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Dark Matter: What we know

There's lots of it
It gravitationally clusters in halos around galaxies

(really, galaxies gravitationally cluster around DM)

Very strong evidence:

- Rotation curves, gravitational lensing, CMB
» Also: large scale structure, BAO etc.

- It's not strange for particles to not interact with light v
(e.g., neutrinos)

@AstroKatie (Planck13)

- ACDM model works extremely well
* Qc = 0.2589(57) [Planck]
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* Possible mass range: 90 orders of magnitude!
- Fundamental particle: 50 orders (de Broglie to Planck)

» Vast majority of focus on WIMPs, but field is very wide
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Enlightening the search for Dark Matter??

Atomic Physics!

Mass drops below nuclear mass:

 No nuclear recoils
* |nstead: electron recoils + ionisation
« See Ashlee Caddell talk

Mass drops below electron mass:

* No electron recoills

- Instead: absorption (dark photoelectric effect) ),
Mass drops below eV: ) MY
Lo e "\( B Y O
- . -
- Classical DM field Ty
=

* Quantum sensing (atomic clocks)

[JILA]
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Ultralight Dark Matter

GeV

cm3

PDM ~ 03

Mass decreases — number density increases:
Classical boson field (e.g., axions, scalars)

1. No interaction: oscillation: ¢ = ¢, cos(mt)

¢(2) X PDM
2. Interactions: clumps

3. Also: constant build-up (local over-densities)
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Atomic Clocks 101;

Clock: frequency reference
Best atomic clocks have incredible accuracy: 6 f/f ~ 10~1¢

Atomic = 1 - T r

Jt[rap j’Qf_:‘:?!—“f)) | p
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g |
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o
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JabberWok [Wikimedia Commons] Weislo, Science 2016 Ch?i, Phys. Rev. Lett. 2018 .
Atomic transition: "perfect®" ~ Compare frequency of oscillator to Lock on: Adjust local oscillator to

frequency reference atomic transition maximum transition rate
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"Listen" for DM field using atomic clocks

» Exotic field may have small interaction with matter
- Shift atomic energy levels and frequencies

« Monitor with atomic clocks!

Observable shift:

57f = K ¢DM('F, t)

* k - model dependent parameter:
— Different for different transitions

- Calculated: high-precision atomic theory

[N Hanacek/NIST]

Example: variation of constants

L=¢F, F" = o— a+ ¢py(7,t)
d(f/f)
d(ar/ap)

K



Transient Signals

« Scalar DM with small self-interaction:

* May form “clumps”: topological defects, Q-balls

- Topological defects: size d ~ 1/my

em=10"1%eV — d~1Km
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Derevianko + Pospelov, Nature Physics (2014)
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 Scalar DM with small self-interaction:

- May form "clumps": topological defects, Q-balls
- Topological defects: size d ~ 1/my
*m=10"1"%eV —= d~1km

» Wait until one passes through Earth

» How to distinguish from noise?

» Correlated signal across global network
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* 50,000 km Dark Matter observatory
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European Fibre-linked network

- Laboratory optical clocks
« ~1000km, direct optical fibre connection

- Orders-of-magnitude higher precision: 1017 level!!

- Orders-of-magnitude less data
* (hours, not decades)
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European Fibre-linked network
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Oscillating Signals

» Filzinger, Caddell, Jani, Steinel, Giani, Huntemann, BMR, arXiv:2312.13723

Typical local experiment:
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Oscillating Signals

» Filzinger, Caddell, Jani, Steinel, Giani, Huntemann, BMR, arXiv:2312.13723

Typical local experiment: Separated (identical) sensors:
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Oscillating Signals

» Filzinger, Caddell, Jani, Steinel, Giani, Huntemann, BMR, arXiv:2312.13723

Typical local experiment:

0(Va/ )
(Va/Vs)

= ¢ (ka — Kp) cos(wt)

e Non-zero effect from two different transitions only
e Certain couplings always cancel
e e.g., Universal couplings

¢
—

Separated (identical) sensors:

= ¢ k (cos(wt) — cos(wt — §))
0 =wAt—k,D

e Spatial and temporal component (depends on experiment)
o Allows access to unconstrained couplings
e Unique signals: scales with network size, daily modulation

@

L
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Space-time separated sensors: initial results

» Filzinger, Caddell, Jani, Steinel, Giani, Huntemann, BMR, arXiv:2312.13723
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e EXxisting data: Schioppo ef al., Nat. Comms 13 (2022)

o Comparison of ultra-stable cavity lasers
e 750 km apart (2220 km Fibre cable: PTB to NPL via SYRTE)
e Sensitive to spatial phase shift

e Also: Data from GPS satellites (Rb clocks)
e Clocks less accurate, but setup sensitive to temporal term

« First constraints on d,,,  alone at low-frequency
e Sensitivity to spatial fluctions of DM, daily oscillation

12


https://arxiv.org/abs/2312.13723
http://arxiv.org/abs/2312.13723
https://www.nature.com/articles/s41467-021-27884-3

Space-time separated sensors: initial results

» Filzinger, Caddell, Jani, Steinel, Giani, Huntemann, BMR, arXiv:2312.13723

e EXxisting data: Schioppo ef al., Nat. Comms 13 (2022)

o Comparison of ultra-stable cavity lasers
e 750 km apart (2220 km Fibre cable: PTB to NPL via SYRTE)
e Sensitive to spatial phase shift

e Also: Data from GPS satellites (Rb clocks)

e Clocks less accurate, but setup sensitive to temporal term
Space Clocks (spatial)

 First constraints on d,,,. alone at low-frequency
" "Space Clocks (temporal) o Sensitivity to spatial fluctions of DM, daily oscillation

80T e

lo £10 ( meg _,-’f eV }

[arXiv:2312.13723]

12


https://arxiv.org/abs/2312.13723
http://arxiv.org/abs/2312.13723
https://www.nature.com/articles/s41467-021-27884-3

Space-time separated sensors: initial results

» Filzinger, Caddell, Jani, Steinel, Giani, Huntemann, BMR, arXiv:2312.13723

e EXxisting data: Schioppo ef al., Nat. Comms 13 (2022)

o Comparison of ultra-stable cavity lasers
e 750 km apart (2220 km Fibre cable: PTB to NPL via SYRTE)
e Sensitive to spatial phase shift

e Also: Data from GPS satellites (Rb clocks)
e Clocks less accurate, but setup sensitive to temporal term

Space Clocks (spatial)

 First constraints on d,,,  alone at low-frequency

Space Clocks (temporal) e Sensitivity to spatial fluctions of DM, daily oscillation
—18 _l__f . —}ﬁl —15 —14 10 | | | |
logg(me/eV)
0.5 F .0‘ .... .0‘ .“ .... '.‘ -
S; OO _.” "“ ““ =
O [ . . .‘
) * * .
[arXiv:2312.13723] —05F ’ R
_10 ] ] ] ]
0 10 20 30 40

Hours since 2019-07-15 00:00 (UTC)


https://arxiv.org/abs/2312.13723
http://arxiv.org/abs/2312.13723
https://www.nature.com/articles/s41467-021-27884-3

Conclusion

Ultralight dark matter

e Scalar coupling DM-SM: shift in atomic levels

« Monitor frequencies with atomic clocks . Caddell, Flambaum, BMR, Phys. Rev. D 108, 083030 (2023)

Space-time separated sensors

Savalle et al., Phys. Rev. Leit. 126, 051301 (2021)

e Access to otherwise unconstrained couplings
e Unique signals: scale with network size, daily modulations
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