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Dark matter direction detection

The next discovery?
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Figure 1: Diagrams contributing to the e↵ective interaction.
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Table 1: Summary of the two axion regimes considered.

1 Introduction
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Axion dark matter is predicted by generic models to couple to photons via

L � �ga��
1

4

Z
d
3
raF eF = �ga��

Z
d
3
ra ~E · ~B, (1)

where due to its low frequency/energy, the axion field can be treated classically as

a(~r, t) = a0 cos(~p · ~r � !t) (2)

with momentum ~p = ma~va and energy ! = ma.
Electromagnetic waves in resonant cavities can be employed to absorb such axion fields. In the

present of external electromagnetic fields, axion fields can be absorbed to excite a cavity mode whose
frequency mathces the axion energy. Alternatively, the axion energy can match the di↵erence between
frequencies of two di↵erent cavity modes. In both cases, the reach to axion masses largely depend on
the cavity size or geometry, e.g. in birefringent cavities. In this work, we propose to absorb axions
into optomechanical cavity, where the axion energy matches the frequency of a mechanical excitation,
i.e. phonon n(~r). Phonon excitations couple to cavity modes due to polarizability via

L � �↵

Z
d
3
rn(~r) ~E · ~E, (3)
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The next discovery?
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• Low energy threshold 

• Small momentum deposition can boost the rate
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The next discovery?
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The next discovery?
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Devices with super high sensitivity to classical 
and quantum fluctuations.

Dark matter direction detection

“sub-attometer position sensing over multi-kilometer baselines”  - LIGO  
And yet to be continued…
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Interferometers as high precision sensors
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Laser Interferometers

http://scienceblogs.com/
principles/2013/10/22/quantum-
erasure/ 

Gravitational wave 
quantum geometry, fifth force,  
dark matter direct detection…

Gravitational wave 
fine structure constant, equivalent principle 
dark matter direct detection …

http://www.cobolt.se/
interferometry.html 

Beamsplitter BeamsplitterMirror

Matter-Wave Interferometers

Interferometers as high precision sensors

The LIGO Scientific 
Collaboration 2015

For a review, see e.g. Bertone et al, SciPost Phys.Core 3 (2020) 007
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Laser interferometer as Dark Matter Detectors
Laser Interferometers

http://scienceblogs.com/
principles/2013/10/22/quantum-
erasure/ 

Ultralight DM: wavelike
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 and  dark photon DM acts as 
a fifth force on mirrors. 

U(1)B U(1)B−L

Pierce, Riles, Zhao, 18’

Temporal variations on physical parameters 
(coupling to the photon or fermions)

Stadnik, Flambaum ’15 
Morisaki1, Suyama ’18 
Hall, Aggarwal, ’22 …

Nagano, Fujita, Michimura, Obata ‘19

Axions can induce polarization change of 
photons circulating in FP cavities.
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Laser interferometer as Dark Matter Detectors
Laser Interferometers

http://scienceblogs.com/
principles/2013/10/22/quantum-
erasure/ 
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Du, Lee, YW, Zurek 23’
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Laser interferometer as Dark Matter Detectors
Beyond a deterministic 
accelerometer model.

Macroscopic DM
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Du, Lee, YW, Zurek 23’

Projected 90th-percentile upper limits on DM fraction. One year observation time.
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Beamsplitter BeamsplitterMirror

Matter-Wave Interferometers

Matter-Wave Interferometers as Dark Matter Detectors

http://www.cobolt.se/
interferometry.html 
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Beamsplitter BeamsplitterMirror

Matter-Wave Interferometers

Matter-Wave Interferometers as Dark Matter Detectors

From Oliver Buchmueller’s talk

Ultralight DM: wavelike

Snowmass 

2203.07250 

2201.07789Long baseline large scale experiment

http://www.cobolt.se/
interferometry.html 



Yikun Wang, JHU, CIDM2024 14

Long-baseline Atom Interferometers

AEDGE 

Magis

Matter-wave interferometers as dark matter detectors
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Long-baseline Atom Interferometer Gradiometer

Atom interferometer phase shift from linearized gravity and a weak potential

[Dimopoulos, Graham, Hogan, 
and Kasevich1, 08’] [Roura, 20’]

Einstein delay Doppler shift, Shapiro delay
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Example: a weak potential

gives

Different contributions to the phase shift of a benchmark space debri.

Badurina, Du, Lee, YW, Zurek 23’
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Beamsplitter BeamsplitterMirror

Matter-Wave Interferometers

Matter-Wave Interferometers as Dark Matter Detectors
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Beamsplitter BeamsplitterMirror

Matter-Wave Interferometers

Matter-Wave Interferometers as Dark Matter Detectors
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• ‘Zero’ energy threshold 

• Coherent enhancement 

Decoherence depends on momentum transfer
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Decoherence factor from DM events

Event rate per target mass
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Du, Murgui, Pardo, Y.W. and Zurek ‘22
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Riedel ’13, Riedel, Yavin’17
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Dynamical structure factor for target response:
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pdecoh = 1� exp [iq ·�x]
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: large cloud seperationq ≳ 1/Δx <latexit sha1_base64="7VPTum6IEPAw7l9SF/3xFXc4itw="></latexit>

�x = 1m ! q & 0.1µeV
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�x = 10�7 m ! q & eV

A general formalism for decoherence caused by dark matter scattering
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Dynamical structure factor for target response:
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Response from each cloud: process dependent
Example: nuclear recoil (phase shift)

Cloud form factor:

Atom form factor:
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Coherent scattering: 
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f

|hf |FT (q)|ii|2 ⇡ N2

 : small cloud size and 
                        large number of atoms  
q ≲ 1/rC, S(q, ω) ∝ N2
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Response from two coherent atom clouds
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pdecoh = 1� exp [iq ·�x]
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�x = 1m ! q & 0.1µeV
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rC = cm ! q . 10µev
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med(q)S(q,!q)A general formalism for decoherence caused by dark matter scattering
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Reach for light mediator

Solid: decoherence 
Dashed: phase shift
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Conclusion

Laser interferometers: ultralight DM oscillations and acceleration induced by macroscopic dark matter 

Interferometer experiments are sensors of ultra high sensitivity; 

Dark matter candidates over a broad mass range can induce potential signals in interferometer 
experiments;

Thank you!

Matter-wave interferometers: ultralight DM, macroscopic dark matter and decoherence effect of sub-
GeV dark matter scattering

Active field for more ideas
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Heavy mediator and other processes 

<latexit sha1_base64="9pSO4jTES4zd7bwRl95uW9hrihc="></latexit>

Fmed(q) =
(m�v0)2 +m2

�

q2 +m2
�

=

(
1, heavy mediator

(m�v0/q)2, light mediator

The rate prefers large momentum transfer: no coherent 
enhancement; 

Most of the parameter space, for scalar mediator, has been excluded 
by various collider, astrophysical, and cosmological constraints.

Hidden photon processes Axion scattering
Kinematic mixing baryon and lepton number couplings

  and more…
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Suppressed by poor polarizibility of atom clouds Heavy mediator scenario
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Heavy mediator scenario

Only probes       up to 100GeV
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Quantum noise limit
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Statistics and sensitivity

<latexit sha1_base64="bxh8UL87q07rYKE2KRk+UDcG9gw="></latexit>

SNR =
(X �Xbkg)2

�2
X

Decoherence s     

Quantum noise limit (QNL)

Over the experiment run time (1 year), the noise scales with the number of measurement:
<latexit sha1_base64="QqMQM6E5rTGjnjADeo5S6vyMBt8="></latexit>

�s / N�1/2
meas with Nmeas = Trun/texp

Phase ϕ

Some experiments phrase the phase sensitivity as the minimal measurable acceleration 

Atom interferometers: 

Matter interferometers:
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Nind = Natom
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Nind = 1See e.g. Bize et. al. 05’
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Other bounds and projections

Direct Detections

Terrestrial bounds

Astrophysical bounds

Cosmological bounds

Prospects from superfluid helium for the NR and 2-phonon excitations, and the Al2O3 for phonon excitations, are 
compatible with certain AI proposals above 10 keV mass;

Meson decays                                         
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K ! ⇡ �, B ! K�

Fifth force 
    Hadrophilic massive mediator induces Yukawa potential                                        
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V (r) = � y2n
4⇡

1

r
e�m�r

Stellar emission       
Light bosons coupling to electrons or nucleons can be emitted by stars, resulting in rapid cooling                                 

Dark matter self interaction (DMSI)       
If χ composes all of the DM in the universe, DMSI are constrained by cluster mergers and halo shaped 
observations to satisfy 

The DMSI bound can be considerably relaxed if χ is a subcomponent of the total DM.                                

strongest bound on yn for light mediator

we assume DM sub-component for light mediator
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�DMSI/m� < 1 � 10 cm2/g
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with yn < 10-9 , ϕ decouples before QCD

χ cannot be produced thermally
Not in tension with current 
measurements, but will be easily 
probed by upcoming experiments.

Knapen, Lin, Zurek ‘22
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Daily modulation
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pdecoh = 1� exp [iq ·�x]Directional signal:

DM velocity distribution in the lab frame:
<latexit sha1_base64="yT+NMuElMwxMfn5ujKKDice5za0="></latexit>

f(v) =
1

N0
exp

✓
� (v + ve(t))2

v20

◆
⇥(vesc � kv + ve(t)k)

<latexit sha1_base64="rlPXjSw/S52cb1NLTGlpxL1L7Zs="></latexit>

ve(t) = kvek

0

@
s✓e c✓x s�(t)� s✓x s✓e c✓l c�(t) + s✓x c✓e s✓l

c✓e s✓g s✓l c✓x � s✓e s✓g c✓l c✓x c�(t)� s✓e c✓g s✓l c�(t)� c✓e c✓g c✓l � s✓e s✓g s✓x s�(t)
s✓e c✓g c✓l c✓x c�(t)� c✓e c✓g s✓l c✓x � s✓e s✓g s✓l c�(t)� c✓e s✓g c✓l + s✓e c✓g s✓x s�(t)

1

A

Choose the optimal oriental of Δx; 

Can be used to isolate DM signal from isotropic backgrounds.


