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Thursday:

Introduction Adam RITZ

https://ca01web.zoom.us/j/69998354433 (password: 972986)

EDMs and molecules: state of the art  Prof. Dave DEMILLE
and prospects for rapid improvements
in hadronic and leptonic CP violation

https://ca01web.zoom.us/j/69998354433 (password: 972986)

Assembling and disassembling Dr. Will CAIRNCROSS
molecules for quantum science and
precision measurement

Probing Physics Beyond the Standard Model Kia Boon NG
with the JILA eEDM Experiment

Discussion

https://ca01web.zoom.us/j/69998354433 (password: 972986)
Health break

https://ca01web.zoom.us/j/69998354433 (password: 972986)

Extending the reach of fundamental Prof. Albert YOUNG
symmetries research with beta decay
and measurements with polarized ultracold neutrons

https://ca01web.zoom.us/j/69998354433 (password: 972986)

Probing for BSM physics through Prof. Chen-Yu LIU
Precision Measurements of the Neutron
Lifetime and the Neutron Electric Dipole Moment

https://ca01web.zoom.us/j/69998354433 (password: 972986)

Discussion

https://ca01web.zoom.us/j/69998354433 (password: 972986)



Electric Dipole Moment
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Electric Dipole Moment
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Baryon Asymmetry requires BSMP
(P —— Baryon Asymmetry — NEW PHYSICS (BSMP)

Fact: There 1s more matter than antimatter

n,=n; 1= =~ few x 10

n,+n; e
(WMAP/PLANCK, [4He] e )

-10

887 £ 2.08¢¢

How?  A) Initial condition — NO (inflation)

B) Evolution from n=0

1) Baryon number violation Li / H

2) CP Violation make and EDM

3) Rapid expansion (non-equilibrium)

A. Shakarov
Nobel Peace Prize 1975

Another possibility: CP violation in neutrinos + “seesaw”
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Electroweak Baryongenesis

Kuzmin, Rubakov, Shaposhnikov 87; Cohen, Kaplan, Nelson 90&95

1. First-order EW PT produces expanding bubbles.
2. C and CP violation near the bubble wall induce asymmetries.

3. Electroweak physics (sphalerons) convert this to baryons

1
V(H,T) ~ — §(u2 —(T*H?* —~TH? + ~H*

Vtt / ToT ~L XR
/// | N / T<T XL

( Sphaleron

B

<¢p>x%0 A <¢p>=0
DOESN’T WORK: ¢ sy

1. The EW PT is not first order for mh =125 GeV.
Kajantie, Laine, Rummukainen, Shaposhnikov 98
2. Not enough effective CP violation.

Gavela, Hernandez, Orloff, Pene’94; Huet + Sather *95
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Standard-model/CKM EDMs small

Vanish at 2-loops for quarks and 3-loops for leptons
Khriplovich, Zhitnitsky (1982), McKellar et al., (1987)

Pion-nucleon picture ~
-7y external E M field

n ) ® n
(P vertex
\ | | .I‘ -
e \AVAVAVAY:
N by Py +
dSM ~ 1032 ecm;dr.3x1026 e cm GERy G
dSM ~ 1037 ecm; d?<107% e cm S
u, d d
dy”" = 5x107% e cm; d}, P < 10% e cm - .

dy M=~ 4x10% e cm; dpy P <5x 1027 e cm
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EDMs probe TeV-scale “new” physics

2
eh e
~ - (a=1)
2m hic
e, 2
e oy DIy CERN Meyrln 2N q .
SUISSE = === — e 99}_ S ATLAS: e — smgb

ks — K . ° CERN «*« = m
> - P e T Prevessm—‘ - \ 1

m~ 1 TeV - LHC scale
or ¢1s small
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Particle Interactions Polarize Particles, Atoms, Molecules

E(7,)=0

Paramagnetic (L- § coupling) o« Z™

%) oM Nycleon

Diamagnetic: Schiff moment, MQM o« Z°
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EDMs arise from many Sources

Rev. Mod. Phys., Vol. 91, No. 1 (Jan
Fundamental theory SUSY, Multi Higgs, LR-symmetry

!

Wilson coefficients (13)] © Cooer Cugaa(1,8),Corr - dya dyg semileptonic  d,
1 d—4
Ly =3 o (K) o\ | l l
k,d &
Low energv parameters gr' & (&) ¢r G0
-0 o -
Jop =~ 0.027 HQC-'D l
Nucleus level ) dt, *He Schiff moment
- m
S = swaly + [“2 P ag + sy, 0 | 58
i Fﬂ' - "9z ]
F + 9 a; + sq a | gl A 4
F TN g | I Diamagnetic —|emm— Paramagnetic
L /1 i v
Atom/molecule level Solid state
dA :nede + KSS(OQCD ,gn) + (kTCT+kSCS) + h.O.
~/3 ~/3

Rev. Mod. Phys. v. 91 015001 (2019)



E@7)=0

i

11/4/20

EDM results

Rev. Mod. Phys., Vol. 91, No. 1 (Jan 2019)

System | Result 95% u.l. ref.
Paramagnetic systems
Xe™ |da=( 0.7£1.4)x107?% (3.1 x107%2 e-cm| a
Cs |da=(-1.8%+69)x10"*[1.4x10"* e-cm| b
de =(—15+5.7) x 10726 (1.2 x 1072 e-cm
Tl |da=(—4.0%+43)x107%° [1.1 x 10~%* e-cm| ¢
de=( 6.9+74)x10%®(1.9x107% e-cm
YbF |d. = (—2.4%5.9) x 107* (1.2 x 107%" e-cm| d
ThO |w® = —510 =+ 485 urad/s e
de = (4.3+£4.0) x 107  [1.1 x 107%* e-cm
Os=(2.9+27)x107" [7.3x10~%
HfF" [27f%" = 0.6 + 5.6 mrad/s F
de =(09+79)x107%° [16 x 107*° e-cm
Diamagnetic systems
n |(d,=(-0.0%£11)x107%° [22x107*° e-cm| g
"YHg [da = (22+3.1) x107%" [7.4x107°° e-cm| h
Xe |[da = (14+6.9) x 107 [1.4x 107" e-cm| i
““Ra [da = (4+6) x 107 1.4 x 107*° e-cm| j
TIF |[d =(-1.7+29) x10"* [6.5 x 10~*° e-cm| k
Particle systems
p o |d,=(00£09)x107"7 [1.8 x 107" e-cm| I
A |da=(-30£74)x107"" |[7.9x 107" e-cm | m
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Sole-source analysis

d =a P
J /.
LE Parameter system 95% u.l.
de ThO 9.2 x 107% ecm
Cs ThO 8.6 x 1077
Cr 99Hg 3.6 x 1071V
g 19911o 3.8 x 1012
g 190 3.8 x 10712
IS 1991o 2.6 x 10711
d;’ neutron 3.3x 107%° ecm
dz’ TIF 8.7x 107%° e cm
d "““Hg 2.0 x 107*° ecm
Other parameters
dg ~ 3/4d,, 2.5 x 107°° ecm
0 ~ g /(0.015) 2.5 x 10710
Jd — Ju H X 10_15@9) ecm| 2x 10727 ecm




Global Analysis: d, and Cy

T.C. & M. Ramsey-Musolf — Phys. Rev. C 91 035502 (2015)
Also: Fleig and Jung J. High Energy Phys. 2018, 12 (2018)

ImC,, (VA
6x10° -4 2 0 2 4 6
| | | | | |
- 4x107°
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5x10° 0 5
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Global Analysis: d, and Cy

T.C. & M. Ramsey-Musolf — Phys. Rev. C 91 035502 (2015)
Also: Fleig and Jung J. High Energy Phys. 2018, 12 (2018)

ImC,,(v'/A)

6x10° -4 2 0 2 4 6
| | | | | |
~ 4x10°
1.0
_ 8x ThO improvement leads to
057 | d./Cq improvement by about 2x
g = ImC, /A
d:) 0.0 — 0 s 9 €q
2 > 2x10 1 0 1 2
= 4 | | | |
0.5
) —-1.0
1.0 -
Tho 25
— HfF" — -4
-1.5 X10-27 B T T —_
5x10° 0 5 g 0
Cq )
'UD
Also consider francium
D
ThO
— HfF" -
o 4x107 | | | | |
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Diagmagetic atoms and nucleons

T.C. & M. Ramsey-Musolf — Phys. Rev. C 91 035502 (2015)

neutron
Xe, Hg, TIF X X ,
Schiff
Ra X X X Moment
proton 1 +1 X X
d, *H, *He X X
—_(0) 2 —(1) 2 2
& €JAGw m TMr  Jn m m
d, = d; — In —X — — k) —T I —
" SeE, {mN oy g™ g mN}

~ dST — (1.44x107 g — 83x107 16y e — cm

S = g-nn(a0dep + a136p + a2Gep)

ggp ~ 0.027 eQCD
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A global analysis

TC&MJ Ramsey-Musolf: PHYSICAL REVIEW C 91, 035502 (2015) @
neutron
Xe, Hg, TIF, Ra X X X

d,= aCTCT + Ks(aogy(z) + algylr + %i)

~ egAg(O) m2 m —(1) m2 m2
dn — I — T In —& — ™ . usy| T
vyl R S e + 49(0) (K1 — ko) 2
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A global analysis

TC&MIR Musolf: PHYSICAL REVIEW C 91, 035502 (2015)

B

Results
neutron
Xe, Hg, TIF, Ra X X X

Upper limits (95% c.l.) with a1 (Hg) = —4.9 x 107"
CT X 107 gsro) g"(rl) dsr ( e cm)
3.0x107"/1.2x1077[2.9x10""| 1.8x10~*
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Experiments
H=-i Bl-d E

» Strong electric field

 Large signal needs POLARIZATION (usually optical pumping)

1

« MEASURE FREQUENCIES X 3z PerHV dwell

« AND MAGNETIC FIELDS - (Co)magnetometry

1 #n o
Phase-noise limit

o, ~ 1 n 1 2F T 1/ T
21}1 S/N 1 & 1
Count-rate limit

Measurement time 2F T / (P=A=1)
(HV dwell)




1 &

1

O, =~———
¢ 2E T SIN

. 1. Large internal electric fields.

11:00

12:00

11/4/20

—_
W
1

Eer (GV/cm)

1. Eeff ~ 1011 V/Cm
e Compared to E,;, < 10° V/cm.
2. Accessible internal electric fields.

3. Rejection of systematic errors.
e Electron spins triple/L=1 (J=0) p small
e E.¢s independent of E,;,.

Fundamental physics with molecules: From electric dipole moments to dark matter candidates

https://ca01web.zoom.us/j/69998354433 (password: 972986)
Discussion
https://ca01web.zoom.us/j/69998354433 (password: 972986)

Experimental Perspectives on Fundamental Physics with Molecules

https://ca01web.zoom.us/j/69998354433 (password: 972986)
Discussion
https://ca01web.zoom.us/j/69998354433 (password: 972986)

Future Directions EDMs - Tim Chupp

Paramagnetic Molecules
Large E, small 1

o
|

(9]
1

o

High polarizability

10 20
Applied field E (kV/cm)

e Easy to electically polarize, need only E;,, ~ 1 V/cm.

Robert BERGER

11:00 - 11:30

11:30- 114~ !
Nicholas HUTZLEnR

11:40 - 12:10

12:10 - 12:20

20

30



I 7 1

O, ~———
¢ 2E T SIN

11/4/20

Paramagnetic Molecules

1.

Large E, small 1

15 1

10 A

Large internal electric fields.
1. EeffN 1011 V/Cm
e Comnared to E.... < 10> V/cm. )

5,

Eet (GV/cm)

3A1 (T'A=2q) (~*"1Ly)

Future Directions EDMs - Tim Chupp \21/



1 7 1

A Atomic clocks f Dr. Jun YE
Ordgrlgf ﬂaﬁﬁ%e Smaller ARIICLE fundamental physics e
Limit on the Electric Dipole 1mproved limit on the electric dipole

Moment of the Electron =~ Momentofthesiectrof § ¢ Pt

The ACME Collaboration,” ). Baron,” W. C. Campbell,” D. DeMille,’t ). M. Doyle,"t .
G. Gabrielse,t Y. V. Gurevich, " P. W. Hess,” N. R. Hutzler," E. Kirilov,s 1. Kozyryev,l Preparation/
8. R. O'Leary,” C. D. Panda,’ M. F. Parsons,” E. S. Petrik,” B. Spaun,” A. C. Vutha,® A. D. West® Readout Lasers

C

: © O
o 0 02 Do B g ™ ® -
2DE H
Beam of ThO @
Molecules A S e N =41
e v
© ©

.
+V
A precision measurement of the electron’s electric dipole moment tsing trapped

molecular ions

William B. Cairncross,* Daniel N. Gresh, Matt Grau,’ Kevin C. Cossel,!
Tanya S. Roussy, Yiqi Ni,¥ Yan Zhou, Jun Ye, and Eric A. Cornell

(a) 65 e\\ (C) HfF*+ (a) ‘b 3A17 J= 1, F=3/2 ‘a (b) A'~0.5Hz
&
6 0¥ .gx\° Erot e pper doublet  m—
TOF MCP T Q=+1 Q=-1"T5
— — g f'~23 Hz
Hf* m.=-3/2 12 +1/2 +3/2 5 T A'=1Hz T
N —— E— [ [d) S~ - lc)
Z T ==
Q. d ~14MHz| | w S
.«. trap | lower doublet = 2
0\. electrodes Q
HiF HfF"
; © f
|mag|ng | jk‘ = 0.5 -
MCP = ionization = [
‘-‘co‘%/:o X4, E’ [
N Of -~
(b) stop ions spltnsp ;%%esmsslon kick to MCP % i
! \ < B
rotating E field dissociation -0.5F

L L L L
0 20 40 " 680 700 720
Spin precession time t (ms)

population
transfer

ionization
depletion

depletion

11/4/20
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Neutron electric dipole moment

From Wikipedia, the free encyclopedia

"NEDM" redirects here. For the Sussex experiment, see Sussex/RAL/ILL neutron EDM experiment.

The neutron electric dipole moment (nEDM) is a measure for the distribution of positive and negative charge inside the neutron. A finite electric dipole moment
can only exist if the centers of the negative and positive charge distribution inside the particle do not coincide. So far, no neutron EDM has been found. The current
best upper limit amounts to Idl <2.9 x10726g-cm.[1]

10 m ORNL, Harvard
10 MIT, BNL

02 LNPI
B Sussex, RAL, ILL
10

PSI (2020)

O<4pon

Supersymmetry Predictions

Neutron EDM Upper Limit [ecm]
>

10”' 4 Standardmodel Predictions
102 | :

L] L) L L] L]

1 1 I 1 I I
1950 1960 1970 1980 1990 2000 2010

11/4/20 Yedr ‘of Publicatioty
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1 n 1
O, ~———
2E T S/N

Entrance shutter

Neutron guide T6C
Tube Guide Courbe

Neutron guide TGV
Tube Guide Vertical

Ultra-Cold Neutrons (UCN)

SLOW (<8 m/s), “long” wavelength (50 nm) Ns with OPTICAL PROPERTIES

7,

N
\\\\\\\

N
DL

v

N

Neutrons properties:
Charge: 0

Weight (m=1.67x10-%" kg): g=(3.1 m/s)*/m
Magnetic moment: pu= (3.4 m/s)*/T
Interactions: Weak (decay) Strong

(reflecton/absorption/depolarization)

Very Cold Neutron guide

NN NW

7 ’ 7 I,
0000

Entrance
{1 EDM
shutter

Ph shutter

D0 Tank

o

N NN N
Nl

Vertical cold source (VCS)

11/4/20

N
N\

NN

Et E,

ITmeV o - — —

_ (kY
2m,

SF-He

12.6 Al
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RAL-Sussex-I1LL n-EDM

Four-layer pu-metal shield High voltage lead

Quartz insulatin )
cylinder 9 \ Magnetic ﬂcecla?l

Storage cell ,' \\\ Upper
\!

electrode
Hg u.v. \\\
lamp ~
PMT for
Hg light
Vacuum wall
—
] Mercury
: prepolarizing 199
il e cell
RF caoil to flip spi ‘A
Magnet s L[] UCN guide 1%Hg Jon - tiE
/ changeover - o 'IBO = UGN . |
| S E— - Q. e " ’\
UCN polarizing foil / : - ‘ L
1 Ultracold = Y
A neutrons
T —=+— (UCN)

d, <2.2x102ecm
UCN detector

< Approx scale 1 m_

25
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Putting 1t all together: panEDM

(
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| J
"-'
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ﬂ E J >
erxx T I T I I I 1'”\
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Next Generation nEDM Experiments

Cryogenic UCN source, room temperature storage cells

PSI
ILL

— panEDM (Munich/ILL)
PNPI Petersburg

TRIUMF TUCAN
US SNS
LANL nEDM

Projected: 10-100x improvement (1028 e-cm)

11/4/20
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Stolen from Brad Filippone

Overall Apparatus POLARIZED 3He
SOURCE

3He SERVICES
MODULE

MAGNET COIL
PACKAGE

MAGNETICALLY
SHIELDED ROOM

Polarized

N B
eutron Beams MEASUREMENT

CELLS AND ELECTRODES
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1 &

1

O, ~—— 199H d 129X
d
2E T S/N g dan C
k endi
PRL 116, 161601 (2016) PHYSICAL REVIEW LETTERS 22 APRIL 2016
Reduced Limit on the Permanent Electric Dipole Moment of *"Hg
B. Graner,* Y. Chen (F%E), E. G. Lindahl, and B. R. Heckel
Department of Physics, University of Washington, Seattle, Washington 98195, USA
)
: _ -30
dpyy = (=220 £ 2,75, + 1.48,,) x 10730 cm.
11/4/20 Future Directions EDMs - Tim Chupp
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Measurement Technique

HV coax cable (RGS58)

Electrode (+10kV) «Atoms are contained in a stack of 4
vapor cells in a common B field

2 conducting plastic electrodes at

Ja
IR EE TSSO,

OoT .

cell ‘N theII same potential hold the 2 outer
Il =y

ce

VB = *Opposite E field causes an EDM to
cell shift the relative frequency of the 2
O% / “gm inner cells

ce

.199Hg is pumped to align spins with
laser beams

b

s

¥

]

b\

Nt RS S S SRS N

N
b

Vessel (0V) f Groundplane |y .Precession is observed by detecting

a) HV feedthrough Faraday rotation of weak, linear

¢ polarized light



129X e EDM with 3He Comagnetometry
HeXe

- <0
PHYSICAL REVIEW LETTERS 123, 143003 (2019)
N. Sachdeva,’ * I. Fan,? E. Babcock,> M. Burghoff,2 T. E. Chupp,' S. Degenkolb,** P. Fierlinger,® E.
Kraegeloh,®! W. Kilian,? S. Knappe-Griineberg,2 F. Kuchler,>¢ T. Liu,> M. Marino,? J. Meinel,?
Z. Salhi,> A. Schnabel,2 J. T. Singh,” S. Stuiber,® W. A. Terrano,® L. Trahms,? and J. Voigt?

! Department of Physics, University of Michigan, Ann Arbor, Michigan 48109, USA
2 Physikalisch- Technische Bundesanstalt (PTB) Berlin, 10587 Berlin, Germany
3 Jiilich Center for Neutron Science, 85748 Garching, Germany
4 Institut Lauve-Langevin, 38042 Grenoble, France
5 Excellence Cluster Universe and Technische Universitit Minchen, 85748 Garching, Germany
STRIUMF, Vancouver, British Columbia V6T 2A8, Canada
" National Superconducting Cyclotron Laboratory and Department of Physics & Astronomy,
Michigan State University, East Lansing, Michigan 48824, USA

da('Xe) = (1.4 £ 6.64, £ 2.045) X 107 ecm
d,(1°Xe)| <1.4x 10727 ecm (95% C.L.).

Other recent work
PRA 100, 022505 (2019) - MIXed
arXiv 2008.07975
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Octupole Enhancemed Schiff Moment

Intrinsic (body-frame) moment
Polarizabitliy

NH; (see Feynman vol 3.) Reflection Symmetry

@) b)
(la) +|b))

(la)~5))

Small splitting (tunnel frequency)
Large electric polarizability

o, (rteostl-) npgas
E —E E -E

11/4R20 - 33
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Nucle1 with Octupole Deformation/Vibration
(Haxton & Henley; Auerbach, Flambaum, Spevak; Engel et al., Hayes & Friar, etc.)

(Hrcost] =) g pia>s

S o«
E,-E_ E,-E_
223Rn 223Ra '225Ra 2'23F1, IQQXG IQQHg
ty /o 23.2m 11.4d 149d 22m
I 7/2 3/2 /2  3/2 1/2  1/2
AFE th (keV) 37" 170 47 75
AFE exp (keV) (-) 50.2  55.2  160.5
115  18F

101S (e-fm?®) 375 150

10%d4 (e-em) 1250 1250 940 1050

Ngg = 3.75 x 107 1

Ref: Dzuba PRA66, 012111 (2002) - Uncertainties of 50% osf\ " *
*Based on Woods-Saxon Potential \

—_

T Nilsson Potential Prediction 1s 137 keV ’ = o
NOTES: T < 7T s LT
Ocutpole Enhancements 2l f B e
Engel et al. agree with Flambaum et al. e o Tmm [ "ok e 7
Ever%l%%gpole vibrations enhance S (Engel, Flambaumé& Zelevinsky) .
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Search for EDM of “*°Ra at Argonne S
(Thanks Matt Dietrich) Argonne

225Ra

Nuclear Spin =%
Electronic Spin=0
tl/Z = 15 dayS

Zeeman

Slower
Magneto-optical

.....

0.0+

19.90 19.92 19.94 19.96 19.98 20.00 20.02
Time (s)

Optical
dipole trap
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Second Ra-225 EDM Measurements

1‘7 -

June 2015

A Parallel Data

e Parallel Fit
¥ Anti-Parallel Data

= = = Anti-Parallel Fit

7 e Off Data

or | e Off Fit

Population Fraction

-10 0 10 20 30 40
Time after polarization minus 2x10* (ms)

dg, 05 < 1.4 X 1023 e-cm 95% C.L.
36-fold improvement in 6 months

Hoping for 10-%° e-cm and smaller.
225Ra production may use FRIB etc. (harvesting)

11/4/20 Future Directions EDMs - Tim Chupp 36



Cold molecule Nuclear Time-Reversal Experiment (CeNTREX)
(D. DeMille[Chicago+Argonne], T. Zelevinsky [Columbia], D. Kawall [UMass], S. Lamoreaux [Yale])

Incorporates many methods from ACME + new techniques
(slow molecular beam, rotational cooling + cycling fluorescence for detection, etc.)

Cryogenic Molecular Rotational State Molecule State State

Beam Source Cooling  Preparation Focusing  Preparation Spin Precession Region Transfer Detection
Solid TIF Target =
g Microwave . N, . i
\ \ \ 1
298K /‘;Homs \ E B RFt
Neon - g; é é é
Buffer 165 : d‘ \|‘I »
Gas () ", L)
Swnew .# ~ g % “ % ‘.
| .;"g‘ P o 0. . e € & € ¢ ¢ ¢ €€
O L= e
Quadrupole
P
) i@g, ﬁ Electrostatic ﬁ :
€8  £%% Lens AN
> 6’) Rl Magnetic o ‘ { _ "33‘ 8
Shields Radio-frequency Field Coils Electic Field Plates ~ Magnetic Field Coils = o%
q y gn

1st generation design & construction well underway

Future generations of CeNTREX could incorporate
--transverse laser cooling for increased flux
--laser slowing and/or trapping for increased interaction time?

Prerct 20x improvement on proton EDM (1027 e-cm), 10-100 on 0 4¢p
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13YbOH NMQM Experiment @ Caltech

* Building a NMQM
search in 73YbOH at
Caltech

— 173yp (1=5/2), large
quadrupole

deformation (£, =
0.3)

— Cryogenic buffer gas
beam experiment

— Laser cooling, trapping
in future generations?

V. V. Flambaum, D. DeMille, and M. G. Kozlov, PRL 113, 103003 (2014)
I. Kozyryev and NRH, PRL 119, 133002 (2017)
D. E. Maison, L. V. Skripnikov, and V. V. Flambaum, PRA 100, 032514 (2019)

To PMT

M. Denis, Y. Hao, E. Eliav, NRH, M. K. Nayak, R. G. E. Timmermans, A. Borschesvky, J. Chem. Phys. 152, 084303 (2020)
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Storage-ring EDMs (e.g. muon)
g2 W, = —iaug
m
3 . 0,
0, = —d —xB+E

2m C 5

EDM Signal: out-of-plane oscillation out of phase with w,

B

a’

a0
w
£ B Nent = 4849924 ﬁ' Chi2 / ndf = 415.1 / 306
313-:00— Chi2/ ndf = 414.6 / 396 £ os— N = 00001666+ 3.919e.06
C N =1.236e+04 + 1619 2 Agd  =-1.7640-05+ 5.4516-06
Lifetime = 1.1350+05 + 7208 ;EM_ phi  =1605% 0O
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11/4/20 Future Directions EDMs - Tim Chupp 39



EDM Signal: out-of-plane oscillation out of
phase with w,

(2-2) EDM

E821 Data Vertical Oscillation out of phase with o,
a x10”
E B Mont = 4845924 T Chi2 [ ndf = 415.1 / 396
§1aﬂﬂﬂ L Chi2 / ndf = 414.6 / 356 = N = 0.0001666+ 3.0196.06
- N =1236e+04 + 1619 2 - Ag2 = 1764005+ 5.4510-06
K Lifetime = 1.1350+05 + 7208 £ - s
- W = 2973+ 12,31 ~ s Ry it
16000 — 48084 D 5L Aedi = 4.416e-06 + 5.537e-04
B _phig2 =1605 + 0002609 | =
. 03 ‘
: 2 i odll R |
14000 — 8
- 5 o2/l BTG Jl| | I
2 e LT
N = i TR e g N
12000 0.1l ‘ ‘ ‘ ‘
10000/ '
C ] ; | I | 1 | | | L |
1]

-0.1 L L -
] 500 1000 1500 2000 2500 3000 3500 4000
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E821:d,=(0.9%19)x107" ¢-cm
Improve by 100x (potentiallargeeffort forp;d,’He - Cosy, BNL, FNAL)




Storage ring EDMs
Fermilab, Jparc, BNL, COSY

Particle J a || (GeV/c) Y |B| (T)  |E| (kV/em)  |E/|/y (kV/em) R (m) o= (ecm) Ref.

u* 1/2  40.001 17 3.094 29.3 1.45 0.0 4300 7.11 10721 E989
0.3 3.0 3.0 0.0 8500 0.333 10721 E34
0.5 5.0 0.25 22.0 760 7.0 10-24 stEDM
0.125 1.57 1.0 6.7 2300 0.42 10724 PSI

pr 1/2 +1.79285 0.7007 1.248 0.0 80.0 80 52.3 1072 stEDM
0.7007 1.248 0.0 140.0 140 30.0 1072 JEDI

d+ 1 —0.14299 1.0 1.13 0.5 120.0 580 8.4 10=2° stEDM
1.000 1.13 0.135 33.0 160 30.0 1072 JEDI

SHet* 1/2 —4.18415 1.211 1.09 0.042 140.0 89 30.0 1072 JEDI
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E@7)=0

i

11/4/20

EDM results

Rev. Mod. Phys., Vol. 91, No. 1 (Jan 2019)

System | Result 95% u.l. ref.
Paramagnetic systems
Xe™ |da=( 0.7£1.4)x107?% (3.1 x107%2 e-cm| a
Cs |da=(-1.8%+69)x10"*[1.4x10"* e-cm| b
de =(—15+5.7) x 10726 (1.2 x 1072 e-cm
Tl |da=(—4.0%+43)x107%° [1.1 x 10~%* e-cm| ¢
de=( 6.9+74)x10%®(1.9x107% e-cm
YbF |d. = (—2.4%5.9) x 107* (1.2 x 107%" e-cm| d
ThO |w® = —510 =+ 485 urad/s e
de = (4.3+£4.0) x 107  [1.1 x 107%* e-cm
Os=(2.9+27)x107" [7.3x10~%
HfF" [27f%" = 0.6 + 5.6 mrad/s F
de =(09+79)x107%° [16 x 107*° e-cm
Diamagnetic systems
n |(d,=(-0.0%£11)x107%° [22x107*° e-cm| g
"YHg [da = (22+3.1) x107%" [7.4x107°° e-cm| h
Xe |[da = (14+6.9) x 107 [1.4x 107" e-cm| i
““Ra [da = (4+6) x 107 1.4 x 107*° e-cm| j
TIF |[d =(-1.7+29) x10"* [6.5 x 10~*° e-cm| k
Particle systems
p o |d,=(00£09)x107"7 [1.8 x 107" e-cm| I
A |da=(-30£74)x107"" |[7.9x 107" e-cm | m
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The decadal horizon

1. Molecules (cold) will rule
Next generation ACME (CFP-Northwestern)
Diamagnetic TIF (CeTREX)
MQMs etc. (N. Hutzler)

Ra(F) — octupole enhancement (Argonne/Dietrich)

2. UCNs sources will peak: 10x-100x (SNS nEDM)
Magnetometry challenges!

3. Storage rings will emerge

LB
=BT SIN




A TRIUMEF perspective

1. TUCAN (nEDM) go-go-go!
We are all learning from eachother

2. Francium: competes with paramagnetic molecules

3. Ocutpole enhancements: (molecules)

MICHIGAN



Thanks to everyone



