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Electric Dipole Moment (EDM) Violates BothPand T

/ A permanent EDM violates both time-reversal symmetry and parity \

Location Standard
Model
Electron 9x 102 Harvard (ACME) ThO molecules in a beam 10-38
Neutron 3x 1026 ILL UCN in a bottle 10-31
Nuclear 7 x 10-30 U. Washington 19Hg atoms in a cell 1033




More CP-Violation Mechanisms?

Matter-antimatter asymmetry

Require additional CP-violation mechanism(s)

Supersymmetry

More particles 2 More CP-violating phases

Strong CP problem

CP-violating phase in Quantum Chromodynamics
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Fortson, Sandars, Barr, Physics Today (June 2003)



EDM measurement principle
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The Seattle EDM Measurement

Q stable, high Z, J=0, | =%, high vapor pressure

/f+ 2B + 2dE 15 I—E
¢ _2uB-2dE _
\|f+_f_|< 0.2 nHz/
Courtesy of Michael Romalis
" The best limit on atomic EDM Unit (7 )

G

ED ~
EDM (1%9Hg) < 7.4 x 10 e-cm = /g

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




EDM of 225Ra enhanced

» Closely spaced parity doublet — Haxton & Henley (1983)

225 . . .. . .
Ra:  Large intrinsic Schiff moment due to octupole deformation
| =1
° — Auerbach, Flambaum & Spevak (1996)
t,,=15d o _
* Relativistic atomic structure (?2°Ra / 199Hg ~ 3)
— Dzuba, Flambaum, Ginges, Kozlov (2002)
Parity doublet

)= Z(wo ALANALEZY

i#0 Eo _Ei
Enhancement Factor: EDM (??°Ra) / EDM (1*°Hg)
Skyrme Model Isoscalar | Isovector

Sl 300 4000

= (o)~ [BHA2 -
55 ke SkM 300 2000
R SR | /2 (|OL> 4 |B>)/\/2 SLy4 700 8000

Schiff moment of 2°Ra, Dobaczewski, Engel (2005)

. Schiff moment of 1°°Hg, Ban, Dobaczewski, Engel, Shukla (2010)




Radium Source

Fr, Rn,...
~4 hr

/

N

233U
159 kyr

\Q

229Th
7.3 kyr

/

225R4
15d

* Up to 10 mCi (750 ng, 2*10715 atoms) %?°Ra sources from:

National Isotope Development Center (Oak Ridge, TN)

* Test source: 5 uCi (5 pug, 1.3*10716 atoms) ??°Ra

e Atomic Beam Flux ~ 10°/s 226Ra, 107 — 108/s 22°Ra



EDM measurement on 225Ra

Oven:
225Ra

Transverse
cooling

Magneto-optical
Trap (MOT)

Why trap 22°Ra atoms
e Large enhancement:

EDM (Ra) / EDM (Hg) ~ 102 — 103
e Efficient use of the rare 22°Ra atoms
e High electric field (> 100 kV/cm)

e Long coherence times (~ 100 s)

Optical dipole

trap (ODT)
EDM

measurement

e Negligible “v x E” systematic effect



6 ns

7p tP,°

0.4 ms

483 nm

Radium Atom Energy Level Diagram

2 V. Dzuba, V. Flambaum et al., PRA 61 (2000)
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e Linewidth ~ 400 kHz
» Cooling 7 uK, 14 mm/s

* B gradient~1G/cm

7e-10 262
6d 3D,
4e-5 2e-3
\ \ 0.7 ms
6e-4 6d 3D,

* Without repump, 1.7 x 10* cycles.
* With repump at 1428 nm, 1.7 x 107 cycles.



Collect Atoms in MOT

Ra(NO,),+Ba Transverse

Oven Ny

2D Focusing

HV Electrodes

(Low vapor pressure)

226Ra MOT

For EDM:

Ra-225
1=1/2,1=0

t,;, = 15 days
Activity = 3mCi
MOT = 2500 atoms

For Testing:

Ra-226

1=0,J=0

t,,, = 1600 yrs
Activity = 2uCi
MOT = 70000 atoms
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Transfer Atoms from MOT to “Bus” ODT

HV Electrodes
“Bu S” ODT P \ '; '\',,‘
N N “" I _
L\ . B8Y ™ Magnetic Shielding

7 ‘.‘ ,.4“ — .
Vi?, z¢ ‘ & Magnet Colls

Translation
Stage

MOT + ODT
80% Efficiency
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“Bus” ODT Atom Transport to Science Chamber

HV Electrodes

“Bus” ODT

. Magnetic Shielding
& Magnet Coils
Translation
Stage

5mm

ODT Transport (1 meter) CCD image

} 0.03
1‘ mm

—30% Efficiency of 6000
atoms

Traveling Wave
“Bus” ODT

@ 12



Transfer Atoms from “Bus” to “Holding” ODT

HV Electrodes

“Bus” ODT
50 W 1550 nm

Magnetic Shielding
& Magnet Coils

Traveling Wave
“Bus” ODT
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5
Transfer Atoms from “Bus” to “Holding” ODT

HV Electrodes

“Bus” ODT

SUW 1550 nm Magnetic Shielding

& Magnet Coils

/ Standing Wave

“Holding” ODT
10 W 1550 nm

Traveling Wave
“Bus” ODT
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Transfer Atoms from “Bus” to “Holding” ODT

HV Electrodes /
il )

Magnetic Shielding
& Magnet Coils

/ Standing Wave

“Holding” ODT

“Bus” ODT
50 W 1550 nm

' Yol > _ 10 W 1550 nm
Laser Cooling /
100 pW 714 nm _ Laser
Triveh[]g Wave  —» . = Cooling
Bus” ODT and B Field

o —
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Transfer Atoms from “Bus” to “Holding” ODT

‘ Magnetic Shielding
& Magnet Coils

/ Standing Wave

“Holding” ODT
10 W 1550 nm

ODT->0DT Transfer: 70% Efficiency
R. H. Parker et al., PRC 86, 065503 (2012) /00 atoms

Absorption Fluoresence
Imaging Imaging
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Application of Fields

.

4

| ~ 1 x 101 Torr

. ' : N ot ¢ e
Max = 75 kV/cm B gradient < 10 uG/cm
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EDM Measurement Principle
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Norm. Sig.

1.5¢

1_

0.57¢

O_

First Ra-225 EDM limit

3 mCi Run t 15}C) 6 mCi Run

® E-field Off Data
E-field Off Fit

A Parallel Data
Parallel Fit

v Anti-Parallel Data
= = = Anti—Parallel Fit

1940

1960 1980 2000 2020 2040 1990 2000 2010 2020 2030
Delay after polarization (ms) Delay after polarization (ms)

2040

dpa.225 = (-0.5 2.5, 0.2, ) x 10** e-cm
5.0 x 1022 e-cm 95% confidence upper limit

R. Parker et al.,, PRL 114, 233002 (2015)
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“Casimir” Run - Improvements

October + December 2014 June 2015

~150 Atoms —  ~G00 Atoms
2 s precession time é 20 s precession time

E-field on for 1.2 s é E-field on for 19.2 s




Improved Ra-225 EDM limit
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0.4
& AParallel Data
Parallel Fit

0.2+ ¥ V¥ WAnti-Parallel Data
- = = Anti-Parallel Fit
® o eo0ffData
lllllllllll O'f Fit

0

-10 0 10 20 30 40
Delay after polarization minus 20000 (ms)

1.4 x 1023 e-cm 95% confidence upper limit
EDM limit improved by factor of 36

M. Bishof et al. (Phys. Rev. C 94, 025501)




Systematic Effects & Projections

Effect Current Uncert. a Scen. Uncert. 3 Scen. Uncert.
E-squared effects 1x 1072 7 x 10729
B-field correlations 1 x 102 5 x 10727
Holding ODT power Correlations 6 x 10726 9 x 1073
Stark Interference 6 x 1072° 2 x 10727
Blue laser power correlations 7 x 10728 1x1073!
Blue laser freq. correlations 4% 1078 8 x 1073°
E x v effects 4% 1072 7% 1073
Leakage current 3 x 10728 9 x 10729
E-field Ramping 9 x 10728 2 x 107%°
Geometric phase 3x 1073 7 x 1073
Total 2 x 107%° 5x 10727

2 This uncertainty will improve with the statistical sensitivity of the experiment

see M. Bishof et al., PRC 94, 025501
and Romalis and Fortson, PRA 59(6) 4547 (1999)

Shortterm: <5x102%” ecm

Long term: <4x102%°ecm
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N
Room for Improvement: Detection with Electron Shelving

F =32 = —
P F=1/2 = =
1429%am
483 nm
3D
1Sq F=1/2 — -

1
o 2 4 6 8 10
Time (a.u.)

Yatom increases from 2.5 to 1000




Stat. Sensitivity Near Term Goal

h\/_

:2[?1'

Ad =

N: # atoms detected

E: Effective E-field (kV/cm)
7. Precession Time (s)

T4: Dead time (s)

T: Total time (s)

Yaom. PHOtONS per atom

Yiaser- PHOtONS per laser pulse

EDM sens. (e-cm)

o

SYiaser , 1

\

4y2, N2 = 4N
Currently
600
75
20
48
2 % 86,400
2.5
106

1x1023

X

2*(T+Td)

\ T

Near Term Goal

600

75

20

48

5 % 86,400
1,000
4x108

2x1025
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100x increase in N

310 m/s

v

" Slow, 483 nm

(o))
o

m/s

Atom Flux

<«

Atom Velocity
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Room for Improvement: More radium 233

. o 159 kyr
225Ra Yields e
225 ¢ 229Th
10d 7.3 kyr
2 S
Fr, Rn,... 225R3
~4 hr 15d
Presently available
* National Isotope Development Center, ORNL
« Decay daughters of 2°Th oo 225Ra: 108 /s
Projected
*  FRIB (B. Sherrill, MSU)
«  Beam dump recovery with a 238U beam ----------..o__. 6 x 10° /s
» Dedicated running with a 222Th beam  ---------------------- 5x 1010 /s

« |ISOL@FRIB (I.C. Gomes and J. Nolen, Argonne)
«  Deuterons on thorium target, 1 mA x 400 MeV =400 kW  10%3/s

MSU K1200 (R. Ronningen and J. Nolen, Argonne)
«  Deuterons on thorium target, 10 uA x 400 MeV = 4 kW 101 /s



Stat. Sensitivity Longer Term

h\/_

ZET

Ad =

N: # atoms detected

E: Effective E-field (kV/cm)
7. Precession Time (s)

T4: Dead time (s)

T: Total time (s)

Yaom. PHOtONS per atom

Yiaser- PHOtONS per laser pulse

EDM sens. (e-cm)

o

SYiaser , 1

\

4y2, N2 = 4N
Currently
150
75
20
48
2 % 86,400
2.5
106

1x10-23

X

2*(T+Td)

\ T

LongTerm Goal

5x106

150

40

10

60 x 86,400
1,000
4x108

1x10-28
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Argonne: Kevin Bailey, Michael Bishof, Matt Dietrich, John Greene, Roy Holt,
Peter Mueller, Richard Parker, Tom O’Connor
University of Kentucky: Mukut Kalita, Wolfgang Korsch
Michigan State University: Jaideep Singh, Steve Fromm, Tenzin Rabga, Roy Ready
USTC: Zheng-Tian Lu
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