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The Search for an EDM

A permanent EDM

violates T - with CPT theorem, implies CP violation

Standard Model CKM-CP
violation generates EDMs far
too small to measure.

Therefore, finding an EDM would
be proof of new physics.

Search for an EDM of the neutron began
60 years ago, so far no luck.

Theories of physics beyond
the Standard Model — easily
giveEDMs large enough to
see with current experiments.

Therefore, keep on looking!



Measuring an EDM via Larmor precession
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larger E-fields give better sensitivity, need to control magnetic fields
very well, guard against any B-fields correlated with E



EDM searches

® neutron

— first system to be looked at (1950s, Norman Ramsey) in beam
experiments

— current experiments all use ultracold neutrons (UCN), v <7 m/s, can be
stored for 100s of seconds in measurement cells

— current limit: d, <3x1072¢ ecm
* electron

— searched for mostly in heavy paramagnetic atoms — Cs, Tl
* relativisitic enhancement: d; ~ 600 d,

— newer measurements take advantage of even larger enhancements in
polar molecules — YbF, ThO

— current limit: d, < 9x1072° ecm
* diamagnetic (Hg)
— zero electronic spin, finite nuclear spin

— could arise from nucleon EDMs, but most sensitive to CP-violating
nuclear forces

— current limit: dgy, < 3x1072° ecm 4



EDM searches
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Experimental Limit on d. (e cm)

EDM searches: electron
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Other efforts:

polar molecules

WC (Mich.),

HfH* (JILA) ....
laser cooled Cs (Penn St., Texas)
solid state (Amherst, Indiana, Yale)

— best atomic limit is from Berkeley
Thallium beam experiment:

dry =585 d,

d) < 1.6 1027 ¢ cm (2002)

B.C. Regan, E.D. Commins, C.J. Schmidt, and
D. DeMille, PRL 88, 071805 (2002).

— polar molecules have recently
eclipsed Tl

YbF at Imperial College:
dypr ~10°d,

d,] <1.05-10"7 ¢ cm (2011)

J.J. Hudson, D.M. Kara, |.J. Smallman, B.E.

Sauer, M.R. Tarbutt, and E. A. Hinds, Nature
473, 493 (2011).

ThO at Harvard/Yale:

d,] <0.9 10728 ¢ cm (2014)
-ACME Collab.. Science 343, 269 (2014) g



ACME electron EDM Experiment

System: molecule state - /1 3A1ThO

o
- High sensitivity! to the eEDM due to highly charged Th nucleus ° e

|AEEpDM| =defet Eef = 85 GV /cm = -

and molecule can be fully aligned with small laboratory &-fields

- Conventional systematic errors are highly suppressed Th

- 2-doublet structure allows spectroscopic reversal of l
EDM energy shift T

- Small magnetic g-factor *A; == ¢ ~ 102
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The ACME Experiment

Results?: Still no eEDM ld.| < 8.7 x 10°% ¢ - em @ 90% confidence

Order of magnitude improvement in upper limit constraining T-violating physics well into TeV scale
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Upgrades: More Molecules, Smaller Systematics

Cryogenic Buffer
(Gas Beam Source

Co

Solid Molecular I

\ Precursor Target I
\a2os K O

N

1K
V16 K
™ -
et
,‘ﬂ a O:f:'
e ONE )
Fotlbesek o \ s (H* LD

{
San o
o

¥ Neon Buffer Gas
)

Rotational

".“ 0 K ‘ \ E.Ix.-\l I

"
Sl 4
RO T
it

i . State Preparation
Focusing STIRAP

oling

R
Molecule Beam 2

Collimators

t")l

I Interaction Region

—

Magnetic Field Coils _ _

ptical Pumping

\B\ll{ll'l".l':-ﬁ Field Plates
'ijiti

 oite

Quadrupole \ |“
Electrostatic !

Laser for Thermo-
Chemical Production

x10

will require
characterization,
optimization

X ]. 0 +1NCW
systcmatic Crror

SR

Detection > |

suppress

new systematic
x103-10

new field plates- suppress old systematic error by x10-2

Anticipate an order of magnitude improvement in sensitivity

x10 improvement in 5 years, another 10-30x may be possible with method



electron EDM: YbF at Imperial College

* Resultin 2011:1dl <1.05x 1027 e cm

— currently have 3x better sensitivity: improved mag.
shielding and RF generation

— further upgrades could reach 2 orders of magnitude: new
buffer gas cold beam source, longer plates, improved
state prep./detection orobe fluorescence

detector n
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Ablation laser beam

Royal Society, STFC, EPSRC, European Research Council
http://www3.imperial.ac.uk/ccm/research/edm
http://www.nature.com/nature/journal/v473/n7348/full/nature10104.html 10



electron EDM: YbF at Imperial College

Proposed YbF fountain:

electric molecular
field > E‘r/fountain
(]
plates He beam Design for a fountain of YbF
molecules to measure the
‘ electron's electric dipole
moment
M R Tarbutt, B E Sauer, J ] Hudson
&kr and E A Hinds
thermal YbF > optical New J. Phys. 15 (2013)
053034
beam molasses

source

Fantastically inefficient: 108 from cell to detector. But T =
300ms, so 60h of data gives o, = 3x10-3" e.cm!



EDM searches: diamagnetic atoms

— Diamagnetic atoms ('S, ground state) with finite nuclear spin (/) are
sensitive to the EDM of the nucleus / CP-violating nuclear forces

-25
1075 (95% CL) Expected signal is larger for
. heavier atoms:
— T 2
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Year of Publication

S.K. Lamoreaux, J.P. Jacobs, B.R. Heckel, F.J. Raab, and E.N. Fortson, PRL 59, 2275 (1987).

J.P. Jacobs, W.M. Klipstein, S.K. Lamoreaux, B.R. Heckel, and E.N. Fortson, PRA 52, 3521 (1995).

M.V. Romalis, W.C. Giriffith, J.P. Jacobs, and E.N. Fortson, PRL 86, 2505 (2001).

W.C. Giriffith, M.D. Swallows, T.L. Loftus, M.V. Romalis, B.R. Heckel, and E.N. Fortson, PRL 102, 101601 (2009). 12



Hg EDM experiment

Univ. of Washington a gas of Hg atoms is
Seattle, USA contained in a quartz vapor
cell...

§ astack of 4 cells is
placed in a magnetic
and electric field

spin precession of the
Hg atoms is interrogated
by a UV laser




Theoretical interpretation: the Schiff moment

* Electric shielding is imperfect in a finite size nucleus if the nuclear
EDM distribution does not match the nuclear charge distribution

— parameterized by the CP-violating Schiff moment: S = ST /I

15S-r
—n(r)
rN

corresponding to a constant electric field inside the nucleus:
Fn

* S creates an electrostatic potential: o(r)=—

* Electron wavefunctions are polarized by
this potential leading to an atomic EDM,

: . —4 -2
— from atomic calculations: dy, =—-2.8x107"§ fm
Dzuba, Flambaum, Ginges and Kozlov (2002).

=—5.1x107*S fm™

Latha, Angom, Das, Mukherjee (2009).

=-2.6%x107*S fm™

Dzuba, Flambaum, and Porsev (2009).
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Hg theoretical interpretation: nuclear calculation

* S can arise from nucleon EDMs or CP-violating internuclear forces
® Nucleon EDMs: S(Hg) = (1.9 dn +0.2 dp) fm? Dmitriev and Sen’kov (2003).
- 1d1<6.3:10%°ecm 1d|<8.6-10" e¢cm

* Schiff moment from nucleon-nucleon interactions: r LI.NN
O----- X
o (0) —(1) —(2) - -
S(Hg) = g(aog +a,8, +a,8, )
* various calculations give: (a; in units of efm3) p n
a, a, a,
schematic, 0.087 0.087 0.174 Flambaum, Khriplovich, and
contact int. Sushkov (1986)
phenomenologi | 0.00004 0.055 0.009 Dmitriev and Sen’kov(2003),
cal RPA arXiv:nucl-th/0304048

Skyrme QRPA | 0.002-0.01 0.057-0.090 0.011-0.025 de Jesus and Engel (2005),
arXiv:nucl-th/0507031

Odd-A Skryme | 0.009-0.041 | —0.027- 0.009-0.024 | Ban, Dobaczewski, Engel, and
MET +0.005 Shukla (2010), arXiv:1003.2598

isoscalar term can be related to 8¢ &5 =0.0276,,,,

JT

isovector can be generated by quark chromo-EDMs: &, = 2(57u - C?d) x10"em™



Hg EDM prospects

* Hg EDM limit from 2009 sets most precise upper bound on any EDM
[d(*"Hg)| < 3.1 x 102° e cm (95% CL)

— provides extremely tight constraint on CP violating nuclear forces,
proton EDM, and competitive bound on neutron EDM: ld | <7.9
‘102 ecm, Id | <5.8-102° ¢ cm

* 4-cell data taking continues with 3-5x improvement in statistical
sensitivity
— improved Hg cell coherence times (500-1000 sec.)
— precession in the dark measurement
— improved magnetic noise

* Expect a factor of 3-4 improvement in limit by the end of 2014

— current apparatus/technique can reach a x10 improvement in a few
years (~ 10730 ¢ cm)

* Hopefully nuclear theory calculations will also improve...

16



Other diamagnetic approaches

* Octupole deformed nuclei potentially 2-3 orders of magnitude more
sensitive to fundamental CP violation than 199Hg

— nuclear calculations may also be more robust than Hg

Argonne National Lab:
laser trapped %?°Ra

Radium
oven

Transverse

cooling Zeeman

Magneto-optical

- Optical
EDM dipole trap
measurement

https://www.phy.anl.gov/mep/atta/research/radiumedm.html

TRIUMF-ISAC: Rn in a vapor cell,

precession monitored with a ring of
Ge deteCtOI’S Active Magnetic Shielding

u-Metal Shield

o1

@,

g
E.R. Tardiff et al, Hyperfine Int., 225, 197 (2014).

e 129X e — spherical nuclei, lighter than Hg, but can achieve >1000s
coherence times (Munich, Mainz, Princeton, Tokyo Tech.)

— also of interest for neutron EDM comagnetometer

17
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EDM searches: neutron
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1950 1960 1970 1980
Year

UCN: ultracold neutrons

\Y

= 0-6 m/s, can be stored in

material bottles

1990 2000 2010

best limit: 1d.| < 3.0 x10726 ¢ cm (2006)
C. A. Baker et al, PRL 97, 131801 (2006).

UCN+'9°Hg comagnetometer (Sussex/
RAL/ILL)

Four-layer p-metal shield High voltage lead

Quartz insulating

cylinder Magnetic field

coil
Storage cell Upper
electrode
Hg u.v.
lamp ~o
PMT for
Hg light
Vacuum wall
—
] Mercury
] prepolarizing
RF coil to fli i 1N el
coil to flip spins ‘n
PSP 2 \ Hg u.v. lamp
.
Magnet [N] UCN guide
/ changeover
UCN polarizing foil i ///// Ultracold
raco
neutrons

UCN detector Approx scale 1 m
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neutron EDM challenges: UCN source

* to improve nEDM sensitivity, need higher UCN densities

— ILL/Steyerl turbine source has been the main source of UCN for 3
decades, provides ~ 50 UCN/cc

- next generation sources hope to achieve 10-100x
greater dens. by superthermal-production from
downscattering cold neutrons from phonons in

- LHe (ILL,SNS,RCNP,PNPI)
- or solid D2 (LANL,PSI,FRM-II,NCSU)

Paul Scherrer Institute
Pulsed UCN-Source

cryopump thermal

UCN storage volume,
DLC coated, h=2.5m, 2 m?

neutron guide UCN shutter

7m

3.6m® D,0 moderator
SD2 moderator vessel

- but so far have only ~ matched the turbine 30 dm’ D, @ 5 K
source performance

- also difficult to maintain densities while spallation target (PbiZr) kff/?x‘:;"ciﬁl;"“'
transferring to the experiment region SRS 1Y

pulsed 1.3 MW p-beam




neutron EDM challenges: magnetic fields

* If larger UCN densities are achieved, need to also improve
theunderstanding of magnetic fields in apparatus

— geometric phase systematic effect: magnetic field gradients
coupled to vxE gives electric field correlated frequency shifts

— 1 uG/cm mag. gradient requirements for 1022 ecm sensitivity

* Comagnetometer: use an atomic magnetometer sampling the
same region, at the same time as the UCN

— gives real time readout of the B field that the UCN experience

. 199Hg, 129Xe, 3He

— but, sampling volume tends to be slightly different due to different
mass/velocity

20



neutron EDM: PSI

* using Sussex/RAL room temperature UCN/Hg comagnetometer
apparatus on PSI UCN source

— state of the art Cs atom magetometry to evaluate magnetic
uniformity, control systematic effects

— 254 nm laser system replaces discharge lamps for Hg polarization/
readout, and other technology upgrades...

PAUL SCHERRER INSTITUT

o= e




neutron EDM: PSI status

h UCN source has not performed as well as expected,
0= o TE \/N but output has increased every year of operation...
RAL/Sx/ILL* PSI 2012 PSI 2013
best avg best | avg best avg
E-field 8.8 83 | 833 | 7.9 12 )| 103
Neutrons 14.000 | 14 000 | 9 000 | 5400 | 10500 [ 6 500 |
T, 130 | 130 | 200 | 200 | 200 | 180
T uty 240 | 240 | 360 | 360 | 340 | 340
a 06 | 0453 | 065 | 057 | 0.62 | 0.57
day (10-%°ecm) 2.3 3.0 2.3 3.5 1.5 2.8
systematics controlled well below 2006 result. Bakr o PRLST(2006)

Hope to take 100 days nEDM data in 2014
reach ~1026 e cm in a few years,

then change to upgraded n2edm apparatus: double Ramsey chambers,
expected 5-7x improvement in sensitivity 50



room temperature neutron EDM

both have 2 UCN chambers, Hg comag,
additional outer magnetometry cells,
additional external Cs magnetometers

199Hg magnetometer

online access

UCN |
+199Hg chambers = channels
High voltage
electrode 200 kV
Currently running: B orcte:

— PNPI, double chamber, external Cs
mag, no comag, currently on ILL turbine

Other under development:
— RCNP/TRIUMF, Xe comag.

— LANL, Hg comag. 3



Cryogenic nEDM

* create high UCN density by superthermal production in LHe
* high electric field breakdown strength in LHe (> 30kV/cm)
— room temperature experiments generally limited to 10 kV/cm

® superconducting magnetic shielding and magnetic coils give
higher stability field environment

— can also use low T SQUID sensors

* longer UCN storage times at low temperatures, leakage
currents tend to be smaller

* but... very difficult experimental challenges in building a
cryogenic UCN apparatus

— UCN lost in gaps — need to carefully design guides and
transfer valves that will still work after thermal contraction

— long thermal cycle times to make changes to the apparatus

24



SNS nEDM measurement at Oak Ridge

* UCN generated by superthermal production in LHe by cold neutron beam
directly inside measurement cell

— no UCN transport issues
— need to deal with higher backgrounds in measurement cell, though

* superfluid “He with small amount of polarized 3He (p5/p, ~ 10719)

— 3He acts as neutron spin analyzer

* UV scintillation light shifted to visible by tetraphenyl butadiene (TPB) on cell
walls, cell walls act as light guides to PMTs

— detection of 3He precession with SQUIDs gives comagnetometer
signal

liquid helium

ni+’He — p+t+764 keV (0, >04) ": oA - 430nm
)

)r/
(
e,
T 25



SNS nedm

— working towards starting to
install at Oak Ridge in 2018-2020

— sensitivity goal: 5x10728 ecm
after 3 years running (based on
extensive simulation est.)

Upper

) cryostat
3He services y

6m

3 layer py-metal shield

Lower
cryostat

Central detector volume
Magnet and shielding
package

26



CryoEDM

| /4
NEUTRONS
FOR SCIENCE

University
of Sussex

OXFORD

a Science & Technology

@ Facilities Council
Rutherford Appleton
Laboratory

Tower 1

Id field ' '
Holding fi evaporation Mumetal
i po ‘ JCN ||'ﬂe Ramsey Oe"s- . .
coils cryostat g Shleldllls

neutral and HV

Polarised 9A
neutron beam

Superfluid UCN
source

SQUID pickup

il
colls Superconducting shield &

solenoid inside *He tank

UCN spin 3-way UCN valve

analysis detector

« Superthermal LHe UCN source

+ Fill separate measurement cells through UCN guides (all in SF He)

* Ramsey separated oscillatory fields technique to measure
(as was used in room temperature experiment)

nEDM
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CryoEDM RIP...

* December 2013 Science Board decision: “managed withdrawal” from
CryoEDM

— scale of program required to reach a new physics result in a
competitive timescale outside of STFC’s anticipated available resource
levels

CryoEDM accomplishments:

— Multiple operations of cryostat at 0.6 K base temperature, 300 L
superfluid He volume

— Superthermal UCN production at expected rate

— Demonstrated transport to Ramsey cells and to detectors

— Development/operation of solid-state UCN detectors in LHe
— Implementation of SQUID magnetometry system for nEDM

* But ...consistently low on manpower, apparatus very difficult to implement
changes, slow+expensive to cool down (>2 months), still at least 3 years
from competitive nEDM data...
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Path forward for UK in nEDM

* Short-mid term: Sussex will increase involvement with PSI room
temperature experiment

* Longer term: greatest nEDM sensitivity is achievable in a fully cryogenic
experiment

— superthermal LHe UCN source on new ILL 9A cold neutron beamline

* must be much more efficient/shorter turnaround time than CryoEDM
source — O. Zimmer group at ILL has made many advances in this area,
will build new SuperSun UCN source in 2-4 years

* P. Fierlinger at TUM is planning to bring his nEDM apparatus to ILL to
utilize this UCN source
— RAL/Sussex/Lancaster plans to develop a cryogenic “insert” to go
inside the TUM magnetic shield+coil, attach to SuperSun UCN source
* allow E field > 30 kV/cm, several hundred second UCN storage time,

superconducting magnetic shielding, separate source and measurement
allow modular access and optimization of each separately

* utilize UK’s existing expertise/experience from CryoEDM, continued
development of cryogenic nEDM techniques

29



Storage ring EDM measurements

* enables EDM measurements on charged particles
°* muon EDM can be extracted from g-2 data
— from BNL E821, d, <2 x 107" e.cm
— expected improvement at FNAL, o(d ) ~ 10" e.cm
* Storage Ring EDM Collaboration (BNL) have proposed:

— measuring the bare °H or 3He nuclei EDM: sensitive to
same CP violating nucleon-nucleon interaction as Hg, but
not nearly as difficult to calculate, and no Schiff shielding.

— measuring the proton EDM to 1072° e.cm
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Current and projected sensitivities

current limit projected sens. standard model
from planned exp. | CKM prediction
n 3x10-26 1028 1081—- 1033
e 9x10-2° 10-30 ~10-38
Hg 3x10-2° 10730 <1073

(units are in e.cm)

* Standard model CKM generated EDMs are generated at least at 3-
loop level for n/Hg, 4-loop for the electron

— see Pospelov and Ritz arXiv:1311.5537 for a recent examination of
CKM generated EDMs

* Assuming some beyond the standard model source of CPV entering at

m\ a .
df ~ e(F)ESIH¢CPV

one loop, we expect

with the current ThO limit, we are probing  A” 5 (7 TeV)*|sing,|




Interpretation of EDMs

Energy
A
Y?
TeV - fundamental SUS Note: oscillating EDMs
iolatina pha at ~MHz could be

generated by axion-like
dark matter, see Graham
and Rajendran, arXiv:

QCD - 1306.6088

nucleal

\ ‘EDMS of
v« | nhuclei

atomic|
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EDMs in MSSM

ore-LHC: Msusy = 500 GeV
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EDMs in MSSM
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Summary

* EDM searches in the neutron, leptonic, and diamagnetic
systems provide a valuable test for new sources of CP-
violation at TeV and beyond.

* Expect 103% e cm EDM sensitivity in the next few years
from Hg, and the electron (YbF, ThO)

* neutron EDM Iimit still at 2006 Sussex/RAL level
— likely will be surpassed within a few years at PSI

— cryogenic techniques will ultimately give the greatest
sensitivity gains

Thanks for slides and content: Blayne Heckel, Brent Garner (Hg), David
Demille, Brendon O’Leary (ThO), Ben Sauer (YbF), Klaus Kirch, Phillip
Schmidt-Wellenburg (PSI)
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