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SAKHAROV’S CONDITIONS

= Baryon number violation
— Protons, neutrons

* C- and CP-symmetry violation
— CP implies T

= Interactions out of thermal
equilibrium, or CPT violated
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Image credit: APS/Alan Stonebraker

Zf Andrei Sakharov

AL LA T



SAKHAROV’S CONDITIONS

= Baryon number V|olat|on

= I[nteractions out of thermal
equilibrium, or CPT violated

10,000,000,001 10,000,000,000

Image credit: APS/Alan Stonebraker

Although CP Violation exists in the Standard Model, and has
been observed, it is insufficient to explain the observed
matter/anti-matter asymmetry of the universe
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WHERE’S THE CP?

* There was once CP-violation, but no longer
— Axions, “The Thinking Persons’ Dark Matter” — M. Turner
— Oscillating EDMs — see Yevgeny Stadnik’s talk

* Neutrino’s Made us Al
— leptogenesis, Majorana neutrinos

*New Symmetries and Degrees of Freedom
— SUSY, GUT, ???
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ELECTRIC DIPOLE MOMENTS AND DISCRETE
SYMMETRIES

Electric dipole moment (EDM):
« displacement vector from a particle’s center of mass to its center of

charge.
» violates both P-parity (spatial inversion) and T-time reversal
symmetries:
EDMHMDM EDMHMDM EDMNMDM
— -
Parity Time
Reversal Reversal
— —_—

Assuming the combination of C-charge conjugation (particle <-> antiparticle), P,
and T is conserved:

« T-violation implies CP-violation
« EDMs are a very sensitive probe of CP-violation
5
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EDM SECTORS
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EDM MEASUREMENTS
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EDM MEASUREMENTS
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SCHIFF MOMENTS AND EDMS

Leonard Schiff's Theorem (1963):

* Any permanent dipole moment of the
nucleus is perfectly shielded by its electron

d cloud
€ « True for point-like nuclei, non-relativistic

electrons

However, the “Schiff moment” is not
shielded by this effect

« Zero for point-like, spherical nuclei

 Arises from deformations in the nucleus or
its constituent nucleons

Schiff Moment « Very large in nuclei with both a quadrupole

_ <€1’217> <1’2> <€17> and octupole deformation
10

— 6 Look for heavy nuclei with large
guadrupole and octupole
deformations!
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SCHIFF MOMENTS AND EDMS

Leonard Schiff's Theorem (1

* Any permanent dipole
nucleus is perfec

oment” is not
effect
int-like, spherical nuclei

s from deformations in the nucleus or
Its constituent nucleons

* Very large in nuclei with both a quadrupole
and octupole deformation

Look for heavy nuclei with large
guadrupole and octupole
deformations!
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TECHNIQUES

Standard disclaimer: Roughly speaking, and incomplete lists...

Atomic Large N Short lifetime Tl, ThO, YbF,
Beam Almost any species Large systematics TIF
“Small” applied E field

Vapor cell Huge N Limited species Hg, Xe, Rn
Large lifetime Small applied E field

Cold Atom Long lifetime Small N Ra, Cs, Fr,
Large applied E field Limited species Yb

Trapped Intermediate length  Limited species? HfF+

lons lifetime(?) and N Systematics???

How to prepare and detect state of sample?
How to create uniform and constant electric and magnetic fields?

14 Argonne &
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BEAM EXPERIMENTS

Buffer Gas Beam Source Rotational Cooling Interaction Region
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Atmspleric Pressure Magnetic Shielding

« Acold, collimated beam of molecules is produced by buffer gas
cooling

 The beam is then optically prepared and detected (usually)

« Because of Exv and the large gap size, maximum E field is generally
limited

» Lifetimes measured in milliseconds
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MOLECULES AND EDMS

€
F =~ ke—2 =2 290 MV/cm
r

224 pm Nuclei experience fields of 100’s MV/cm,

while the electron experiences 100’s GV/cm

Compare with 250 kV/cm in the new generation of electrodes

Buffer Gas Beam Source Rotational Cooling Interaction Region
-------------- = -,;;‘_,-,,,.-,;..,-,,:,,.;,;,-\;"\3;,;;..-?..I.&-.Im' g This effect allows
" I Adjustable -;‘\\l % - ! \I ! M
. W), Target I ' ators | =
s , Targ e | S — i beam experiments to
I
I

use low applied fields,

\‘\ g =wal Yet still achieve good
| \ o " limits on the EDM

NG (Courtesy ACME)

Magpretic Shielding

Neon
Buffer Gas

Atmcspleric Pressure
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MOLECULES AND EDMS

ThO
YbF
YbOH
RaF
TIF
HfF+

224 pm

e
F =~ k»'e—g =2 290 MV/cm

T

Nuclei experience fields of 100’s MV/cm,

while the electron experiences 100’s GV/cm

Compare with 250 kV/cm in the new generation of electrodes

Harvard-Yale
Imperial College
Harvard, CalTech
ANL

Yale, Columbia
Boulder
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THE SEATTLE MERCURY E

EDM(Hg-199) < 7 X

DM EXPERIMENT

Properties of Hg-199 and experiment

= Stable

= Spin I=%2 nucleus (no quadrupole
moment)

= Nuclear T2 ~ 100-200 seconds

= High Vapor Pressure at room
temperature, 4*10"13 cm3

= High Z=80
= Nearly spherical nucleus
= Glass cell limits E field to 10 kV/cm

= | eakage current through cell is
leading systematic

1030 e cm

If Hg nucleus is size of earth, then this is two charges separated by 50 pm

Griffith et al., Phys Rev Lett (2009)

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



HEXE EDM EXPERIMENT AT BMSR-2 (BERLIN)

129 Xe EDM measurement using ?He comagnetometer

Goal: 100x improvement on previous value, d('2%Xe)=0.7 +3 x 10727 ¢ - cmt

N
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\.('z s 2 ax ] 21
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-+ e 8,
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F. Kuchler, Electric dipole moment seorches using the lsctope 125-xenon |2014), Doctoral dissertation.

Current status: Fu

Results from an initial 2017 measurement
expected Fall 2018

» Limited by statistics, not systematics .
» Blinded
» 2017 EDM sensitivity comparable to ’

Rosenberry and Chupp (2001) result

Completed 2018 data collection, potentially
10x improvement in sensitivity

(Also see Talks by Heil, Zimmer)

ture:

Improved SNR (better gas purity, increased polarization,
lower SQUID noise with upgraded dewar)

Improved systematic control (cell shape optimization, better
leakage current monitoring, cell motion measurement)

Increased electric field (higher gas pressure, bipolar HV)

10-100x improvement in EDM sensitivity

M. A. Rosenberry and T. E. Chupp, Phys. Rev. Lett. 86,
22 (2001)

Slide courtesy Natasha Sachdeva
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RADIUM EDM

A large quadrupole and
octupole deformation results

In an enhanced Schiff moment
— Auerbach, Flambaum & Spevak (1999/

\\

Relativistic atomic structure
weakens the Schiff theorem,
resulting in a strong
enhancement with increasing Z
(225Ra/199Hg _ 3)
— Dzuba, Flambaum,
Ginges, Kozlov (2002)

/

i£0 /

Al

= (joy — |B)N2
55 keV A
———— Y= (o) + |BY)N2

A closely spaced parity doublet enhances the
appearance of parity violating terms in the

underlying Hamiltonian
— Haxton & Henley (1983)

S| s ) (W
E; — Ey

EPT‘ ¢0>

SOCZ@O

+ c.c.

C_T g(0) g(1)
Ra/Hg 2 430 833
Ra/Xe 38 4200 23000
Ra/n °0 1 20

J. Engel et al., Progress in Particle and Nuclear Phys. (2013)
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RADIUM SETUP

Ra(NO,),+Ba Transverse Cooling HV Electrodes

ARG ¥ Magnetic Shielding
7z & Magnet Coils

(Low vapor pressure)

For EDM: For Testing:
Ra-225 Ra-226
1=1/2,)J=0 1=0,J=0
226Ra MOT t,, = 15 days t,, = 1600 yrs
200,000 atoms
40 uK

J. R. Guest et al., PRL 98 093001 (2007) 21 Argonne &




TRANSFER ATOMS FROM MOT TO “BUS” ODT

“Bus” ODT

'SAN Qe Yo
SOWIS0nm QIS A BEY © Magnetic Shielding

\ AL N & Magnet Coils

Translation
Stage

MOT + ODT
80% Efficiency

22 Argonne &
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TRANSFER ATOMS FROM “BUS” TO
“HOLDING” ODT

“Bus” ODT
50 W 1550 nm

Magnetic Shielding
& Magnet Coils

Glass Tube
Vacuum chamber
10-11 Torr
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TRANSFER ATOMS FROM “BUS” TO
“HOLDING” ODT

“Bus” ODT
50 W 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 v

“Bus” ODT
50 W 1550 nm

Magnetic Shielding
& Magnet Coils

/ Standing Wave

“Holding” ODT
10 W 1550 nm

\

Laser Cooling

100 uW 714 nm _ Laser
Traveling Wave < Cooling

“Bus” ODT and B Field

W

25 Argonne &
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TRANSFER ATOMS FROM “BUS” TO
“HOLDING” ODT

Magnetic Shielding
& Magnet Coils

/ Standing Wave

“Holding” ODT
10 W 1550 nm

5 mm

N
7~

<
N
J

ODT->0DT Transfer: 70% Efficiency

R. H. Parker et al., PRC 86, 065503
(2012)

700 atoms &
Ra-225 :

it Vv
Absorption
Imaging
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EDM RESULT

1.2¢

A Parallel Data
e Paralle] Fit

Population Fraction
=
N

0.2 ¥ Ant-Parallel Data
= = = Apti-Parallel Fit
0 ° foData
i i i ""'"'""Df‘ff“ L xE}IZE —_— 114
=10 0 10 20 30 40
Time after polarization minus 2x10*(ms)
A
YE—fieldOff = —— |1 — Peos(wt
YE —field Off 1+P[ (”-*-’ )]
A
YParallel, Anti—Parallel = TP [1 — Pcos(wt + 0 £ A¢/2)]
M. Bishof et al. PRC 94, 025501 (2016)
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EDM RESULT

1.2¢

[
T

0.8

A Parallel Data
Parallel Fit

Population Fraction
o=
N

¥ Anti-Parallel Data

0.2
= = = Anfi-Parallel Fit
. e Oft Data
o — ( '
| | | ' :lffLFIT : XE,‘I'EE =1.4
-10 0 10 20 30 40

Time after polarization minus 2>10%*(ms)

dRa—225 = (4i 63tat as O'Zsyst) x 104 e-cm
dRa-225 < 1.4 X 10-23 e'Cm 95% C.L.

M. Bishof et al. PRC 94, 025501 (2016)
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SYSTEMATICS

Effect (e-cm) 2016 Improved Co-magnetometer
Measurement Statstics

E-squared Effects 1x10-2° 7x10729 7x10-31
B-field Correlations 1x10-2° 5x10-27 3x1029
ODT Power Corr. 6x10-26 9x10-30 9x10-32
Stark Interference 6x10-26 2x1027 31029
Blue Power Corr. 7x1028 1x1031 1x10-31
Blue Freqg. Corr. 4x1028 8x10-30 8x10-30
E x v Effects 4x10-28 7x10-30 _
Leakage Current 3x1028 9x1029 -
E-field Ramping Ox10-28 2x1029 _
Geometric Phase 3x103t 7x1030 5x10-33
Total 2x1025 5%10-27 Ax10-29

M. Bishof et al. PRC 94, 025501 (2016)
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IMPROVEMENT 1: INCREASED FIELD

Previously: Copper Electrodes, E = 70 kV/cm

Niobium electrodes newly installed:

>200 kV/cm demonstrated )
(J. Singh/MSU, M. Kelly, T. Reid/ANL, M. Poelker/Jlab)

Phys. Rev. Spec. Top. —Acc. and Beams, 15, 083502 (2012)

Factor of ~4 increase in EDM Sensitivity
Combined with improvement in detection efficiency (STIRAP) and increased
source, we expect about 100 fold improvement in next measurement

31 Argonne &
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EFFECT ON STANDARD MODEL EXTENSIONS

BSM parameter C 9,0 g, d, (e cm)
Current limits (95% CL) 2x10% 8x10° 1.2x10° 1.2x1022

Improvement Factor (over current limit)

Current + 22°Ra [10%° e cm] 40 2 1.2 20

104! :

1022t 4 | Current + 22°Ra [10%6 e cm] 200 8 4 60
= 1023 | @ 1 T.Chupp and M. Ramsey-Musolf, PRC 91, 035502 (2015)
Y1044 | :
L ®
= 109}
= a6 [ ; : :
g 107 ® At the level available with
= - B : [ ] . .
@ 1”23 @ those upgrades, radium will
= 107 ] improve significantly on the
w102t - : il loball itivity for all

N global sensitivity for a
10°
N & 2 & B ~
&9 @ o & 3 = &
¥ SF Lo Sy <P
* D s
2 =
@ 32 Argonne &
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PHASE SPACE IN ELECTRON EDM

i
=
e

B global w/ Hg
global w/o Hg

Hg

d./(1072"e cm)

T. Fleig, M. Jung, JHEP 2018: 12

I
I
!
-3 -2 -1 0 1 2 3
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PHASE SPACE IN ELECTRON EDM

i
=
e

|
Hg :
-3 -2 -1 0 1 2

d./(1072"e cm)

T. Fleig, M. Jung, JHEP 2018: 12

) AT O



Blue without new Xenon result

SENSITIVITIES Green with 3e-29 e cm
107
10°®
1077
108 . . .
e o L e T B L e
10-10 Y T . N 10-13 P B Y P a
E 10-28 10-27 10-26 10-25 10-24 10-23 10-28 10-27 10-26 10-25 10-24 10-23
=
-Cés 10°° 10! n
D) 107 10722
10710 1023
10-11
107
10-12
10" 10% .
10'14 | 10'26 . |

10-28 10-27 10-26 10-25 10-24 10-23 10-28 10-27 10-26 10-25 10-24 10-23

Ra-225 EDM (1-sigma e-cm)

Improved Xe result strengthens new Ra result, and vice versa
35 Argonne &
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ION TRAP EDM

A — B Depletion laser Y,

Eot= Eror (COS(0it) X + sin(w,t) ¥) X‘--I--"h, X
L4 “
@’“ HiF* ™ Z
Z
’ 1
’ 1
4 A : :
Y | Current H B field"'
Bfield_ § "\ .
ul s~~. I -‘,o
In 1 rotation cycle: Bgtatic
Brol +

Current in anti- rot —/ 1 \‘_/ l \

Helmholtz coils 0 n2 o 302 oyt

H. Loh et al., Science 342, 1220 (2013)

= An ion trap is formed with a hexapole, rotating electric field, and a DC magnetic
guadrupole field, outwardly facing

» The ion and its polarization rotates around in a circle, always phase-locked to the
direction of the magnetic field

» This requires that the molecule is very easily polarized (about 10 V/cm), placing
somewhat demanding constraints on the electronic structure

36 Argonne &
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ENERGY REACH

Sensitivity of EDMs generally, not specifically radium

 LHC (direct) EDM (assuming maximal CP-violation) - Near-future EDM
t i I E— Measured mass of heaviest SM particles
: :
n ]
HO | I =
[}
g o | | -~
8 + |
s -
£ W I | =
ot |
e I -
!
i B —
r | —
o
0.1 0.3 10 3.0 10 30
Particle rest energy Mc2 (TeV)

D. DeMille, J. Doyle, A. Sushkov, Science 357, 990 (2017)
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S EN SITIVITI ES Assuming new Xe result

10° o
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10 bt

10° "
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Global Limit

107° A
10-10 -
1011

10—23

10— ]

1012 £...... L - A S : ! ! L :
: ' : : : 5 s : : Preliminary

1013 T e e SN ' 1077 - P S o c
| |||||i L Ll L i ||||||i 3 10-26 L L ||||||i L L ||||||i L L ||||||i L L ||||||i L L ||||3

10'28‘”1”(”3"27'”10'26 1'(")"25”10'24'”1”6'23 10%® 10?7 107?° 10% 10% 10

Ra-225 EDM (1-sigma e-cm)
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TWO-HIGGS DOUBLET

All Constraints

Theoretically inaccessible

LANL neutron
EDM (Green)

Radium Blue
Slower (yellow)
107N-27 e-cm

2HDM is a simple
extension to the SM
allowing for CP-violation
and natural mechanisms
for baryogenesis
Radium has strong
sensitivity to 2ZHDM, in
spite of electroweak
nature of theory
Complementary to
electron EDM, which
exhibits interference

S. Inoue, M. J. Ramsey-Musolf, Y. Zhang Phys. Rev. D 89, 115023 (2014)
C.-Y Chen, H.-L Li, M. J. Ramsey-Musolf, Phys. Rev. D 97, 015020 (2018)
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RIGHT-HANDED CHARGED CURRENTS

|dga | (e fm)

« Apparent tension in CP-violating parameters from Kaon decays could be
explained by a right-handed charged weak current, which would be
detectible with Hadronic EDM experiments

* Due to large theoretical uncertainties in Hg, present constraints on such
a model are very weak

« The upcoming radium measurement will be sensitive to this possibility

1079 '
dpa(expt.) i
-m“'u e e ‘I “““““““
=11 —
10 3
E
0 e
STIRAP + HV &
1073 ' -] ;
| ke
& o
Im(£a) 2 Im(£us) &
=15 1 : = 1 -16 L L L |1:r-"I
10 1;-|4 10712 10~ 12 e 10-1° 1014 10-13
d, (e fm) d, (e fm)

V. Cirigliano, W. Dekens, J. de Vries, and E. Mereghetti, Phys. Lett. B 767, 1 (2017)
arXiv:1708.00797v2
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