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Searches for BSM physics with Atomic, Molecular, and Optical (AMO) Physics
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Chapter 6
PRECISION FRONTIER AND FUNDAMENTAL NATURE OF

THE UNIVERSE

Recent review:

Search for new physics with atoms and molecules, M. S.
Safronova, D. Budker, D. DeMille, Derek F. Jackson-Kimball,
A. Derevianko, and Charles W. Clark, Rev. Mod. Phys. 90,
025008 (2018). 106 pages, over 1100 references

Focus Issue in Quantum Science and Technology
Quantum Sensors for New-Physics Discoveries
Editors: Marianna Safronova and Dmitry Budker

https://iopscience.iop.org/journal/2058-9565/page/Focus-on-
Quantum-Sensors-for-New-Physics-Discoveries
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Ingredients for a clock

1. Need a system with periodic behavior:
It cycles occur at constant frequency

2. Count the cycles to produce time interval
3. Agree on the origin of time to generate a time scale

NOAA/Thomas G. Andrews -1 (0% EF G;F'HA?Q)



Ingredients for an atomic clock

1. Atoms are all the same and will oscillate at
exactly the same frequency (in the same
environment):

You now have a perfect oscillator! . ! )

2. Take a sample of atoms (or just one)

3. Build a laser in resonance with this atomic ’
frequency

4. Count cycles of this signal

1 ( 0% EF G;F'HA?Q)







How optical atomic clock works

atomic oscillator

electronic signal

l feedback control
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The laser is resonant with the atomic
transition. A correction signal is derived
from atomic spectroscopy that is fed back
to the laser.

An optical frequency synthesizer (optical frequency comb) is used to divide the optical frequency down
to countable microwave or radio frequency signals.
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JILA Sr clock
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Applications of atomic clocks

GPS, deep
space probes

Very Long Baseline Interferometry ~ Relativistic geodesy
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Definition of the second
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Searches for physics beyond the
Standard Model

Image Credits: NOAA, Science 281,1825; 346, 1467, University of Hannover, PTB, PRD 94, 124043, Eur. Phys. J. Web Conf. 95 04009



Search for physics beyond the Standard Model with atomic clocks

dark matter
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Dark matter
searches

Image credit: Jun Ye’s group

Search for the violation _ Tests of the _
of Lorentz invariance equivalence principle

Image credit: NASA

Are

fundamental a

constants

constant? Gravitational wave detection with
atomic clocks prb 94, 124043 (2016)




Dark matter can affects atomic energy levels
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Ultra-light Town

Ultralight dark matter has to be

bosonic — Fermi velocity for DM
with mass <10 eV is higher than
our Galaxy escape velocity.

i T Tt 1 oI

Dark matter density in our Galaxy > Id'é’

I . is the de Broglie wavelength of the particle.
Then, the scalar dark matter exhibits coherence and behaves
like awave ¢(t) = ¢gcos (met +ky X T+ ...)

) (8 (D % K? A?6A20 "HA?Q) Conf. Ser. 723 (2016) 012043




How to detect ultralight dark matter with clocks?
(

Ultra-light Town
Ken Van Tilburg, PRD 91, 015015

R S (2015)
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Asimina Arvanitaki, Junwu Huang, and

Dark matter field ¢(t) = ¢ocos (mgt +ky X T+ ...)

couples to electromagnetic interaction and “normal matter”

It will make fundamental coupling constants and mass ratios oscillate

Atomic & nuclear energy levels will oscillate so clock frequencies will oscillate

»

Can be detected with monitoring ratios of clock frequencies over time
(or clock/cavity).
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Ultralight dark matter
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Dark matter

d(t) = ¢ocos (myt + ky X T+ ...) Then, clock frequencies will oscillate!

DM virial velocities ~ 300 km/s

1%
Measure clock frequency ratios: / 1 2‘K2 Kl Kﬁb()
1/2/1/1

Result: plot couplings d, vs. DM mass m Sensitivity factors to a-variation



Observable: ratio of two clock frequencies

Measure a ratio of Al* clock 7 ( Hg*) K(Hg")=-2.9 Sensitivity factors

frequency to Hg* clock ; L\ Not sensitive to a-variation,
frequency 1 (AI ) K (AI )_ 0.01 sed as reference

1126 nm 1070 nm
laser <> laser

1:b Al

fog
Illllll““ ‘"Il""h.
n f +f mf + f

rep’ 'ceo rep’ 'ceo

(. 01+ "4 , 1 ;2K ?FEAE 'HAAE)



Clock measurement protocols for the dark matter detection

Single clock ratio measurement: averaging over time t,
Make N such measurements, preferably regularly spaced

Al least one dark matter oscillation
during this time

T8 f=2n/m, [He _my [eV]

1076 1 MHz 4x107?

103 1 kHz 4 x 10712

A 1 1 4 x 1071
I I 1000 1mHz  4x10-1
| l | | l | l 100 106 4% 1072

No more than one dark matter oscillation
during this time or use extra pulse sequence

Detection signal:
A peak with monochromatic frequency f = 2m/my
in the discrete Fourier transform of this time series.

W A Arvanitaki et al., PRD 91, 015015 (2015)



The most recent limit: JILA Sr clock-cavity comparis on C. Kennedy et al., PRL 125, 201302 (2020).
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