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Measurement of the electric dipole
moment (EDM) of 1’YYb atoms in an
optical dipole trap (ODT)
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Permanent EDM violates P-, T- symmetry

Induced EDM: Energy = —%aE2

Permanent EDM: Energy = —d-E
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e CP problem in strong interaction: 8 term
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* SUSY: New elementary particles> new QP/phase

* Origins of matter — antimatter asymmetry: New physical QP/mechanism



Searching for EDM in three different categories

ACME, JILA Electron - Electron-EDM,
Imperial FeIEIElERe electron-quark force
Yb-F, Th-O, Hf-F*
New physics
PSI, KEK Neutron, proton Quark EDM o g Pevond SM:
SUSY et al.
SN B Nuclear Schiff moment \
* Quark chromo-EDM Engel, Ramsey-Musolf,

Diamagnetic Hg, Yb, Ra [
TI-F, Yb(OH), Ag-Fr

van Kolck, Prog. Part.

Argonne, USTC
Nucl. Phys. 71, 21 (2013)

CENTREX, JHU

4 fermions, 3 gluons

Upper limit Method Value in Standard
(e-cm) model (e-cm)
Electron 4 x 1030 Hf-F* trap, Th-O beam 10-%
Neutron 2 x 10726 Neutrons — bottle 10732
199Hg 7 x 10730 Atoms — vapor cell 1034
171Yb This work ~ Atoms — trap 10-34
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Proposal: an ALL-ELECTRIC ring for proton-EDM

Y. Semertzidis et al.

m
At the magic momentum p=—==0.7GeV /c

Ja

spin and momentum
vectors precess at the
same rate in an E-field

Momentum

q
Spin
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Diameter: 80 m
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Measurability of Nuclear EDM

L.l. Schiff, Phys. Rev. 132, 2194 (1963)

~

Schiff shielding datom datom +d eleus = 0
However datom — datom + d nucleus'_'t O
since nuclear charge distribution differs from EDM distribution.
2 1
datom OCLdnucleus : (rd )J atom
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Theories from CP violation to EDM

Fundamental theory

Wilson coefficients

Low energy parameters

Nucleus level

Atom/molecule level

------- A
| 6 CKM SUSY Multi Higgs LR-symmetry etc. |
o I R I R N ST \
L Cosor Ciaaf(1:8)s Conr g a’,,, semllef?l_llc"“d(,_}
¢ con}
Chupp et al.,
RMP 91, 015001 (2019)
A 4
Diamagnetic Paramagnetic
Solid state

Calculation of Schiff moments

« 19Hg: J. H. de Jesus and J. Engel, PRC 72, 045503 (2005)
« 225Ra: J. Dobaczewski and J. Engel, PRL 94, 232502 (2005)

- 171Yp: Jiangming Yao (3&;IBH) S. Wang et al.,

arxXiv 2610.22739



The Seattle EDM Measurement Spin

precession

B

199Hg: high Z, groundstate 'S,, |="1%., high vapor pressure

A
¢ _2uBx2dE o\
f— 2uB —2dE <15 Hz
|f+ — f-| <25 pHz
- Y,
Courtesy of Michael Romalis
The best limit on atomic EDM Unit (4 e

ED 4
EDM (1%%Hg) < 7 x 10 e-cm = ﬁ

Graner et al., Phys Rev Lett (2016) Y,




Optical Pumping

mg = +1/2
mg =-1/2 Alfred Kastler
7p 3P, 1966 Nobel
F=1/2 Optical pumping
Fluorescence

G,

Excitation
75215,
F=1/2




AC Stark Shift (Light Shift)

mg = +1/2 mg = +1/2

c, (o

On resonance Red detuned

Light Shift - Optical Traping
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Measure EDM in an Optical Dipole Trap (ODT)
M.V. Romalis and E.N. Fortson, Phys. Rev. A 59, 4547 (1999)

Arthur Ashkin
2018 Nobel
Optical tweezer

~ 1

e Fiber laser: A =1036 nm, Power =10 Watts
H=-dE = —ZaEg

e Focused to 50 um > trap depth 60 pK

EDM in an optical dipole trap

* vXxE,Berry’s phase effects suppressed

e Cold scattering suppressed between cold Fermionic atoms
* Rayleigh scat. rate ~ 101 s ; Raman scat. rate ~ 102 s1

* Vector light shift ~ uHz

e Parity mixing induced shift under control

* Conclusion: possible to reach 10-3° e cm for *°Hg



171Yb EDM Apparatus: Trapping + Science

Al
‘B
LY

Electrodes

Movable ODT (the “bus”)

Atom beam
_and trap

o, = 21L[B -+ 2dE E: electric field
T. precession time
@ =2uB—2dE g

h €. spin detection efficiency

QE\/’TNET T : time of average

N: atom number

0d =







Long spin coherence time (T,)

N+_N_ t
S, = N, TN = C exp 7 cos(2rft + ¢py) + O

2
ls 33s 66s
1 1 1
0 0 0
-1 -1 -1
s 0 50 100 0 50 100 0 50 100
=
2 100 s | 180 s | 300 s
0 \/\ O /\f O /v
-1 -1 -1
0 50 100 0 50 100 0 50 100

Time after polarization (ms)

« Vacuum-limited trap lifetime: 75 s

« EDM measurement precession time: 96 s
« Observed precession to: 300 s

« T,:(9+£4)x103s(2.5+1.1 hr)



Spin-state detection — conventional method

’5
| 6s6p *P e, =, Mg)
l .. 1 227 F
ot/ ! o 1
1 21 .
21 Yo A
05§y =— =— Ig;g,mF) 3 i 1 3
— 2 T2tz 2
— _|__
2 2
Bright state: Dark state: Bright state: Brighter state:
~ 3 photons i no photons, state i cycling,
before state : state preserved “demolished” i state preserved

“demolished”



Spin-state detection by a QND method

Yang et al., PRApplied 19, 054015 (2023)

6s8s3S| —

6S6p lP] v

399 nm A A 66p 3P,
I'R2r=

28 MHz 556 nm

652 1S v I'727 =182 kHz

Qcontror ~27T X 40MHz
Qprope ~ 2 X 70kHz

Spin flip suppressed by: Q2/(T,T.) ~ 10°

Need ODT to be at magic wavelength

688S351 ,'“- ,'"- ,'-"
F =3/2 ‘ ‘ 3

6s6p 3P, T .
F=32 w.. w.. Y.

x -Qprobe
6s2 IS¢ ¥ ¥
F=1/2

mr -3/2 -1/2 +1/2 +3/2

Dark state: i Bright state:
no photons, i cycling,
state preserved i state preserved

-- T. Zheng, M.S. Safronova et al., PRA (2020)



Spin-state detection by a QND method

Yang et al., PRApplied 19, 054015 (2023)

10" f e

f ~ = Atom shot noise

[ Photon shot noise 556
v 107! L Combined noise 556
L Ir ~—— Combined noise 399
s |
S107%;
> /°/;Of » Photons scattered
= 0
s " g

] S, non-QND: n ~ 2.5
810%Fes opst N
= S~ o QND: n ~ 23
S Atop™ > |
-4 L = - = .

o (U di S - . ~19 dB reduction of

I T~ i :

l[ LI & variance

Ll , . .. T |
10° 10* 10°

Atom number



Systematic uncertainties

- effects correlated with E-field flipping

B-field correlations  +6.7 x107%° 7.0 x 1074°

Leakage current 4.6 x 1072%°
Parity mixing —8.6x107%° 3.5 x 107%° ]

ODT power effect 0.5 X 10727

E-squared effect 0.1 X 1072°

Total —19x%x107%° 9.1 x 1072°



Parity mixing

Ave_re1p=+[vyp(b-o)(&- &)+ vy, (b-&)(&- ﬂ'}]i'ff_

Romalis and Fortson, PRA 59, 4547 (1999)

T-even, P-even, False EDM: d = d;sin(260 — a) + d,sin(a)

&€ : ac E-field of ODT
b : ac B-field of ODT

g, Static E-field
o : Quantization axis

- Static B-field

0: between € and &,

Parity mixing systematic (1072% ¢ - cm)

0 30 60 9 120 150 180 a: between o and &

0(°)



Parity mixing

Ave_re1p=+[vyp(b-o)(&- &)+ vy, (b-&)(&- ﬂ'}]i'ff_

Romalis and Fortson, PRA 59, 4547 (1999)

T-even, P-even, False EDM: d = d;sin(260 — a) + d,sin(a)

ODT,,, + ODT,,, = 2 x ODT,, ODT,, + ODT, =0

Calcite crystal ?:TO- Es ?:T‘T
e - : k|
RN = k ktb

A .

E

Residual parity—mixing effect : 3.5 x 1072 e - cm



EDM (10 *" ¢ - cm)

300

200

100

f—
o
e

-300

=]

171Yb EDM measurement results

-200

T T T T T 5d B h 1 2
ODT,p: (+4.27+0.54) x 10727 ¢-cm x2 = 1.1 = A R T 04B)
T i_=. |
-------- oiiaiaidi it ol oo oor-
! 1 E 236 kV/cm
ODT_j, : (—4.22+0.51) x 10727 ¢ - em y2 = 1.1 l T /5s
S S S — n 21k 21k
0 200 400 600 800 1000 1200 1400 1600 1800
Run number N, ~1x 10°
€d 0.5
dCYD) = (0.1 + 3.7 + 0.9yst) X 10728 e cm 5B ~1pT
Upper limit (95%) : |dC"'YD)| < 7.5 x 10728 e cm 1

2
o ~ —_—
¢(6B) N, e,

Measurement of the EDM of /1Yb atoms in an ODT. Zheng et al., PRL 129, 083001 (2022)
New limit on 71Yb EDM. Wang et al., c(20x improved over PRL 2022)



Global analysis
Chupp and Ramsey-Musolf, PRC (2015); Chupp et al., RMP (2019)

-

EDM limit 7.4 x107* 0.08 6500 0.14 1400
(1026 e cm) UWash16 USTC25 Yale91l PTB19 Argonnel6

Schiff moment 276 % 103

fmit (1019 & ) 0.36 15 5.2 1700

Schiff moment

= grNN (aog,fT ) + alg(l) + 629(2))

g: CP-violating coupling constants

(0) scalar (1) vector (2) tensor

a. nuclear structure parameters

New limit on 17Yb EDM.
Wang et al., arXiv 2610.22739




Gravity-Induced Transverse Vector Light Shift

« At force equilibrium, force-to-frequency conversion is robust
« Sensing weak force at um-range (1014 pN)
« General systematic effect in precision measurement and quantum computing

Spin-Precession frequency:

pmg
hv = 2uB — > sin(26)
0.4
0.2
- <l - iagy — 0_
L oA SZ_EO_ s
Pﬁ) 1 S y E oo
B N | =
L . -0.4 !
| | | |
I L , - _ 2
sl odag 06 g =9.8(5) m/s*
e Vector structure | | |
I |:' = E = .
TN T of a light beam -90 -45 0 45 90

0 (°)
Wang et al., submitted



Outlook #1

Upgrade: 171Yb EDM precision improves into E-29 e-cm

oo Larger E-field % Less B-field noise

< Longer trap lifetime < Optical cavity
E-field 54 E oDl

S
 Realized: 300 kV/cm, copper ’
«  Other works: 500 kV/cm, niobium )
- Ready et al. NIM A (2021) 1} A \\
0,7 ‘ ;\5\

B-field a Standard quantum limit l\\\}\
« This work: ~ 1 pT over 100 s 0 )

« Johnson noise of electrodes
* Niobium resistivity: py, = 8 X pcy, Magnetism?
« Use co-magnetometer (173Yb)



Cold-atom comagnetometry

via optical control of spin states
Zhang, Luo et al. Nat. Photonics, online (2026)

« B-field noise suppression factor: 30,000

« Ratio of nuclear magnetic moments R_171/173 = - 0.726076(3)

71Yh & 173Yb co-trapped

1.

X y |
@ .. ® ® ) mN
e o, ° e 0,
B () TIPS
¢ 171Yb
# 173Yb
-1 ‘ ‘ ? .
0 10 20 30 40

|W171> |W173>

Precession time - 10 s (ms)
R = w171 V171B
w173 V173B

171Yb 173Yb




173Yb (I = 5/2) decoherence in ODT

Prepare initial state: |+5/2), = 1 (1 V5 \/10\/10 V5 1)
V32

Problem: decoherence due to
spatially varying ODT light shift

H +
sy 4 4l ey
ity WI"H‘W J W;‘
Lt

FERRREILRL LARAY VLT,
’O'SiHH'( ’HM* R

i |

K 500 1000

Precession time (ms)

— Theory

t Experiment

ODT tensor shift: H, = Q(r)E?

Zeeman shift F,




Minute-scale Schrodinger—cat state of spin-5/2 atoms
Yang et al., Nat. Photonics 19, 89 (2025)

1
|+5/2) n—/2> |Cat) = — (|+5/2) + [=5/2))

V2
High — spin "/, pulse Zeeman shift 1,
4 )
H = Q(F, — sz)
tf=— Q=2z-05kHz| = |_—
=20 = 2m - 0. Z — )
Stark shift 1,2
4 N
Sf s {4 31.5 ‘ 3%6 3.7 16:3‘1 160.2 16;,3 16(|).4 162).5 k /

Coherence time ~ 1400 s




Search for Monopole-Dipole Interaction
or spin —mass coupling

2 O'b T 1 1 _r
Wi71 _ Y171B + V174 V(r)=h*g¢ gp S, r/1 e 4
w173  Y173B + Vi3

L s
near 10716 | o

far

R =

Moody and Wilczek, PRD 30, 130 (1984)

9.10_18

g8

1: 3He depolarization. PRD (2015)
2: 129%e-131Xe-Rb comag. PRL (2022) 1029 ¢

Estimated sensitivities of 172Yb-173Yb comag:
5: 70 um - version @ 100 h
6: Single-atom, 1 um - version @ 100 d




Outlook #2

171yp 225R g
2-electron system Group Il
Nuclear spin | =% Nuclear spin | =%
Stable and abundant Radioactive t,, =15 d
6585 35S, = 7588 35S, =xm
423 nm 784 nm
656 1P F/ZTC - 757 1P F/ZTC =
S ¥ 2.7 MHz S ¥ 8.8 MHz
399 nm 483 nm
127 = — 6s6p °P, Flom = — 7s7p %P,
28 MHz 556 nm 29 MHz 714 nm
1721t =182 kHz 1121 = 442 kHz
6s2 1S, =— 7215,
171 225 199
Yb Ra —~ Hg

E-28 e-cm E-28 e-cm E-31 e-cm



EDM of 22°Ra enhanced and more reliably calculated

» Closely spaced parity doublet — Haxton & Henley, PRL (1983)
« Large Schiff moment due to octupole deformation — Auerbach, Flambaum & Spevak, PRL (1996)
 Relativistic atomic structure (??°Ra / 1*°*Hg ~ 3) - Dzuba, Flambaum, Ginges, Kozlov, PRA (2002)

Parity doublet Schiff _moment = > (Wol5. é><l/Z|HPT vo) +c.c.
i#0 0 i

Enhancement Factor: EDM (?%°Ra) / EDM (1°°Hg)

Isoscalar Isovector
\/ Skyrme Sl 300 4000
f Y= (Joy — [B))/N2
Skyrme SkM* 300 2000
55 keV/ y
Skyrme SLy4 700 8000

———— W= ([ + B2

Schiff moment of ??°Ra, Dobaczewski, Engel, PRL (2005)

Schiff moment of 1°°Hg, Dobaczewski, Engel et al., PRC (2010)
\

“[Nuclear structure] calculations in Ra are almost certainly more reliable than those in Hg.”
— Engel, Ramsey-Musolf, van Kolck, Prog. Part. Nucl. Phys. (2013)

Constraining parameters in a global EDM analysis.
— Chupp, Ramsey-Musolf, PRC 91, 035502 (2015)
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