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eEDM Constraint on Beyond-Standard-Model Theories!
Single-source interpretation

Berkeley London Exp: Yale/Harvard (2013)
2002 2011 Theory: St. Petersburg/Toulouse (2016)
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Courtesy: DeMille (2005), Huliyar (2009)
B.C. Regan, E.D. Commins, C.J. Schmidt, D.P. DeMille, Phys Rev Lett 88 (2002) 071805/1
J.J. Hudson, D.M. Kara, I.J. Smallman, B.E. Sauer, M.R. Tarbutt, E.A. Hinds, Nature 473 (2011) 493

D. DeMille, ICAP 2014, Washington D.C., ACME Collaboration, Science 6168 (2014) 269, TF and M. K. Nayak, J. Mol. Spectrosc.
300 (2014) 16, L. V. Skripnikov, A. N. Petrov, A. V. Titov, J. Chem. Phys. 139 (2013) 221103, L. V. Skripnikov, A. V. Titov, J. Chem.
Phys. 142 (2015) 024301, M. Denis, TF, J Chem Phys 145 (2016) 214307
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More Stringent Bounds on (Semi-)Leptonic CP-odd
Parameters®

Multiple-source picture:
AEP,T — <dsys . Eext>
= (Ozde de + QC Cs) (n . Z> (Eext)

Previous resulting bound:

e N From HfF+, ThO, YbF, T
© ‘de|2017 < 6.4 x 107 %8¢ cm

. global w/ Hg
global w/o Hg

New resulting bounds:
Y i From Hg, HfF™, ThO, YbF, Tl
-3 -2 -1 0 1 2 3 ‘de|2018 < 3.8 X 10_286 cm
d/(107*"e cm) ‘Cs‘z()lg <2.7x107°8

5TF, M. Jung, J. High Energy Phys. 7 (2018) 012

J. Baron et al., Science 343 (2014) 269

M. Denis, T. F., J. Chem. Phys. 145 (2016) 214307

L. Skripnikov, J. Chem. Phys. 145 (2016) 214301

W.B. Cairncross, D.N. Gresh, M. Grau, K.C. Cossel, T.S. Roussy, Y. Ni, Y. Zhou, J. Ye, E.A. Cornell, Phys. Rev. Lett. 119
(2017) 153001

T. F., Phys. Rev. A (Rap. Comm.), 96 (2017) 04/0502(R)

L.V. Skripnikov, J. Chem. Phys., 147 (2017) 021101
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eEDM Constraint on Beyond-Standard-Model Theories
Single-source interpretation (2018)

Berkeley London Theory: St. Petersburg/Toulouse (2016)
2002 | I2011 Exp: Yale/Harvard (2018)

Multi+
Higgs
1
Left—Right Extended
Symmetric Technicolor
1
Lepton-Flavo Standard
Changing Model
1
Split SUSY
1
SO10) GUT Alignment
1
Seesaw Neutrino Yukawa Couplings
1
Accidental |||Approx. || Approx. Exact
Cancellations CP Universality Universality
I
Hea
Naive SUSY |
s s (R
I I I I I I I “ I 2 I 0
-25 -26 -27 -28 -29 -30 -31 - — —
107 10 107 10 10 10" 10 10 10 10
de (e cm)

ACME 2018 result® combined with 2016 theory

®ACME collaboration, Nature, 562 (2018) 355
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Going Ultracold: From beams to traps

PHYSICAL REVIEW A, VOLUME 63, 023405

Loading and compressing Cs atoms in a very far-off-resonant light trap

D. J. Han, Marshall T. DePue, and David S. Weiss
Department of Physics, University of California at Berkeley, Berkeley, California 94720-7300
(Received 25 May 2000; published 12 January 2001)

We describe an experiment in which 3107 Cs atoms are loaded into a 400 wm crossed beam far-off-
resonant trap (FORT) that is only 2 wK deep. A high-density sample is prepared in a magneto-optic trap,
cooled in a three-dimensional far-off-resonant lattice (FORL), optically pumped into the lowest-energy state,
adiabatically released from the FORL, magnetically levitated, and transferred to the final trap with a phase-
space density of 10~ ?. Spontaneous emission in the FORT is negligible, and we have compressed the atoms in
the FORT to a spatial density of 2x 10'* atoms/cm’. Evaporative cooling under these conditions proceeds
rapidly.

o Estimated sensitivity of Cs EDM measurement in DLT" is |d.| ~ 10~?Y ecm

Cs atom: AE = R Fo. d, Ultracold XY Molecule: AE = Fd,
B &~ 20 [2Y] Eer = 50 [27]

e A factor of =~ 2500 gain in sensitivity!

7DLT: Dipole light trap; D. Weiss (Penn State), 2014: “Measuring the eEDM using laser-cooled Cs atoms in optical lattices’
S. Chu, J.E. Bjorkholm, A. Ashkin, A. Cable, Phys. Rev. Lett. 57 (1986) 31/
C. Chin, V. Leiber, V. Vuleti¢, A.J. Kerman, S. Chu, Phys. Rev. A 63 (2001) 033401
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Atomic Electric Dipole Moment

e Definition:®
d, = — Elitrgo {W} Aepy is some P,T-odd energy shift.

e Example: Lorentz covariant electron EDM interaction

0.5 2 v
HEDM = 7/ ’7 Y5 (’Y'ufy — 7 ,y/i) FFW
0 Eqg Ey Ez
—E 0 —B B
TR (N ]

Hepyv = —de’}/o [Z -E+ 1o - B]

e And so

d, = lim 0 de <VO X -E+wx B]>¢(Eext)

8E.D. Commins, Adv. Mol. Opt. Phys. 40 (1999) 1
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Atomic Electric Dipole Moment

e \With the definitions
(E+ B)est = — (7" [2 - E + 1 - B)

w(Eext)
. dg . _A(E+B)err __ E+B)(2)—(E+B)gs(1)
R:=d Rijp 1= — 2Bt — _ (BEB)ar ) (T4 Bur

e the linear-regime enhancement is:

o Eoe €{107°,...,107%} a.u.
Corresponding expressions for other P, T-odd effects
(Ne-SPS, Ne-TPT, Schiff, etc.)

Magnetic EDM term will be of importance for constraints® on bounds
from Xe
(near future)

o Chupp, M. Ramsey-Musolf, Phys. Rev. C 91 (2015) 035502
W. Dekens, J. de Vries, M. Jung, K.K. Vos, J. High En. Phys. 1 (2019) 069
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Atomic and Molecular Correlated Wavefunctions

Hamiltonians

e Dirac-Coulomb Hamiltonian + external electric field (atoms)
]:_’Dirac—Coqumb _|_I:]Int—Dipo|e

:Z[Cai'Pi+5iC2 }-l- Z ]144-21'7,' Eo 1y

1,>7

e Dirac-Coulomb Hamiltonian operator (molecules)

n

A N
HDC:Z[COQ"PHF@;CQ—Z% ]+Z Iy + Z Vag
A

) 1,7>1 A,B>A

e Dirac-Coulomb-Gaunt Hamiltonian operator (molecules)

R n N s N
HDCG:Z{ca@--pHr&CQ—Z— ]JrZ ( 114—%r,,j)+ > Vap
7 A

-
1,7 >1 i ] A,B>A
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Atomic and Molecular Correlated Wavefunctions

e All-electron Dirac-Coulomb Hartree-Fock (DC(G)HF) calculation
set of time-reversal paired 4-spinors [A(gpi = ¢ and [A(Spg = —;

. —%77<Zn: 0®112(j)>'5y noo,
K(n):=e V7! [T Ko(y)
j=1

e Expansion and variation'® in n-electron sector of Fock space
dimF"(M,n) . unbarred (Kramers up) string S = a,;faT.aL .
_ ST)i|) AN
Vr) 2. e barred (Kramers down) string S = alal_al

=1

7 Q- - -

Linear expansion: Configuration Interaction

Exponential expansion: Coupled Cluster

105 Knecht, H.J.Aa. Jensen, T.F., J Chem Phys 132 (2010) 014108
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P,T-odd Property Calculations

using correlated wavefunctions

Expectation values over relativistic Configuration Interaction wavefunctions!!
R dim}—t(l\/[,n) — | A o
_ *
(0) w=" > e (1SD}O[STal)
(o5 I,J=1

Property operator O in basis of Kramers-paired molecular spinors

. Py Py, P P Py + P t
O= > omn aln,aﬂﬂ‘ > > Ommn a’;rvzaﬁ+ > > Omn a.—an+ > Ommn Ay Oy

m,n=1 m=1n="FP,+1 m=Py+1n=1 m,n=~FP,+1

First-term contribution to expectation value

dimFt(P,N) Py
W/(Up)1 = > Gt Y. Omy
I,J=1 m,n=1
NPESI NpES]‘l‘NI_)GT-[ NpESJ NpESJ‘f‘N]_)ET-J T
(111 11 apap al,an ] 11 alay | )
p=1 p=Np+1 q=1 q=Np+1

11 S. Knecht, Dissertation, HHU Diusseldorf 2009
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P, T-odd Properties as Expectation Values

Interaction constants / enhancement factors for n-electron system

o Electron eEDM interaction constant!? / enhancement®?

mn mn
1 0 ~ 2 05 = 2
Wqi=g Z V5 25 H; N~ Z V575 Pj
J=1 b (0) J=1 %io)
Ee
Eeff = —( Wd R~ Rlin — _Ki

e S-PS nucleon-electron interaction constant'* / ratio®

. <’LZ 35 pN(rj)>
G = J ex
Ws = 964 ( 3 4] on () § =

126 Lindroth, E. Lynn, P.G.H. Sandars, J. Phys. B: At. Mol. Opt. Phys. 22 (1989) 559, stratagem I

TF, M.K. Nayak, Phys. Rev. A 88 (2013) 03251}
I3TE LV, Skripnikov, arXiv:1910.11596 (2019)

Y4\1. Denis et al., New J. Phys. T (2015) 043005
I5TE, M. Jung, J. High Energy Phys. (JHEP) 07 (2018) 012
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Towards Ultracold DLT EDM Measurement

Picking the cherry

In the casting:
Alkali(-like) atoms: Li, Na, K, Rb, Cs; Ag, Au
Earth-alkaline atoms: Sr, Ba, Ra: Yb

Jury spreadsheet for X partner of Ra and some contenders:

X | BAC) (V] Buax [&]  Bo= (vl-tglv) [em™] D[] By =% [4]
Li 0.62 61 — ~ 1.5
Na 0.55 58 — ~ 1
K 0.50 50 — ~ 1
Rb 0.49 48 + ~ 1
Cs 0.47 44 + ~ 1
Ag 1.30 66 0.021 5.4 0.264
Au 2.31 60 + ~ 6
AgBa 1.30 6 + ~
RbYb™° —0.7 0.001 0.21 5.5
CsYb'® 0.54 0.007 0.24 3.5

16 R. Meyer, J. L. Bohn, Phys. Rev. A 80 (2009) 042508
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Towards Ultracold DLT EDM Measurement

Picking the cherry

In the casting:
Alkali(-like) atoms: Li, Na, K, Rb, Cs; Ag, Au
Earth-alkaline atoms: Sr, Ba, Ra: Yb

Jury spreadsheet for X partner of Ra and some contenders:

X | BAX) [ V] Boax [&]  Bu = (vldglv) em™] D D] Bpo = 2 [&]
Li 0.62 61 — ~ 1.5
Na 0.55 58 - ~ 1
K 0.50 50 — ~ 1
Rb 0.49 48 + ~ 1
Cs 0.47 44 + ~ 1
Ag 1.30 66 0.021 5.4 0.264
Au 2.31 60 + ~
AgBa |  1.30 6 + ~
RbYb —0.7 0.001 0.21 5.5
CsYb 0.54 0.007 0.24 3.5

Au is forbidden fruit!
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(P, 7T )-odd properties of AgRa

e Electron EDM effective electric field!’

n
__ 2ac 5= 2
Eeff — eh Z ,yuyfyj Py
i=1

(0)
e S-PS nucleon-electron interaction constant!®
Ws = \/— E Zheavy (Yol Z 7?7}5 pn (7)) W)
SA1 DI

ThO HfFt ThFT | YbF AgRa

Ee| | 78 23 3 | 25 64 | [
[Ws| | 106 20 51 | 40 175 | [kHz]

17E. Lindroth, E. Lynn, P.G.H. Sandars, J. Phys. B: At. Mol. Opt. Phys. 22 (1989) 559

T.F., M.K. Nayak, Phys. Rev. A 88 (2013) 052514
V. G. Gorshkov, L. N. Labzovski, and A. N. Moskalev, Zh. Eksp. Teor. Fiz. 76 (1979) 41/
M. Denis et al., New J. Phys. 7 (2015) 043005

18
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Devising a AgRa DLT EDM Experiment

e Photoassociating ultracold atoms into ultracold molecules!®

Y (R)

Energy

Energy

Internuclear distance R

Internuclear distance R

e Does its electronic spectrum allow for efficient energy transfer
(remove binding energy without heating) 7

e Which states are candidates for photoassociation ?

19\ D. Carr, D. DeMille, R. V. Krems, J. Ye, New J. Phys. 11 (2009) 055049
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AgRa - Electronic-structure model

Determinant classes

['% TI° TI1Y (Reference space)

['® 1% TIT" (Singles)

['® TI' TIT* (Valence correlating)
[17 11* 111° (Singles)

['7 I1° TIT* (Singles)

17 11 111 (Core-val. correlating)

17.6 x 10° expansion terms (2 = 1/2)

KRCI program?!

# of Kramers pairs ;coc: 31 eliltitoe: S
min. max.
(4 a.u.)
111 Virtual 71 21 21
Kramers pairs
Ag: 5p,6s
i | R 7p.3pod 18 19 21
Ag: 5s -
Ra: 7s
Ra: 6s, 6p 9 17 18
I Ag: 4d
Frozen (57)
core
cvTZ bases®
20

K.G. Dyall, Theoret. Chim. Acta 131 (2012) 1217
K.G. Dyall, A.S.P. Gomes, Theoret. Chim. Acta 125 (2010) 97

215 Knecht, H.J.Aa. Jensen, T.F., J. Chem. Phys. 132 (2010) 014108

DIRAC15 package (locally modified)
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E [a.u.] (offset: -30342.)
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E [a.u.] (offset: -30342.)

AgRa
A Pathway To Assemble AgRa (X) from Trapped Ag-Ra Atom Pairs

-0.78

I H

3313 Ra 7s'8s’
[ ]

Q = 3/2(11)

1 15.1
Q = 1/2(16) P,:Ra7s™7p
-0.82 ) =

i \ N Q = 1/2(15)

°P,: Ra7s'7p’

-0.84 ,
3Pl: Ra 7st7pt

3 .Q 151
-0.86 11l o = ¢ b (4) I . Po: Ra7s™7p
1000 cm®
-0.88 -
1
@
-0.92 s Ra 7s%-
-0.94 -
| | | | |
6 8 10 12 14 16 18 20 22

R [a.u.]
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Electronic Transition Dipole Moments : (2 = 1/2 states

transition dipole moment norm [D]
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Electronic Transition Dipole Moments : (2 = 3/2 states

transition dipole moment norm [D]

Q = 3/2(11)

Frontiers in Quantum Matter Workshop: Electric Dipole Moments,

Canberra,

25-27 November 2019



Long-Range Theory??

Van der Waals interaction potential for two neutral heteronuclear atoms:
Ce Cs Cho

V(R):_RG_RS_RIO_

Ground state:

(1) £(1)
0 9=1/2(1) _ Z 3 fac’ o
6 —_—
2 AFE.AEg (AE., + AE
a = 2515(55") for Ag and b = 'Sy(7s?) for Ra

Oscillator strengths:*

2 n
Y = - (Br=E) > |[{Lr, Mer, Sp, Msp| Y #(k) | L1, Mry, S1, Msy) ||
g My p-Mgp k=1
Mpp-Mgr

gr = (2Mr; +1)(2Ms; + 1)

(L) = |*P) = |1, My; L, M) are expanded as

|1 07275 <272’1 0’275 ’272>+<272’1 072’2> % %>

22} Y. Zhang, J. Mitroy, Phys. Rev. A 76 (2007) 022705
23T N. Chang, Phys. Rev. A 36 (1987) 447
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Atomic Transition Dipole Moments: Ag and Ra®

1.1 1.3
Ag Transition DI2F 2 [a.u] DI2F 2 [a.u] Dy la.u] fif AE [cm™ 1]
251(5s) — 2P 5(5p) —1.1007 1.5561 1.9061  0.9987  30165.796
2 23
251(5s) — 2P 5(6p) —0.0515 0.1238 0.1308  0.0076  48433.009
2 23
251(5s) — 2P 3(7p) —0.0820 0.0812 0.1142  0.0064  54094.418
2 2'2
Ra Tran{sitioni D?;,l [a.u.] fir fir 25 Ae[em ™1
150(7s%) — °P1(7sTp) 0.4995 0.0350 15391.
150(7s%) = 1Py (7s7p) 3.3687 2.1422 1.91  20715.614
150(7s) = 3P1(7s8p) 0.3836 0.0402 30000.
150(7s%) = 1P1(7s8p) 0.8252 0.2039 32857.537
Ra Transition fif AEFE [cm™1]

LP1(7s7Tp) — °S1(7s8s) | 0.0053 3899.32
Lp(7s7p) — 1S0(7s8s) | 0.2396 6414.14
Lpi(7s7p) — 1S0(7s9s) | 0.0046  23516.95
Lp (7s7p) — 180(7s10s) | 0.0167  38210.06
Lpi(7s7p) —3Dq(7s7d) | 0.0258  23264.76
Lp(7s7p) — 3Do(7s7d) | 0.2405  23405.31
Lpi(7s7p) — 'Do(7s7d) | 0.1968  24495.86

24TF, D. DeMille, “Using Ultracold Assembled AgRa Molecules to Search for Time-Reversal Violation”, to be submitted.
25\ A. Dzuba and V.V. Flambaum, J. Phys. B 40 (2007) 227
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Testing the approach: LiBe and RbSr

LiBe (21 5) | lin. CCSD?  KRCI(FCI)
Cola.ul] T 473(3) 462

RbSr (%%, /5) | lin. CCSD?*  KRCI MR-SD  KRCI MR-SD +TQ

Cola-u]] [ 3697(10) 3995 3849

5% residual deviation!

AgRa (2 =1/2(1)) | KRCI(MR-SD)
Cgla.u.] | 1163

26

A. Derevianko, S.G. Porsev, J.F. Babb, At. Data Nucl. Data Tables 96 (2010) 323
M.S. Safronova, W.R. Johnson, A. Derevianko, Phys. Rev. A 60 (1999) 4476
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Connecting LR- and SR-Potentials
Ground potential 2 = 1/2(1)

LeRoy radius®’:

(7%) g, = 13:90 a.u.

-200865

-200870 |-

-200875 |

E [cm-1]

-200880 |-

-200885 | |

-200890

_ RS2 _

1 1 1 1
10 15 20 25 30
R [AA]

27

R.J. LeRoy, Can. J. Phys. 52 (1974) 246

R.J. LeRoy, R. B. Bernstein, J. Chem. Phys. 52 (1970) 3869

Rip =2 (<f2>}4/2 +
(7 ) e, = 28.T1 2.u,

()

18.2a.u.

e Pure short-range potentials
produce artefacts! |

o V(R) —% and fit long-

range to short-range curves

a4
a4

e Correct physics from careful
fitting | |
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Dispersion coefficients from oscillator strengths

(1)
C6Q:1/2(16) _ C6Q:3/2(11) _ Z §AE — Afig -
nc(ﬁczl),nd(éd:()) 4 ca db ( ca "‘ db)
(1) (1)
15
" 2 8 AEAE AfE + AEy)
ne(le=1),n4(Lg=1) cahEgy (AEca db
(1) (1)
57
- 2 40 AE.oAE AfE AE
nc(le=1),nq(£3=2) ca b ca T db)
MBPT?8 KRCI(FCI)
A test on LiBe: ’I1 1P(Be 25'2p') | 951.6 714.0
2y 1P(Be 2312p1) 1228 1402

Ra(7p) excited states:

QO =1/2(m) MAgterm Cglau] || Q=3/2(k) MAqterm Cg[a.u]
m— 1 251 2 1163 k=1 3,2 1380
m =4 11, 15 A78 k=11 2115, AT8
m =15 251 9 1380
m =16 211, A78

28 Y. Zhang, Y. Cheng, J. Mitroy, J. Phys. B: At. Mol. Opt. Phys. 46 (2013) 125004

Frontiers in Quantum Matter Workshop: Electric Dipole Moments, Canberra, 25-27 November 2019



Connecting LR- and SR-Potentials
Excited potentials 2 = 1/2(16), Q2 = 3/2(11)

LeRoy radius:

Run =2 () + (7))

(7) g, = 1390 @0 (7 »  =60.63au.

E [cm-1]

-179830

-179835 |-

-179840 |-

-179845 |-

-179850 |-

a
P32

= Ry =923 0a.u.

e V(R) =~ —% and fit long-

range to short-range curves

Il Il Il Il Il Il
10 11 12 13 14 15
R [AA]
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AgRa FCF for Proposed PA

FC overlap of 2 = 1/2(1) and 2 = 1/2(16) including trap potential
| w;* Y, dt, > 0.003 for pair-bound state always exists.

mj FCFs_XSHO_OneHalf_16_107Ag.dat - Notepad = O =
File Edit Format View Help
v_X\v_ex 184 185 186 1a7 1@s
127 0.00644 ©.00030 ©.00006 ©.00000 ©.00000
128 8.81887 ©.00824 ©.80340 0.80083 0.00014
129 8.91368 ©.81947 ©.88887 0.81165 0.08861
138 8.08689 ©.03906 ©.28759 ©.49566 ©.13158
131 8.00018 ©.00067 ©0.00685 9.80133 0.14490
< >
e = —
File Edit Format View Help
v_X\v_ex 184 185 186 187 188
128 8.12124 ©.01708 ©.80821 8.88351 0.08876
129 8.67587 ©.23828 ©.80020 ©.80274 0.00863
138 8.86273 ©.28385 ©.53367 0.88673 0.000883
131 8.08684 ©.04232 ©.80139 B.25828 0.67588
132 8.00611 @.80867 ©.00001 8.80376 ©.08021
£ >
4
File Edit Format View Help
v_X\v_ex 14 185 1e6 107 188
127 8.28416 @.82376 0.01092 0.80432 ©.00091
128 8.43894 ©.44306 ©.80016 ©.808488 ©.00898
129 8.06748 ©.88971 ©.62117 B8.17578 ©.88592
138 8.08655 0.01362 ©.81996 9.89643 0.74363
131 ©.00020 ©.00842 ©,00056 ©.80296 ©.08586
£ >
) For
File Edit Format View Help
v_X\wv_ex 185 186 167 168 189 ~
129 B8.83193 ©.80344 ©.00248 ©.08108 0.00818
138 B8.79836 ©.14886 ©.00152 ©.008027 0.000083
131 B.85769 ©.32953 8.48175 8.11101 ©.oaal
132 0.80434 ©.63519 ©.00105 ©.21724 @.78al5
133 B.08014 ©.8011c ©.00082 ©.08608 B.83832 3

>

View

File Edit Format Help
i12?,—8.3848438@16?53@? ~
128,-0.166244573018338
129,-0.0526823714981278
138, -0.005005786760802856
131,6.97875689514584e-85
W

< >

File Edit Format View Help
128,-0.272836834372002 ~
129,-8.185483118644759
138,-0.82641210857841758
131,-0.801794309334893238
132,0.800170927845827862 «

< >

|

File Edit Format Help
127,-8.239836932508174 ~
128, -0.088042501821486

129, -@.@197678376221287
138, -0.00080188941268509¢
121,0.000192859988259233
£ >

View

e

File Edit Help
129,-8.232844966667555 )
138, -@.08855122982532279
131, -@.01966689605060117
132,-0.000743368499376608
133,0.000194195564324932

< >

Format View

|
File Edit Format View Help
v_X\v_ex 185 186 1a7 1a@s 189
128 8.82501 @.80712 ©.00226 0.80071 ©.06006
129 8.67812 ©.008229 ©.80753 0.80228 0.00019
138 8.e4861 ©.75846 ©.89146 0.912608 0.00845
131 8.91526 ©.02827 ©.24523 9.54896 ©.08878
132 2.00022 ©.00030 0.00344 0.80124 @.35876
£ >
|
File Edit Format View Help
v_X\wv_ex 164 185 la6 1e7 1es
127 8.91148 ©.80177 ©.80028 0.00005 ©.00801
128 B.77860 ©.80267 0.80479 0.08133 0.00024
129 B8.83134 ©.82354 0.06032 0.02982 0.00074
13@ 0.81187 ©.8252¢ @.36261 @.46571 ©.@9325
131 B.00841 ©.80847 ©.810581 0.08032 ©.22359
< >
4
File Edit Format View Help
v_X\v_ex 184 1a5 186 187 1e8
127 B.08853 ©.00000 0.80011 ©.08011 ©.00803
128 B8.87262 ©.00352 0.00156 9.00019 ©.00002
129 0.008le @.77771 @.15456 0.01661 ©.00038
138 B.08131 ©.86871 8.17071 8.51624 8.21875
131 B.08803 ©.00854 ©.80383 0.08278 0.06738
< >
3
File Edit Format View Help
v_X\v_ex 185 186 1a7 188 189
128 0.13868 ©.01645 ©.00620 ©0.00246 ©.00022
129 ©.58818 ©.32866 ©.88378 0.00167 ©.80815
138 0.87802 ©.11382 8.56068 ©.22138 ©.80182
131 0.02454 ©.80967 9.81236 ©.85989 0.90117
132 0.00046 ©.00098 ©.00120 0.006Q1 ©.000878

4

File Edit Format WView Help J
128,-08.332128505225614 A
129,-8.137968494811178
138,-8.8483858874428096
131,-8.8848257957068689
132,08.00012861185696118 .,

< >

=

File Edit Format Help
127,-8.488567991389158 ~
128,-8.175437124482822
129,-8.08571084833836314
138, -0.08934769158544992
131,2.87188251549345e-85 -

< >

View

|
File Edit View Help
127,-8.359821664674495 ~
128,-6.1515443684619359
129, -8.8458686766936669
138, -8.8066891248085113412
131,0.000110268275565888 .

Format

|

File Edit Format Help
128, -0.28146@8899388427 ~
129,-8.8699349748339458
138,-8.8135749198226939
131, -0.00820277109698680

View

3 132,0.0002240864799013136 ,

< > 1€
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eEDM Constraint on Beyond-Standard-Model Theories
Single-source interpretation (20?7)%°

Berkeley London Theory: St. Petersburg/Toulouse (2016)
2002 2011 Exp: Yale/Harvard (2018)

| | : e
Multil : AgRa : projected sensitivity
Higgs I
1 I
Left-Right Extended :
Symmetric Technicolor :
1
epton—Flavo : Standard
Changing : Model
1 I
. I
Split SUSY :
1 I
I
SO0(10) GUT Alignment I
I
1 :
Seesaw Neutrino Yukawa Couplings :
1 I
Accidental |||Approx. || Approx. I Exact
Cancellations CP Universality I Universality
I I
H 1
Naive SUSY || | cFebmions !
I
i e SRR
| | | | | | | “ | % | 0
=25 -26 =27 -28 -29 -30 -31 - - -
10 10 10 10 10 10 10 10 10 10
de (e cm)

29TF, D. DeMille, “Using Ultracold Assembled AgRa Molecules to Search for Time-Reversal Violation”, to be submitted.
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Outline

e Atomic EDMs : 129Xe

|dyel < 1.5 x 10727c cm.  Allmendinger et. al. (Mainz, Heidelberg), Phys. Rev. A 100 (2019) 022505

|dxea| < 4.81 X 10~27¢ cm. Sachdeva et. al. (Ann Arbor et. al.), arXiv:1902.02864 [physics.atom-ph] (2019)
Sato et. al. (Tokyo et. al.), Hyperfine Interact. 230 (2015) 147
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Tensor-Pseudotensor P,7 -odd Nucleon-Electron Interaction

Lagrangian density® for Ne neutral weak current (o,, = % (7777 —777°)):
LNeTPT = %G—\/gCT > eMPT YN EN W UN YO et
N

Corresponding effective first-quantized Hamiltonian:

eff _ _1Gp 0 pvpo
Hyerpr = =55 Cr on(0)y e 75N 1,0 po

Using %5“”“@6,\ = —1y°0H  we get:

2 ’LG 1
H{ 1y = 7 Or p(r)VE N,y ot

Since Y,y 0" = 27"y -~ it follows that
Hil rpr = 1GrV2Cr Sy - p(r)

Nuclear state chosen as |, M; = I) gives many-electron Hamiltonian:

n

ﬁﬁfeF-TPT =1GpV2Cr <EN>\11N D (’Yj)g pN(T;)

J=1

k. Yanase, N. Yoshinaga, K. Higashiyama, N. Yamanaka Phys. Rev. D 99 (2019) 075021
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Scalar-Pseudoscalar P,7-odd Nucleon-Electron Interaction

via magnetic hyperfine interaction

Solve for K € CI STATES

X 2| 7 O _ 0) |0
Z {Caj'pj+ﬁjc +E]14} + Z ]14_|_Z r;- ext]l4 ‘lb > ‘w >

J J,k>7

First-order hyperfine-perturbed Cl wavefunctions:

(0) 1 pl < X7
i) |~k B 2 2Tt
1 0 < K 2cmp I = z' J 0
Wi) =)+ vid)
K#£J J TEK

To leading order the SPS-ne energy shift is
. .
(Ag),] _ <wJ |¢(1)> <HS—PS—ne>¢(1)

J

Atomic EDM due to Ne-SPS interaction d, = a¢,Cs and so

_4CF <¢<o>‘H ‘¢<o>><¢<o>‘ > 10 ~5 p(re) ¢§g>>
aCgq (w,]) Foxe <¢(1\)/‘§¢(1) [Ké] €JO) gg) + h.c.
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Generalized Active Spaces

Parameterization of the correlated wavefunction

accumulated
# of electrons

min. max.

# of Kramers pairs

(100 a.u.)
111 111 32 32
Virtual
Kramers pairs
I1 5s5p 4 29 32
dsdp
I 3s3p 12 22 24
2s2p
Frozen core (11)
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129Xe EDM

Leading® (and Subleading) Contributions

dxe = pydn+ asS —ac, Cr (+acCs + ag.d.)

e Atomic coefficients for leading contributions available (a¢,.) and in progress

()
e Subleading contributions affect constraints obtained from global fits®?

Example: Electron EDM and SPS-Ne coupling

e Measurements and calculations on systems
o N with different ratios of atomic/molecular

coefficients

. global w/ Hg
global w/o Hg

e Global fit? constrains multiple possible EDM

I R S sources
d./(107%"e cm)

317 Chupp, M. Ramsey-Musolf, Phys. Rev. C 91 (2015) 035502

32\ Dekens, J. de Vries, M. Jung, K.K. Vos, J. High En. Phys. 1 (2019) 069

9T F., M. Jung, J. High En. Phys. T (2018) 012
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A digression on the TI| EDM

Leading contributions to EDM of a paramagnetic atom

dy = Rd. + acy Cs agy =S AZE

Enhancement factor and S ratio:

<Z > ’y}) ’Y? pN(I‘j)>
J

Eext S T Eext
Model for Tl atom R S a.u]
vDZ/SD18_CAS_3in3_SDT21/10au —473 —331
vDZ/SD18_CAS_3in3_SDT21/20au —479 —335
vDZ /SD8_SDT10_CAS_3in3_SDT21/10au —471 —331
vDZ/SD18_CAS_3in3_SDTQ21/10au —469 —329
vTZ/SD18_CAS_3in3_SDT21/20au —541 —383
vQZ/SD18_CAS_3in3_SDT21/35au" —562 —308
CCSD(T) 53 + core corr. (Skripnikov)™” —557
Literature values
Porsev et al., Phys. Rev. Lett. 108 (2012) 173001 —573 —411
Nataraj et al., Phys. Rev. Lett. 106 (2011) 200403 | —470
Dzuba et al., Phys. Rev. A 80 (2009) 062509 —582
Liu et al., Phys. Rev. A 45 (1992) R4210 —585

10

T. F., L.V. Skripnikov,

(2019) in preparation.
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Tensor-Pseudotensor P,7 -odd Nucleon-Electron Interaction

Results for '*°Xe

Model /virtual cutoff (WDZNVTZVQZ) [a.v] | Ry [10720 (on) e cm]
Basis set
vDZ vIiZ vQZ
RPA /- 0.382 0.473 0.485
SD8/80,100,60 0.360  0.438  0.453
SDT8/80,100,60 0.360 0.435  0.450
SDTQ8/80,12,60 0.357  0.431
SD16,/80,100,60 0.406  0.481  0.496
SD8_SDT16/80,100,60 0.405  0.477
SD18/80,100,60 0.453
SD24/80,100,60 0.421 0.497 0.514
SD26,/80,100,60 0.493
$16_SD32/80,100,60 0.507
SD32/80,100,60 0.431 0.508 0.525
SD36,80,100,60 0.417  0.499
vQZ/SD32/60 +A 0.536
M3rtensson-Pendrill'* RPA 0.52
Dzuba et al.'® RPA 0.57
Singh et al.'3 CCSD,T 0.501

11
12
1

A.M. Martensson-Pendrill, Phys. Rev. Lett. 54 (1985) 1153
V.A. Dzuba, V.V. Flambaum, S.G. Porsev, Phys. Rev. A 80 (2009) 032120
3y, Singh, B.K. Sahoo, B.P. Das, Phys. Rev. A 89 (2014) 030502(R)
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Scalar-Pseudoscalar P,7-odd Nucleon-Electron Interaction

Results for '*°Xe

—ASE (o [ Ae |0 ) (0P |0 52 4292 pre) |wid))
acs(Y1) = —mromy | 2 00 t hc.
ext <¢ ) > K#J <€J —6K
Basis # of Cl states/X S (1072 a.u] aCg [10722 € cm]
ovTZ/40 a.u. 8/58 0.059 0.063
cvTZ/7 a.u. 8/6s6p 0.055 0.059
cvTZ/14 a.u. 8 /6s6p 0.055 0.059
cvTZ/7 a.u. 8 /6s6p5d 0.060 0.065
cvTZ/7 a.u. 8 /6s6p5d7p 0.067 0.072
cvTZ/7 a.u. 8,/6s6p5d7p7s 0.069 0.074
cvTZ/7 a.u. 8 /6s6p5d7p7sbd 0.070 0.075
cvTZ/7 a.u. 8 /6s6p5d7p7s6d4f 0.070 0.075
cvTZ/7 a.u. 8/6s6p5d7p7s6d4f7d5f8p8s 0.067 0.072
cvTZ/7 a.u. 20/6s6p5d7pTs 0.055 0.059
cvTZ/S10-SDT8-SD18/7au 20/6s6p5d7p 0.05 0.05
cvQZ/100 a.u. 8/5S8 0.059 0.064
cvQZ/50 a.u. 1000/S8 0.050 0.053
cvQZ/50 a.u. 8/6s6p 0.048 0.052
cvQZ/50 a.u. 8 /6s6p5d7p7s 0.071 0.076
vQZ/1281/S8/100 + AScorr 0.073 0.078
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Scalar-Pseudoscalar P,7-odd Nucleon-Electron Interaction

Results for '*°Xe

e [Two major contributions in the sum over states:

(5p—65 0,0 Hyp|0,0) (0,012 3= ¢ ¢ p(re)|5p—6s 0,0)
N (&
Cr= 0)__(0)
0,0 op—6s 0,0

(5p—6p 1,0/ Hyygl0,0)(0,0]2 3= ¢ 72 p(re)[5p—6p 1,0)
- (&
(o = (0) _ _(0)

€0,0 " €5p—6p 1,0

|hole spinor — particle spinor J, M j)

e ... and a large number of small contributions uncorrected for correlation
effects.

Final values for cvc,. and aier, will lead to tighter constraints.>®

38T. F., M. Jung, (2019) in preparation.
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The induced fermion EDM

Standard Model Picture*

Quark loop

€ e

> >
— > v — >

p P

e Three-loop C’P-odd contributions
zero in the absence of gluonic
corrections>>

d5M <1073 e cm

34ED. Commins, Adv At Mol Opt Phys 40 (1998) 1
35

36

M. Pospelov, I.B. Khriplovich, Sov J Nuc Phys 53 (1991) 638
J. Ellis, J.S. Lee, A. Pilaftsis, J High Energy Phys 10 (2008) 049

BSM Picture

’ \
’ \
] \
f / ‘ f
1 \
1

> ; : >
X
—P —P
b
p p

x: chargino, neutralino

fj’-: supersymmetry (s)-fermion

e"(q): photon

e MSSM (“naive SUSY") predic-

tion3°:

d. <107%"e cm
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Radium excited states - Comparison with experiment®*’

-0.815 I I I I I I I I

-0.82 | T T e =
1Pl: Ra 7sl7p1

-0.825 - -

-0.83 F S =

e 1000 cm™
-0.835 | R -

-0.84 3p,: Ra 7s’7p? |

E [a.u.] (offset: -30342.)
/
/
)

' D'_‘
N
py)
QD
\'
mH
(o)
o

|_\

0845 T

e R 3D,: Ra 7s’6d’

-0.85 T T -
T T e e e e S ETOIS S STl I T T INT ’_:_':‘::\?;;:t:_‘f; Iy T T “S‘Fl]‘_f ’R&‘?S'l?pl““”‘ e

B 3Dl: Ra 7s’6d*

]
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U 3¥pgRaTs7pt T

_086 | | | | | | | |
20 20.05 20.1 20.15 20.2 20.25 20.3 20.35 20.4

R [a.u.]

Y2NIST Atomic Spectra Database (ver. 5.5.1)
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