, ~ and the speed of light c are now
defined [65]. Our µ/µB and the SM give

↵�1 = 137.035 999 166 (02) (15) [0.014 ppb] [0.11 ppb],

= 137.035 999 166 (15) [0.11 ppb], (8)

with theoretical and experimental uncertainties in the
first and second brackets. Figure 5 compares to the ↵
measurements (black) that disagree with each other by

▪ SQMS bonus: We also found that a single-
electron qubit is a sensitive DM search in a 
challenging frequency range! 

▪ Theory + proof-of-concept!                                 

Phys.Rev.Lett. 129 (2022) 26, 261801  
(a new NU-Stanford-Fermilab collaboration)
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FIG. 5. (a) The new experimental limit on DPDM with 90 % confidence level. In a narrow frequency band, the exclusion
limit from this work is about 75 times better than the existing constraints from XENON1T (hatched) [75–77] and DM cosmol-
ogy (dashed) [10]. (b) Possible sensitivity with a dedicated apparatus (blue) is compared to the limits from DOSUE [46] and
Tokyo [48].

proposal and demonstration thus open a new direction
for DPDM searches.
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▪ SQMS theorists have laid the formalism 
for GR-EM cavity interaction. 

▪ Two types of signals: EM and mechanical. 
▪ Current axion experiments have sensitivity 

to GHz Gravity waves [1]. 
▪ A dedicated cavity experiment, e.g. MAGO, 

has significant reach at MHz [2]. 
▪ A new collaboration with INFN and DESY 

to revive MAGO is being formed.

MAGO2.0: Gravitational waves
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FIG. 1. Cartoon of a two-spherical-cell setup, illustrating the two coexisting signals. The pump mode E0 of the cavity is

driven at frequency !0 (orange). The incoming gravitational wave of frequency !g either directly couples to the electromagnetic

fields (left inset) or indirectly by exciting the mechanical vibrational modes at frequencies !p (right inset), thereby sourcing

electromagnetic power at !0 ± !g. Thus, the signal mode E1 at frequency !1 is resonantly excited if !g ' |!1 � !0|, which is

read out by a directional coupler centered around !1. The mode profiles of the mechanical vibrations (as indicated by the solid

boundary of the cells) and the electromagnetic modes (orange and blue lines) are shown for an optimal configuration. A scan

across various gravitational wave frequencies amounts to tuning the electromagnetic frequency di↵erence !1 � !0, which can

be performed by, e.g., varying the diameter of the central aperture connecing the two cells.

10 kHz to GHz range. The large quality factors of SRF cavities, Q ⇠ 1011 operating at !0 ⇠ GHz, allow them to act

as e�cient converters of mechanical to EM energy and operate with much smaller readout noise than the mechanical-

EM transducers employed in modern Weber bar experiments [37–40]. In this sense, the optimal setup described here

functions as a Weber bar with significantly reduced EM noise, resulting in increased sensitivity to GW frequencies

that are outside the bandwidth of the mechanical resonance. This is discussed in more detail in Sec. VI. As a result,

even for fixed EM frequency splittings, in which case most GW frequencies can only excite the signal o↵ resonance,

the reduced EM noise allows this setup to potentially operate as an exquisite broadband detector of high-frequency

GWs. In this case, such a search has the added benefit of being sensitive to transient signals that would otherwise be

missed by a scanning experiment. For the analysis in this paper, we will consider spherical-cell SRF cavities (such as

those employed in the MAGO prototype), since their enhanced symmetry allows greater coverage of the GW sky as

well as the availability of analytic results for the various mode profiles.1 However, this setup can be applied to any

cavity geometry, including the elliptical cavities currently used for state-of-the-art SRF systems.

Compared to previous work, we introduce three new results: 1) we compute a new source of signal from the direct

coupling between the GW and the EM energy in the cavity, 2) we discuss the sensitivity of a broadband operation

of the experimental apparatus, where the parameters of the cavity are not resonantly tuned to the GW frequency,

and 3) we analytically determine the GW-mechanical and mechanical-EM coupling for spherical cavities, allowing

us to estimate the sensitivity as a function of the GW’s polarization and direction of propagation. The outline of

this paper is as follows. In Sec. II, we discuss signals arising from either the GW-mechanical or GW-EM coupling.

1 Spherical Weber bars have been studied in, e.g., Refs. [41–46].
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FIG. 5. Reach of a MAGO-like setup to monochromatic GWs. The mechanical (purple) and EM (blue) signals are separated

for visual comparison, but they would both be present in a single experiment. The shaded purple and blue regions labeled

“scanning” and “scanning (EM)” show the sensitivity to mechanical and EM signals, respectively, for a scanning setup in

which the EM mode splitting is matched to the GW frequency, i.e., !1 � !0 = !g and assuming vibrational noise as inferred

by recent Fermilab measurements of cavity microphonics. The solid and dashed light-shaded contours labeled “scanning

(thermal)” and “non-scanning (thermal)” show the sensitivity when vibrational noise is attenuated to its irreducible thermal

value, for a scanning or broadband setup, respectively. In the latter case, the EM mode splitting is fixed to the lowest-lying

mechanical resonance, i.e., !1 � !0 = min !p ⇠ 10 kHz. In the scanning or broadband setup, the time to cover an e-fold in

!g or the total experimental time are fixed to 1 year, respectively. The degree of overcoupling to the readout is optimized for

105
 Qcpl  1010 (fixed to Qcpl = 105) at each frequency for the scanning (non-scanning) projection. Also shown in gray

are existing limits from LIGO-Virgo [67], AURIGA [39, 62, 68], bulk acoustic wave (BAW) resonators [18], and the Holometer

experiment [17]. The green shaded region corresponds to signals generated from superradiant bosonic clouds around black holes

of mass M? ⇠ M� (105 Hz/!g) at a distance of 1 kpc (see Appendix F).

GWs. These include searches performed by LIGO and VIRGO7 [67], the Weber bar experiment AURIGA [39, 62, 68],

the Holometer interferometer [17], and a bulk acoustic wave (BAW) resonant mass antenna [18]. The green shaded

region corresponds to the predicted signal strength of coherent GWs generated from superradiant bosonic clouds

around black holes of mass M? ⇠ M� (105 Hz/!g) at a distance of 1 kpc [28, 69]. We refer the interested reader to

Appendix F for further discussion of such signals.

VI. COMPARISONS TO OTHER EXPERIMENTS

In Fig. 5, we estimated the reach to coherent GWs with amplitude h0. However, to compare to other experimental

setups, it is often more useful to phrase the sensitivity in terms of the “e↵ective noise strain” PSD Snoise

h , since it

7 Note that the reach of LIGO-Virgo cannot be extrapolated beyond ⇠ 10 kHz. Besides the fact that current data is sampled at ⇠ 16 kHz,

there is also a lack of feasible calibration to understand and control the changed optical response at high frequencies. We thank M.

Seglar and O. Piccinni for discussions on this point.

MAGO (INFN)
[1] Phys.Rev.D 105 (2022) 11, 116011 
[2] Berlin et al, in preparation.

From [2]: sensitivity of MAGO-like setup.

Contacts: Asher Berlon, Bianca Giacone, RH



▪ A network of cavities can be used to enhance the sensitivity to dark matter. 
▪ How should we distribute quantum resources in the network? 

▪ A distributed quantum sensing protocol for DM searches allows for enhanced 
scan rate for DM.

Dark Matter - Quantum Sensor Network

19

A new collaboration of HEP and QIS experts from across SQMS: 
[1] PRX Quantum 3 (2022) 3, 030333 

[2] 2210.07291 [quant-ph] 

[3] 2210.16180 [quant-ph] (in review by Nature Photonics)
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We have thus reduced axion detection to a model
of displacement sensing with a sensor network, a
topic generally studied in the field of DQS [39, 44],
where continuous-variable multi-partite entanglement—
generated by passing a single-mode squeezed-vacuum
through a linear network—plays an crucial role. Uti-
lizing techniques from Distributed Quantum Sensing
(DQS) [39, 44], we consider the situation depicted in
Fig. 4, where a squeezed-vacuum state is distributed to
M local sensor-cavities, which are coupled via passive,
linear networks, W

0 and W .III.1 The linear network,
W , can be replaced by local homodyne measurements
and post-processing to achieve the same performance.

We often refer to the setup depicted in Fig. 4 as a
DQS setup, since we generate quantum entanglement by
sending the squeezed vacuum through the linear network,
W

0. Later in the paper, we shall also refer to a Quantum
Limited, Distributed Classical Sensing (QL-DCS) setup,
where the input radiation consists of only vacuum fluc-
tuations but joint post-processing of the output signals
is allowed.

Given the DQS setup of Fig. 4, our goal is to maxi-
mize the scan-rate of Eq. (II.22) by assuming control of
the passive linear networks, W 0 and W , and by taking
advantage of input quantum resources as well as the clas-
sical correlations of the axion signals between individual
cavities. In doing so (details provided below), we arrive
at our main result:

Main result— In the ideal scenario of a
susceptibility-matched DQS network consisting of
M identical microwave cavities, the scan-rate of the
network scales as M

2
Rsq, where Rsq is the scan-rate of

a single squeezed cavity with the same level of squeezing.
This scaling is achieved by using one squeezer and
one homodyne detector—all situated on the “primary”
mode, â1—as well as balanced M -mode linear networks,
W and W

0 = W
�1.

Thus, in the ideal case, we achieve a performance en-
hancement of M2 by operating the network coherently
and making use of the classical correlations of the ax-
ion field (i.e., via joint post-processing). Moreover, we
obtain a simultaneous boost to the scan-rate (relative
to the quantum limited case) via multi-partite entangle-
ment shared between the cavities (generated from a sin-
gle squeezed vacuum). We also extend these results to a
susceptibility-mismatched array of non-identical cavities
and discuss subtleties that arise therein. Main deriva-
tions and discussions leading to these results are just be-
low.

For simplicity, we shall assume each cavity operates at
roughly the same temperature T , such that NTi ⇡ NT ,
and for brevity, we introduce the temporary notation:

III.1 In this section, we ignore the anti-squeezer at the end of the
protocol for the sake of brevity, as including such does not change
the main results.
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FIG. 4. DQS setup. A single-mode squeezed vacuum is dis-
tributed to an array of M cavities which are coupled via pas-
sive linear networks, W 0 and W . The network utilizes clas-
sical correlations between the axion-induced displacements
at each cavity to coherently combine the signal fields into
the primary output mode, â(out)

1 , and generate a larger sig-
nal amplitude. The linear networks are optimized to maxi-
mize the signal and minimize the noise in the primary mode.
We have relabeled parameters in the diagram for brevity:
⌘k ⌘ |�mkmk |

2; ✓k ⌘ ✓mkmk ; and ↵k is the complex am-
plitude of the output signal (i.e., the axion-induced displace-
ment) of the kth cavity.

⌘k ⌘ |�mkmk |
2 and ↵k is defined as the complex ampli-

tude of the output signal such that |↵k| ⌘ |�mksk ||µsk |

and arg(↵k) ⌘ �sk+✓mksk . We assume the phases ✓mkmk

can be practically resolved by utilizing the two-mode
squeezing setup discussed in Appendix D 1; we thus ig-
nore the phases ✓mkmk from hereon. Furthermore, we
shall assume that the radius of the network volume is
much smaller than the wavelength of the axion field, im-
plying that the axion field at all sensors are homogeneous,
i.e., the amplitude |µsk | = µs and phase �sk = �s, 8 k.
We therefore ignore spatial variations of the axion field
across the network.III.2

Our derivations follow by stepping through the circuit
illustrated in Fig. 4, with focus on the primary mode
â1, which we assume is in a (noisy) squeezed-vacuum

state and squeezed along the Re(â(in)1 ) quadrature. The
other input modes are quiet and, thus, only populated
by uncorrelated thermal/vacuum fluctuations.

Consider the set of modes {b̂l} just after the linear
network W

0. The transformation from the input modes

{â
(in)
k

} to these intermediary modes is dictated by the
coe�cients of the network (the “weights”), {w0

lk
}, which

obey the orthogonality relation
P

k
w

0
mk

w
0 ⇤
kn

= �mn. In

terms of the input modes, the intermediary mode b̂l can

III.2 In cases there the relative phase between di↵erence cavities ~k0 ·~x
cannot be ignored, new protocols shall be investigated for e�-
cient scan.

2

the electromagnetic field from the initial state, thus dis-
tinguishing the faint signal from the noise. Enhancing
the sensitivity to small signals allows one to enhance the
rate at which the cavity frequency is scanned, leading to
a more e↵ective search. Quantum resources and quantum
measurement-techniques can play a vital role here.

Quantum information science brings an unprecedented
capability in ultra-precise sensing [18–23]. Non-classical
phenomena such as entanglement and squeezing have
been utilized to improve the measurement precision of
various application scenarios including: bio-sensing [24],
radar target detection [25–27], the detection of gravita-
tional waves [28–31] and the search for dark matter [32–
38]. Indeed, a recent experiment [34] has utilized squeez-
ing in microwave cavity sensors to speed up the dark mat-
ter search by a factor of two despite loss and noise. How-
ever, quantum sensing has much more to o↵er: entan-
gling multiple sensors is known to fundamentally change
how the precision scales with the number of sensors, from
the standard quantum limit (imposed by the law-of-large-
numbers) to Heisenberg scaling attained via multipartite
entanglement [18]. Moreover, entangled sensor-networks
enable Distributed Quantum Sensing (DQS), thus per-
mitting an enhanced extraction of global properties of
the network [39–44].

In this work, we propose a design of entangled sensor-
networks for axion dark matter searches. A local network
of sensors can benefit the search thanks to a feature of the
axion dark matter signal that lies in its non-relativistic
nature. The virial velocity of dark matter in our galaxy is
of order v ⇠ 10�3 in units of the speed of light. The mo-
mentum of axion particles mav, which sets the gradient
in the axion field, is parametrically suppressed compared
to the axion mass. In any moment in time the axion field
will change over a spatial length of order � ⇠ 103m�1

a
,

which is the signal coherence length. Since the size of
each cavity-based sensor is of order m

�1
a

, a local net-
work of sensors, sketched in Figure 1, will be subject
to a coherent axion signal common to all sensors within
the network. By forming a local sensor network, the sig-
nals from di↵erent cavities can be coherently combined
to boost the scan rate. Furthermore, injecting multi-
partite entanglement across the cavities—generated by
splitting a squeezed vacuum—enables a global noise re-
duction, leading to a further enhancement in the scan
rate.

Our paper is organized as the following. Sec. II con-
tains the preliminary knowledge to prepare the presen-
tation of our main results (Sec. III) on entangled sensor-
networks. In Sec. II A, we provide some background on
dark matter and axions. In Sec. II B, we introduce a
quantum model of microwave cavities for dark matter
search. In Sec. II C, we revisit the Dicke radiometer
equation and give the figure of merit of a dark matter
search system—the scan rate. In Sec. IID, we discuss
how squeezing can boost the scan rate, as proposed in
refs. [32, 33, 35]. In Sec. III, we introduce our quantum
network scheme, beginning with the ideal identical sensor

! ≫ $̅

DM!?

FIG. 1. Illustration of entangled sensor-cavities within a
network-volume of radius r̄, taken to be much smaller than
the axion wavelength �. Thanks to this hierarchy of scales,
the entire network experiences a coherent signal which can be
combined at the amplitude level. The cylinders represent the
cavities and the colored lines represent their entanglement.
The black solid lines represent joint processing of the mea-
surement to search for dark matter.

case in Sec. III A and generalizing to non-identical case in
Sec. III B. To fully explore quantum sensing techniques,
in Appendix G we consider more exotic quantum states,
such as the Gottesman-Kitaev-Preskill (GKP) state [45],
which is shown to be valuable in sensing both quadra-
tures of displacements [46, 47]. More detailed tutorials
and analyses are provided in the appendices for further
reference.

II. PRELIMINARY

A. Axion Dark Matter

Amongst the many orders of magnitudes in mass that a
dark matter candidate can reside in, the ultralight regime
(with DM masses between 10�21 eV ⇠ keV), with the
wave-like aspect of dark matter being more prominent,
is interesting in many respects. In particular, quantum-
noise-limited devices can play a critical role here in prob-
ing dark matter. In this regime, bosonic dark matter—
such as axions, scalar DM, dark photon etc.—are all pos-
sible dark matter candidates. The optimal experimental
setup in the search will depend on how they couple to
standard model particles.
Even within axion DM searches, one can consider var-

ious couplings, such as its coupling to spin or to electro-
magnetic fields. In a cavity-like setup, it is natural to
exploit its coupling to photons via the following interac-
tion,

a

fa
F

µ⌫
F̃µ⌫ �!

a

fa

~E · ~B . (II.1)

[1]
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Figure 1. (a)Experiment setup. BS: beam splitter. PBS: polarizing beam splitter. QWP: quarter wave plate. (b) Normalized
power spectral densities (PSDs) of individual homodyne measurement for the displacement of each membrane using entangled
probes. Individual shot noise PSD (gray line) is normalized to unity. (c) Normalized PSD of joint homodyne measurement for the
displacements of both membranes. Joint shot noise PSD (gray line) is normalized to 3 dB. Circles mark the delta peaks.

builds on increasing the number of sensors. Per the cen-
tral limit theorem, averaging the measurement outcomes
of M identical and independent sensors reduces the sta-
tistical uncertainty by a factor of 1/

p
M. As such, a large

number of sensors can boost the measurement sensitiv-
ity in detecting a common signal, a scenario pertinent to
a wide range of sensing tasks from earthquake warning
systems [21] to dark matter searches [22–26].

Quantum metrology harnesses nonclassical resources
to outperform the 1/

p
M factor of joint measurements,

also known as the SQL scaling [27]. Distributed quan-
tum sensing is a quantum-metrology paradigm that lever-
ages entanglement shared by multiple sensors to achieve,
in an ideal situation, a more favorable Heisenberg scaling
of 1/M for the joint-measurement sensitivity [28–31].
Recent distributed quantum sensing experiments have
demonstrated that entangled sensors outperform separa-
ble sensors in estimating global parameters such as the
average optical phase shifts [32–34] and RF phase gra-
dients [35]. To date, entanglement-enhanced optome-

2

[2,3]
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Quantum Garage
Five new DRs. Ribbon cutting next week.

DR 8, with a 9T magnet, has arrived and will be installed soon.
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Capitalizing on millions of dollars in previous investments in cryogenic infrastructure, we have developed the design 
of a record size dilution fridge, capable of hosting our SQMS 2D and 3D platforms, and quantum sensors

10/29/2023

Large Cryogenics Facility: Colossus 

A Home for SuperRAD?


GW experiment?


(A quantum data center?)



▪ Lots going on! 
▪ Proof-of-concept Axion and Dark Photons 

searches DM in several frequency ranges. 
▪ Dark SRF pathfinder is setting new limits. 
▪ GW searches being developed 
▪ Tests of QM 

▪ For more details, ask these folks:

SQMS Physics and Sensing
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Figure 13: (Left) A schematic of the heterodyne/upconversion experimental setup of
Sec. 6.5 (taken from [264]). In an SRF cavity, a pump mode photon of frequency
l0 ⇠ GHz is converted by axion dark matter into a nearly degenerate photon of fre-
quency l1 = l0 +;0. (Right) The projected sensitivity of a superconducting upconversion
setup. As three representative examples, we show the projected sensitivity of a 50L proto-
type, a 1 m3 setup, as well as a futuristic experiment with a total instrumented volume of
5 m3. See text for additional details. Regions motivated by the QCD axion and dark mat-
ter produced by the misalignment mechanism are also shown as orange and blue bands,
respectively.

6.5 SRF Cavities and Related Techniques

The previous subsections describe experiments with static magnetic fields, in which axion
dark matter sources an effective current oscillating with frequency ;0. By contrast, in
the recently proposed heterodyne approach [264–266], a microwave cavity is prepared
by driving a pump mode with nonzero frequency l0 ⇠ 1 GHz � ;0. The dark matter
axion field causes frequency upconversion, driving power into a signal mode with nearly
degenerate frequency l1 ' l0 + ;0 and distinct spatial geometry. This process is efficient
provided that the pump ⌫-field and signal ⇢-field have a large overlap ⌫0 · ⇢1 when inte-
grated over the volume of the cavity. This is the case when the pump and signal modes
are, e.g., low-lying TE and TM modes. A scan over axion masses can be performed over
an extremely large range by only slightly perturbing the cavity geometry, which alters the
splitting l1 � l0. A schematic of the setup is shown in the left panel of Fig. 13.

The upconversion process leads to a GHz frequency axion signal, even for axion fre-
quencies/masses much smaller than 1 GHz ⇠ 1 `eV. Compared to other static field
approaches targeting long wavelength axions, upconverting the signal to GHz frequen-
cies is advantageous. This is because: 1) the signal power is parametrically enhanced by
⇠ GHz/;0 � 1 and 2) high-frequency GHz resonators can couple to very slowly oscillat-
ing axion signals, opening up sensitivity to axion masses below a kHz, a region typically
inaccessible with static field resonators. This signal can be efficiently read out with well-
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Light Shining Through Wall (w/ RF cavities)
Consider two cavities with with exactly same frequency

High Q → we can store more 
photons. Coherent field.

High Q → cavity can ring 
up for a longer time

Prec ⇠ G2 ✏4
⇣m�0

!

⌘4
QrecQemPem

* Coming clean: scaling with mass depends on the polarization.
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Single Particle Qubit
At Northwestern, the quantum state of a single electron in a 
Penning trap is monitored with a QND measurement. 

The most precise test of the SM of particle physics!!!

This is a quantum-number counting experiment. 

Also sensitive to Dark Photon DM at 150 GHz!



Dark Photon
Many constraints on the dark photon!   (a review: Essig et al  1311.0029)
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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
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Axions and ALPs
B

New challenges: 

superconducting quantum 
devices that can operate 
in (or near) high magnetic 

fields!
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Axion haloscope: search for dark matter with 
high Q cavity in multi-tesla magnetic fields

Two SQMS designs substantially outperform 
state of the art copper cavities (and these ideas 
can be combined!)

Now partnering with ADMX team for first 
demonstration of a hybrid superconducting-
normal-conducting cavity in a real axion search.

Dark Sector: High Q in Multi-Tesla Fields

Hybrid copper-dielectric cavity (INFN): Di Vora et al., 
PhysRevApplied.17.054013

Superconducting Nb3Sn cavity (FNAL): Posen et al., 
arxiv:22014.10733, in review in Phys Rev Applied

Other 

Other Challenges: counting photons near 
a magnetic field. Cavity and qubit 
frequency tuning. etc.



Axions and ALPs

Quantum sensing already playing a role for Axion DM:                   
e.g. HAYSTAC used squeezed states for factor of 2 in scan speed.


Backes, K.M., Palken, D.A., Kenany, S.A. et al.                                                                               
A quantum enhanced search for dark matter axions. Nature 590, 238–242 (2021)



In Conclusion
We are curious about the Universe? 

• What new particles exist? 

• What is dark matter? 

• What can we learn from gravitational waves? 

These ambitious questions require the most sensitive detectors in existence.  

We can let standard quantum limits get in our way! We need QIS!



Deleted scenes



Atom Interferometers
Superposition allowed for more cool stuff. 

E.g. atomic clocks: am atom in a superposition of quantum states can keep time!

<latexit sha1_base64="Gf0xW+QsAL6/10/EBJvxo7DC1Tw="></latexit>

| 1i+ ei�Et/~| 2i

MAGIS 100, under construction, will look for gravity waves!


(The distance between clocks oscillating…)



SQMS theorists have laid the formalism 
for GR-EM cavity interaction.
Two types of signals: EM and mechanical.
Current axion experiments have sensitivity 
to GHz Gravity waves [1].
A dedicated cavity experiment, e.g. MAGO, 
has significant reach at MHz [2].
A new collaboration with INFN and DESY 
to revive MAGO is being formed.

Gravitational waves

23
MAGO (INFN)

From [2]: sensitivity of MAGO-like setup.



Single Particle Qubit

21

The most precise theory-experiment comparison in physics:

SQMS joined the effort, contributed to understanding loss sources.

Electron magnetic moment (g-2)e:  
The quantum state of a single electron in a 
trap is monitored via a QND measurement.

SQMS bonus: We also found that a single-
electron qubit is a sensitive DM search in a 
challenging frequency range!
Theory + proof-of-concept!                                 

Phys. Rev. Lett. 130, 071801 (2023)



Quantum Simulation
We would like to simulate 
particle physics processes. 

Perturbation theory does not 
always work!

Feynman: “Nature isn't classical, dammit! and if you want to make a simulation of 
nature, you'd better make it quantum mechanical, and by golly it's a wonderful 
problem, because it doesn't look so easy.”

Neutrino

Nucleus



Quantum Simulation

But why should we make it quantum mechanical? 

Here is a reason: Simulating a quantum system evolving in time is numerically hard! 

A “sign problem”
<latexit sha1_base64="i55Lu7KtQMIa78EybdDuejjhDRM=">AAACCnicbVDLSgNBEJyNrxhfqx69jAYhucRdCepFCIrgMYJ5QHYNs5OJGTL7YKZXCEvOXvwVLx4U8eoXePNvnE32oIkFDUVVN91dXiS4Asv6NnILi0vLK/nVwtr6xuaWub3TVGEsKWvQUISy7RHFBA9YAzgI1o4kI74nWMsbXqZ+64FJxcPgFkYRc31yH/A+pwS01DX3nUhxXIIyPsfsLuH4Co6cgUfkGKdOySp3zaJVsSbA88TOSBFlqHfNL6cX0thnAVBBlOrYVgRuQiRwKti44MSKRYQOyT3raBoQnyk3mbwyxoda6eF+KHUFgCfq74mE+EqNfE93+gQGatZLxf+8Tgz9MzfhQRQDC+h0UT8WGEKc5oJ7XDIKYqQJoZLrWzEdEEko6PQKOgR79uV50jyu2CeV6k21WLvI4sijPXSASshGp6iGrlEdNRBFj+gZvaI348l4Md6Nj2lrzshmdtEfGJ8/0/eYdg==</latexit>

 (t) = eiEt/~ (0)

Rapid oscillation!

A quantum system will keep track of this inherently



Quantum Simulation
What would we simulate? 

For example, some day, Hadronization 

Neutrino interacting with a nucleus. 

Processes in the early Universe



(



The Muon
Yes, that muon! 

Recall the mid-30’s:  The SM of the time is

N
uc
le
on
s

pions?

<latexit sha1_base64="/XGiWt6mcSnvQ1kQq7qhPSVLi/w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUSPrlilt15yCrxMtJBXLU++Wv3iBmaYTSMEG17npuYvyMKsOZwGmpl2pMKBvTIXYtlTRC7WfzQ6fkzCoDEsbKljRkrv6eyGik9SQKbGdEzUgvezPxP6+bmvDGz7hMUoOSLRaFqSAmJrOvyYArZEZMLKFMcXsrYSOqKDM2m5INwVt+eZW0LqreVdVtXFZqt3kcRTiBUzgHD66hBvdQhyYwQHiGV3hzHp0X5935WLQWnHzmGP7A+fwB22uM+A==</latexit>p
<latexit sha1_base64="F1SstRATZTWwDwZvBN806C5UjPA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cW7Ae0oWy2k3btZhN2N0IJ/QVePCji1Z/kzX/jts1BWx8MPN6bYWZekAiujet+O4W19Y3NreJ2aWd3b/+gfHjU0nGqGDZZLGLVCahGwSU2DTcCO4lCGgUC28H4bua3n1BpHssHM0nQj+hQ8pAzaqzUkP1yxa26c5BV4uWkAjnq/fJXbxCzNEJpmKBadz03MX5GleFM4LTUSzUmlI3pELuWShqh9rP5oVNyZpUBCWNlSxoyV39PZDTSehIFtjOiZqSXvZn4n9dNTXjjZ1wmqUHJFovCVBATk9nXZMAVMiMmllCmuL2VsBFVlBmbTcmG4C2/vEpaF1Xvquo2Liu12zyOIpzAKZyDB9dQg3uoQxMYIDzDK7w5j86L8+58LFoLTj5zDH/gfP4A2GOM9g==</latexit>n



)So you don’t always get what you ordered . . .



Rates:
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by the apparatus used to collect and detect the signal.
This too, can include collection of a single mode in a
fiber (e.g. [18, 38]) or in multiple modes (as in the
CCD example in the next section. In SPDC, when
the idler photon may be collected the width and an-
gle of the idler can also be set by a similar apparatus.
However, in dSPDC (or in SPDC if we choose to only
collect the signal) the Ï beam is not a parameter in
the problem. In this case we are interested in an in-
clusive rate, and would sum over a complete basis of
idler beams. Such a sum will be performed in [16], but
usually the sum will be dominated by a set of modes
that are similar to those collected for the signal.

Generally, the signal rate will depend on all of the
choices made above, but we can make some qualitative
observations. The rate for SPDC and dSPDC will be
proportional to an integral over the volume defined
by the overlap of the three beams in Figure 8 and the
crystal. When the length of the volume is set by the
crystal, the process is said to occur in the “thin crystal
limit”. In this limit, the beam overlap is roughly a
constant over the crystal length and thus the total rate
will grow with L. Since dSPDC is a rare process, we
observe that taking the collinear limit of the process,
together with a thicker crystal may allow for a larger
integration volume and an enhanced rate.

The total rate for SPDC in a particular angle, in-
tegrated over frequencies, in the thin crystal limit
is [16, 18],

�SPDC ≥
Pp‰(2)

e�
2
ÊsÊiL

finpnsniAe�
(35)

where L is the crystal length, Pp is the pump power,
Ae� is the e�ective beam area, and ‰(2)

e� is the e�ective
coupling of Equation (33). A parametrically similar
rate formula applies to SPDC in waveguides [15, 16].
The pump power here is the e�ective power, which
may be enhanced within a high finesse optical cavity,
e.g. [25]. The inverse dependence with e�ective area
can be understood by since the interaction hamilto-
nian is proportional to electric fields, which grow for
fixed power for a tighter spot. For “bulk crystal” se-
tups a pair production rate of order few times 106 per
mW of pump power per second is achievable [38] in the
forward direction. In waveguided setups, in which the
beams remain confined along a length of the order of
a cm, production rates of order 109 pairs per mW per
second are achievable in KTP crystals [15, 39], and
rates of order 1010 were discussed for LN crystals [39].

An important scaling of this rate is the L/Ae� de-
pendence. This scaling applies for dSPDC rates dis-
cussed below. Within the thin crystal limit one can
thus achieve higher rates with: (a) a smaller beam
spot, and (b) a thicker crystal. It should be noted
that for colinear SPDC, the crystal may be in the
“thin limit” even for thick crystals (see Figure 8 and
imagine zero signal and idler emission angle).

A. Dark Photon dSPDC Rate

The dSPDC rate into a dark photon with longitu-
dinal polarization, AÕ

L, can similarly be written as a

simple re-scaling of the expression above

�(AÕ
L)

dSPDC ≥ ‘2 m2
AÕ

Ê2
AÕ

Pp‰(2)
AÕ

L

2
ÊsÊAÕL

npnsAe�
(36)

where the e�ective coupling ‰(2)
AÕ

L
is defined in Equa-

tion (34). This is valid in regions where the dark pho-
ton mass is smaller than the pump frequency, such
that the produced dark photons are relativistic and
have a refractive index of 1. Using the optimistic
waveguide numbers above as a placeholder, assuming
an optimized setup with similar ‰(2), the number of
events expected after integrating over a time tint are

N
(AÕ

L)
events ≥ 1021

3
‘2 m2

AÕ

Ê2
AÕ

4 3
Pp

Watt

4 3
L

m

4 3
tint
year

4
.

(37)
The current strongest lab-based limit is for dark pho-
ton masses of order 0.1 eV is set by the ALPS exper-
iment at ‘ ≥ 3 ◊ 10≠7. For this dark photon mass
mAÕ ≥ 0.1Êp, the mAÕ/ÊAÕ term does not represent
a large suppression. In this case of order 10 dSPDC
events are produced in a day in a 1 cm crystal with
a Watt of pump power with the assumptions above.
This implies that a relatively small dSPDC experi-
ment with an aggressive control on backgrounds could
be used to push the current limits on dark photons.

Improving the limits from solar cooling, for which
‘mAÕ/ÊAÕ is constrained to be smaller, would repre-
sent an interesting challenge. Achieving ten events in
a year of running requires a Watt of power in a waveg-
uide greater than 10 meters (or a shorter waveguide
with higher stored power, perhaps using a Fabri-Perot
setup). Interestingly, in terms of system size, this
is still smaller than the ALPS-II experiment which
would reach 100 meters in length and an e�ecting
power of a hundred kW. This is because LSW se-
tups require both production and detection, with lim-
its scaling as ‘4.

B. Axion dSPDC Rate

A similar rate expression can be obtained for axion-
dSPDC

�(axion)
dSPDC ≥

Ppg2
a““ÊsL

ÊaxionnpnsAe�
(38)

where the di�erent scaling with the frequency of the
dark field is due to the di�erent structure of the
dSPDC interaction (recall that ‰(2) carries a mass
dimension of ≠2 while the axion photon coupling’s
dimension is ≠1). Optimal SPDC (dSPDC) rates are
acieved in waveguides in which the e�ective area is of
order the squared wavelength of the pump and signal
light. Assuming a (linear) birefringent material that
can achieve dSPDC phase matching for an axion the
number of signal event scales as

N (axion)
events ≥ 40

3
ga“

10≠6 GeV≠1

42 3
Pp

Watt

4 3
L

m

4 3
tint
year

4
.

(39)

Motivates long crystals too.
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Dark Photon (mAÕ = 0.1 eV) Axion-like particle (ma = 0.1 eV)
Current lab limit ‘ < 3 ◊ 10≠7 ga“ < 10≠6 GeV≠1

Example dSPDC setup Pp = 1 W Pp = 1 kW
L = 1 cm L = 10 m

� = 10/day � = 10/day
Current Solar limit ‘ < 10≠10 ga“ < 10≠10 GeV≠1

Example dSPDC setup Pp = 1 W Pp = 100 kW
L = 10 m L = 100 m

� = 10/year � = 10/year

Table I: Current lab-based and Solar-based based limits on the couplings of dark photns and axion-like particles with a
benchmark mass of 0.1 eV. For each limit we show the parameters of an example dSPDC in a waveguide and the rate it
would produce for couplings that would produce the specified benchmark rate with the corresponding coupling. The
pump power is an e�ective power which can include an enhancement by an optical cavity setup. For dark photon rates
we assume a nonlinearity of the same order found in KTP crystals.

This rate suggests a dSPDC setup is promising in set-
ting new lab-based limits on ALPs. For example, a
10 meter birefringent single mode fiber with kW of
pump power will generate of order 10 events per day
for couplings of order 10≠7 GeV≠1. To probe beyond
the CAST limits in ga“ may be possible and requires
a larger setup, but not exceeding the scale, say, of
ALPS-II. In a 100 meter length and an e�ective pump
power of 100 kW, a few dSPDC signal events are ex-
pected in a year.

Maintaining a low background, would of course be
crutial. We note, however, that optical fibers are rou-
tinely used over much greater distances, maintaining
coherence (e.g. [5]), and an optimal setup should be
identified.

C. Backgrounds to dSPDC

There are several factors that should be considered
for the purpose of reducing backgrounds to SPDC:

• Crystal Length and Signal bandwidth: In addi-
tion to the growth of the signal rate, the signal
bandwidth in many setups will decrease with L.
If this is achieved the signal to background ra-
tio in a narrow band around the dSPDC phase
matching solutions will scale as L2.

• Timing: The dSPDC signal consists of a single
photon whereas SPDC backgrounds will consist
of two coincident photons. Backgrounds can be
reduced using fast detectors and rejecting coin-
cidence events.

• Optical material: As pointed out in Section IV,
linear birefringent materials can be used to
reduce SPDC backgrounds to axion searches.
Nonlinear materials with a ‰(2) tensor which
couples purely to longitudinal polarizations may
be used to enhance dark photon dSPDC events
without enhancing SPDC. This technique to re-
duce SPDC may also be used in axion searches.

• Detector noise and optical impurities: Sources
of background which may be a limiting factor

for dSPDC searches include detector noise, as
well as scattering of pump photons o� of impu-
rities in the optical elements and surfaces. The
Skipper CCD, one example of a detector tech-
nology with low noise, will be discussed in the
next section.

An optimal dSPDC based search for dark particles
will likely consider these factors, and is left for future
investigation.

VI. EXPERIMENTAL PROOF OF CONCEPT

In this section we present an experimental SPDC
angular imaging measurement with high resolution
employing a Skipper CCD and a BBO nonlinear crys-
tal. In this setup and for the chosen frequencies,
dSPDC phase matching is not achievable at any emis-
sion angle. Instead, this experiment serves as a proof
of concept for the high resolution imaging technique.

Imaging the dSPDC requires the detection of single
photons with low noise and with high spatial and/or
energy resolution. A technology that can achieve this
is the Skipper CCD which is capable of measuring
the charge stored in each pixel with single electron
resolution [17], ranging from very few electrons (0,
1, 2, . . . ) up to more than a thousand (1000, 1001,
1002, . . . ) [40]. This unique feature combined with
the high spatial resolution typical of a CCD detector
makes this technology very promising for the detec-
tion of small optical signals with a very high spatial
resolution.

A. Description of the experimental setup

With the aim of comparing the developed phase
space model against real data, the system depicted
in Figure 9 was set up. A source of entangled pho-
tons that employs SPDC, which is part of a com-
mercial system3, was used. Two type I nonlinear

3
https://www.qutools.com/qued/
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by the apparatus used to collect and detect the signal.
This too, can include collection of a single mode in a
fiber (e.g. [18, 38]) or in multiple modes (as in the
CCD example in the next section. In SPDC, when
the idler photon may be collected the width and an-
gle of the idler can also be set by a similar apparatus.
However, in dSPDC (or in SPDC if we choose to only
collect the signal) the Ï beam is not a parameter in
the problem. In this case we are interested in an in-
clusive rate, and would sum over a complete basis of
idler beams. Such a sum will be performed in [16], but
usually the sum will be dominated by a set of modes
that are similar to those collected for the signal.

Generally, the signal rate will depend on all of the
choices made above, but we can make some qualitative
observations. The rate for SPDC and dSPDC will be
proportional to an integral over the volume defined
by the overlap of the three beams in Figure 8 and the
crystal. When the length of the volume is set by the
crystal, the process is said to occur in the “thin crystal
limit”. In this limit, the beam overlap is roughly a
constant over the crystal length and thus the total rate
will grow with L. Since dSPDC is a rare process, we
observe that taking the collinear limit of the process,
together with a thicker crystal may allow for a larger
integration volume and an enhanced rate.

The total rate for SPDC in a particular angle, in-
tegrated over frequencies, in the thin crystal limit
is [16, 18],

�SPDC ≥
Pp‰(2)

e�
2
ÊsÊiL

finpnsniAe�
(35)

where L is the crystal length, Pp is the pump power,
Ae� is the e�ective beam area, and ‰(2)

e� is the e�ective
coupling of Equation (33). A parametrically similar
rate formula applies to SPDC in waveguides [15, 16].
The pump power here is the e�ective power, which
may be enhanced within a high finesse optical cavity,
e.g. [25]. The inverse dependence with e�ective area
can be understood by since the interaction hamilto-
nian is proportional to electric fields, which grow for
fixed power for a tighter spot. For “bulk crystal” se-
tups a pair production rate of order few times 106 per
mW of pump power per second is achievable [38] in the
forward direction. In waveguided setups, in which the
beams remain confined along a length of the order of
a cm, production rates of order 109 pairs per mW per
second are achievable in KTP crystals [15, 39], and
rates of order 1010 were discussed for LN crystals [39].

An important scaling of this rate is the L/Ae� de-
pendence. This scaling applies for dSPDC rates dis-
cussed below. Within the thin crystal limit one can
thus achieve higher rates with: (a) a smaller beam
spot, and (b) a thicker crystal. It should be noted
that for colinear SPDC, the crystal may be in the
“thin limit” even for thick crystals (see Figure 8 and
imagine zero signal and idler emission angle).

A. Dark Photon dSPDC Rate

The dSPDC rate into a dark photon with longitu-
dinal polarization, AÕ

L, can similarly be written as a

simple re-scaling of the expression above
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where the e�ective coupling ‰(2)
AÕ

L
is defined in Equa-

tion (34). This is valid in regions where the dark pho-
ton mass is smaller than the pump frequency, such
that the produced dark photons are relativistic and
have a refractive index of 1. Using the optimistic
waveguide numbers above as a placeholder, assuming
an optimized setup with similar ‰(2), the number of
events expected after integrating over a time tint are
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The current strongest lab-based limit is for dark pho-
ton masses of order 0.1 eV is set by the ALPS exper-
iment at ‘ ≥ 3 ◊ 10≠7. For this dark photon mass
mAÕ ≥ 0.1Êp, the mAÕ/ÊAÕ term does not represent
a large suppression. In this case of order 10 dSPDC
events are produced in a day in a 1 cm crystal with
a Watt of pump power with the assumptions above.
This implies that a relatively small dSPDC experi-
ment with an aggressive control on backgrounds could
be used to push the current limits on dark photons.

Improving the limits from solar cooling, for which
‘mAÕ/ÊAÕ is constrained to be smaller, would repre-
sent an interesting challenge. Achieving ten events in
a year of running requires a Watt of power in a waveg-
uide greater than 10 meters (or a shorter waveguide
with higher stored power, perhaps using a Fabri-Perot
setup). Interestingly, in terms of system size, this
is still smaller than the ALPS-II experiment which
would reach 100 meters in length and an e�ecting
power of a hundred kW. This is because LSW se-
tups require both production and detection, with lim-
its scaling as ‘4.

B. Axion dSPDC Rate

A similar rate expression can be obtained for axion-
dSPDC

�(axion)
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where the di�erent scaling with the frequency of the
dark field is due to the di�erent structure of the
dSPDC interaction (recall that ‰(2) carries a mass
dimension of ≠2 while the axion photon coupling’s
dimension is ≠1). Optimal SPDC (dSPDC) rates are
acieved in waveguides in which the e�ective area is of
order the squared wavelength of the pump and signal
light. Assuming a (linear) birefringent material that
can achieve dSPDC phase matching for an axion the
number of signal event scales as
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by the apparatus used to collect and detect the signal.
This too, can include collection of a single mode in a
fiber (e.g. [18, 38]) or in multiple modes (as in the
CCD example in the next section. In SPDC, when
the idler photon may be collected the width and an-
gle of the idler can also be set by a similar apparatus.
However, in dSPDC (or in SPDC if we choose to only
collect the signal) the Ï beam is not a parameter in
the problem. In this case we are interested in an in-
clusive rate, and would sum over a complete basis of
idler beams. Such a sum will be performed in [16], but
usually the sum will be dominated by a set of modes
that are similar to those collected for the signal.

Generally, the signal rate will depend on all of the
choices made above, but we can make some qualitative
observations. The rate for SPDC and dSPDC will be
proportional to an integral over the volume defined
by the overlap of the three beams in Figure 8 and the
crystal. When the length of the volume is set by the
crystal, the process is said to occur in the “thin crystal
limit”. In this limit, the beam overlap is roughly a
constant over the crystal length and thus the total rate
will grow with L. Since dSPDC is a rare process, we
observe that taking the collinear limit of the process,
together with a thicker crystal may allow for a larger
integration volume and an enhanced rate.

The total rate for SPDC in a particular angle, in-
tegrated over frequencies, in the thin crystal limit
is [16, 18],
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Pp‰(2)
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2
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where L is the crystal length, Pp is the pump power,
Ae� is the e�ective beam area, and ‰(2)

e� is the e�ective
coupling of Equation (33). A parametrically similar
rate formula applies to SPDC in waveguides [15, 16].
The pump power here is the e�ective power, which
may be enhanced within a high finesse optical cavity,
e.g. [25]. The inverse dependence with e�ective area
can be understood by since the interaction hamilto-
nian is proportional to electric fields, which grow for
fixed power for a tighter spot. For “bulk crystal” se-
tups a pair production rate of order few times 106 per
mW of pump power per second is achievable [38] in the
forward direction. In waveguided setups, in which the
beams remain confined along a length of the order of
a cm, production rates of order 109 pairs per mW per
second are achievable in KTP crystals [15, 39], and
rates of order 1010 were discussed for LN crystals [39].

An important scaling of this rate is the L/Ae� de-
pendence. This scaling applies for dSPDC rates dis-
cussed below. Within the thin crystal limit one can
thus achieve higher rates with: (a) a smaller beam
spot, and (b) a thicker crystal. It should be noted
that for colinear SPDC, the crystal may be in the
“thin limit” even for thick crystals (see Figure 8 and
imagine zero signal and idler emission angle).

A. Dark Photon dSPDC Rate

The dSPDC rate into a dark photon with longitu-
dinal polarization, AÕ

L, can similarly be written as a

simple re-scaling of the expression above
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where the e�ective coupling ‰(2)
AÕ
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is defined in Equa-

tion (34). This is valid in regions where the dark pho-
ton mass is smaller than the pump frequency, such
that the produced dark photons are relativistic and
have a refractive index of 1. Using the optimistic
waveguide numbers above as a placeholder, assuming
an optimized setup with similar ‰(2), the number of
events expected after integrating over a time tint are
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The current strongest lab-based limit is for dark pho-
ton masses of order 0.1 eV is set by the ALPS exper-
iment at ‘ ≥ 3 ◊ 10≠7. For this dark photon mass
mAÕ ≥ 0.1Êp, the mAÕ/ÊAÕ term does not represent
a large suppression. In this case of order 10 dSPDC
events are produced in a day in a 1 cm crystal with
a Watt of pump power with the assumptions above.
This implies that a relatively small dSPDC experi-
ment with an aggressive control on backgrounds could
be used to push the current limits on dark photons.

Improving the limits from solar cooling, for which
‘mAÕ/ÊAÕ is constrained to be smaller, would repre-
sent an interesting challenge. Achieving ten events in
a year of running requires a Watt of power in a waveg-
uide greater than 10 meters (or a shorter waveguide
with higher stored power, perhaps using a Fabri-Perot
setup). Interestingly, in terms of system size, this
is still smaller than the ALPS-II experiment which
would reach 100 meters in length and an e�ecting
power of a hundred kW. This is because LSW se-
tups require both production and detection, with lim-
its scaling as ‘4.

B. Axion dSPDC Rate

A similar rate expression can be obtained for axion-
dSPDC
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where the di�erent scaling with the frequency of the
dark field is due to the di�erent structure of the
dSPDC interaction (recall that ‰(2) carries a mass
dimension of ≠2 while the axion photon coupling’s
dimension is ≠1). Optimal SPDC (dSPDC) rates are
acieved in waveguides in which the e�ective area is of
order the squared wavelength of the pump and signal
light. Assuming a (linear) birefringent material that
can achieve dSPDC phase matching for an axion the
number of signal event scales as

N (axion)
events ≥ 40

3
ga“

10≠6 GeV≠1

42 3
Pp

Watt

4 3
L

m

4 3
tint
year

4
.

(39)

10

by the apparatus used to collect and detect the signal.
This too, can include collection of a single mode in a
fiber (e.g. [18, 38]) or in multiple modes (as in the
CCD example in the next section. In SPDC, when
the idler photon may be collected the width and an-
gle of the idler can also be set by a similar apparatus.
However, in dSPDC (or in SPDC if we choose to only
collect the signal) the Ï beam is not a parameter in
the problem. In this case we are interested in an in-
clusive rate, and would sum over a complete basis of
idler beams. Such a sum will be performed in [16], but
usually the sum will be dominated by a set of modes
that are similar to those collected for the signal.

Generally, the signal rate will depend on all of the
choices made above, but we can make some qualitative
observations. The rate for SPDC and dSPDC will be
proportional to an integral over the volume defined
by the overlap of the three beams in Figure 8 and the
crystal. When the length of the volume is set by the
crystal, the process is said to occur in the “thin crystal
limit”. In this limit, the beam overlap is roughly a
constant over the crystal length and thus the total rate
will grow with L. Since dSPDC is a rare process, we
observe that taking the collinear limit of the process,
together with a thicker crystal may allow for a larger
integration volume and an enhanced rate.

The total rate for SPDC in a particular angle, in-
tegrated over frequencies, in the thin crystal limit
is [16, 18],
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where L is the crystal length, Pp is the pump power,
Ae� is the e�ective beam area, and ‰(2)

e� is the e�ective
coupling of Equation (33). A parametrically similar
rate formula applies to SPDC in waveguides [15, 16].
The pump power here is the e�ective power, which
may be enhanced within a high finesse optical cavity,
e.g. [25]. The inverse dependence with e�ective area
can be understood by since the interaction hamilto-
nian is proportional to electric fields, which grow for
fixed power for a tighter spot. For “bulk crystal” se-
tups a pair production rate of order few times 106 per
mW of pump power per second is achievable [38] in the
forward direction. In waveguided setups, in which the
beams remain confined along a length of the order of
a cm, production rates of order 109 pairs per mW per
second are achievable in KTP crystals [15, 39], and
rates of order 1010 were discussed for LN crystals [39].

An important scaling of this rate is the L/Ae� de-
pendence. This scaling applies for dSPDC rates dis-
cussed below. Within the thin crystal limit one can
thus achieve higher rates with: (a) a smaller beam
spot, and (b) a thicker crystal. It should be noted
that for colinear SPDC, the crystal may be in the
“thin limit” even for thick crystals (see Figure 8 and
imagine zero signal and idler emission angle).

A. Dark Photon dSPDC Rate

The dSPDC rate into a dark photon with longitu-
dinal polarization, AÕ

L, can similarly be written as a

simple re-scaling of the expression above
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where the e�ective coupling ‰(2)
AÕ
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is defined in Equa-

tion (34). This is valid in regions where the dark pho-
ton mass is smaller than the pump frequency, such
that the produced dark photons are relativistic and
have a refractive index of 1. Using the optimistic
waveguide numbers above as a placeholder, assuming
an optimized setup with similar ‰(2), the number of
events expected after integrating over a time tint are
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The current strongest lab-based limit is for dark pho-
ton masses of order 0.1 eV is set by the ALPS exper-
iment at ‘ ≥ 3 ◊ 10≠7. For this dark photon mass
mAÕ ≥ 0.1Êp, the mAÕ/ÊAÕ term does not represent
a large suppression. In this case of order 10 dSPDC
events are produced in a day in a 1 cm crystal with
a Watt of pump power with the assumptions above.
This implies that a relatively small dSPDC experi-
ment with an aggressive control on backgrounds could
be used to push the current limits on dark photons.

Improving the limits from solar cooling, for which
‘mAÕ/ÊAÕ is constrained to be smaller, would repre-
sent an interesting challenge. Achieving ten events in
a year of running requires a Watt of power in a waveg-
uide greater than 10 meters (or a shorter waveguide
with higher stored power, perhaps using a Fabri-Perot
setup). Interestingly, in terms of system size, this
is still smaller than the ALPS-II experiment which
would reach 100 meters in length and an e�ecting
power of a hundred kW. This is because LSW se-
tups require both production and detection, with lim-
its scaling as ‘4.

B. Axion dSPDC Rate

A similar rate expression can be obtained for axion-
dSPDC
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where the di�erent scaling with the frequency of the
dark field is due to the di�erent structure of the
dSPDC interaction (recall that ‰(2) carries a mass
dimension of ≠2 while the axion photon coupling’s
dimension is ≠1). Optimal SPDC (dSPDC) rates are
acieved in waveguides in which the e�ective area is of
order the squared wavelength of the pump and signal
light. Assuming a (linear) birefringent material that
can achieve dSPDC phase matching for an axion the
number of signal event scales as
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by the apparatus used to collect and detect the signal.
This too, can include collection of a single mode in a
fiber (e.g. [18, 38]) or in multiple modes (as in the
CCD example in the next section. In SPDC, when
the idler photon may be collected the width and an-
gle of the idler can also be set by a similar apparatus.
However, in dSPDC (or in SPDC if we choose to only
collect the signal) the Ï beam is not a parameter in
the problem. In this case we are interested in an in-
clusive rate, and would sum over a complete basis of
idler beams. Such a sum will be performed in [16], but
usually the sum will be dominated by a set of modes
that are similar to those collected for the signal.

Generally, the signal rate will depend on all of the
choices made above, but we can make some qualitative
observations. The rate for SPDC and dSPDC will be
proportional to an integral over the volume defined
by the overlap of the three beams in Figure 8 and the
crystal. When the length of the volume is set by the
crystal, the process is said to occur in the “thin crystal
limit”. In this limit, the beam overlap is roughly a
constant over the crystal length and thus the total rate
will grow with L. Since dSPDC is a rare process, we
observe that taking the collinear limit of the process,
together with a thicker crystal may allow for a larger
integration volume and an enhanced rate.

The total rate for SPDC in a particular angle, in-
tegrated over frequencies, in the thin crystal limit
is [16, 18],
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where L is the crystal length, Pp is the pump power,
Ae� is the e�ective beam area, and ‰(2)

e� is the e�ective
coupling of Equation (33). A parametrically similar
rate formula applies to SPDC in waveguides [15, 16].
The pump power here is the e�ective power, which
may be enhanced within a high finesse optical cavity,
e.g. [25]. The inverse dependence with e�ective area
can be understood by since the interaction hamilto-
nian is proportional to electric fields, which grow for
fixed power for a tighter spot. For “bulk crystal” se-
tups a pair production rate of order few times 106 per
mW of pump power per second is achievable [38] in the
forward direction. In waveguided setups, in which the
beams remain confined along a length of the order of
a cm, production rates of order 109 pairs per mW per
second are achievable in KTP crystals [15, 39], and
rates of order 1010 were discussed for LN crystals [39].

An important scaling of this rate is the L/Ae� de-
pendence. This scaling applies for dSPDC rates dis-
cussed below. Within the thin crystal limit one can
thus achieve higher rates with: (a) a smaller beam
spot, and (b) a thicker crystal. It should be noted
that for colinear SPDC, the crystal may be in the
“thin limit” even for thick crystals (see Figure 8 and
imagine zero signal and idler emission angle).

A. Dark Photon dSPDC Rate

The dSPDC rate into a dark photon with longitu-
dinal polarization, AÕ

L, can similarly be written as a

simple re-scaling of the expression above
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where the e�ective coupling ‰(2)
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is defined in Equa-

tion (34). This is valid in regions where the dark pho-
ton mass is smaller than the pump frequency, such
that the produced dark photons are relativistic and
have a refractive index of 1. Using the optimistic
waveguide numbers above as a placeholder, assuming
an optimized setup with similar ‰(2), the number of
events expected after integrating over a time tint are
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The current strongest lab-based limit is for dark pho-
ton masses of order 0.1 eV is set by the ALPS exper-
iment at ‘ ≥ 3 ◊ 10≠7. For this dark photon mass
mAÕ ≥ 0.1Êp, the mAÕ/ÊAÕ term does not represent
a large suppression. In this case of order 10 dSPDC
events are produced in a day in a 1 cm crystal with
a Watt of pump power with the assumptions above.
This implies that a relatively small dSPDC experi-
ment with an aggressive control on backgrounds could
be used to push the current limits on dark photons.

Improving the limits from solar cooling, for which
‘mAÕ/ÊAÕ is constrained to be smaller, would repre-
sent an interesting challenge. Achieving ten events in
a year of running requires a Watt of power in a waveg-
uide greater than 10 meters (or a shorter waveguide
with higher stored power, perhaps using a Fabri-Perot
setup). Interestingly, in terms of system size, this
is still smaller than the ALPS-II experiment which
would reach 100 meters in length and an e�ecting
power of a hundred kW. This is because LSW se-
tups require both production and detection, with lim-
its scaling as ‘4.

B. Axion dSPDC Rate

A similar rate expression can be obtained for axion-
dSPDC
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where the di�erent scaling with the frequency of the
dark field is due to the di�erent structure of the
dSPDC interaction (recall that ‰(2) carries a mass
dimension of ≠2 while the axion photon coupling’s
dimension is ≠1). Optimal SPDC (dSPDC) rates are
acieved in waveguides in which the e�ective area is of
order the squared wavelength of the pump and signal
light. Assuming a (linear) birefringent material that
can achieve dSPDC phase matching for an axion the
number of signal event scales as
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