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Measurement of the electric dipole
moment (EDM) of 171Yb atoms in an
optical dipole trap (ODT)
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Permanent EDM violates P-, T- symmetry

Induced EDM: Energy = —%aEz

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 ,QKphase

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



Searching for EDM in three different categories

PSI, US, Germany,

Neutron, proton
Japan, KAIST

UWash, PTB, Nuclear Schiff moment \ New physics
Argonne, USTC, Diamagnetic Hg, Xe, Yb, Quark-chromo-EDM beyond SM:
CENTREX, UChicago GEMEAV-V{ 1 (o]:)) 4 fermions, 3 gluons SUSY et al.

ACME, JILA Electron

Imperial college Paramagnetic Electron-EDM, Engel, Ramsey-Musolf,
van Kolck, Prog. Part.
ECNU YbF, ThO, HfF* electron-quark force NIRRT I

Upper limit Value in Standard
(e-cm) model (e-cm)
Electron 4 x 1030 HfF* trap, ThO beam 10-3>
Neutron 2 x 10726 Neutrons — bottle 1032
199Hg 7 x 10730 Atoms — vapor cell 10734
171Yb This work  Atoms — trap 1034




Standard Model Prediction for Paramagnetic eEDM
Yohei Ema, Ting Gao, Maxim Pospelov, PRL 129, 231801 (2022)

& =d, +Cgx15%x1072 ¢cm

o | Spin-dependent interaction
are electron in heavy atoms and molecules

CP violation via CKM matrix mechanism



The Seattle EDM Measurement

stable, high Z, groundstate 'S, | =%, high vapor pressure

7= 2uB +2dE <15 Hz
r = 2uB - 2dE <15 Hz
h
Ify — f-] < 25pHz
Courtesy of Michael Romalis
The best limit on atomic EDM Unit (4 &

ED &
EDM (19°Hg) < 7 x 1030 e-cm < ﬁ

Graner et al., Phys Rev Lett (2016)



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

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

4 e Focused to 50 um -> trap depth 60 uK

EDM in an optical dipole trap (ODT)

« vXxE,Berry’s phase effects suppressed

* Cold scattering suppressed between cold Fermionic atoms
* Rayleigh scat. rate ~ 101 s'! ; Raman scat. rate ~ 10?2 51

* Vector light shift ~ uHz

e Parity mixing induced shift under control

e Conclusion: possible to reach 103 e cm for 1°°Hg



1717Yb EDM Apparatus: Trapping + Science

N

if— a Movable ODT (the “bus”)

B
\

Atom beam

Electrodes

o = ZIUB + 2dE E: electric field

T. precession time

w_ =2uB-2dE N: atom number

h €. spin — state detection efficiency

2VE /TNET T : time of average

od =






Spin-state detection — conventional method
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~ 3 photons : no photons,
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Spin-state detection by a QND method

Yang et al., Phys Rev Applied 19, 054015 (2023)

6s8s3S| —/—
6s6p 1P| ——
399 nm
L2a=
28MHz 556 nm

Qcontror ~2m X 40MHz
Qprope ~ 2 X 70kHz

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

Need ODT to be at magic wavelength

658533
F=3/2 oS S I
ot Qcontrol

6s6p 3Py *¥ ¥ ¥
F=372 “.. vw.. ..

x Qprobe

6s2 1So
F=1/2
mg -3/2 -1/2 +1/2 +3/2

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

-- T. Zheng, M.S. Safronova et al., PRA (2020)
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Spin-state detection by a QND method

Yang et al., Phys Rev Applied 19, 054015 (2023)
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-~ = Atom shot noise
Photon shot noise 556
Combined noise 556

~—— Combined noise 399
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Atom number

 Photons scattered
non-QND: n ~ 2.5
QND: n ~ 23

e ~19 dB reduction of
variance



Long spin coherence time (T,)

N+ - N_ t
S, = C exp — cos(2mft + ¢py) + O

N, + N_ 3
ls 33s 66 s
1 1 1
—, =l = .
] 0 50 100 0 50 100 0 50 100
5D
n 100s , 180 s i 300 s
0 \/\ 0 /\/ 0 N
-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)



Systematic errors

- effects correlated with E-field flipping

B-field correlations 2.5 x 10748
Parity mixing 2.6 X 10728
Leakage current 0.9 x 10728
ODT power effect 0.1 x 10728
E-squared effect 0.1 x 10748

Total 3.7 x 10748



—_
=

I
et
-

T

Parity-mixing term (10726 e cm)
o

Parity mixing

o 1 il - e ral 2 A el Pl Fal
Avp_jr1p=+[vip(b- o) (& &)+ vy (b-&)(£- @) m
M.V. Romalis and E.N. Fortson, Phys. Rev. A 59, 4547 (1999)

Av o — 2 ; 2 §in(26), (0< 0 < ) T-even, P-even
yet EDM-like
| |—Fitted line

$ Experimental data

¢ : ac E-field of ODT
b : ac B-field of ODT
g, : Static E-field

o : Quantization axis

Xf = 0.6

n W‘/4 wl/z 3%/4 ﬂ Static B-field

ODT polarization angle ¢
measurement : 1.2(2) x 1072 ecm (- &5 =€ -0 =+2/2)
calculation: 2x107**ecm (e-es=¢-0=12/2)



Parity mixing

M.V. Romalis and E.N. Fortson, Phys. Rev. A59, 4547 (1999)

4 N

ODT, i i ODT Control:
0 . k b -
- 0 = n/2 + 80 mrad
E l \ k l_\_ '
b € ' (0,-06)=0=x3 mrad

N 2N /

« Average between ODT+ and ODT-

« Residual parity mixing effect: 2.6 x 1072 e cm

« Future: better k+ and k- balance in an optical cavity



17Yb EDM measurement results

dy; /1076 e cm

70s 100s

60 T T T \: T T
EOD’I_ :+0.0440.38, x2, = 1.18 - 5d = h | 4 o2
: - 5B
! 2ET\/E N.€e4 $0B)
| E: 192 kV/cm

40 [ODT, : 4 0.67 +0.24, x2, = 1.16 \ODT : - 0.37 £0.31, X2, = 1.15 | T° 60 —90 s

_600 100 200 300 400 500 N: 8 %X 104

Segment
* Average ODT+ and ODT- to cancel parity-mixing systematic €q. ~50%
d

T : 840 h (40 days)
d(171Yb) = (0.3 & L.4gpar + 0.45y5) X 10727 e cm

2 ~ 1
Upper limit (95%) : |d(171Yb)| < 2.8 X 10727 e cm T(om) =~ 3 X Ngeg

* B-field noise due to
Upper limit (95%) : |d(171Yb)| < 1.5 X 1072 e cm Seebeck effect
T.A. Zheng et al., PRL 129, 083001 (2022)



Upper limits on Schiff moments

Diamagnetic 205T|19F 129% @ 171YDp
system

EDM limit 7.4 x 1073 6.5 x 104 1.4 x 10*
(1027 e cm) UWash16 Yale91 PTB19 USTC23 Argonne16
Schiff moment limit -3
2.6 X 10
TR 15 5.2 16 1700
| 1.2 300 7,,, 1100
Schiff moment calc ~ —147mp _ 11"1‘;“ L.75 Nnp —1.4 7y, - m; 0377
-8 %) ' ampbaumuo,
(108 e fm?3) Flambaumgé . o.  Flambaumgé Dzuba07 Auerbach9b

% First 71Yb EDM result constrains BSM physics on the same order
as 129Xe, 22°Ra, 29°TI'°F, all lagging behind "9°Hg.

* Global analysis needs different systems with complementary
sensitivities to BSM parameters, rather than °°Hg alone.

T. E. Chupp et al., Rev. Mod. Phys. 91, 015001 (2019)



Need Theory on Schiff Moment of '71Yb

-
Fundamentaltheory | § CKM SUSY Multi Higgs LR-symmetry etc. |

&

f ~ - . A
Wilson coefficients ! Coeer Cogge(18), Cpy dy d,q  semileptonic  d j
L o

Low energy parameters

Nucleus level

Atom/molecule level

Paramagnetic

T. E. Chupp et al., Rev. Mod. Phys. 91, 015001 (2019)



Outlook #1

Upgrade: '"'Yb EDM precision improves into E-28 e-cm

oo Larger E-field % Less B-field noise
< Longer trap lifetime “ Optical cavity
E-field

« 2023 setup: 200 kV/cm, copper
« Other works: 500 kV/cm, niobium - Ready et al. NIM A (2021)

B-field

« This work: ~ 3 pT over 100 s, Seebeck effect due to ODT heating
« Environmental noise: ~ 1 pT, use magnetometers

« Johnson noise: ~ 0.6 pT, use co-magnetometer ('73YDb)
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Outlook #2

171Yp 225R -
2-electron system Group Il
Nuclear spin | =" Nuclear spin | ="
Stable and abundant Radioactive t,, =15 d
6885 3S | == 7888 3S | mem
423 nm 784 nm
6s6 1P 2t = 757 IP 12t =
P 2.7 MHz PT 8.8 MHz
399 nm 483 nm
—— 3 \ 4
= 6s6p 3P, /o5 — 7s7p 3P,
28 MHz 556 nm 29 MHz 714 nm
I727n =182 kHz 127 =442 kHz
6s2 1S, =— 7s2 1S,

171Yb 225Ra 199Hg
)
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 / 199Hg ~ 3) — Dzuba, Flambaum, Ginges, Kozlov, PRA (2002)

/:IPT|W0>

Parity doublet Schiff _moment = Z Wol Sl ) (v +c.c.

i#0 Eo _E/

Enhancement Factor: EDM (?2°Ra) / EDM (1°°Hg)

Isoscalar | Isovector
Skyrme Sl 300 4000
f ¥= (o) — B2 Skyrme SkM* 300 2000
55 keV
I ST (|OL> N |B>)/\/2 Skyrme SLy4 700 8000

Schiff moment of 22°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)



Population Fraction

Ra-EDM Results

Argonne National Laboratory

2007 — Laser trapping of 22°Ra
--- Guest et al., PRL 98, 093001 (2007)

2014 - EDM < 5.0 x 1022 e-cm (95%)
--- Parker et al., PRL 114, 23302 (2015)

First EDM measurement on octupole
deformed nucleus
2015-EDM < 1.4 x 1022 e-cm (95%)

A Parallel Data

Parallel Fit
V¥ Anti-Parallel Data

= = = Anti-Parallel Fit
& Off Data

----------- Off Flt

& 0 0 20 30 40 - Bishof et al., PRC 94, 025501 (2016)

Time after polarization minus 2x10* (ms)

EDM limit
T (S)
kV/cm hour (e cm) 95% c.l.

0.2% 400 1.4E-23

Yb-1 A 192 96 50% 80,000 840 2.8E-27
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233U

225 i
Ra Yields 159 kyr

225AC 229Th
10d 7.3 kyr

Fr, Rn,... 225Ra
~4 hr 15 d

Presently available
» National Isotope Development Center, ORNL

« Decay daughters of 29Th "7 77 7777m7mmmmmmmmmmmmmmmeeees 225Ra: 108 /s
Projected
 FRIB (B. Sherrill, MSU)

«  Beam dump recovery with a 238U beam ------------omoo-- 6 x 109 /s

« Dedicated running with a 232Thbeam - 5x 1010 /s

« MSU K1200 (R. Ronningen and J. Nolen, Argonne)
«  Deuterons on thorium target, 10 uA x 400 MeV = 4 kW 10" /s



