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Anti-matter disappearance mechanism in the universe
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Sakharov’s Conditions: Need CP-Violation

VIOLATION OF CP INVARIANCE, C ASYMMETRY, AND BARYON ASYMMETRY OF THE UNIVERSE

4 A. D. Sakharov
4 Submitted 23 September 1966
ZhETF Pis'ma 5, No. 1, 32-35, 1 January 1967

The theory of the expanding Universe, which presupposes & superdense initial state of
matter, apparently excludes the possibility of macroscopic separation of matter from anti-

matter; it must therefore be assumed that there are no antimatter bodies in nature, i.e., the

ml Universe is asymmetrical with respect to the number of particles and antiparticles

‘ (C asymmetry). In particular, the absence of antibaryons and the proposed absence of

j,c ‘ baryonic neutrinos implies a non-zero baryon charge (baryonic asymmetry). We wish to point

- --,‘; out a possible explanation of C asymmetry in the hot model of the expanding Universe (see [1])

¥ 4, :_: we propose in addition an approximate character for the baryon conservation law.
The Nobel Foundation

by making use of effects of CP invariance violation (see [2]). To explain baryon asymmetry,

Matter dominated universe :
1. A baryon number violating interaction exists.

2. Departure from thermal equilibrium.

3. CP(Charge conjugation and Parity)-symmetry must be violated.



Standard Model CP-Violation : Not Enough

- (matter) — (antimatter)
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0 = C'P-violating “phase”



Search for beyond-standard-model (BSI\/I)

Big issues in particle physics now

® |s the discovered Higgs particle the SM one ?

Higgs
O boson

quarks

® Where is BSM ? TeV scale or higher energy scale ? ( ) O O C

-

Remaining mysteries

What is dark matter?

How is neutrino mass generated?

Why is the Higgs boson so light?

Why do the proton and electron have same

magnitude of charge?
Why is antimatter so scarce in the Universe
compared to matter?

J

leptons

g gauge
®® @@

Where do we look for more CP violation ?

»Decays of B-mesons

»D-coefficient in nuclear beta-decay
»Double polarized neutron transmission
»Angular decay correlations of positronium
»Neutrino oscillations

»Neutrino less Double Beta Decay Ov B B
»Nuclear magnetic quadrupole moments
»Electric Dipole Moment (EDM)



Electric Dipole Moment : EDM

BEINBFEEE : d
Electric Dipole Moment
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EDM Classical

d=qr

Time reversal violation

CPT invariance
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CP violation
atter-antimatter asymme
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Quantum

EDMHMDM EDMNMDM “ tid of virtual particles
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Uncertainty principle
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High energy physics : E=mc?

a?\™ (me>2 n;: leading-loop order
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21T my My : mass scale of BSM
Mass of unknown particle : my

Particle Beyond Standard Model propagating
= EDM appeared

%cuum polarization ~ quantum correction effey




Quite small size of EDM

Assuming EDM ~ 10-28 e - cm

e

electron

100nm

t t
“The Blue Marble”, NASA L
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BEFOEHHEFER ~ 3 fm
HEER D4R ~ 6400 km



Permanent Electric Dipole Moment (EDM)

J

A probe for CP violation (T violation)

~ 10732 e cm

SM
=

£

BSM Particle Mass my (TeV)
=
o

< 4.1%x1073% e cm

BSM? =
. Current upper limit

Probed Mass Scale of BSM Particle by eEDM HfF*

de

T. S. Roussy et al., Science 381, 46 (2023).

—— Leptoquarks (0-loop)
—— Supersymmetry (1-loop)
—— Multi-Higgs (2-loop)

10731 10730 10-2° 10728 10727 10726 L

eEDM Size d. (e -cm)
2\ 2 .
a Me n;: leading-loop order
d, < | — —
21 My my: mass scale of BSM



Search for symmetry breaking

Sensitivities of current experimental bounds on new physics scale (/).
Only one loop factors are included for the loop processes.
Small symmetry breaking parameters suppress the sensitivities.

EDMs and muon LFV are important to probe new physics at and beyond TeV scale
1000

Possible verification of electroweak baryogenesis by electric dipole moments

EDM~10-30 ecm

e-EDM

u—e v (loop)
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electron-EDM size (e.cm

one of the milestone
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Heavy Elements (Radioisotope)

~ microscope to detect the CP violation~
BELR~CPXMEDEN (EDM) ZHKT S BEME
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EDM of many-body system
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Candidate of the EDM search

D Atoms Trapped with Lasers

D Radioactive Atoms Trapped w Lasers

i |Be

Mg

o

gs.
}

Franciu

3

. the alkali atom with the largest atomic mass
s8] s9[ e[ 6] 62 63

6] o5] 66| 67| o8] 69 7
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Marguerite Perey announcing the discovery of Francium 1939
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62 AF

Courtesy of the Curie Institute, Paris



e-EDM enhancement in atomic system
~Relativistic Coupled Cluster model ~

~ EDM enhanced

Heavy elements

Relativistic effects

P. G. H. Sandars, Phys. Lett. 22, 290 (1966).
H. S. Nataraj et al PRL 101, 033002 (2008).
N. Shitara et al JHEP 2021, 124 (2021).

Coupled-cluster Method: An Hlustration

Closed-shell cluster operators:

ar ‘ = ‘ = Calculation
= = = Accuracy
1%, " \®, ) b, mproved
Open-shell cluster operators:
e ————— -T - MU
-2 o= ~ 10 years
|, .‘.s","] E ng |b, Y
Basis set no. corr.ele./ eEDM EF % corr.
Name Details no. virtuals Dirac-Fock  CISD
dyall.cv2z 27s 24p 15d 8f 19/83 784.34 893.44 12.21
41/113 898.23 12.68
59/201 900.50 12.90
dyall.cv3z 34s 30p 19d 12f 1g 19/179 789.43 9 12.01
dyall.cv4z  38s 35p 24d 19f 4g 1h 19/261 789.64 895.37 11.81

d
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® [Electron correlation : included
® Any configurations of electron excitations
® |ncluding quantum effects (vacuum polarizati
® Cs, Rb:ready
® [r calculation ~ enhancement: 799
Method Correction R
DF (DC) . 727.24
RCCSD (DC) 0 812.19
RCCSD (DC+Breit) -8.105 804.08
RCCSD (DC+QED) -0.621 811.57
RCCSD (DC+pT) -4.644 5 »
L RCCSD (DC+Breit+QED+pT) -13.369 C‘;gé.‘stb )




Lifetime(s)

Francium — MANY ISOTOPES :
New laboratory for fundamental physics

MfEEOW Stony Brook
Boulder ® | NL: PNC
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p——_ ® CNS/RIKEN: EDM
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Measurement of the EDM

Always Measure Frequency
Example: Spin Precession of a Spin-1/2 Particle
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EDM sensitivity

Statistics & Systematics

N N\
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Electron EDM search using laser-cooled Fr atoms

h BEC lig. fHe i
g.,He ,lig. 4He Room temp.
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4nRETNnN |
®mlLarge R (~799) : forFr

» EDM enhancement factor

Evaporative cooling Laser cooling

\ Magneto-optical trap

W LargenN  (~107 Fr+/s from fusion
reaction)

Optical transport

mlLong T (> 10 s) : interaction time
> Collision-suppressed trapping by the optical lattice k

Optical lattice

e % P,
. L .
. .

Thermal atoms

/

210Fr Tl (world record)
799 K: enhancement 585
~10? sec T: interaction time ~1073 sec
>102° EDM (e=cm) ~10%7

Magneto-Optical Trap \ Atomic beam




@ Fr-EDM beam line
For 210Fr

ER ion sou
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“Rare Rl ring
(R&D)

(R RN

- SHARAQ
@ 221Fr (225Ac generator) | (esign)  [RIBF Maml &+
Hot Lab. (offline EDM)
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* Radioactive T;,~3min
« Make it by nuclear fusion reaction

Electron EDM enhancement

Calculated by the relativistic coupled-cluster
theory to an accuracy of about 3%

Rb Cs Fr
K | 27.5 | 114 | 799

Shitara, N., et al, J. High Energ.
Phys. 2021(2021)124.
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@ laser cooling for Fr

S —

3

é) EDM sea

rch with the interferometer
.

% “./I'l N

@ Fr production with fusi

Primary beam from AVF cyclotroh




Fr ion production with nuclear fusion reaction

197Au (180’ xn) 215—:1:Fr

Raw energy histogram (1.0 puA, data 20200926-95937)
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Fr production yield
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Searching for the nuclear EDM

b

(fm)
| (ID (‘D JL l{) o N S o e}

Octupole
deformation

 Radioactive T;/,,~5min
« Make it by generator 22°Ac
e Large Octupole deformation — Schiff moment nuclear EDM enhancement
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225Ac as the 221Fr generator

225/A¢ : interest as the cancer treatment with alpha emitter

221Fr generator (10days)

221Fr EDM offline experiment

Global lack of 225Ac in recent years

Nno stable supply iNn Japan even at a basic research scale (~100 MBa)

v

229Th — 225A¢ | IMR, Tohoku univ.
226Rg (p,2N)225Ac . RIKEN
226Ra(y,n)225Ra — 225Ac : ELPH, Tohoku univ.

o
229 .
Th 3 ®
7.34x10
o
a o
4
225|qa
14.9d
213F)0

4.2 s

7
98.0% a

A 4

209Pb
3.253 h

v

221Fr EDM experiment to measure nuclear shiff moment
(Quark EDM, CPV interaction )

ZOQBi

stable



Ac source with molecular plating method

N
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Offline EDM with 22'Fr generator w

® st challenge of MOT with 225Ac/227Fr source ~ in progress
® All the apparatus ~ installed in the glove box at the hot lab. In RIKEN

Si detector )T/

Y foil

i
CLCCCLLLLLELARN
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AT

[N



Nuclear EDM ~ Shiff moment of 221Fr

Nuclear EDM

v -

EDM - electron interactions O

Screening of EDMs

induce "rearrangement”

2nd & 3rd order nuclear Schiff moment (NSM) operators

1 3 2 &
Sor = 6 Zda.k (l”czz - <”2>ch) + 15 Zda'i(QaJ’k - <ij>ch)
a=1 a=1

4

5
[rﬁra,k ~ zlak (r*) - zTaj (ij)ch] By Dr. K. Yanase

i
1

B

S3p =

1
—_

a



Enhancement of NSM due to octupole correlation

3rd order NSM contains the energy denominator

SNl (7 (W0 Sao ) (e [ V] 05w
(525 0) = 37 L0 [L:;“Q_Eg\')]' Ys) | ce

n

Parity doublet caused by nuclear octupole correlations > N >
enhances the Schiff moment by orders of magnitude /) |¥

129X€, 199Hg: AEl = 5~10 MeV | $5asasase,
ki L
14583: AE, = 0.32 MeV 3
£ 80 FE gt LT
> o REges 0000 )
225Ra: AEl = 0.06 Mev g j O[]Ill:===-. §§§§§ e
SN S 601 oo maliogg :.,.---O'ZZO-""' — known nuclei
MR, 2Ra 2Rp @FQ & Tl 18 JUROR O O p drip lines
4o-'o§> g et = stable nuclei
B> 0.125 0.143 0.129 0.106 40 60 8 100 120 140 160 180 200
Je2 0.100 0.099 0.081 0.100 Neutron number
B 0.076  0.082 0.078 0.069
Bs 0.042 0.035 0.024 0.045 22 — .
fy 0018 0016 0023 0020 Fr good candidate of nuclear EDM (quark color charge EDM)

E, (keV) 212 221 213 305

Spevak, V., N. Auerbach, and V. V. Flambaum..
Physical Review C 56.3 (1997): 1357.




Surface of the sun
Laboratory,
Resonant collisions
Liquid He

He cryosta
Dilution refrigerator
Optical cooling

30
3

Doppler limit300

Recoil limit
Raman processe
Evaporation cooling -BE
Sub-kHz bandwidt

30

3

Collisiq

K

Radiat]

|k

uk

E\rlﬂzorat-

Cooling Procedure

@ Magneto Optical Trap (MOT)

<

[ 210Fr
Nuclear fusion reaction

1

»
‘*’ = -Temperature : 65 uK ~ 210 uK
N -Life time : a few 10 seconds

-Accumulate the Fr

Optical Dipole Trap (ODT)

-Temperature : ~65uK

-Life time : > 10 seconds

-EDM measurement (1st phase)

-Optical tweezer to load to the optical lattice

Optical Lattice (OL)

-Temperature : < 65 uK
-Life time: > 10 seconds
-EDM measurement
-Magnetometer

(

Radiation chemistry

MOT

30
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Neutral atom trap ~ Laser cooling

Photons
E \

Typically an atom needs to scatter
~103 photons for slowing down 8



Laser cooling: MAGNETO-OPTICAL TRAP (MOT)

Energy

Excited

I'/2m F=15/2——— Pl , I'/2m
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' T [, T 7
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state [[d+

Ground
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7S, ! 528112

210Fr 87Rb

11/

state

Magnetic field
B

L ligh
aser light ”

Wge — &

"MOT beams

(x and y axes)

Effective restorative force exerted on atoms by
repeated absorption/emission of photons

AB ~ 10 G/cm

100 mm (I ~0.5A)

Fr atoms

Paraffin-coated capillary K. Nakamura et al. J.

Phys. Conf. Ser. 2249, (2022).



Neutralization and MOT

~ 15T try at RIKEN in 2023~

Aperture
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Trapping efficiency

Nyor _ Atoms trapped in MOT

Pgesémor =

Typical PMT signal of Rb MOT
FC current
. MOT PMT
10*

10 Expected signal levels from Rb MOT
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Ramsey spectroscopy with stable atom Rb

/ /
» Sequence AV = gFth_ I R E
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Excitation probability
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» Shot-noise limit W T=50us  F | .l r=100us* :
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0 : g / 1 L \ L i / L / 1 | L A § 0.4 § 04
60000 40000 20000 0 -20000 -40000 -60000 10—25 ecm at SOO us
0.2 0.2
Detune from 6.834684000 GHz [Hz]

Need long interaction time ~ optical lattice

o 0
w — wO / 27‘[ -40000 20000 0 20000 40000 40000 20000 0 20000 40000

Detune from 6.834684000 GHz [Hz] Detune from 6.834684000 GHz [Hz]



Laser trapping: Optical Lattice

Effective attractive potential felt by
atoms due to induced dipole moment

4Pin 21
UO X W_g<°c l—‘scattering < g)

O High beam power P;,
O Tight beam focusing wy

Linear polarization

s
y —— —
LZ ZZR
Trap characteristics for 2'°Fr in A = 1064 nm lattice
= 110 g
= 100 =
= )
+ 90 s
AL o X
2 80 10° 8§

70
60
50
40
3088 :
20 l et s ol o et ot e o et e e o i o ) e e et e o et b et e e

T 2 34 8 B F 8 8
Power P, [W]

-

Scattering rate I'y yeing/27 [HZ]

Optical Dipole Trap
® Same technique as optical lattice

® f[Extend to the optical lattice with the standing wave

uuuuu 16 ODT captured
14 MOT captured

nnnnn
A

il 0.
Trap potential ~11 mK

0.96 |

‘ 094 | P o
® ~20uK 092 | [ ger ~ 0
® ~10%atoms trapped ., | 1.4 mm

17 pm]
1 dim. Optical lattice

98

0.13 0.135 0.14 0.145 0.5 0.155 0.16 0.165 0.17

t=35ms
& 30000
e c
0.0075 S
o
© 20000
5
0.005 "6
2 10000 One atom
o
0.0025 1 § sec.
0.0075 0.01 0.0125 0.015 0
0 20 40 60 80

‘ Time: sec.

® Blue detuned optical lattice ~ photon scattering rate : O.1/s
® Reduce the interaction between atoms

~ reduce the depolarization
® | ong coherence time ~10 sec.
® 104 times interaction time ~ compared with 300 us
\_ — corresponding to de ~1072° ecm

J




Cold Fr source

Laser cooled Fr apparatus ~ ready

® Laser cooling/trapping techniques for radioactive elements ~ established
® Optimization to increase the number of trapped atoms ~ in progress

AV:VT—Vl:

release

4dE

2pu(B — B))

h

trap

h

magnet
< 103 Fr atoms at MOT

MOT ON

fluorescence
— 108 atoms required for EDM

Neutralization efficiency
Other parameters ~ optimization

MOT OFF



Systematic error and Magnetometer

Magnetic Field Instabilities: Annoying

4dE Z/L(BT — Bl) ® Quite large contribution

AV — VT — Vl — h I h ® EDM false signal

Instabilities adds noise & 0 o

limits the statistical precision. Reversible
E-field:
Many sources of the instabilities of the magnetic field Reversible
High Voltage
H . . . +
|deal case: uniform and stable ~ difficult to realize Flectrodes

v
B-bias @

38



Environmental magnetic field measurement

Excitation of the magnet 900 A

= ** (@8 Wptd/ / j
X?_‘Z Fluxgate 1 = #000 : !
magretometer 30cm ° i
% 25.20 _J P ,.,..-..,-.-, L""
2 T ‘! : :
24.80 . . I.
£ 400 [(b) By inside of the shield H R
(4 =/N—vOAq @) Trermometer & Hygremeter S 360 | § !
E 3.20 ﬁ
:é 280 1
“g’, 240 | :
® Magnetic field shielding : 25 uT — 2nT S 20 04nT
160 2
® Magnetic field change : clearly observed 5 ::z (©) Temperature
~ magnet excitation, metro/car movement--- % oy
g 18'00 .
o o o [}] 2 "
® Inside the shield : still change ~0.4 nT =
£ i
= 17.20 +
16.80

110 1/11 112 113 114 115 116 1/17 118 1/19
Time [day]



Energy shift in Optical Lattice

~ dominant component of systematic error ~

: H=—-uy—-B—d—-E
e ST sl
o perzye 1t 617 MHz
F'=9/2 Z mg ,3_/2 _____ e +13/2
Trap Zeeman sublevels
(MoT) .%o
Repump 7 ®e%e e
(MOT) ‘ ®
F=13/2 = Ge=+2/13 1 1172 o )
7S12 Hyperfine levels 4676815.GHz T~ T T T T I\/Ionltorlng/measurlng
. 4. F=11/2 X gr=-2/11 .
Degeneracy is lifted: - toc]: é?(frsg:eiﬁé SEhESCI;[/I
Ae =
+MpgrisB e ~ magnetometer
) afCE%(w): _EEE=_
® Magnetic field +BmaE(w) -
. F —
® Electric field i ACSME?_JU+D3le] £2(0) == ‘II'EaF;plng light power:
. =104 —Ezl w 13/2 -_ —_— W
® Laser applied to atoms SR == E 2351, ﬁ
v
1 DCEZ "'v"'
Many shifts % ==_
e (P T TEa
+dAmpE = = —
. ______________________________________| — E+£/2




Dual atoms co-magnetometry ~ new idea
(l\/lonitor offset and long-time drift of systematic effects Measure 3 different atoms/isotopes |

Magnetic field Electric field

hv = A% (F, mp) — AL, (F, —mp) : B > AVmeaus — AVEDM + AVZeernan + AVAC

Zeeman shift

= —2mpgrugB | tic field | ! Hy -1

(1 F mF grlr;ilg;e © e de X%EI%M X(Ze)eman XE&% AVmeas

— : i i 2 2 2
a*V(F; w) — e Vector light shift B _ X‘(EI;)M XEZ e;eman X% (} Al/{n e)a.s

3 3 3 3
— 27 dpE = Shift from EDM Acos 0y, Py XEDM  XZeeman XAC AVieas

_ J
MOT laser sources: ECDL ~ fixed at 8’Rb repum Fabrﬁ;ipem Photo Dual atoms co-magnetometer
pamP S [ petector Prototype with 85Rb-8"Rb ~ magnetic field < O.1 uT

Faraday 8'Rb (F=2) - 133Cs (F=4) expected to yield
solator 1st MOT _ N
L petector RN AB = 2.2 fT, A(AcosBy Py,) = 60 pW
AOM 40 40
66 MHz . (a) “Rb (b) Rb
Fl Magnetic filed measurement 30 30
20 20

Tapered
Amplifier
(~3 W)

Angle [mrad]
s 3

Angle [mrad]
e 3

I 85Rb " 256 258 26.0 26.2 26.4 26.6 —40 —40

252707 Coupler O e 60 80 100 W clf:q 140 160 180 60 80 100 . c1:}(11“ 140 160 180
®-®-|;I-S|__L|-me-D
h Accuracy <0.1 uT

A. Uchiyama et al, RSI 89 (2018).




Co-magnetometer setup

Rb/Cs

[Faraday rotation]

Magnetic field B PBS

Probe light . m
Polarized atoms
Pumping light
BPD BPD
i
WP WP _
H H I u
1 Y \ fl
X T~ U
L L
& CMOS
- \ camera
Cs Pump
Rb Pump

Cs probe

Rb probe

Spin precession frequency measured

23
EL
£ 2f
3
Signal g 1t
DY
2 oF
3
3
£ -t
g
:8- —2 1 1 1 1 1 1
- 0 5 10 15 20 25

time(ms)

/Refractive index for o circularly polarized probe Iight\:

(0)
pat®(B) (2  1(F)
ne =t (3i3 F
Phase difference of ¥ polarized probe light:
_ _ _lopl (E)
\_ ¢ =y —nI)kl=—2mF )
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780 nm pump beam 47

852 nm pump beam 1064 nm OL beam
1064 nm 780 nm probe beam
ODT beam 852 nm probe beam

r i / 14’ /

e

B2

100 200 300 400 500 600

Cold Rb/Cs in the optical lattice

signal (arb. units)




Signal of Faraday rotation




Spin precession frequencies for Rb/Cs

Voltage (mV)

87Rb

Voltage (mV)

ime (ms]

1
b= gRbyupB/h + a(l)(F = 2; A) Iecp cos ¢
o

S = gSSugB/h + a((: (F = 4; A) Ecp COS P

v

2 2
 Tea Ry Cs 5 ATE(V) TR (899

YrbIcs—YcsTrb lYRbTcs—YcsTrbl

(P2s(6vR0) 4y (6vC5)?

_ Rb Cs
e, cosp = YcsV FYRbY — §(1 Ecp COS @) =

YrRblcs—YcsTRb lYrbTcs—YcsTRol



Experimental results

current (mA)

160 165 170 175 180 185
33 o 116.5
Spin precession frequency | & 8Rb
32 & B3cs 116.0
31} 2 115.5
2 I8
& 30 ? J15.0 &
22 ? ] 3
29 114.5
® f
28 114.0
® ]
27— 135

power (W)




Status of the

Fr-EDM

J

4 Predicted systematic errors
Energy shift Shift item Syst(zrlrgait;g erro; This project ® Cold Fr source in the Optica| lattice
ecm
Zeeman shift magnetic field 1.34 dual species magnetometer ® Dual atoms CO‘magnetometer
applied current 1.34 x 107°
leakage current 0.04
Johnson noise 4.6 x 1075
Vector light shift polarization 0.46 dual species magnetometer H _
Atom collision shift collision 0.14 optical lattice Dom Inant com ponent B B R )
shift in OL, 1.6x 1077 EDM accuracy 1030 ecm ~ can be realized
Geometrical phase 4.6 x 1076 cooling
Black body radiation 9.2x107* cooling
-
W

Fr EDM ~ 10-30 ecm
® Long coherence time: 10 s
® Enhancement factor : 799 ~ largest in atoms

v

Dominant component of systematic errors :
> Zeeman shift

> Vector light shift
» Atom collision shift

are drastically reduced by dual atoms co-magnetometer and optical lattice.



1038 ecm

de

CP Violation effect in 210Fr
Do =799d, +10.5 x 10780375 ¢ em

| Ceps(CPV int.)

Standar% model

Double

v v

| s
1
1
e S\

Higgs model

A\l

Extract each component
from the different correlation
pattern for many particles

electron ®&

da=R - de+ S * Cqyps

de + - Cs-ps

Atomic/nuclear structure

0 0 | 0 | 0
DY@ Hepy 01)

Eq(}O) o E}O)

N (
08 \ \ B (Wy
4x10 &&x D=y
NN
2 NN
2x10°28 | W \Q\
S A
(O]
©
-2x10728 |
Contraint from Hf
4x1028}  Contraint from ThO

Prospective Fr EDM contraint

F+

41 0°

2x107° 0

2x10°

S-PS(0
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Fundamental physics with radioactive elements

Ra-F
EDM/AM/MQM
at
MSU/FRIB/MIT

Fundamental
Symmetry

Growp® 1 2
A joint Experiment/Theory & AMO/Nuclear/Radiochemistr H
effort to calibrate the new physics sensitivity of pear-shaped 7th p e rl O d h eavy e I e m e nt

nuclei and to carry out the requisite precursory work leading to G d

ultrasensitive EDM searches.

290% o pimary.
beamis unused

candidate for fundamental symmetry study

many projects ..

5
E Neutrons
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E Molecules
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E Solids
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@|ndiana

Rough estimate of numbers
of researchers, in total
~500 (with some overlap)

E Atoms
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Toward to Rl molecule

N”mge 1) Sensitivity in the gas phase
x Ein ’ Nl/z ) tcoh
1018 | e )
2) Sensitivity in the solid phase
X E;,"N-P P:orientation factor
: Mol.
ol
1012
Population at the
lowest rot. state @ o v-1oc T2
108| 3002 1 2197221Fr ) ™ Low Temp
c L line . .
Rb, Li vl Interaction time
Trapped o
Mol. ion /// Photoassociation

o V4
. L
Deceleration /.2~ Fechbach resonance

el e ~_  Optical v¢ Fr-Sr
e et % trapped

Molecular Jet BaF Mol.

C€ [Vicm] RaF

é 1)Gas Phase

Effective internal E-field 50
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Fr-Sr molecule

Ultracold trapped molecules associated by Feshbach resonance

from laser cooled Fr and Sr atoms.

unpaired electron

paramagnetic diamagnetic
atom atom
Fr Sr

effective field 2.7-4.2 GV/cm

one measurement

interaction time

- molecular beam t ~1 ms
- ultracold molecules  ~ 1 s

~1x1027Tecm @ 25s
~1x1028ecm @ 253 s
~1x1022ecm @ 7 hours
~5x103%0e @ 1 day integration

\_

~

if4GV/cm, t=1s N=10%




Association of molecules near Feshbach resonance

2 atoms

energy

atom A atom B

resonance at AE=0

bound state

+—

*spin

closed channel| _Y_

— — threshold

open ¢l
coupling

hannel

energy

molecule
kb

-,
-,

< magnetic field

/hreshold bound state
internuclear separation R B
7w — _ N\
-5 Simultaneous MOT of Rband Sr ~  succeeded
&= 461nm
® First step for Fr-Sr molecule production
® Basic technigue to locate Fr and Rb to each cite of lattice
= co magnetometer
Rb/Sr
u : u y,




Possibility of superheavy molecules: LrX

PHYSICAL REVIEW A 104, 062801 (2021)

Towards CP-violation studies on superheavy molecules: Theoretical and experimental perspectives
1

R. Mitra®,2 V. S. Prasannaa®,? R. F. Garcia Ruiz,* T. K. Sato®,> M. Abe,® Y. Sakemi®,” B. P. Das,>8 and B. K. Sahoo'
1 Atomic, Molecular and Optical Physics Division, Physical Research Laboratory, Navrangpura, Ahmedabad 380009, India
2Indian Institute of Technology Gandhinagar, Palaj, Gandhinagar 382355, India
3Centre Sfor Quantum Engineering, Research and Education, TCG CREST, Salt Lake, Kolkata 700091, India
*Department of Physics, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, USA
SAdvanced Science Research Center, Japan Atomic Energy Agency, Tokai, Ibaraki 319-1195, Japan
$Department of Chemistry, Graduate School of Science, Hiroshima University, 1-3-2, Kagamiyama,
Higashi-Hiroshima City, Hiroshima 739-8511, Japan
"Center for Nuclear Study, The University of Tokyo, Hongo, Bunkyo, Tokyo 113-0033, Japan
8 Department of Physics, Tokyo Institute of Technology, 2-12-1 Ookayama, Meguro-ku, Tokyo 152-8550, Japan

® (Received 30 August 2021; revised 12 October 2021; accepted 16 November 2021; published 1 December 2021)

Molecules containing superheavy atoms can be artificially created to serve as sensitive probes to study
symmetry-violating phenomena. Here, we provide detailed theoretical studies of quantities relevant to the
electron electric dipole moment (éEDM) and nucleus-electron scalar-pseudoscalar interactions in diatomic
molecules containing superheavy lawrencium nuclei. The sensitivity to parity and time (or, equivalently, CP)
reversal violating properties is studied for different neutral and ionic molecules. The effective electric fields in
these systems are found to be about 3—4 times larger than other known molecules on which eEDM experiments
are being performed. Similarly, these superheavy molecules exhibit an enhancement of more than 3 times for
CP-violating scalar-pseudoscalar nucleus-electron interactions. Our preliminary analysis using the Woods-Saxon
nuclear model also demonstrates that these results are sensitive to the diffuse surface interactions inside the Lr
nucleus. We also briefly comment on some experimental aspects by discussing the production of these systems.
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Lr molecules production yield

Reaction pmd beam Transport Beam intensity after Mass
nb current | +Mass sep. eff. sep.(ion/min)
2

@JAEA  29Cf + 11B 200 pnA ~10 %

@RIKEN 299Bj + 48Ca 60 2000 pnA ~30% 30
GARIS

@RIKEN 209Bj + 48Ca 60 2000 pnA ~10% 10
ISOL*

* Assuming a gas-jet ISOL (similar to JAEA) is available at RIKEN RILAC

Production of Lr molecules

LrO+ : Lr + trace amount O,(contaminants in a carrier gas or additional O,)
LrF+ : LnF, ion beam has been produced @ CERN-ISOLDE in a molten metal target.
In the case of Lr, fluorination gas (ex. CF,) needs to be introduced.

New idea of the quantum sensing is required for the limited number of the particles .



Electron EDM Limit [e cm]
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Improvements to existing experiments -
New trapping technologies -

Rl molecule cooling/trapping

Advanced quantum control —»
Quantum sensing technique
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Quantum sensing of EDM with entangled Fr atoms

N

Uncertainty of the phase of Ramsey resonance with Squeezed Spin State ~

ﬂv atoms

N atoms

~

uncertainty

1
0= —
VN
Standard Quantum Limit
(SQL)

¥

k -particle
negative correlation
(the entangled quantum state)

k=N, §0 = 1
U TN

Heisenberg limit

The uncertainty is below the SQy

P
optical
probe
light —[rov}—g =N
. o QY
Detuning frequency IT) f photo
ds
S ..... hwa DBM etector
14)

»

isolator  probe light

=[

/ Spin Saueezed State (SSS)

no correlation
(x, y components are random)

NAAA

negative correlations of y components

NAVA A

The SSS is the quantum entangled state
with negative correlations between atoms

Collective spin /= Zji
i=1

X

M. Kitagawa, and M. Ueda,

N Phys. Rev. A 47, 5138 (1993).

AJ, =VN/2

~

coil

&€ < celectrode

Optical resonator
—D
h

filter lattice light

ext

Microwave field



EDM detection scheme and sensutlwty with SSS

Quantum sensing

1P3)
probe

light

11 11
2 2 My

Al F =13
7S1//2A$. "Y'IMW
F =11

11 11

2 2
Quantum limit below SQL
13h £r

22REDC V NTttotal

F=100kVcm™® T=1s
tiotal = 240 = 86400 s
N=25x10°

g/2p=10%Hz
xx=1/442

od.=7.5x103 ecm

5 dSSS

Ramsey resonance

detectlon

2 2 S ueezm antum
q g SCHSIH
Ty T ’ T

Mwﬂ
2

14

=N A
=N RN

y
probe

light

1 i

Ode (ecm)

N AV
Quantum Sci. Technol. 6, 044008 (2021).



Particle phyvsics

Origin of CPV

CPOWN : RAFRKT - HEERDIER

Nuclear Physice Amplification of CPV

Anti-matter B
XM DBNDEFIR~RF&% | EFZHR

-

IREER CTEIST DHT

gauge bosons quarks

R—2HF

\ %
IEE%@’I\'IEI
JTI)LIHF h—H[F

~

BF
(7 TILZHF)

4 A
. Shell model
gauginos squarks sleptons 184
() @ ’ N
photino Zino ij = _%¥ 126
O @ (m‘—j;(‘#ﬁ% Nucleon EDM
sluino Wino 82 / s “
A Ilm __._ 1d.
50
@ -+ Prot
\ @ -+ Prote Neut y
4 - N
EFT Mean field (DFT)
Octupole deformation
CP-odd NN potential = parity doubling due to axially asymmetric shape
= close opposite parity levels
= enhance nuclear Schiff moment

Nuclear level\
inputs

N

‘Cluster model

— . 3Hcluster
N,
\

Example
of 11B EDM:

\ di1e = 0.02 Gy e fm y




Explored energy range
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sensitive to the colorless SUSY particles

® ¢ EDM with Fr atoms ~

® LHC: hadron collider, and not so sensitive to colorless particles

can explore the mass scale > TeV region : 103%ecm

® Fr EDM ~



Summary

Optical lattice (OL) atomic interferometer development ~ in progress to search for e-EDM
v Fr production ~ ready : extraction efficiency close to maximum
v OL and co-magnetometer : proof-of-principle with Rb/Cs atoms ~ ready

Improvement ~ in progress

® |ncrease Fr ion beam yield feop, = 10x3%/,, c Xfaop, ~ X 10 intensification of primary bea
® Mass filter to reduce the BG

® Y surface purification ~ Baking + sputtering + annealing
® MOT cell installation eyor = 18xemor  ~ Confine atoms within cell Pure crystal

Impurities

~q0¢ Oxides

atomic
layers ~ Work-affected
layer

Dual atoms co-magnetometer with optical lattice for Rb/Cs
> Successfully demonstrated the principle ~ for the first time
> At present, measurement accuracy ~ 100 pT achieved

> EDM sensitivity ~ 10730 ecm ~ new physics energy scale > TeV can be explored




Thank you very much !
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