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Searches for Electric Dipole Moments/Parity Violation
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» Testing the Standard Model with instable Molecules, Atoms and Particles

» Discrete Symmetries and their Conservation / Violation

» Ingeneral: Few Valence Electron Systems - Privileged
Heavy Atoms - Advantageous
Radioactive Species - Some Opportunities

» EDM Searches with Enhancement in Atoms, Molecules (& Some Nuclei)

» Perspectives in the Period to Come Due to Technology Advances
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Standard Model Tests

MATTER  FORCE

> Standard Model (SM) of particle physics is ufc]t]
Best Theory we have

» Still large number of open questions
e.g. particle masses, origin of parity violation, ....

Direct: _ Indirect:
Searches for New Particles High Precision Measurements
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Equivalent
Approaches

ERN e.g. LHC Small institutes e.g. VSI ..

e.g. Discovery of Higgs boson,..

e.g. Atomic Parity Violation,
also: Difference Matter-Antimatter ... EDM searches, .....



Discrete Symmetries
C,P,T,CP,CPT




An EDM

Violates P, T

5 ®
4

and with CPT also CP




Permanent

Electric Dipole Moments

- Electron: clean and ready for New Physics

-> Hadrons: depend on 0, in Standard Model




Spin of Fundamental Particles

S is the only vector characterizing a
non-degenerate quantum state

magnetic moment:

= 2(143,) P, 1S

electric dipole moment:

—

dx = Tl |'le c-l 5
magneton:

Ho,= €h / (2m,)

9.7¢10'2 e cm (electron)

Moy €1 S = {4.6-10'14 e cm (muon)
5.3¢10> e cm (nucleon)



Instable Particle EDMs

> In principle EDM not forbidden
4 in instable states
0 - e.g. transition dipoles exist
]

> Heavy (therefore instable) atoms
have general advantage
- deformed nuclei
- Z* enhancement (x typically 2...3)

/\‘/ > Instable particles may have detection

]
l advantage
: -> B — asymmetry
—> are there oscillations in EDMS ? (axions)




An EDM

Violates P, T

5 ®
4

and with CPT also CP




Possible Sources of EDMs

Model for Particle Hadron Nuclear Atomic/ Observable
CP Violation EDM EDM EDM Molecular
; EDM
EDM
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Leaves somewhat restricted room for SUSY ...

The numerically best experiment until now- **Hg @Seattle -




Lines of attack towards an EDM

Free Particles o _|I‘_||9 Xe Atoms

Ik Cs Rb
deuteron Ra R%
bare nuclei ?

— particle EDM\ Fro... — electron F™

— unique information ——

— new insights Electric EDN\So

— new techniques Dir-" d‘o“’\c

— challenging oy o

technology

Sele . GINCE Ne _> electron EDM
— strong enhancements
— systematics ?7?

o _

A2 BaF , YbF garnets \
PbO ,WC Gd;Gas0,,
PbFE ThO Gd,Fe,Fe,0,, | Condensed State

Molecules HfF* ThF* solid He ?
Va - AS RaF, |iquid Xe




Enhancements of particle EDMs

N d
atom 3 2
L) ] X L7
.\\ /j de X P. Sandars, 1968

<ndl—de(8— 1Y Eln/ l+1><n/ I+ 1] —efn,l >
datom = Z | d ) E | — Ei a1 | d +h.c.
T, T

n!

= go for heavy systems, where Z>>1, e.g. Hg, Xe
— take advantage of enhancements, e.g. Ra, Rn

= consider molecules such as YbF, RaF, ...



Highlight: ThO electron EDM experiment

T h + gext

filif ROUND IS THE ELECTRON?

€~ PoaZ/ay?

due to relativity
(P.G.H. Sandars)

E = 80 GV/cm

e
O_ (depending on theorist)
. ~ 1V/cm enough for ThO
E 05F.... J 1k}[k 1 }i ________ D}% y New Iimit for e-
- " | } % } } | d,<8.7*10% ecm
i H 2T M 1038 -+ -+ -+ -+ -+ 0
Doyle, Gabrielse , DeMille SN R (90% c.l.)

5%/ mivret /v Experiment presently taking further data



Atomic/Molecular Enhancement Factors

for Electron EDM

Enhancement 24 125 585 1150 40000

Flambaum, Dzuba, 2012

[ Particle!™" [T [¥ho| TBarT| VBRI TRBOT watch ou:

Saturation

Enhancement 10° 5x10° 1.6x10° 6 x10°

— different theorists agree, typically at 30% level



Radium Isotopes

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

Lifetime Spin
I 206ph beam I

209  4.6(2)s 5/2
211 13(2)s 12 <€

212 13.0(2) s

213 2.74(6) m 1/2

TRIWP@KVI

214  2.46(3)s

Thermal ionizer

vi> NV

T s
cabt = ﬁ\ S |221 282 5/2
<> st To RFQ (Paul trap) % 5
. Rate after 5x10%/s £ |223  11.43(5)d 3/2
°Ra 2
extraction from 22°Th source (ANL) > | 224 3.6319(23)d
: 229 i =
Long lived 22°Th source in an oven (VSI) = | 5c 14.9(2) d 12 <
Other Isotopes 8
Online production at accelerator facilities L | 226 1600y
. 3 | 227 42.2(5) m 3/2
TRILWP@KVI ( flux ~ 10°/s) (until 2013) wn '
ISOLDE , CERN ( flux ~ 10%/s) 229 4.0(2) m 5/2

o universityaof FRIB
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Radium EDMs

Atomic energy level diagram of Ra

7s7p 1P,
> Nearly degenerate opposite parity
756d 1D ’ 3P, and 3D, enhancement 5000 e EDM
2
1 g d_<3D1|—er|‘°’Pl><3P1|HEDM|3D1>
7s7p 3P 0 7s6d 3D — 3
i E( D1) _ E( P)

714.3 nm
V. A. Dzuba et al. Phys. Rev. A, 61, 062509 (2000)

Parity doublet

Density distribution of nuclear charge has mixed
octupole and quadrupole deformation

752 1S,
» Deformed charge distribution

in some isotopes (>2°Ra)

; P-= (jo) — [BY)N2
55 keV > Nucleon EDM enhances = 102
! P = (jo) + |BY)N2

/ Dobczewski, Engel, PRL (2005) & Phys. Rev. C (2010)



EDM Enhancement by Nuclear Deformation

asF T 1T T T T 1T 717 = b8F 1 1 T T T T 1
B,=0.119 B,=0.154
gl ZMn Ba=0.095 gl *Ra Ba=0.097
B, =0.002 gl B, =0.080
4 - 4 -
2 —/f - 2+ B
E o B 4 & o}
x \ :- x
-2 \ R RS — 2 —
Nl 1 | J
-4 iny ] - -4 -
8- % . .
Y S AN NN NN N AN N M gt 1 | L1 1 1 [
-8 -6 -4 -2 2 4 6 8 8 6 -4 -2 4 6 8
z (fm) z (fm)

> |If that were true also for odd spin isotopes
L. P. Gaffney et al, Nature 497,157 (2013) there’d be a nucleon EDM enhancement
by factor of some 200

» Need measurements for odd isotopes now !!

B / mimeret /s (see e.g. Y.K. Khriplovich)
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Radium and Barium

Radium

548.4 nm

—_ ‘D,
= — ‘D,
482.7 nm '

310.2 nm
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7s6d 3D
3
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1
482.7 nm
Cooling
714.3 nm
Trapping
752 1S,
[sotope Transition Frequency Experiment by

[MHz]
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*%Ra 'Sy — 'P; 621038489 (15)  This work

***Ra 'Sy — 'P; 621038004 (180)  Trimbleetal.

**Ra 'Sy — 'P; 621041362 (1500)  Rasmussen

Te,

| Fluorescemes fros

B. Santra et al, PRA (R) (2014)
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Laser Frequency - rmm [MH=z]

190 (F=1,2)-'P|F=3/?) transition in
abeorption line no51 in "®Toy. The frequency of
sitéon in radium is 418(1) MHz lower than the reference line



Argonne **Ra Experiment

- Near term goal 4 x 10%°> ecm ® Efield Off Data
E-field Off Fit
15) 3 mCi Run f 15}c) 6 mCi Run
® =271 x 15Hz o = 21 x 29Hz
o1t 1}
t%)
g’ 0.5 0.5¢f
2
OF 0k

l

5 x 1022 e-cm 95% confidence upper limit L= wawios

mm Parallel Fit
¥ Anti-Parallel Data
= = = Anti-Parallel Fit

Norm. Sig.

i

1940 1960 1980 2000 2020 2040 1990 2000 2010 2020 2030 2040
Delay after polarization (ms) Delay after polarization (ms)

R.H. Parker, Phys. Rev. Lett. 114, 233002 (2015) from M. Bishop, Argonne National Laboratory



Towards a Rn EDM Experiment at TRIUMF
T. Chupp and C. Svensson

* Magnitude of EDM ~ Z3
* Radon isotopes possibly octupole deformed

Rn is predicted to be ~ 600 times more sensitive than *°Hg




Radon-EDM Experiment

TRIUMF E929

p ¥ T Chupp (Michigan) & C. Svensson (Guelph)

- Funding: NSF, DOE, NRC, NSERC

TRIUMF Produce rare ion radon beam

Collect in cell

\/T

B

4 Comagnetometer
é ¢ Measure free precesion

(y anisotropy/p asymmetry)

hi

T AET, VN

4.T_. 2-
G a
6 N

2211223Rn EDM projected sensitivity

Facility Detection Sy (100 d)
ISAC y anisotropy | 2 x 10-%% e-cm
ISAC B asymmetry | 1x 10?7 e-cm
FRIB B asymmetry | 2 x 1028 e-cm -

—~ 5x10-30 for 1%°Hg

Courtesy of Tim Chupp



Francium pro;

e YRIC
TOMO
>0 UNNVIRSTY

. 930 AVF cyclotron
O (K=110 MeV)

1805+ (100MeV)

wall
Electrostatic Optics

production

(197Au target) NeutrallzehOT

U. Dammalapati @ LEAP, Kananzawa 2016
| Y. Sakemi et al. |

E‘/m"' YAS Experiment is on the move to U Tokyo / RIKEN ’




Generic EDM Figure of Merit

figure of merit

h t
M = EPeVTTN +enh— o acemen

‘ / \ # particles
electric field in experiment

polarization total measurment time

efficiency coherence time



Preferred Systems

h T measurement time
(5d — / enh P polarization
‘E'ID&:1 /’TTN enh enhancement
Number Coherence Efficiency Electric Field Figure of
Particles Time Merrit
N T [s] E [kV/cm]
199Hg 1014 2x10 2 8x10 3 5x10 13
129¥e 1022 104 9x10 -° 3.6 1x10 14
ThO 101! 1.1x10 3 2x10 2 <0.1 2x10 13
YbF 10° 1.5x10 3 3x10 -2 10 1x10 12
BaF 101! 10 1 10 2 10 5x10 13
225Ra 103 4x10* 7x10 > 67 3x10°©



Efficiency of experiment, ¢
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EDM Experiments: Efficiency

e realized

e future

deuteron
““Ra('s,)
**Ra(’D,)
“*Ra(’D,)

[ s
10 10° 10" 10® 10" 107 10" 10 10%

S ﬁm / enh
EPET"\.-" NIGIE.I’

B. Santra, L. Willmann (2013)
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Cold Molecules

EDMs & Parlty

SrF BaF RaF



Precision Measurements with Molecules

 Heavy diatomic molecules (SrF, RaF,..) are suited for
precision measurements (parity violation, eEDM)

 Large enhancement due to almost degenerate

L
rotational levels N
92 + /
4 712 + / —
/ --
/ =
/w' é \;;;; N 3 3 > :
= L g - =y coupling

3 —'// §' o ‘ﬂ/» = 2 nechanism

u
0 - = —

Magnetic Field (G) Magnetic Field

e Ultracold molecules by a
traveling wave decelerator and laser cooling

 Benefit from the long interaction time provided by a
cold, trapped sample

C. Meinema, J. v/d Berg, S. Hoekstra

e
o R r universityof
.r/’.: // groningen /VSI



Traveling wave decelerator

nozzle S ,‘ ="
JI& rF2 targe! / ; o

Energy (em™)

deceleratOr

skummer
ablation laser // L g lens PMT

detection laser

0 20 40 60 80 100
Electric field (kV/cm)

SrF

Energy (em)

Electric field (kK% ./cmm)

. .
BY /o / Vsl
= / s / C. Meinema, J. v/d Berg, S. Hoekstra



Traveling wave decelerator

2 0
$ ) |

0 {20
G ! I

0 2 1 6 8 10 12
Longitudinal position (mm)

5 m of decelerator

10 modules of 50 cm
3360 ring electrodes
diameter electrode: 4 mm

C. Meinema, J. v/d Berg, S. Hoekstra



SrF Slowed Down

Signal and Simulations

ol C. Meinema, J. v/d Berg, S. Hoekstra
/ Vs



SrF Slowed Down and Guided

- 8 of 8 amplifiers
- 4 m machine

4000

-~ - 3 -

3500 < | "5353

3000 =

:—— - . abshAaden s o ke o oy i B .
= 2500 —

2000 — :
= - . 28 km's” |
= 1
E l > w Tl oty pond DN J\\*. :h‘-""vw.'(\\‘.'\‘\'-'v‘wM __.‘.

0 "‘”""I‘"*—’ Bl ‘ S
7.0 75 80 85
Time of flight (ms)

S. Hoekstra, S. Mathavan, A. Zapara, Q. Esajas, VSI

The way to go for eEDM below 102° ecm

b= iversityaf
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Physics beyond the Standard
Model with«Cold Molecules

Measuring the e dipole moment
of the electron in BaF molecules
FOM program proposal

S. Hoekstra et al.



BaF eEDM

machine in statu nascendi

S.Hoekstra, A. Borschevsky, K. Jungmann, R.G.E. Timmermans, L. Willmann,
H. Bethlem, W. Ubachs et al. (FOM/NWO programme 2016- 2022)

- eEDM Collaboration Goal: Best EDM Limit on Electron

_ Time of flight (ms)
S. Hoekstra, S. Mathavan, A. Zapara, Q. Esajas, VSI v

w5 universityof
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-> relatively large effects in some atoms and molecules
scaling with Z3 or even stronger

-> one valence electron atoms to extract precise constants

- more complex systems to study e.g. anapole moments

- A



Atomic Parity Violation (APV)

Physics beyond the SM

Q,, = —N+(1-4 sin?0,)Z + rad. corr. + “new physics”

(8]

5Q, Mz =500Gev

Extra Z’ boson in SO(10) GUTs:
- Additional U(1)’ gauge symmetry \
- Known Z and W unaffected
- No Z-Z’ mixing 1000Gev

50, ~(2N +7) ae'(g)vd'(g)“/l/l—;} ¢ %

2
Z 1

Londen en Rosner (1986), Marciano en Rosner (1990), Altarelli et al. (1991)

Bound on M., from cesium APV
(68% confidence level, §= 52° ) wansbeek et al.. PRA,(2010)

M._> 1.2 TeV/c? (Tevatron M.,> 0.9 TeV/c?)

Bound (possible) on M,. from Ra* APV
M_> 6 TeV/c? (full LHC M, ~4.5 TeV/c?)

B et /sy The way to gO’



Test of Standard Model

Electroweak Interaction

0.250
0.245(—
24 - Qweak
,SD; 0.2401 E158ﬁ(ﬁrst4%) {v—DIS
£ B
e B
0.235 JAPV(CS)
- LEP
B K )
— )
0.230[~ SLD
0.225_I IIIIIII| 1 1 IIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 IIIIIII| 1 1 IIIIII| 1 1
107 1072 107" 1 10' 10? 10°

Momentum scale [GeV]



Test of Standard Model

Electroweak Interaction

0250
0.245(—
- Qweak
SDB 0.240 E158 (first 4%) { v-DIS
= B
“ B
0.235F ]APV(CS)
- LEP
B u
B )
0.2301 >0
0.225_1 N TTT] S W WU T] IS S S WA TT] SN S S AN WUT1 S S W A 171 M W S W W11 M W S W W A 11 N
10° 102 10° 1 100 100 10

Momentum scale [GeV]



Test of Standard Model

Electroweak Interaction

02421 |

v=DI5

reak (first) My 7z = 15 GeV

0.240
—0.0010 < &' < —-0.0003

—~ 0.238} 5| > 0.0008 (light color)]
9 I
7361
< 0.2361 | spvice)
Nr—' L
2 0234F |
1 it } ‘
227 [ apvimat foller ]
0.232 APVRa") Moller oL
Qweak 4 4 -
0.230+ 'Anticipated sensitivities" SLAC -
-3 -2 -1 0 1 2 3

Log,, Q [GeV]

S. Kumar, W. Marciano, Annu. Rev. of Nucl. Part. Sci. 63, 237 (2013)
H. Davoudiasl, Hye-Sung Lee, W. Marciano, arxiv. 1402.3620 (2014)
H. Davoudiasl, H. S. Lee and W. J. Marciano, Phys. Rev. D 92, 055005 (2015)
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Atomic Parity Violation

Bat and Ra*
S-S S-D
77 s _ Elyy "
It ey e Cs | Ba
[, /r 0.9 2.2
2 Calculated from Fr Rat
1/2 atomic wavefunctions 14.2 46 4

Detailed calculations — stronger than Z3

02421
I y—DIS

Mya 7 = 15 GeV _

—0.0010 < &5 < —0.0003

—~ 0.238F |&'] > 0.0008 (light color)
Ql I \
= 0236} e
N [ APV(Cs) PVDIS
7 0.234f
-t i { .
0.232} APV(Ra*) Moller
[ P SOLID
3 Qweak . {
0230+ 'Anticipated sensitivities” SLAC
1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 1 1 1 1 1
-3 -2 -1 0 1 2 3

Log,, Q [GeV]

Ra* superior to measure APV ...

50x more sensitive to APV than
current best measurement in Cs

Theory Calculations:
Kry = 46.4(1.4) -10tiea,/N *
Kce =0.8906(26) - 10-1tiea, /N **

*L.W. Wansbeek et al., Phys. Rev. A 78, (2008)
**A. Derevianko et al., Phys. Rev. A 79, 013404 (2009)




Laser Spectroscopy in Ra* lons

34r 2000 17—
'E 32—
N 30[ . 1>00r
E L S
— 28 =3
E [ = 1000
- 26— =
S o [
=5 I
Z 221 '
BetMg*ca™
205000 2200 2400 2600 2800 3000 3200 0 ' ' )
2 , ) 0 20 40 60 80 100
ar }HM,%[im amu ] 7
Probe of atomic theory & size and Probe of atomic wave functions |
shape of the nucleus at the origin

Good agreement with theory at few % level
Theory improvement is in pipeline.

0.0. Versolato et al., Phys. Lett. A 375, 3130 (2012)
0.0. Versolato et al., Phys. Rev. A 82, 010501(R) (2010)
G.S. Giri et al., Phys. Rev. A 84, 020503(R) (2011)
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TABLE V1. The radial differences 8(r”) = (r*}; — (r*)oin fm® extracted using the database of Table 11, and corrected for nuclear deformation
(column 8), compared with the values listed in the Atomic Data and Nuclear Data Tables [20] (column 9, originally from ISOLDE [25]; the
square brackets indicate that the 10% error needs to be taken towards higher absolute values). The factor B’ of Eq. (4) is given in MHz in
column 2. Column 3 gives the corresponding results of Sec. 111 for the sharp cutoff nucleus using coupled-cluster (CC) theory for the field shift
and specific mass shift for the reference transition. Columns 4, 5, and 6 give the results of Sec. I'V needed to correct for nuclear deformation,
with a sharp cutoff and Fermi nucleus using the Dirac-Fock (DF) approach. “A™ in column 7 gives the relative difference in % between the
sharp cutoff model in column 4 and the Fermi model with deformation in column 6. We use A to correct the value of column 3, which gives
column 8. Because for A = 209 and 232 the reference transition at 468 nm in Ra™ is not available, the effect of the deformation could not be
calculated; for these two isotopes, the results for A (in italics) are estimated by extrapolation of the results of the neighboring isotopes.

(r?) in fm? 8(r?) in fm?

A B' in MHz Sharp (CC) Sharp (DF) Fermi Fermi (def.) Ain % This work ISOLDE

208 11 860(15) —0.208(15) —0.357 —0.361 _0.362 1.3 —0.302(16) —0.256[27]

209 11 630(15) ~0.292(15) - - - 13 ~0.296(15) —0.253[25]

210 8393(11) —0.211(11) —0.252 —0.255 —0.256 1.3 —0.214(11) —0.182[19]

211 7728.9(70) —0.1941(98) ~0.2320 —0.2347 "y

212 4554.9(44) —0.1144(58) —0.1369 —0.1386 _0.1 _ )

213 3035.3(41) —0.0762(39) —0.0911 —0.0922 _0 available §(r?) values:

214 0 0 0 0 a

220 —30731(18) 0.772(39) 0.920 0.946 0.9

21 —36402(19) 0.914(47) 1.090 1.127 1.1 1.486(75) fm?

20 —40444(21) 1.016(52) 1211 1.269 1.1

23 —45533(23) 1.144(58) 1.364 1414 1.7 VS.

224 —49274(24) 1.238(63) 1.476 1.535 1.5 2

225 —54560027) 1.370(69) 1.634 1701 1.4 1.277(129) fm
[226 —57692(29) 1.449(73) 1.728 1.805 1.771 25 1.486(75) 1.277[129]

pJply E—Y W% TR 9 T33807%) T345 1079 7507 73 T387030) T363T3%]

228 —65864(34) 1.654(84) 1.973 2.068 2.023 2.6 1.697(86) 1.450[ 148]

229 —70235(37) 1.764(89) 2.103 2.208 2.158 2.6 1.810(92) 1.556[158]

230 —75243(39) 1.890(95) 2.253 2.391 2317 2.8 1.943(98) 1.667[169]

232 —83500(47) 2.10(11) - - - 28 2.16(11) 1.854[ 188]

b -
- / VS| L.W. Wansbeek et al, Phys. Rev. C 86, 015503 (2012)



Single Ra* and Ba" lons

Y "
7p?Py), & Ra
QW &-To0 be measured
K

=802 nm

PPy,

¥ mersityo
R/ it [ ys 6s%S,),

—zon A,=382 nm 6d2D,,
§1ooo — 6d2D3/2
200?+ | 75281/2 V-
~2000 - -1000Laser Fr%quenyj%o Fe%q?:?e?\cy [M?o
<> +
5mm _ 6p2P,, —2Ans Ba
Hyperbolic Paul Trap 6p2P [ 80
P12
A.=615 nm
localize one ion within one wavelength
. A,=455 nm
electron shelving * A,=649 nm 5d?Dy,
large volume A=493 -7 5d2D),
' s
nm s
Ba* : Precursor to Ra* % A=2050 nm
4




Modeling of Line Shape

LA P A
1 E|4} T2
« Optical Bloch equation A 13)
3 level example : "\- A,
d £

7
7P = 7 H, p] + R(p) Q, \ 8)
EW)
‘ R — , , ‘ |6) |2D3/2)
s e FE P B 2 2) 5)

|
Ayt 2S, ) _E
| 1/2 1)
Ba*
R(p) = ‘ Q, 0, Rabi frequencies  I'=1", + I', relaxation rate
11
sl poresiay) decoherence rate
Ay, A, laser detunings laser linewidth
5%/ mivret /v



Line Shapes and Polarization

Zeeman sublevels: 8 level system
Magnetic field B
Laser polarization
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Transition Frequencies
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Ba® Experiment : Lifetime D,
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Radium for APV

Accuracy of single ion Experiment

& PNC gPNCE
5€PNC f\/Nrt

Eo = Light electric field amplitude, 7 = Coherence time
N = Number of ions = 1, t = Time of observation

Coherence | Projected | Measurement
Time Accuracy Time

80 sec 0.2% 1.1 day
Ra* 0.6 sec 0.2% 1.4 day
55 56
Cs| Ba
0.9 2 .
el pa - 10 days for 5 fold improvement over Cs
14.2 [46.4
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SUMMARY

Precision Tests of Discrete Symmetries at Low Energies

-

J 4 )
B > C, P, CP, CPT Tests

N @ -> Precision Test of Standard Model [ ® 9
T

» Experiment & Theory Hand in Hand
- Atomic Parity Violation and EDM to search for New Physics

i » A few Selected Experiments
é*l - Focus on Transformativity

» Search for permanent Electric Dipole Moments

- Atoms & Molecules with Enhancement

-» Electron and Nucleon EDMs

- Some Radioactive Species may have Advantages
- No particular advantage from Radioactivity per se
-> Central Goal: Challenge New Physics Models
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