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Low-energy precision tests

of fundamental symmetries and interactions
Complete control atoms, ions and molecules

Parity violation - weak interaction Is the electron round?

Trapped ions and polar molecules Molecules give the
Mixing of Z° with ‘dark’ Z4-boson? best eEDM limit
Marciano et al, PRL 109, 31802 (2012): Nat'ure 473, 493 (2011)
‘Parity violation as the portal to Dark Matter’ A0, 7584 (201

Symmetry violating effects increase faster than Z3
In atoms and nuclel



Questions
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Achievable precision
LHc @ ceR Theoretically tractable B Groningzn
Sensitivity to physics g

New particles ~ TeV Precision measurement ~ peV



Precision measurement = test of (extension of ) the Standard Model
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Compared to Cs (Wieman)
50 x enhanced
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close-lying rotational levels:
104- 10° enhancement



= /= Ultracold heavy diatomic molecules

Travelling-wave deceleration + lasercooling:
SrF for atomic parity violation (recent interest in RaF, Isaev, Berger et al.)

KVI

S.Hoekstra et al. (RUG)




Lorentz Symmetry Breaking in
weak decay

Lorentz-symmetry breaking in weak decay developed
+ applied to  decay.

J.P. Noordmans et al., Phys. Rev. C 87 055502 (2013)

S.E. Miiller et al., Phys. Rev. D 88 071901(R) (2013)

Theory + Experiment (‘70s) “Forbidden” 3 decays, reanalyzed, complementary
LSB bounds derived

J.P. Noordmans et al., Phys. Rev. Lett. 111, 171601 (2013)



Electric Dipole Moments

H=-(d E+1 B)-J/3
d - EDM,
1L - magnetic dipole moment,

EDMs violate
- Parity
- Time Reversal

J - Spin



Many Possibilities
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Fundamental EDM Observable Dipole Moment



Measure EDM (I=1/2)

H=-(dE+uB)-I/

m, = 1/2 parallel  anti-parallel
BY IE BIIE
20 |20,
(O8] -
Difference Frequency ®=2w-20,=4dE/h

d=10%%ecm, E =100 kV/cm,
= w=157*10° rad/s



Sensitivity of EDM Experiments

Efficiency
Measurement Time
Spin Coherence Time
Electric Field
Incoming Flux
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Parameters to be optimized
are different for all EDM searches



Fortson et al.

Nuclear EDM
19Hg EDM Experiment 3!(3

Synchronous Optical Pumping

. B

M

mrchc:-p_ O armor S
Monitoring Spin Precession

B oL,

A, @L

Oy <3.1x10%ecm (95%c.l.)

Griffith et al., PRL 102, 101601 (2009)

« Long coherence time

« Large number of particles

e Suppression of systematics
Expect improved result in next decade



Search for the Permanent Electric Dipole
Moment of 1%°Xe
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129Xe/3 He spin clock

Aim at O(10%) Xe EDM limit improvement

0
S:[ o] t = 1.000
i

Spins of 129%e  after 1s rotation:
(static holding field, additional rotating field)

* Very precise spin clock, crucial to understand spin clock systematics (Xe, Ra, Hg...)
* Search for P&T violation; search for Physics Beyond the Standard Model.

* Simulations to understand systematic phase shifts.
* Collaboration: Mainz, Heidelberg , Groningen (DPG Hannover 2013, AMO Lunteren 2013)



Permanent electric dipole moments

2011: e-EDM YbF molecule result (Hinds et al, London)
2013: e-EDM ThO molecule (DeMille, Gabrielse, Doyle, Yale/Harvard)
2002: e-EDM Tl atoms, / /2009 EDM Hg (Fortson et al, Seattle)

(Commins, Berkeley) \
=

Next-generatlon using cold molecules, Xe, Ra
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EDM of 22°Ra Enhancement

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

225 . . .. . .
Ra:  Large intrinsic Schiff moment due to octupole deformation
| =%
° — Auerbach, Flambaum & Spevak (1996)
ty,=15d - _
* Relativistic atomic structure (?2°Ra/ 19°Hg ~ 3)
— Dzuba, Flambaum, Ginges, Kozlov (2002)
Parity doublet

l//0>—z<l//0 5, '><Wi HPT|W0>+CC

S E(l,uo §z - .C.
i#0 Eo _Ei

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

Skyrme Model Isoscalar | Isovector Isotensor

“ W= (Jo) — [BY)A2 slii 300 4000 700
55 keV Sk * 300 2000 500
P (o) + [BY)A2 SLy4 700 8000 1000

Schiff moment of ?>Ra, Dobaczewski, Engel (2005)

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

from Peter Mueller



Enhancement in Radium

EDM Enhancement

Atomic Structure:

_ <D, |-er| "R >< B[ Hep | D, >
E(D)-ECR)>
Nuclear EDM in 3D, state

714.3 nm 40000
Radium Electron EDM in 3D, state
Atomic Level Structure 5000

75% 1S,

Dzuba, Flambaum, Bieron

In addition: Schiff moment due to octupole as discussed by P. Butler



Radium Isotopes

Lifetime Spin

206pp + 12C=> ARa + (218-A) n

209  4.6(2)s 5/2
>
" [oean ] C |21 13(2) s 1/2
? 212 13.0(2) s
...... _3_
o | 213 2.74(6) m 12 ¢

214  2.46(3)s

221 28.2s 5/2
223 11.43(5)d 3/2

A — RF(5 (Paul trap) 224 3.6319(23)d

1 Rate after 5x10*/s

Sources or fragmentation

225R4 225 14.9(2) d 12 <
Electrochemical extraction from 22°Th source (ANL) 226 1600y
Long lived 22°Th source in an oven (TRIpP@KVI

L (TRILP@KVI) 227 42.2(5)m 3/2

Other Isotopes
Online production at accelerator facilities 229 4.0(2) m 5/2
TRILP@KVI ( flux ~ 105/s)
ISOLDE , CERN ( flux ~ 10%/s)

O1> NV




Sources & Isotopes

225Radium (from sources)

Long lived 22°Th source in
crucible (TRIMP@KVI)

Electrochemical extraction
from 22°Th source (ANL)
regular filling required

Isotope Production Facilities
ISOLDE, CERN ( flux ~ 10%s)
FRIB, MI, USA ( flux ~ 10%s)
ISOL@MIRRHA even higher

filled with
225Th 10uCi

Experiment seems feasible with modest
(< 10 mCi) ?5Ra sources.

Radium oven

Stern man

Geiger
counter

Argonne
National Lab

Special thanks to our health physicists Paul Niquette and Lee Sprouse.

Isotope Half life (t,),) Nuclear spin (1)
225Ra 14.9 days 1/2
223Ra 11.4 days 3/2
?13Ra 2.74 min 1/2




Trapping of 22°Ra and %22°Ra Atoms

Py

e Key 225Ra frequencies, lifetimes measured
Scielzo et al. PRA (2006)

e 225R3 laser cooled and trapped!
Guest et al. PRL (2007)

Repump

'.
Laser-coolin
[ Ra atom trap! J
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I Jga atomic beam
O .I 1 1 1
-4 -3 -2 -1 O 1 2 3 4

Probe frequency shift (MHz)

From Peter Mueller, ANL



Radium cooling

Parameter 483 nm 714 nm
Maximum deceleration (a) 330 x 10° m/s? 3 x 103 m/s?
Distance to stop 300 m/s (d) @ @
Doppler cooling limit (T) 700 puK 9 uK
Recoil limit (TR) 180 nK 83 nK

e transition leak rate 1:350 » transition leak rate 1:25000

* Indispensible repumping * 1 m slowing section

* 0.1 m slowing section 0.06% of all atoms
60 % of all atoms 0.6% with repumping



Heavy alkaline earth: Ba

Efficient capture from atomic beam: >1%

multi-color, multi level laser cooling
S. De et al. PRA 041402 (2009)

Alternate way pursued at ANL (Ra): <10°
single color, two-level laser cooling
Guest et al. PRL 98 093001 (2007)

Lasers s00mm 65 W, 3=
PMT with filter 1130 nm (40 mW, 8= 0 MHz)
ath,or g

)"lrl
fiber laser

Vertical MOT beam
not shown

Slowing beam
Ao 25mW,
0 =-220 MHz

Ba Oven
~820°K

90 mW

;"ira
fiber laser

magnetic field coils

MOT beams trapping )
20 MW, @=12 mm laser )"1 diode laser
6 =-10 MHz

659.7nm
10 mw 1500 nm, 5mW, &= -80 MHz

1130 nm, 25 mW, § =-105 MHz

e MOT signal

e Doppler-free beam signal
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7s7p P,

714.3 nm
Trapping

752 1S,

v" Ti: Sappire laser @ 966 nm
Second harmonic generation (KNbO;) ->483 nm

v" Semi-conductor Diode lasers @
v'714 nm, 50mW, stabilized to frequency comb

v" Repump lasers, 1428nm, 1488nm



Example: 22°Ra Spectroscopy
75%1S, - 7s7p 3P, Weak transition, trapping

7stpp,  F
3/2
—C]_/z
7s7p °P
7s6d 1D, 2 o
3/2
1/2

714.3 nm

Absolute Frequency:
Offset from a 271, line
702(2)MHz
1/2

Calibration by I, transition and
frequency comb

Rate [1/s]

Frequency Comb

i M bl Nl
LRI

Offset Frequency to '?'l, reference line [MHz]

#Ra comparable to 1s beam at ISOLDE
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Sensitivity of EDM Experiments

Efficiency ~1
Measurement Time = 10°s
Spin Coherence Time =10s
Electric Field = 10° V/cm
N/At

Average Trap population = 10°
measurement cycle time ~7

Sensitivity for nuclear and electron EDM
in one day of measurement time possible
(requires Ra rates as available at ISOLDE)
Ad = 6 104" ecm (in 1day)
d, = dy,/Enhancement
same physics sensitivity as *°Hg



Atomic Parity Violation
in Ra*



Weak Interaction in Atoms

Interference of EM and Weak interactions

'+ @ - $ ‘9 ) ‘5’
s + + 12
- EM  Weak - : Weak - Weak -




Weak Interaction in Atoms

Interference of EM and Weak interactions

e Radium ion
7P,
708 nm Ra+
m 6D/, | Weak. 6D3/2
L D, nteraction
No dipole Eﬂ I°NC Dipole
468 nm transition! transition!

Elnc=K.Z3Q, = K.Z3 (- N + Z (1-4sin° 6)))
/ S

Ra*@TRILP 3% accuracy: Theory@KVI



Weinberg Angle 9,

sin%(0,,) :& - (M,,/M,)?) + rad. correctiory New Physics
—~—
Standard Model

Planned experiments

APV(Ra") MESA Qweak ¢+ SolLID
Moller

{ v-DIS

107 1 10 102
Momentum scale [GeV]




Physics Beyond the SM

6 Qu
\ /I\Z = 500GeV

Extra Z’ boson in SO(10) GUTs:

e Additional U(1)’ gauge symmetry

e Does not affect ordinary Zand W
physics

e Assume no Z-Z' mixing

50, =N +2)2(Eh ) k| ¢ #

ZI
Londen en Rosner (1986)

Marciano en Rosner (1990)
Altarelli et al. (1991)

Bounds on M,, from APV
(68% confidence level, = 52° )
e With current Cs result
M,> 1.2 TeV/c? (wansbeek et al.. PRA (2010))
* Range for Ra* (5-fold improvent)
> 6 TeV/c?

From High Energy Experiments
Tevatron

M,.> 0.9 TeV/c?
Expected Range LHC

M,. ~4.5 TeV/c?

1000GeV



Scaling of the APV

increase faster than 73 (Bouchiat & Bouchiat, 1974)

<n81,2‘HW ‘nPl,2> o« K Z° K. relativistic enhancement factor

3
2000 Z°K

1 " Ra* effects
é 1500} larger by:
= I 20 (Ba*)
Q ;
= T 50 (Cs)
= .
- 500} 23 L.W. Wansbeek et al.,

: Phys. Rev. A 78, 050501

i (2008)

0

20 40 60 80 100
Atomic Number

= 5-fold improvement over Cs feasible in 1day

Relativistic coupled-cluster (CC) calculation of E1,,, in Ra*
El ey =46.4(1.4) - 10tiea, (-Q,/N) (3% accuracy)

Other results:

45.9 - 10 ieay (—Q,/N) (r. Paletal, Phys. Rev. A 79, 062505 (2009), Dzuba et al., Phys Rev. A 63, 062101 (2001).)



Experimental Method

I
7P312
7P112 6D
— 6D 4enP
3/2 En 3/2 c
E2p E2E1P
A
E2/ Eine AR
wo wo+ ADiff
..... wO Energy splittings
 / not to scale
7s112 & r‘P112 Scalar Light Shift
P Even Vector Light Shift
m=-1/2 P Odd
Zeeman Shift
2 E?2 PNC |2 E2 |2 PNC ~E2
QQ° = |Qm’m T Qm’m ~ |Qm’m| + 2Re|Qm’QO’m

N. Fortson, Phys. Rev. Lett. 70, 2383-2386 (1993)
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Level Scheme of Ra*
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Laser Spectroscopy in Ra®
6d”D;/, HFS measurement

211.209Rga" (1=5/2)

752814’2

> (1079 nm) [ THz amu ]
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Probe of atomic theory & size and shape of
the nucleus

This work  Theory

HRat LA 1512 155" [4], 150" [10].155* [16
B 103(6 147(12)" [10
"Ra* |LA__148(10) 153 [4]. 148* [10]. 153" [16]
B 104(38) 122(12)* [10]

~3,50

Probe of atomic wave functions at the origin

N
(=1
o

1000

Fluorescence Signal@468nm [a.ui
3
(=}

AT 1 | T T 1T [ T T 1T [ 1T 1T T [T T T T
\ \ [ \ \

I R | e . .-“ ¥ e L h__‘é u
0 -1000 2000 3000
Laser Frequency - Comb Frequency [MHz]

Y]
o
S

O. O Versolatao et. al., Phys. Lett. A375 (2011) 3130-3133
6. S. Giri et al. Phys. Rev. A 84, 020503(R) (2011)

[10] B.K. Sahoo et a/. Phys. Rev. A, 76 (2007)

B.K. Sahoo et al. Phys. Rev. A, 79, 052512 (2009)



Ra™ measurements

Hyperfine Structure:

Atomic wave functions at the origin

Fluorescence Signal at &, [a.u]

Lt A t ! !
2000 3000 4000 5000 6000 7000
Laser Frequency - 277,810,000 [MHz]

i [
Isotope Shifts: VAR
Atomic theory & size and shape of the nucleus| & [ /% P
5 + = b
= T T,

Laser Frequency - 277,804,000 [MHz]

State lifetime:

Probe of S-D E2 matrix element

Il 1
0 0.2 0.4 0.6 0.8
Time since beam off [sec]

Fluorescence signal at 468 nm [a.u.]

agreement with theory at % level (Safronova, Sahoo Timmermans et al.)



b:x

EMCCD camera image

Single trapped Ba* ion

Iso-electronic to radium
Develop apparatus & techniques

5D;,, state lifetime measurement
Single ion quantum jump spectroscopy

2T
PMT counts

x*

o 88 88EEYSESE

e o

Featured in Universiteitskrant (Oct 2013)

Photo: Pepijn van deh Broeke

asure lifetime and transition freqgs

6P3/2 ——

6P — \\
. S, T~30s

Ba* 2

,/
493 nm /
7

) 7 Determine D-state
L matrix elements




Ra* Clock

Narrow transition, ultra stable lasers

Low sensitivity to external fields for some transitions (1=3/2)

(C) 223,227Ra+

(a) 226Rgt , Repump (1=3/2)
(|=0) 7p P3/2_ 107? nm 7p7—P —
2 802 nm 3/2
7p°Py) 2P, e
382 nm 6d2D5/2 7 =297(4) ms 6d2D5/2 — F=3
Pump | .4, — 6dzD3/2 T=627(4) ms F=0
468 nm 7 E%
75?51/, z e g%c;nlq 7%S, ), F=2
:.. Clock 2 828 nm
728 nm
Major systematics: do/dt . : -
A : _a Atomic Parity Violation | Laser wavelength
Quadrupole shift relative strength
2T Al <101 [Itano] 1 [Dzuba, Flambaum] Z small deep uv
atomic theory
199Hg 10-17 [Itano] -400 [Dzuba, Flambaum] . deep uv
difficult to treat
relativististic effects .
213Ra < 1017 [Sahoo] 400 pversolato et al ] diode lasers

structure calculable




Ra* Clock

Narrow ftransition, ultra stable

223,227R g+ lasers

(1=3/2) Low sensitivity to external fields

(for I=3/2)

Time variation of fine structure
constant

nTmhn,m
Wonunn

Ne=O W

Major systematics: Quadrupole
shift

7s%S,

<10"® 22°Ra* Atomic Clock

@

2x260 km

0. O. Versolato, et, al, Phys. Rev. A 83, 043829 (2011)



Symmetry violation Tests with nuclear Probes

Unique possibilities to test Standard Models
Requires access to isotopes (available at facilities)
EDM in Radium and **°’Xe

Atomic Parity Violation in a single Ra*

—1200
3

Planned experiments
MESA Qweak ¢ SoLID
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