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Outline

*EDM worldwide = why EDM

*Why in cryogenic solid: EDMMA project (Cs in
Ar)

*Experimental setup: Cs absorption spectra
*Possible trapping sites: stability study
*Line position

*Line broadening

*Possible improvement




electron-EDM: P and T violation
CPT—> CP violation (can explain matter/antimatter asymmetry: Sakharov)
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Link between high energy and (very)low energy physics
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FIG. 5. Fit to results of this work and Ref. [5]. Green and grey
shaded regions show 90% confidence bands for HfF ¥ and ThO
respectively. Ellipse shows 90% confidence limit for global fit.
Parameters used in fits are from Ref. [29)].

Blum, T., Winter, P., Bhattacharya, T., Chen, T. Y., Cirigliano, V., DeMille, D., ... & Semertzidis, Y. K.
Fundamental Physics in Small Experiments. arXiv preprint arXiv:2209.08041.



Predicted electron electric dipole moments
(compiled by D. DeMille)

At experimentally excluded
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EDM status and project
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H=-d.E_¢ (laboratory field E,,, 10kV/cm)
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Using cryogenic matrix:
An old idea

“ARTIFICIAL VACUUM” FOR 7-VIOLATION EXPERIMENT 1987 ;
g::-:i;:r‘::\;ﬁl:vszcs. Liniversiey af California, Sanfa Barbara, €4 93106, /54 - -—_E’
and PHYSICS LETTERS B Py
Frank WILCZEK kﬂ
frnstetiere for Theoretical Physics, Universicy aof California, Sanra Barbara, <4 9327106, LSA -

fluorescence L@k“
Can paramagnetic atoms in superfluid helium be used to search ol

for permanent electric dipole moments?

[Physics Letters A 174 (1993) 298-303 | Fig. 4. Geometry of the proposed EDM experiment.

M. Amdt, S.I. Kanorsky, A. Weis and T.W. Hinsch |

Proposal for a Sensitive Search for the Electric Dipole Moment
of the Electron with Matrix-Isolated Radicals

[PRL 97, 063001 (2006)]

M. G. Kozlov
Petersburg Nuclear Physics Institute, Gatchina 188300, Russia

Andrei Derevianko
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Article BaF
Oriented Polar Molecules in a Solid Inert-Gas Matrix: YbF

A Proposed Method for Measuring the Electric Dipole
Moment of the Electron

A.C. Vutha *, M. Horbatsch % and E. A. Hessels ”



eEDM in solid state systems

year | sample eEDM limit in e-cm method H = deE + B
d.//

1961 | KCr- & NHs-(SO4)2 12H20 | de < 10713 EPR spectroscopy A Energy = -d.E 4
_me=1/2 ST

1963 | Al203:Cr & MgO:Cr de = (1 £ 4.6)x10°16 EPR spectroscopy gﬁ%{’_"a" Stark
Tme=-172~_" " T A%

B E
1979 | Nickel-Zink-Ferrite de = (8.1 £ 11.6)x10% Magnetometry
2004 | GdIG de = (2 £ 3)x10% Voltage measurement B field, align spin = dipole
- Create +/- charges
2011 | GGG de = (-5.57 % 7.98stat + 0.125yst)x10° | Magnetometry E field, align dipole=> Spin
- Create B field
2012 | EuosBaosTiOs de = (-1.07 % 3.06stat + 1.74syst)x102° | Magnetometry SQuID

in * sta * * * Y% * % 2 *
Broken symmetry =+ SPGB+ o B] + 580k BB+ 59 B B+ 5x G B

-> magnetoelectric B™ = B + oM™+ xi; BY + i B} + 5 8i0 By By + 57 B By + 3 LBl Bt




Spin precession
align by optical pumping + USF ATOMS
coherence - (circular)

m=-1/2 +1/2 P1/2
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1) 0] ptica | pump in g (a li gneme nt) J—l— 1‘ PHYSICAL REVIEW A VOLUME 54, NUMBER 2 AUGUST 1996
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1/ 2 Millihertz magnetic resonance spectroscopy of Cs atoms in body-centered-cubic *He
. = _ ni . )
2) PreCESSIOI‘l Si/2 wnt B = hwi - _!”B - d(ij—’(;] b ) S. I Kanorsky, S. Lang, S. Liicke, S. B. Ross,” T. W. Hansch, and
¢ Max-Planck-Institut fiir Quantenoptik, Hans Kopfermann Strasse 1, D-85748 Garching, Germany
population

3) Readout “7 i PHYSICAL REVIEW A 88, 063404 (2013)

QdEeff‘T

>t Optical pumping of rubidium atoms frozen in solid argon

/2 m/2 .

T, (population) ~1's
W Wy '
t

T, (coherence, phase) ~0.1 s (for Cs)

B

Spin coherence and optical properties of alkali-metal atoms in solid parahydrogen
Sunil Upadhyay,! Ugne Dargyte,! Vsevolod D. Dergachev,? Robert P. Prater,! Sergey

A. Varganov,? Timur V. Tscherbul,! David Patterson,® and|Jonathan D. Weinstein'¥] |

! Department of Physics, University of Nevada, Reno NV 89557, USA

Phys. Rev. A 100, 063419 (2019)
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I nte rp re'ta'“ on Of Optical Absorption Spectra of Alkali Atoms in Rare-Gas Matrices

W. WEyaMANN] anDp F. M. PIpxIN

CS S p e Ct r u m Lyman Laboratory of Physics, Harvard University, Cambridge, M assachusells

(Received 19 August 1964)
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Ar-Ar and Cs-Ar Pair wise potential approximation

V = ECS (n, N )
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Most probable trapping sites (n=6,8,10 vacancies)?

Free energy of trapping sites in fcc argon for different Lennard-Jones-potentials Vi (r) = ¢ [(2)12—2(2)6]

19345678910
p (A)

t #vacancies
V0 between Cs and Ar |

24

G. K. Ozerov, D. S. Bezrukov, and
A. A. Buchachenko, Phys. Rev. B 103, 184110 (2021)

o




Different magneto-electric couplings

EP = Ef + 2 P + xi; B} + ayy B} + 38,1 B Bf + $71 B{ Ef + $x{), B B}

B =B} + iMftat + XijB; + aij B + QﬁajkE By + g%ng*Ek +1 ffiB By,

. Orthogonal E-B-mixing Orthogonal E-B-mixing
B&y: zero




Stability diagram
Accomodation energy: system (Cs+Ar) energy — energy of the pure Ar crystal

AEN(n) = Ecs(n, N) — Ear(N)(N — n)/N
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Optimizing the Ar and Cs positions to minimize the energy = frozen shell

First order

Taylor expansion of the energy : V =V (0)+>_, (S_V) Ty
Tk

Derivative calculated by finite difference

GRADIENT DESCENT

Adam: A method for stochastic optimization - ~ . |
DP Kingma, J Ba - arXiv preprint arXiv:1412.6980, 2014 - arxiv.org |:|t5 1 3‘-:'5?'5 fDlE‘ - BEEE

Second order

oV 1
Taylor expansion of the energy : V =V (0)+)_, (8—%> IIZ,IC—FE Zj’k x; H;pxp,

z; = qj+/(m;) where m; is the mass of the atom on which the j*" cartesian
coordinate reside

ibrational modes Q™2 P(X — X;) with P an orthonormal matrix

leading to V =", (%\gﬂml) H (VO PTY, Qpermal, > New positions

N}
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Cs(6s and 6p) - Ar potential approximation

N—n

Cs(6s) - Ar V= Z Var—cs(Pos—ari) + Z Var(7ij)
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X24+Y2-222 32X +iY)Z —3(X +1iY)?
1 1Ve(R) — V(R .
5 @Vin(R) + Ve (R)Is + ¢ z( )R2 m(R) 3V2(X —iY)Z —-2(X2+Y?2-22%) —-3/2X +iY)Z
3(X —i¥)?  -3V2AX-iY)Z X24+Y2-27?



Potential curves
Zero point energy, Third order correction
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Ze ro pomt energy 5.21 + 6 a (Angstrom) real 5.31

T W e
D Var—ar(R;) & 773em ™!

' Real 645

" Quantification of the Ar motion
Frequency ~ 94 K~ 65 cm™

.

.
.

LA

V original Feynman-Hibbs effective correction to a pair potential
between ground state atoms:
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........ ve AVpg(R) = o2(V"(R) +2V'(R)/R)

- VEu(8BK) 00_\/%?%
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Is the Gaussian width of quantum particles
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Third order (triple atom interaction)

H = Zz HO(@) + % Zz’;éj V’ij (elec, R;, Rj)'

__Ar(4p) the first order is zero, the second order leads to a shift depending on atom
: 2
—Ar(ds)  |m,;) A given by 35 EEM)B
6
Ar (3p°) 10;) So up to second order E= Sum _ij E(i,j) = pair-wise (two body) approximation
z
2
Iong-range V12 = 471_:;—}2?27’(1)(1 — 3612612).7’(2)
(2) (0102 |Via[mymo) |2 B =~ i,
_ . 1Uz[Via|mima Y — _ r(Ar)?
By = Zml,’rTLQ Ay (D800, (2) where Ay, (i) = Er, — Eo, . Cs = éE;P(AT)
r(Ar) = (P||r[|S)
Third order
E(3) _ E (05(1)052) | Vo (1)o2) Ma(1)M 0 2)) (M0 (2)00(3) Vo (2)0(3) |00 (2) M0 (3) ) (Mo (3) M0 (1) | Vo (3)0 (1) 100(3) 00 (1))
123 o€S5,m1,ma,m3 (B gy (G FAm, 5y (0(2)))(Am, 4y (0(1)+Am 4 (0(3)))
,(3) "t,) 1 — 3(('()5(201) + ('()5(202) + ('()5(203)\
) 8] |ong-range I"l‘_’.'{ = H:l{'.! 11’3‘11’2| 1

i Qé/ Axilord-Teller-Muto (1943) , s i S Bl
Bell 1970 for diffi t d state at Co = —1r2.(Cs)ri.(Ar vsplCs) + 2Lvspl+
e or different ground state atomsm=) (7 9'sI (Cs)rgp( 1)2(15”’((,8) F Esp(Ar))2Esp(Ar)




Effective 2-body potentials

Marcelli-Wang-Sadus

the full crystal energy is = 5D AB E(2) —|— ZABC E;%,C can be written as

(3)
sum of two body terms E9L = ZZAB( B L)
Effective Axilrod-Teller interaction in van der Waals gases and liquids + Yoshi muto 1943 |
Herbert Stenschke :
Frele Universitdt Berlin, Institut fiir Theoretische Physik, Arnimallee 14, 14195 Berlin, Germans
V= ) 9 1 — 3(cos(260,) + cos(202) + cos(204 ))“”)
B NN 1

Sum over atom 3

S ¢

/_,/,// / / . // we replace the sum by an integral assuming Ar atoms
(f//',/-' / Lo p . uniformly distributed with the Ar solid density

. )

N

7 l - ' l V = 2mp [ Vr?sin@drdd
= 5557 A '2
D07 v =8
n - -

Miracle:
the cut off parameter does not enter the result
The final result is proportional to the two-body potential

For the liquid noble gases the correction is 1%, 3.5%,
7.5%, 10%, and 12% for He, Ne, Ar, Kr, and Xe, respec-
tively.

—— V original
V scaled
........ v
————— VFH(BK)
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Lennard-Jones

- OK for Ar-Ar (same as scaled potential) . | generalze for Cs-Ar



Reasonable line positions for 4(T,) — 6 (O,
Sensitive to potentials + third order correction
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Jahn-Teller Dynamical (thermal) effect
- Broadening and splitting

Crystal field
1st order in excited state

energy
excited state potential

possible transitions y 7 Tx10

ground state potential

harmonic approximation
position »

Tx10

Semi-classical Franck-Condon approximation
Tx10




Crystal Field theory: effectif coupling parameters

JOURNAL OF THE PHYSICAL SOCIETY OF JAPAN, Vol. 25, No. 5, NOVEMBER, 1968

Optical Absorption Line Shapes Due to Transition from Orbital Singlet
to Triplet States of Defect Centers with Cubic Symmetry

Kikuo CHo
X24Y2-222 33X +iV)Z ~3(X +iY)?
2 2 ; ;
Sum over Ar W2AX —iY)Z —-2(X2+Y?2-2Z%) -3V2(X+1iY)Z ‘5,";:-‘5;{
—3(X —5Y)? VUK -V X+Y2P—-28° a.,g,mt;r
VeOe iQr, 1 +QT1, - .
Va,Qa, — = ‘?f‘! Vr, — 1\/5 22 —VgQgi1—iVr,Qr,.3
—iOp O . VeOg - o —iQqy 1— Qe o
VTz 1913&; d1y 2 L'AlQAl —I—Z‘E%E'z VT;; t.hz,\;ﬁ 27y,
- i . iQr,.1—Q, - - VeQE -
—VEQE1+1Vr,Qr, 3 '@% Va,Qa, — %
The A; mode (Q4, varying as X2 + Y2 + Z?2) is a symmetrical radial one
that preserves the symmetry, the F, mode
(Qpa varying as X2 — Y? and Qp2 as 2Z% — X? — Y?) is a tetragonal
distortion that for instance modify the O symmetry into Dy
Ty (Qra,Qr2, Qrs varying respectively as XZ, YZ or XY)) bends the
crystal to Dggq or Cs,.
Cs in Ar A=0-294 B=0-6 C(C=02

J. PHYSs. Soc. JAPAN 31 (1971) 957~958

Absorption

Optical Absorption Spectra of Cesium
Atoms in Rare-Gas Matrices

Teinosuke KANDA and Takeo EBisu ,
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Classical (Mulliken) Simulation
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Semi-Classical (Reflexion approximation)
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*Why in cryogenic solid: EDMMA project (Cs in
Ar)

*Experimental setup: Cs absorption spectra
*Possible trapping sites: stability study
Line broadening simulation

*Possible improvement



Conclusion

* Cs in Ar seems promising for EDM measurment below 103%e.cm = new physics

* In solid state systems, there can be dangerous mixing terms. But not present in

0, (6 vacancies)

* Absorption spectra shows that multiple trapping sites are present at the same
time. Is it Td (4 vacnacies) + Oh (6 vacancies) chat about hcp phase ?

Energy \

Next steps

6p ——
More absorption (temperature dependence)
Fluorescence measurment

Temperature dependance

Magnetic circular dichroisme

Optical pumping

Electron Spin Resonance > Spin coherence
Magneto electric effects E/B coupling Nuclear

6s

=4
=3

F
F

Magnetic circular dichroism (MCD)
g_Lande, spin-orbit, lattice structure
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That’s it for now
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Figure 24: Leading order Feynman diagrams of the most significant parity violating

electron-nucleon interactions. From left to right: nucleus-vector to electron-axial-vector

(A-V) weak neutral current, nucleus-axial-vector to electron-vector (V-A) weak neutral

current, Nuclear anapole moment to electron electromagnetic interaction, weak correc-

tion to the hyperfine (hf) coupling.
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Fundamental Symmetries, Neutrons, and Neutrinos (FSNN):

Whitepaper for the 2023 NSAC Long Range Plan

B. Searches for electric dipole moments

A permanent electric dipole moment of a particle or system would imply the presence of a new source
of CP violation, which could explain the matter-antimatter asymmetry in the Universe.

The nEDM@ SNS experiment, which will use unique cryogenic techniques to make the most precise
search for the neutron’s EDM, moved from R&D to construction of the apparatus, starting with the
cryostats and the magnetic field system. Assembly and testing has now begun at ORNL's SNS [38].

The LANL nEDM experiment achieved the polarized UCN density required for goal sensitivity [39,
40]. A magnetically shielded room was installed and the magnetic fields characterized. Precession
chambers, electrodes, and UCN valves are ready and magnetometers are under development.

Numerous atomic EDM experiments, using methods ranging from vapor cells to optical lattices, im-
proved sensitivity to hadronic CP-violation via nuclear Schiff moments in atoms such as ]”Hg [41].
225Rqa [42, 43]. and "2?Xe [44, 45], and a new experiment reported a limit on the TlyhH EDM [46].

Work with radioactive pear-shaped nuclei, which are extremely sensitive to hadronic CP violation,
has made major progress [47]: the Ra EDM work mentioned above, the first spectroscopy on a
radioactive molecule, RaF [48], and the first control of radium-containing molecular ions [49, 50].

Limits on the electron EDM were improved by an order of magnitude by the ACME [51] and
JILA [52, 53] experiments, which leverage internal molecular electric fields. The YbF [54] and NL-
EDM eEDM [55] experiments made major improvements in laser-cooling [56] and trapping [57].

Atomic electron-EDM experiments with Cs [58] and Fr [59] continued their push to leverage quan-
tum science methods. Several new molecular approaches are under development, including laser-
cooled polyatomics [60, 61] and matrix-isolated diatomics [62].

Molecular eEDM methods are being expanded to search for hadronic CP violation, both through
nuclear Schiff moments and magnetic quadrupole moments, in several active experiments, including
CeNTREX [63]., YbOH [60, 64]. and YbF [65] and several others in initial stages of development.

The phenomenology of EDMs was connected with physics at the energy frontier [66-69]. The ways
in which the EDM program and LHC complement each other in exploring the origin of CP violation
and the Universe’s matter-antimatter asymmetry are now much better understood [70-72].

Lattice QCD calculations of the nucleon EDM have appeared [73-81]. paving the way for results
with quantified uncertainties. At the nuclear level, we have new Schiff moment computations [82—
84]. Progress in ab initio techniques promises ab initio calculations of Schiff moments soon [85].
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