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A Variation of fundamental constant
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Electric dipole moments probe new physics 57

APermanent EDMs of fundamental
particles violate symmetry.
ACPT Theorem-x EDMs are also
CRviolating <> baryogenesis.
ANo permanent EDMs observed,
despite 70 years of searchgs

[1] Purcell, E. & Ramsey, Rhys. Rey78(6), 807 (1950)
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the lab electric field.
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AMolecular spin precession to measure
0 Qi
ALarge internal electric fields:

AThQ. ;= 78.4 GV/cr23]
A>1,000,000 larger than in lab.

ADoublet structure Eias

AReverse . by tuning our laser, without switching
the lab electric field.

AMagnetically insensitive, reduces
B field systematics

AMagnetic moment is 0.004;

8

90
Th O

Thorium Oxygen

232.0381 15.9994

[Rn]6d®7s® | 1s°2s°2p’

t Q Doublet °
y ?
O

[1] L.V.SkripnikoyA.V.Titoy, J.ChemPhys. 142, 024301 (201

[2] T.Fleigand M. KNayak J. Mol.Spectrosc300, 16 (2014)
[3] E. R. Meyer, J. L. Bohn, Phys. Rev. A 78, 010502 (200¢



Measurements of the Electron EDM
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AAtom interferometry review
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Interferometers Review
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Atom Interferometer Phase
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Quantum Sensing using Atom Interferometer
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Interferometers Limited by Frdeall Time
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Atom Interferometer in an Optical Lattice
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Atom Interferometer in an Optical Lattice
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Atom Interferometer in an Optical Lattice
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Atom Interferometer in an Optical Lattice
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Probing gravity by holding atoms for 20
seconds Victoria Xu, Matt Jaffe, CCH®fud..
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Investigating Decoherence Mechanisms

0.4

ADecoherence (contrast l0ss)
C(1) = Che /™
1/7c =UAz/ |

where

A6 is initial contrast,
A"Yis the lattice trap depth

AWhyisl Dppi Oie

ADepends onY, 30 => spatial variation in
lattice potential?

Contrast

—

Time constant 1/ 7¢ (1/s

o
w

.t
N

g
-

S
o

14t

-
N

1.0
08f
06}
04}
0.2}

0.0

0 1 2 3 4 5

{ Data
Simulation

{Separation
] Az (um)

1m 1.9
1@ 42
{ @ 6.6
{ W 9.4

m11.3

0 2 4 6 8 10 12
Trap Depth Ug (Ey)



Simplified Ideal Lattice Atom Interferometer

% | 3%0 E 0QO

Spatial
variation of
lattice
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Il 1Is Robust to Changing Many Parameters

Parameters Varied Experimental Test Performed

Radial lattice uniformity Installed new superpolished cavity mirrors (surface rms <1 A)

Lattice laser frequency noise 2x higher with tuning PID lock

Narrower laser linewidth by locking to a hifjhesse (F=20,000) cavity

Raman beamsplitter symmetry Symmetric beamsplitters using microwavpulse followed by opticdl pulse (32)
Laser lattice broadband emission Suppressed >10x with filter cavity
Lattice intensity noise 10x reduced by intensity stabilization using transmitted light as a monitor

Alignment with gravity Tilted optical table by 1.5rad

Changing atom number and density 2x reduction by lowering state selection efficiency

Axial atom temperature selection Reduced 3x by increasing the length of velocity selection pulse

Misaligned lattice laser, coupling light to high order cavity Reduced cavity coupling efficiency 2x by misaligning and changing beam diameter
modes

Lattice laser detuning Replaced lattice laser with 866 nm ECDL (14 nm det.) and 1064 nm fiber laser (212 nm det.)

Environmental field gradients Varied the vertical atom position by up to 1.5 cm
Magnetic field gradients Increased 1000x by turning on MOT coils during interferometer

Position within the atomic sample Analyzed horizontal and vertical slices of fluorescence image

Axial lattice uniformity Replaced planaconcave cavity with symmetric concawencave cavity (mirrors have equal radii of curvature)

Background scatter Increased 20x by shining mod&smatched light at cavity mirror and/or experiment vacuum window

Observed Outcome
Samédl

Samédl
Saméel

Samél

Saméll
Samél
Samell
Samél
Samdl
Samédl
Samdl
Samell
Samell
Samél
Samell
Saméll

Samdl



High Order Lattice Modes Reduce Decoherer

AObserved3-fold higherll when loading into symmetric
Laguerre Gauss higher order modes

ATransverse sample temperature
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Ingredient 1: Phase Shifts due to-INtise
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Ingredient 2: Thermal Motion of Atoms

Ensemble Phase Distribution

1.0F

Position and
velocity distribution
In thermal cloud

=> Phase dispersion

08l

06

041

Zj |

Quantitative agreement of ensemble | | |
Minute-scale gravimetry using a coherent

dephasing model and experimental data atomic spatial Superposition

CDP et alarXiv:2210.07289under review
Nature Physics) (2023)
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Long Coherence Times
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Minute-scale gravimetry using a coherent
atomic spatial superposition
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Minute-scale gravimetry using a coherent
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AOptical lattice atom interferometer
- theory and experiment

APrecise measurement of gravity and fifth forces
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Searching for Fifth Forces by Measuring Gravity@oticai iattice

laser

Of Sma” MaSS -~ +«——Cavity mirror

AMeasure acceleration from cisized tungsten mass.

ASmall signatoul 170 -0  LJ NIid LISNJ 0 Af f A F 9 NI
L = Tungst
AUpgrades to lattice interferometer: S Shures
AQuickly move atomsuseatom elevator ~ Mass
ABetter SNR 10x increased precision 19 Aamass

ABetter precision than any previous
measurements (atom fountains)

ABut...
Drifts and systematics unexplored

Illlllllnac‘;'_‘_cs,

o Cavity mirror

Piezo
Piezo
mount

Measuring gravity by holding atoms,
CDPRet al,arXiv:2310.01344under review Nature) (2023)
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Drifts and Systematics

Possible causes for drift/noise Possible systematic effects
ATides AStrong interactions with
APerturbations in gravitational the lattice

field (seismic, local noise) AField gradients
ATilt drift ASource mass effects
ACavity thermal drift etcX
ANext door magnet ON/OFF
etcX

Measuring gravity by holding atoms,
CDPRet al,arXiv:2310.01344under review Nature) (2023)
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Switches
ASuppress experiment drifts and systematic eff

Optical lattice
laser

. =—Cavity mirror
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Measuring gravity by holding atoms,
CDRet al, arXiv:2310.01344under review Nature) (2023)
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Switches

ASuppress experiment drifts and systematic eff
by differential measurement(ACME inspired)

AFour experiment configurations

AMass nearby!( P) and mass faaway ( ).

A Atoms positioned above ( p) and below source
mass.. 0 .

Optical lattice
laser

. +=—Cavity mirror

mass

= +1

"~ Tungsten
vlfg ‘ramass Source
Mass

o — Cavity mirror
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Piezo
mount

Measuring gravity by holding atoms,
CDRet al, arXiv:2310.01344under review Nature) (2023)
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Switches

ASuppress experiment drifts and systematic eff
by differential measurement(ACME inspired)
AFour experiment configurations

AMass nearby!( P) and mass faaway ( ).
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Measuring gravity by holding atoms,
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SWItCheS I Optical lattice
ASuppress experiment drifts and systematic eff - *'_Ctym
by differential measurement(ACME inspired) Y 1942

AFour experiment configurations
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Dataset Statistics

A2 months of data, ~45 days, 400 hours
ANoise near the standard quantum limit
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Measuring gravity by holding atoms,
CDRet al, arXiv:2310.01344under review Nature) (202

Systematic Checks

AVariation of over 40 parameterSystematics understood, under control

Parameter Shift (nm/s?) Uncertainty (nm/s?)

Black-body radiation gradient 0.05 1.30 « known

a®(via dB/0z) 0.07 <j Lattice divergenced S E LJS
M -correlated MOT position 1.86

M -correlated trap depth 0.31 Mass motion
M -correlated axial B-field 0.92 effects

M -correlated transverse B-field 0.84

DC Stark Shift 0.50 €= known

Total systematic 0.05 2.66

Statistical uncertainty 5.61

Total uncertainty 6.21

Source-mass calculated gravity 35.20 1.00

Table 1. Systematic shifts and uncertainties in a,,, . All uncertainties are added in quadrature.
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Measuring gravity by holding atoms,
CDRet al, arXiv:2310.01344under review Nature) (202

Systematic Checks

AVariation of over 40 parameterSystematics understood, under control

Parameter Shift (nm/s?) Uncertainty (nm/s?)

Black-body radiation gradient 0.05 1.30 « known

a®(via dB/0z) 0.07 <j Lattice divergenced S E LJS
M -correlated MOT position 1.86

M -correlated trap depth 0.31 Mass motion
M -correlated axial B-field 0.92 effects

M -correlated transverse B-field 0.84

DC Stark Shift 0.50 €= known

Total systematic 0.05 2.66

Statistical uncertainty 5.61 5 times better
Total uncertainty than previous
Source-mass calculated gravity 35.20 1.00 measurement

Table 1. Systematic shifts and uncertainties in a,,, . All uncertainties are added in quadrature.

70


https://arxiv.org/abs/2310.01344

Results

ABlinded result
0 ceee LP ¢ I 1jO

Measuring gravity by holding atoms,
CDRet al, arXiv:2310.01344under review Nature) (2023)
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Results

AUnblinded result
W o® LD ¢ 1 1J0

Measuring gravity by holding atoms,
CDRet al, arXiv:2310.01344under review Nature) (2023)
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Results

AUnblinded result
W o® LD ¢ 1 1J0

™ o& p8 jO

Measuring gravity by holding atoms,
CDPRet al,arXiv:2310.01344under review Nature) (2023)
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Results

AUnblinded result
® oO®& LD ¢c& 11j0O

™ o& p8 jO

ALimit on deviation from Newtonian gravity
[@ 0 | p d 7O (95% confidence)

Measuring gravity by holding atoms,
CDRet al, arXiv:2310.01344under review Nature) (2023)
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Probing New Fifth Force Physics

10.

AParticles (chameleon, symmetron)
=> theories ofcreened gravity 1.

AHelp explairdark energy=> why <
the Universe is expanding at an &
accelerated rate = 01

/

Torsion
balance

Measuring gravity by holding atoms,
CDRet al, arXiv:2310.01344under review Nature) (2023)
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Probing New Fifth Force Physics

AParticles (chameleon, symmetron)
=> theories ofcreened gravity

AHelp explairdark energy=> why
the Universe is expanding at an
accelerated rate

AFirst lattice interferometry result-
probesparameter space that is 6
times larger than before

10.

>
<)
E

< 0.1

/

Torsion
balance

Lattice
atom interferomet

1071 107 1
M /Mpy

Measuring gravity by holding atoms,
CDPRet al,arXiv:2310.01344under review Nature) (2023)
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Se2yR a{ ONBSYSR

AModified 1/r Newtonian potential with

Yukawa term:

mimso

V(T‘) — —GN
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ASensitive at short ranges <1 cm

ANew experiment geometry => atoms -
near a mirror that acts as a source masg:| interferometry
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AFuture directions

Tungsten
Source
Mass

g *g famass

78



Probe gravigmediated entanglement

AProbe quantum interactions between atom
Interferometer (Cesium) and torsion
balance pendulum

ARequires:
ANon-gravitational preentanglement
A Shielding to reduce other interactions

27w 5

9% /w

[

-~ — ~

Contrast

—
27 /wpe Time At

Using an Atom Interferometer to Infer Gravitational Entanglement Generation
Daniel Carney et al., PRX Quantum 2, 3, 030330 (2021).
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Measuring Big G
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Next Generation Atom Interferometer

Strontium
— 5s6s°S,
5s5p P, = 679 nm| | 707 nm
—— 5s5p°P,
461 nm Red MOT  —— 3s5p P,

3
Blue MOT 689 nm >$op P

698 nm

clock transition
1 mHzlinewidth
160s lifetime

Itye 2
\ Ys¢i's, X
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Next Generation Atom Interferometer

Advantages of Strontium (vs Cesium)

ALower atom temperatures (2000 times
possible with easy cooling => reduce
decoherence

AReduced collisions (1086ld) => no
decoherence

AClock states
A Singlephoton large momentum transfer
A Insensitive to background fields

AFermionic and bosonic isotopes Quantum
enhanced precision and accuracy via
entanglement

5s5p 'P,

461 nm

Blue MOT]

itySSZ 'S,

A

v

Strontium
— 5s6s°S,
679 nm 707 nm
—— 5s5p P,
Red MOT  s—— 355 P,

689 nm

clock tran

T — 5s5p°P,

698 nm

sition

1 mHzlinewidth

160s lifetime
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Next Generation Atom Interferometer

Advantages of Strontium (vs Cesium)

ALower atom temperatures (2000 times Strontium
possible with easy cooling => reduce .
decoherence T 086875,
AReduced collisions (1096ld) => no 1
decoherence 5s5p P, = 679 nm| | 707 nm
AClock states ! 3
A Singlephoton large momentum transfer — 35s5p P,
A Insensitive to background fields 461 o Red MOT  =—— 3s3p P,

. . .. 3
AFermionic and bosonic isotopes Quantum g, voT 689 nm — 5s5p P,

enhanced precision and accuracy via
entanglement 698 nm
clock transition

Lower temperature + improved lattice uniformity; ..q v L b linewidih
=>Sensitivity gains of - possible in table ° 160s lifetime
top setup.

A Sufficient forprt -pmt big G precision




Reduced Systematics when Measuring G

Fountain Lattice
Interf. Interf.
Atom position E etc)ertrirlc;gled
accuracy Ia{ti cz
Smaller mass
}Source mass | . easy to
properties characterize
Anal)_/SIS and | Small detection
Imaging region
ppm

G.Rosgj et. al., Nature. 510, 51821 (2014)



