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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 Ludlow et al., RMP 87, 637 (2015)



1.

Ingredients for an atomic clock

Es 3 2)
hl/() :

Atoms are all the same and will
oscillate at exactly the same

frequency (in the same environment):
you how have a perfect oscillator! ‘ ‘ | \
Take a sample of atoms (or just one)

171Yb+

Build a laser in resonance with this @
atomic frequency ¢

Measure the laser frequency:
Count cycles of this signal

Ludlow et al., RMP 87, 637 (2015)



How optical atomic clock works

atomic oscillator

et I feedback control |e————
l Es T
1/ hl/o i
\N\N\S S > F ¥
interrogation laser i
atomic reference

counter Y

/_\~ The laser is resonant with the
atomic transition. A correction

signal is derived from atomic
\ spectroscopy that is fed back
optical comb 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.

From: Poli et al. “Optical atomic clocks”, La rivista del Nuovo Cimento 36, 555 (2018)
arXiv:1401.2378v2




Trapped single ion clocks

Requirements for an atomic clock

(1) Long-lived upper clock state
(2) Near optical transition

41145d 2D, , Yb*
PTB
E2 435 nm NPL

4§136s2 2F ),

E3 transition,
highly forbidden

467 nm




Neutral atom optical lattice clocks
Optical Lattices: crystals of light
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http://www.nist.gov/pml/div689/20140122_strontium.cfm

Image: Ye group and Steven Burrows, JILA




Sr clock: 2x10-18 uncertalnty

T. L Nlcholson S. L. CampbeII R. B. Hutson G. E. Marti, B. J. Bloom R. L. IVIcNaIIy,W Zhang,
D. Barrett, M. S. Safronova, G. F. Strouse, W. L. Tew, and J. Ye, Nature Commun. 6, 6896 (2015).




Applications of atomic clocks

GPS Very Long Baseline Interferomety Relativistic geodesy
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Image Credits: NOAA, Science 281,1825; 346, 1467, University of Hannover, PTB



Search for physics beyond the standard
model with atomic clocks

Atomic clocks can measure and compare
frequencies to exceptional precisions!

If fundamental constants change (now)
due to for various “new physics” effects
atomic clock may be able to detect it.

Frequency
will change

atomic reference




Search for physics beyond the Standard Model
with atomic clocks

dark matter ap. -
luminous matter '
/ I Vi ‘[ V;

' " Yb* clock 1 —— Image credit: Jun Ye’s group
Dark matter
searches - Tests of the
| Search for the violation equivalence
of Lorentz invariance principle

Image credit: NASA

Are
fundamental

constants
constant? Gravitational wave detection with

atomic clocks prp 94, 124043 (2016)
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Laboratory searches for variation of
fundamental constants

1 ¢
. - o =
1. Frequency of optical transitions A7e, he
v~ cR,,AF(a) Depends onlyon a
m
H=—"
2. Frequency of hyperfine transitions m,
Me 5
Uhfs = CRooAhfS X gi X m_ X Fhfs(a)
p

Depends on O, |, g-factors (quark masses to QCD scale)

2. Transitions in molecules: p only, u and o, or all three

Eelevib:ErotNliﬂl/Qiﬁ L=1/u



Comparing different types of transitions
probes different constants

(1) Measure the ratio R of optical to hyperfine (Cs)
clock frequencies:

sensitive O, |l, g-factors (quark masses to QCD scale ratio)

(2) Measure the ratio R of two optical clock frequencies:
sensitive only to a-variation

2
E=E, +q 1
A%

Calculate with good precision




Sensitivity of optical clocks to a-variation

, Enhancement factor

aO

Need: large K for at least one for the clocks
Best case: large K, and K, of opposite sign for clocks 1 and 2

I Y=k, k)L
a v a ot

| Test of a-variation
Frequency ratio

accuracy 1018 100 10-20
Easier to measure large effects!



o~variation enhancement factors for current clocks
K

K(Sr)=04 1
KD =0,

K(Hg):OS, K(Yb+E2) =1 Cav|ty K=1

K(Al")= 0.01, K(Ca*)=0.1

Excellent stability N ~ 1000

-3 K(Hg")=-2.9
Single ion clocks, N = 1
+ k=24
-6 K(Yb"E3)=-6 E,
a \ 2
AE(a) = AEy + Aq Ka—) — 1]
0

CAN WE GET LARGE K IN NEW CLOCKS?



m, SLOW
p= Dy AlHg" Hg' Yb' E3 -
m, UCB NIST _ NIST PTB DRIFTS

Yb" E2
PTB

Sr
World

-3 -2 -1 0 1 2 3
1/0. dov/dt (107°/yr)

Constraints on temporal variations of o and u from comparisons of
atomic transition frequencies. Huntemann et al., PRL 113, 210802 (2014)



ATOMHbIE U AOepHble Yachbl -
AeTEeKToOpbl TEMHON MaTepun

Atoms
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Dark
Energy
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Dark ’
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24%



Kak HanTu cBepxnerkyro TeMHY MaTepuio?

Ultra-light Town

) T Tt 1 )

1022 eV 1012 eV ueV eV GeV

CBepxnerkasa TeMHasa matepust JormkHa ObITb 6030HHON - Pepmu
CKOPOCTb Ans TeMHOW Mmatepun ¢ maccoun > 10 eV Bblle
CKOPOCTM ybOeraHua Hawen lanakTuku.

Bo3oHHasi TeMHasAs maTepusi c maccou m, < 1eV:

MNOTHOCTL TEMHOIA MaTepum B Halueii Manaktuke >4, roe A,
91O Ae bponnga anuHa BoMHbI YacTuubl. B aTOM cnyvyae TemMHas
MaTepus NPOSIBNIAET KOrEPEHTHOCTb U BEOET cebsi KaK
Knaccuyeckoe rorie.



How to detect ultralight dark matter with clocks?

Ultra-light Town

Asimina Arvanitaki, Junwu Huang,
and Ken Van Tilourg, PRD 91,
015015 (2015)

) T Tt 1 )

1022 eV 1012 eV ueV eV GeV

Dark matter field ¢(t) = @ COS (mqbt - I_% XT ... )

couples to electromagnetic interaction and “normal matter” :

It will make fundamental coupling constants and mass ratios oscillate

Atomic energy levels will oscillate so clock frequencies will oscillate

Can be detected with monitoring ratios of clock frequencies over time.



Ultralight dark matter % o_.

Dark matter coupling to the Standard Model

£¢ — _—|— F#VF/«H/ _% G;lyGAuv

/ hotons I
Dark P giuons
matter 7
_eee — E :Ymidg)mil//il//i
i=u,d quarks "
electrons

Measure: couplings d; vs. DM mass

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



Ultralight dark matter searches with clocks

Comparing frequencies of hyperfine to optical clocks

O(v2/v1)
(y;/yll) ~ [dm, — dg + Mady, + de(K2 — Ky)]

Dark matter

Comparing frequencies of optical to optical clocks

e
E = Eo +q . 1 Enhancement
o, factor



Measuring ratios of optical clock frequencies
for dark matter detection

de(Kg — Kl)ﬁ?¢(t)
Need:

- Best short-term stability ¢, at Az
« Long total measurement time to improve sensitivity

oy = o1/V'N

But: only until you reach the DM coherence time
~ 103
Teon = 27(myv*)™! v 10

+ Lowest systematic uncertainty
- Largest possible enhancement factor combination (K,-K,)



Ultralight dark matter

Dark matter parameters

d(t) = pocos (met +ky x T+ ...)

DM virial velocities ~ 300 km/s

T|s|] f=2m/mg [Hz| my [eV]
10~° 1 MHz 4 x 1079
103 1 kHz 4 x 10712

1 1 4 x 10710
1000 1 mHz 4 x 10718
109 10~° 4 x 10721

One oscillation per second

One oscillation per 11 days



Clock measurement protocols for the
dark matter detection

Single clock ratio measurement: averaging over time 1,
Make N such measurements, preferably regularly spaced

Al least one dark matter oscillation
during this time

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

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

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

— Observed fit -
: CLO5% | T
| |---- Dy constrainton dg| ... i TIioSatRTTH
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Dy: K. Van Tilburg, N. Leefer, L. Bougas, and D. Budker, Phys.
Rev. Lett. 115, 011802 (2015).

Rb/Cs: A. Hees, J. Guéna, M. Abgrall, S.Bize,and P. Wolf,
Phys. Rev. Lett. 117, 061301 (2016)
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log|de|

Projected clock limits

log, ol f¢/HZ]
-8 -6 -4 =2 0 2 4 6 8 10

24 22 20 —18 —16 —14 —12 —10 -8 -6 —4
A. Arvanitaki et al., PRD 91, 015015 (2015)



nature, Transient variations
phySICS PUBLISHED ONLINE: 177 NOVEMBER 2014 | DOI:ITOEO;I;/-I!I-PHEY§1§

Hunting for topological dark matter with
atomic clocks

A. Derevianko™ and M. Pospelov??

Dark matter clumps: point-like monopoles,
one-dimensional strings or two-dimensional

sheets (domain walls). ne

If they are large (size of the Earth) and
frequent enough they may be detected
by measuring changes in the
synchronicity of a global network of
atomic clocks, such as the Global
Positioning System.

GPM.DM collaboration: Roberts at el., Nature Communications 8, 1195 (2017)



Nature Communications 8, 1195 (2017)

Topological dark matter may be detected by measuring changes in the
synchronicity of a global network of atomic clocks, such as the Global
Positioning System, as the Earth passes through the domain wall.

Rana Adhikari, Paul Hamiton & Holger Muller, Nature Physics 10, 906 (2014)



SCIENCE ADVANCES | RESEARCH ARTICLE

APPLIED PHYSICS

New bounds on dark matter coupling from a global
network of optical atomic clocks

Global sensor network. The participating Sr and Yb optical lattice atomic
clocks reside at NIST, Boulder, CO, USA, at LNE-SYRTE, Paris, France, at
KL FAMO, Torun, Poland, and at NICT, Tokyo, Japan

Woeisto et al., Sci. Adv. 4: eaau4869 (2018)



Woeisto et al., Sci. Adv. 4 (2018)
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Defect size, d (km)

Constraints on the coupling of dark matter to electromagnetism.
The energy scale A which inversely parametrizes the strength of the
DM-SM coupling as a function of the wall width d.



How to improve laboratory searches for the
variation of fundamental constants & dark matter?

1. Improve uncertainties of current clocks — [????] more orders.

2. Improve stabilities of the clock ratio measurements
(particularly with trapped ion clocks).

Clock sensitivity to all types of the searches for the variation
of fundamental constants, including dark matter searches
require as large enhancement factors K to maximize the

signal.
3. Build new clocks based on different systems

a. Highly-charged ions

b. Nuclear clock

c. New Yb two-transition clock scheme
d. Molecular clocks
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PHYSICAL REVIEW LETTERS 120, 063204 (2018)

Multipolar Polarizabilities and Hyperpolarizabilities in the Sr Optical Lattice Clock

S. G. Porsev,"” M. S. Safronova, > U. L. Safronova,’ and M. G. Kozlov™”
lDepartmem‘ of Physics and Astronomy, University of Delaware, Newark, Delaware 19716, USA
2Petersburg Nuclear Physics Institute of NRC “Kurchatov Institute”, Gatchina, Leningrad District 188300, Russia
3 Joint Quantum Institute, National Institute of Standards and Technology and the University of Maryland,
Gaithersburg, Maryland 20742, USA
4Physics Department, University of Nevada, Reno, Nevada 89557, USA
>St. Petersburg Electrotechnical University “LETI,” Prof. Popov Street 5, 197376 St. Petersburg, Russia

3Pu I = = -‘\ !
\ ]

698 nm

(~ 150 s)

Image: Ye group and Steven Burrows, JILA

http://www.nist.gov/pml/div689/20140122_strontium.cfm



U oC CK( ﬂ) <«— Frequency-dependent

electric dipole polarizability

UA ~ UB at the magic wavelength

a, (A V=a,(1

agic agic )

Uw) = —[a"(w) = {a™(w) + a™*(w) k2] &
_B(w) 8(31 k :Q
Multipolar polarizability shifts )

« Magnetic-dipole polarizability oM (o)
 Electric-quadrupole polarizability oF? ()

Hyperpolarizability ()



The Future Advances in Atomic Clocks

lon chains Large ion crystals 3D optical lattice clocks
i ~1/2 +1/2
_ I |t t> ~5/2 +5/2

Measurements beyond the quantum limit Entangled clocks

Orders of magnitude improvements with current clocks

Image credits: NIST, Innsbruck group, MIT Vuletic group, Ye JILA group



Two clock transitions in neutral Yb

4136s25d J=2

T=1 min

1695 nm

F=5/2
F=3/2

171Yp
1=1/2

Current Yb clock
transition > 578 nm

4114682
F=1/2

M. S. Safronova, S. G. Porsev, Christian Sanner, and Jun Ye,
Phys. Rev. Lett. 120, 173001 (2018).



o uv Visible light

Highly charged ions ???

b
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T
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140 00 00 400 500 600 Wavelength nm
T Al+ Mg
102 nml  Si?* 267 nm 458 nm
190 nm

3s? 1S, — 3s3p 3P, transition in Mg-like ions
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energy

charge state

Schematic of the shell order in neutral atoms (left) and in hydrogen-like ions
(right). One can see that the “diving® of 4d and 4f shells result in level
crossings in the areas marked by circles.



Highly Charged lons: Advantages

5s25p? °P, 1=0.003 s

 Large variety of 5s?5p4f °F; 1=5.3s

metastable transitions wm1 | 3=351 nm M1
and level structures 5525p4f 3F, T=59s

* Very compact atomic M1
clouds — suppression N 257t G
u upp _ A=426 nm
of all systematics T=21000 000 years
due to Stark shifts M3 3=475 nm
Y

5s25p=P,
« Strong suppression of blackbody radiation effect

« Estimated potential clock uncertainty of 10-1°

« Large relativistic effects — enhancement of related effects
iIncluding a-variation and tests of Lorentz symmetry



= PERIODIC TABLE NIST
roup = a
1 Natisnal instiuta of Sundersls avil Tachnelagy 18
i Atomic Properties of the Elements el e o s
1 = = = 9
Which highly-charged ions
u
1) Metastable stat 2 tical t iti
| (1) Metastable states, (2) near optical transitions,
] ] u u u
(3) large sensitivity to a-variation
: NEED 4f or 5f electrons
19 “s.(20 s, (21 0,22 °F (23 ‘F.|24 's,|25 °s..(26 “p,(27 F.|28 R (29 s5.(30 s,|31 ‘P, (32 R, (33 ‘s, |34 P, [35 RL |36 s,
- i §
2 K | Ca|Sc | Ti V |Cr |  Mn | Fe |[Co| Ni |[Cu|Zn |Ga | Ge | As | Se | Br | Kr
E 4 Polassum Caleum Seandium Titanium ‘anadium Chromium | Manganase Iran Cobalt Mizkel Coppar il o4 Gallium Garmanum Arsenc Selanium Bramina Eryplon
a 39,0083 40078 44955010 | 47 BET 500415 51 9961 54038049 | 55845 SEO33200 | 585934 E3.546 £5.400 69 723 7264 7492160 7896 79.004 83708
[AT]d2 arae’ aradee® | pagadies® | jarales® | panadlae | pupde® | pnadiiE | panadTaet | paemdtest | paepdtee | ppae®e? [jagaeets [piae et | aae et (e astest | e et (anaa st
43407 £1132 55515 66281 7462 £ TEES 7.4340 75024 7 BED 76308 7. 7264 0 3942 5,005 7 E004 0. 7886 9.7524 118138 13,9908
37 ‘s.(38 's5,|39 ‘0,40 °F |41 D, |42 Ts,(43 *s.|44 °F.|45 °F,.|46 's,|4T ‘s,.[48 's,|49 ‘P, |80 P, |81 “si, |62 °P. (83 °P., |64 s,
Rb | Sr| Y | Zr |[Nb | Mo | Tc |Ru | Rh |Pd |Ag | Cd | In | Sn | Sb | Te 1 | Xe
5 Rubidium Stranfium ¥ lirium Zircanium Hiohivm | Molybdanum | Technefum | Ruthenium Rhedium Palladium Sivar Cadmium Indium Tin Anlimoey Telurum leding Kanon
85,4673 87.62 8800585 o1224 | 920838 05,04 198} 10107 10200550 10543 107 8682 112,411 gz 2 o 2 e oo
I thse’ | peoacss” | ppea’se” | opupsd'ss | ks | funasee | rdd'se trjaa™se | pknaose’
40771 5.694% EHT3 6.6330 £.7569 7 4 : 75762 £.5938
B ‘s,.|BB s, 72 °F (T3 4 75 "s.. |76 79 “s.|80 5,
Cs | Ba Hf Re | Os Au | Hg
6 Cesium Barium Hafnium Hhinium Cismium i Gald Mescury
13200845 | 137327 178.49 18384 | 1ae207 16023 162,217 196 DEE5S 200,50
[Heiss [a]s ejarsdes’ (el peepersatee’ | prejar s s’ |pelar s e | rejartsd’ s e Be | eelarsa"es | reper s e
3.6830 52117 B.6251 g T EE40 7.8335 84382 5.0570 92955 10.4375
87 s5,.|88 s, 104 °F,7|105 107 108 111 112 116
Fr | Ra Rf Uuu|Uub Uuh
7 Francum Radiumn Rufhedordium|  Dubnium Seaborgium Bahriun Hassium Meitnarium | Unumnilivem | Unununivm | Unenbiom Ununhexium
(223) (226) (261 {262) [266) (264) {277} {268) [281) (272) (285) (2az)
[Rri7e [Rnj7e’ IFnjstEd Tt
40727 5.2754 &07
\\ '\\-
Atomic  Ground state « |87 D L, ; F 5, 64 ‘0|65 "H, 58 °H,|69 FL|TO s, (71 ‘Do,
Nurmber Lawal H 5 ez - ] iz 2 1502 [ e o a2
X L 2| La Pr M| Sm | Eu)l Gd | Tb Er |Tm | Yb | Lu
mbal : £ | Lanthanumn Canum [Prassodymium| Meodymium | Progigghium | Samariumn Eurapium Gadalnium Tatium Erbium Thulum ¥barbium Lutetum
Sy 58 IGq
e E 138 9055 140116 | 140.90765 P, 150,36 151.964. 157.25 15892534 167258 | 16893421 173.04 174.967
Ce prejsons’ W pejasme’ | peparse’ N | peperfee’ | peeperes® W pepersese’ | prejartae’ ejarfee’ | prejaree® | preperfas’ | preparses”
Mame-—| Cerum | ss7em g = 3 & 1408 5 BE3E B.1077 51843 52542 5.4250
RER 140115 . 89 ‘o, 2196 D;[97 °w; 00 °H,[101 °F.[102 °s, [103 P
0Imic 2
Weight! - [Xe]4i5d5s | Ac Pa Cm | Bk Fm | Md | No | Lr
5.5387-, E Aclinium Thorium Profactinium Uranium i Curium Barkalu Califerrium | Einstainium Fermium | Mendalevium | Mobalium | Lawrencium
B < (237) 2320381 | 23103586 | 23802801 {237} [244) (243) (247} [247) i351) (252) (257) {258) [250) (263)
Ground-state lonization [Frjears’ | [Rrjgd’rs’ | [Rejsfeare’ | Rojsr'ears’ | jRngsr'sare’ | Rejsfre’ | st | Rrjsfeare’ | Rejsfe Frjerra® | (Rngsttre® W pnistire? | Rostret | (Regst s’ ([Regsttrstrer
Configuration  Energy (V) 517 3067 580 61841 2657 50260 5073 £.9814 61979 6.2817 £.42 &850 658 EES 497

"Based upon e {)indicates the mass number of the most stable isotope.

For a description of the data, visit physics.nist.govidata

MNIST SP 966 (September 2003)




Clock proposals: Which highly-charged ions?
(1) Valence 4f electrons: 4f, 4f2, 4f3

Nd13+, Sm15+, Ceg+, Pr10+, Nd11+, Sm13+, Nd12+, Sm14+, Pr9+, Nd10+

(2) Valence 5f elections: 5f, 5f2 Cf15+, Cf16+, Cf17+ Es16
Es17+

Accurate theory predictions

(3) Holes in 4f shell: 412, 413 |r16+, |r17+, W ions

(4) Mid-filled 4f shell: 415, 46 Ho'4+

(5) H-like heavy ions: Big2* optical hypefine structure
transition — “better Cs clock”



Factor of 100 enhancement for o-variation!
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V. A. Dzuba, M. S. Safronova, U. |. Safronova, and V. V. Flambaum,
Phys. Rev. A 92, 060502(R) (2015).



SYMPATHETIC COOLING Science 347, 1233 (2015)

Coulomb crystallization of highly
charged ions

L. Schméger,"? O. O. Versolato,"** M. Schwarz,”” M. Kohnen,” A. Windberger,'

B. Piest,’ S. Feuchtenbeiner,' J. Pedregosa-Gutierrez,” T. Leopold,?
P. Micke,"? A. K. Hansen,*t T. M. Baumann,” M. Drewsen,* J. Ullrich,?
P. O. Schmidt,>¢ J. R. Crespo Lopez-Urrutia'f

A . EBIT: HCI production
“= at MK temperatures

Paul trap: Crystallization
Beamline: Deceleration and and cooling of HCls to
pre-cooling of HCI bunches mK temperatures

loading HCls

-




REVIEWS OF MODERN PHYSICS, VOLUME 90, OCTOBER-DECEMBER 2018

Highly charged ions: Optical clocks and applications
in fundamental physics

M. G. Kozlov, M. S. Safronova, J. R. Crespo Lépez-Urrutia, P. O. Schmidt,
Rev. Mod. Phys. 90, 45005 (2018).
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PTB, Germany, November 2018: First demonstration of

quantum logic with a highly charged ion, Ar13+
2019: Improved frequency measurement from 107 to 10-'> level!



From atomic to nuclear clocks!

- Are
fundamental
constants
constant?

M. S. Safronova, Annalen der Physik 531, 1800364 (2019)



Obvious problem: typical nuclear energy levels are in MeV
Six orders of magnitude from ~few eV we can access by lasers!

=
o
<

1.0 L

Atomic 0
Nucleus

Laser spectroscopic characterization of the
nuclear clock isomer 22°MTh, Thielking et al.,
Nature 556, 321 (2018)

Energy of the 22°Th nuclear clock transition
Seiferle et al., Nature 573, 243 (2019)

nuclear
_ excited
states

ground
state

Only ONE exception!

/ 229mTh

Nuclear transition

Lifetime ~ 5000s

\229Th

~

150(3) nm [8.3(2)eV]
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Th nuclear clock:
Exceptional sensitivity to new physics

.~ 8round state isomer
3.3 eV
>
%0 coCn?clrJillgl:rt‘izn Coulomb
S contribution
2 MeV scale
©
£
i)
e
S
mq
Possible 4-5 orders of magnitude enhancement to the variation of o and
. C Aoep
but orders of magnitude uncertainty in the enhancement factors. Q

Provides access to couplings of Standard Model particles to dark matter
via other terms besides the d, (E&M).

It is crucial to establish actual enhancement!

Picture credit: Thorsten Schumm



VERY WIDE SCOPE OF AMO
DARK MATTER AND NEW
PHYSICS SEARCHES -
SEE OUR REVIEW



REVIEWS OF MODERN PHYSICS, VOLUME 90, APRIL-JUNE 2018

Search for New Physics with Atoms and Molecules

M.S. Safronova'?, D. Budker®*®, D. DeMille®, Derek F. Jackson Kimball”, A. Derevianko® and C. W. Clark?

'University of Delaware, Newark, Delaware, USA,

2 Joint Quantum Institute, National Institute of Standards and Technology and the University of Maryland,
College Park, Maryland, USA,

3Helmholtz Institute, Johannes Gutenberg University, Mainz, Germany,

*University of California, Berkeley, California, USA,

®Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California, USA

Yale University, New Haven, Connecticut, USA,

"California State University, East Bay, Hayward, California, USA,

SUniversity of Nevada, Reno, Nevada, USA

This article reviews recent developments in tests of fundamental physics using atoms
and molecules, including the subjects of parity violation, searches for permanent electric
dipole moments, tests of the C'PT theorem and Lorentz symmetry, searches for spa-
tiotemporal variation of fundamental constants, tests of quantum electrodynamics, tests
of general relativity and the equivalence principle, searches for dark matter, dark energy
and extra forces, and tests of the spin-statistics theorem. Key results are presented in
the context of potential new physics and in the broader context of similar investigations
in other fields. Ongoing and future experiments of the next decade are discussed.




Precision measurements:
Great potential for discovery of hew physics

Atoms
4.6%

Dark

developments
coming in the

hext decade!

Dark
Matter
24%

A recent explosion of new proposals
for AMO new physics searches!



