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Particle Physicist Atomic Physicist

Spectroscopy
Precise Measurement
to detect the frequency shift

New Physics
beyond the Standard Model




electron’s electric dipole moment (e-EDM)
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EDM induced by New Physics
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Probe for New Physics beyond the Standard Model

Our approach:

electron EDM
- Laser cooling of Fr atoms -> A. Uchiyama

today’s talk
- Ultracold FrSr molecuels

Parity Nonconservation (PNC)
- Laser cooling of Fr atoms -> My talk



Weak interaction in atom

Laser induced transition - Excitation of electron’s energy

Weak interaction -> Parity Nonconservation (PNC) in atom
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(nuclear spin dependent) information about
New Physics PNC in Nuclei
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@ Nuclear Spin independent PNC
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@ Nuclear Spin independent PNC
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New Physics beyond the Standard Model M.J. Ramsey-Musolf,
Phys.Rev. C 60, 015501(1999).

oy oy Jens Erler, Andriy Kurylov, and
L=L, +Low Michael J. Ramsey-Musolf,
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(1) Z’ Boson : SO(10), technicolor models to g=0.45 -> A=2.1TeV
SUSY and EG6 (string theories)

(2) technicolor, models of composite fermions, g=2mw -> A =29 TeV
or other strong coupling dynamics



Examples of SUSY loop corrections to Q,

Jens Erler, Andriy Kurylov, and
Michael J. Ramsey-Musolf,
Phys. Rev. D 68, 016006(2003).
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Y m experimen
b atom e PE ent K. Tsigutkin, D. Dounas-Frazer, A. Family,

J. E. Stalnaker, V. V. Yashchuk and D. Budker,
Phys. Rev. Lett. 103, 071601(2009).
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Nuclear Spin Independent (NSI) weak interaction using ?°Fr atom
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Nuclear Spin Independent (NSI) weak interaction using ?°Fr atom
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Matrix element operators of odd parity operators.

Jy stateJ; state (J[[DI[J) (s [[HpnellJs) (JelIK].
T *Pijs s *Siya 4.26 10.52 25.03
8p *Pija 75 *Sy)2 0.34 5.98 14.64
9 *Pijp 752812 0.11 4.03 9.93
10p >Pija s *Si)s 0.06 2.98 7.39
11p >Prja Ts *Siys 0.04 2.38 5.92
Tp *Pyjs s *Si/9 5.96 2.54
8p 2P3/2 7s 251/2 0.95 1.02
9 *Pyp 75 2S1)2 0.44 0.61
10p > Psja Ts *Siys 0.28 0.45
11p *Pyjs Ts *Siys 0.18 0.33
8s 2S1j2  Tp *Pyi)2 4.27 4.83 12.96
85 %S12 8p*Pyn  10.08 2.74 6.60
8s %Si/2  9p 2Py 1.00 1.85 4.54
8s 2Si/o 10p 2Py, 041 1.37 3.38
85 2S12 1lp?Pi 024 1.09 2.71
85 %S1/2  Tp *Ps)s 7.52 0.73
85 2S1/2 8p 2Py 13.32 0.60
8s ?S1/2  9p *Ps)s 2.26 0.36
85 %S12 10p *P3/s  1.09 0.26
8s ?Si/ 1lp*Ps3,  0.63 0.18
6d °D3/o  Tp >Py)o 7.45 2.60
6d D32 8p >Py s 2.75 0.48
6d D32 9p > Py o 0.82 0.22
6d *D3;» 10p *Pijs  0.45 0.14
6d °D3/o 11p *Pyjp 0.28 0.09
6d *D3/2  Tp >Ps)o 3.44 0.23 0.18
6d °D3/2 8p >Py)o 0.88 0.16 0.45
6d D32 9p *Ps /o 0.28 0.12 0.35
6d °D3/o 10p *P3j;»  0.15 0.09 0.28
6d °D3/o 11p P35 0.09 0.07 0.21
6d °Ds/o Tp *P3p  10.52 5.10
6d *Ds/2  8p *Ps)o 2.83 2.01
6d *Ds,2 9p *Ps /o 0.90 1.27
6d *Ds,2 10p *P3 /o 0.42 0.91
6d °Ds;2 11p *P3;p  0.28 0.68

Nuclear Spin Independent (NSI)
PNC amplitude (7S,/,to 6D;),)

—ijeapx 10711

Isotope 8s 2S1/2 — 7s 251/2 6d 2D3/2 — 7s 251/2
Main Core Final Main Core Final
210%y 13.49 —0.03 1353 4531 184 | 47.84
21y 13.60 —0.03 14.64 45.68 1.86 771
223 y 14.91 —0.03 14.96 50.10 2.04  35209]

E2 amplitude (7S, /, to 6D, ;)

€ 2
(EQ'MM'),‘J' = 6D3/2’M' g(3xi'xj —r 5:‘1‘) 7S1/2’M>
. . 2
The electric quadrupole amplitude ea,

Jy state  J; state (J,,1/2|E2|J,.1/2)
Tp°Psn  Tp °Pijo 62.06

6d 2D3/2 7s 251/2 34.06

6d 2D5/2 7s 281/2 41.960

6d D55 6d *dz /o 31.49

8 %512 6d°D3;n  56.83

8 %512 6d°Ds3;p  T72.88

8s 251/2 7s 251/2




Nuclear Spin Dependent (NSD) PNC amplitude
(7S,/,t0 7S,,, 85,/,, 6D;,, and 6D; )

Contributions to the reduced matrix elements of Y in iea,K,, x 107! from the final
perturbed state (Final) and initial perturbed state (Initial) considering intermediate
states up to the 11P states in the corresponding transitions of 219Fr, 211Fr, and 223Fr.

This work

Jr = J; Fy F; Final Initial Core Tail Total

20Fr (1 = 6)

Ts %810 — 15 *Sip 11/2 13/2 —2.907 —2.414 —0.172 —0.035 —5.529

8s 2Si12 — 75 281 11/2 11/2 1.284 —0.545 —0.002 0.008 0.745
13/2 11/2 2.029 0.893 —0.077 —0.063 1.847
11/2 13/2 2.321 0.401 —0.077 —0.062 2.026
13/2 13/2 1.389 —0.589 —0.002 —0.008 0.789

6d *D3jp — Ts *S1 9/2 11/2 —0.089 3.341 0.127 —0.085 3.294
11/2 11/2 —0.480 —3.205 —0.118 0.078 —3.725
13/2 11/2 0.905 2.631 0.093 —0.062 3.568
11/2 13/2 —0.853 —1.832 —0.063 0.042 —2.706
13/2 13/2 0.700 2.800 0.102 —0.068 3.531
15/2 13/2 0.096 —3.622 —0.138 0.092 —3.572

6d *Ds;, — 15 *Si,2 9/2 11/2 —1.555 0.233 ~0.0 ~0.0 —1.323
11/2 11/2 1.929 —0.288 ~0.0 ~0.0 1.641
13/2 11/2 —1.652 0.247 ~0.0 ~0.0 —1.405
11/2 13/2 —1.209 0.181 ~0.0 ~0.0 —1.028
13/2 13/2 2.090 —0.312 ~0.0 ~0.0 1.777

15/2 13/2 —2.503 0.374 ~0.0 ~0.0 —2.129



How to detect the E1 NSI PNC amplitude?

Gr
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: , o 540 ns 1@2
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Our approach: nm
o . o E2 ElNSI
Detection of the Light shift E:NSD NC
: +
induced by the NSI PNS effect. e
Original proposal E
for NSI PNC of Ba ion 7S, _ 13/2

N. Fortson, PRL 70, 2383(1993). \ 46.8 GHz
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Light shift induced by interference of E1 PNC and E2 transitions

Laser field
1 —iwt
E(r,t) = EE(r)[e +c.c.]

Rabi frequency
1

D =35 2 Bl ) B0
1 JE,
P =37 2 E2), ax(jr) :

2 2
E?2 PNC
Q[ =[Q45 + Q0]

IR

Q22 [ +2Re(QmC QL)

Original proposal
for NSI PNC of Ba ion
N. Fortson, PRL 70, 2383(1993).



The light shift (the complex level shift)

a, =Aw,, —-iI',, /2
The field dependent solution to the set of two-level equations connecting M to the
various M’ sublevels is

1 : 1 .
Oy = E(CUO i’ I‘61)3/2)15\/(600 —W—=1 F61)3/2)2 +4Q§4

5 2
$2, = E|QMM'| hwy =Wepsn = Wigi
M|

It will be assumed that ‘QM ‘>>|a)0 —w-1 F6D3/2|

Aw, — (0, -0)=Q,

2Re(Qp Q)

\/\Qf;f +2Re(Q0QE2,) =[QE2 |1+

2
E2
2
PNC*(E2
AgPNE RCE RG(QMM' QMM')
Mo ‘QEz‘ total light shift due to E2 transition
M M
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Aw, =(w,-w)/2-Q,; ‘Qfﬂz - ;‘9%‘4




Calculation results of Light shifts

o J, Fe F, mp Ao™2m Ad™'2x  Ad™P2x

(MHz) (Hz) (mHz)

210Fr (1=} 92 112 12 3.89 0217 2.2
12 112 12 1.64 4,444 -54.5

132 112 12  6.90 0.145 22

6d D3, > 78512 110 132 12 8.69 0.085 -1.2
132 132 12 177 4126 48.1

152 132 12 499 0.170 1.5

T. Aoki et al., to be submitted.



Measurement method for the Light shift due to F=11/2 to F'=11/2
transition (M=1/2 and M=-1/2 states)

F’
1704 ns 15/2

6d D;), 13/2

11/2
9/2

616 nm

21 ns 15/2
p P;)

13/2
78 S,

11/2

210|:r

78 8y
F=11/2 without E2 laser

Energy level

____________ —1
Ale/g Aa/)PNC
1.6 MHz $ Aa)ll/;z
v i 1/2
B
Aw,, | g /RF field
Aw>*
M=-1/ M=3/2

same E2 light shift,
opposite PNC light shift

between M=1/2 and -1/2 state



State selective detection of F=13/2, M=-1/2 state

P MW field
Energy level
F=1 1/ 2 without E2 L'aser

F’ 7s S
1704 ns 15/2 172

6d Ds), 13/2 - -
11/2 E2
9/2 Awl/z
1.6 MHz
v
21 F Aw,,
ns 15/2 PNC |~
Tp Py ﬂ: Aa)f;; Aw,,
. M=
detection 3.7 MHz
718 nm
F
13/2
78 Sy MW
: 46.8 GHz e
11/2 B
210 F r Aws),

. . A PNC = ¥ —
B. K. Sahoo, T. Aoki, B. P. Das, and Y. Sakemi, W5,
Phys. Rev. A 93, 032520 (2016).
Y (2016) M= 312



Calculation of light shifts for all magnetic sublevels in the F=13/2 state

E=2 x 10°V/m
F, F, mp AcP27 Ao™2x APRn 540ns o
(MHz) (Hz) (mHz) 6d D, 132
13/2 13/2 1/2 177 4.126  48.1 11/2
13/2 13/2 32 386 5443 63.4 9/2
13/2 13/2 52 594 5382 628
AM ==x1 132 132 72 762 5037 587
13/2 13/2 9/2 8.60 4.469 52.1 616 nm
13/2 13/2 112 837 3.608  42.1
13/2 13/2 13/2 554 2.147  25.0
132 13/2 12 614 -0421  -4.9
13/2 13/2 3/2 538 -1263 -14.7 11;/2
AM =0 132 132 52 2,106 -24.6 7s S,
13/2 13/2 72 -2.948
13/2 13/2 9/2 112

132 13/2 11/275. . . _ .
13/2 13/2 13/2 998 5475 63.8 ~ same E2 light shift

T. Aoki et al., to be submitted.



Experimental procedure

Laser Cooling

State
preparation
718 nm

Fr
-
katoms j

N\

\
Light shift

616 nm RF

¥,

\_ J

4 )

State sensitive
detection

MW 718 nm

\

\_ J

time

Polarization Gradient

Cooling
T = 10-50 uK

Loaded into
Optical Lattice



State preparation

Optical pumping to F=13, M=13/2 (Spin Polarized)
under magnetic field

13/2
7P, 9/ 11/2
Fr=13/2 s 12
12 3/2
M7= -1/2
o &
- 13/2
11/2
9/2
151 5/ 7/2
F=13/2 3/2
-1/2 1/2 Zeeman splitting of magnetic sublevels

+ repumping beams in hyperfine structure



State preparation

STIRAP process to prepare the atom in M=9/2 and 1/2 state

11/213/2
P53, 7 0/2 T
F7’=13/2 R .
N 1 3/2 5_/2 Stimulated Raman
M7=-12 = 'K Adiabatic Passage
(STIRAP)
-
= 13/2 M. Weitz, B. C. Young, and S. Chu,
9 112 Phys. Rev. A 50, 2438 (1994).
_— 92 T. Nakajima,
751 712 Phys. Rev. A 59, 559 (1999).

F=132 — & 3277
M=-12 12



Light shift and

RF spectroscopy

540 ns 15/2

Dy 13/2

11/2
9/2

616 nm

13/2
Sin

11/2

B
ACU7/2

M=1/2

RF field
M= -1/2




1st order Zeeman shift is cancelled

ow = 5“)%,_% ~ 5‘”% 2nd order Zeeman shift is reduced
=| -7580 (NSD |+ 1073090 (Zeeman@ 11.62G) + 21 ( ) mHz
0.1162 mG
-88.4 (NSD)

Magnetic shield of 1/3000

Breit-Rabi formula

B_ __NMv _ i hav AM 2
hAw® = oD 9 ugBM + - 1+ X + x
_ upB
x = (g, +9)E Av = A +1/2)
Dependence of _ _
10 “ A

magnetic field : -

of
PNC ind d ‘IES -/
Inauce 3 :

light shift oL | | ]
-7.580 Hz (NSI) 00 0z 04 06 08 10 12
-0.088 Hz (NSD) B (G)

w
\

dw/2r (Hz)
\
\
\
\
\
\
\




Estimation of measurement time

shot noise limit v =

T=1540 ns
N=10*
0.015 Hz

!

1

2aNTNT

—> T=2x10%s

AQ, 10, =02 %

Our scheme\

[1] B. K. Sahoo et al.,
PRA 83, 030502(R) (2011).

Atom oOw, (Hz)

Ba+ -0.47 [1]
Ra+ 9.97 [1]

Fr -7.580 this work

insensitive to magnetic fluctuation

Mass scale

A 1

g = \/ﬁGF\AQW\

~ 20.6 TeV




Contents

1. Introduction

2. Nuclear Spin Independent Parity Nonconservation effect
- New Physics beyond the Standard Model

3. Nuclear Spin dependent Parity Nonconservation effect
- Nuclear Anapole Moment

4. Summary



Weak interaction in atom

Laser induced transition - Excitation of electron’s energy

Parity Nonconservation (PNC) in atom

( \

e electron e ex
electron \’/
y 7 boson photon | Y
photon nuclear spin
@ nucleon N
;lectromagnetlc (DWeak Neutral Current  (@Anapole moment
orce

(nuclear spin independent) (nuclear spin dependent)
(Coulomb's law)



(2 Anapole moment

NSD Weak interaction
G

Anapole moment W= glo - pp(r) + p(r)e - p]
3 9 2v/2m,
d’rr=J(r)

a= —7T
perturbed wave function of nucleon

Y= elea'rlpo 0=—gGp/V2

electromagnetic current density

3 spin of the unperturbed wave function will be
Anapole moment rotated around the vector r by an angle of 20r.

I:
Nuclear
Spin

16 (I+1)2)
AN N T

Atom with nuclear spin involves
the nuclear anapole moment

J.5.M. Ginges, V.V. Flambaum, Physics Reports 397, 63 (2004).

toroidal current



Cs experiment

C.S. Wood, S. C. Bennett, D. Cho, B. P. Masterson,

J. L. Roberts, C. E. Tanner, and C. E. Wieman,

6S — 7S transition S
7S12— ¢2.18 GHz =4
Nuclear Spin o _—

Independent (NSI)
Gr .
2L 0wysp®) ol A+ A

ye Laser| <1 F PNC
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Ow = Z(1 —4sin®0y) — N ~ —N
weak charge

S.ad. __
Hy =

Nuclear Spin 65, —
dependent (NSD)
HS.d. _ GF - j =
W= EKQ{ Ip(r) A;: “Stark-induced” E1 transition amplitude

Fig. 2. Schematic of the ap-
paratus. In the interaction
region, B is along the z axis,
E is along the x axis, and the : Interaction |
540-nm dye laser beam de- [ region

fines the y axis. .

Optical
pumping

Detector

F=100,000, P=2.5 kW
E, =500 V/cm Dye/ Diode

laser laser 3
€.z + pi Im(e,) X
R = |Ag + Apne|* ~ BPE2E2CI(F, mp; ', m'y)
+ 4B E e, plm(e)Im(E 1pne)Co(F, mp; F'y m'y)

[3: tensor transition polarizability

F=5

‘;‘ Constraints on

the

%

w

-(h,’+0.7h

Science 275, 1759 (1997).

k('33Cs) =0.112£0.016
Im(E135¢) /B = 0.077 &+ 0.011 mV/cm

PNC meson couplings ( x107)

10 -

) 7
A

W

7
i
-
T
W
Y

,,,,,,,

i )
-2 0 2 4 6 8 10 12 14
f,-0.12h, -0.18h,’

W. C. Haxton and C. E. Wieman,
Annu. Rev. Nucl. Part. Sci. 51, 261(2001).



Nuclear Spin Dependent (NSD) weak interaction

G NSD __ 1 1 g1
NSD r — = —1)¢
Hpne = EKW& ' Panc(r) fene = Zq( DR absence of NSI
2/3 1704 ns F
K ~ — gty o 6d D 17/2
W 1o8rHe M,ro A: the atomic number 5/2 \
A small NSD PNC-induced E1 amplitude given by 7/2
609 nm v _
EVL)S, = (—])Ff—Mf( Fy 1 F )y B2l
Mot My q M, 540 ns r
6d D, 15/2
' 9/2
 JAIDIJ (i1 K [ J;y Nuclear Spin Independent (NSI)
Y=n (Z(_l)ﬁ it 2 E _E E1 amplitude is larger 616 nm
ki !
E2+ELS. +HELL,
y F, Fo 1|1 1 1 PNC PNC
Jo Jr Il Ji F . 7
UK DI TP P =g 1
4 Z(_l)Fi—Ff-l—l S ki1\Jk i _~=
ke f Er=E cooling
X{Ff F; 1}{1 I 1 }> 718 nm 1137/2
i I I J Fel/)
o 7s S,
B. K. Sahoo, T. Aoki, B. P. Das, and Y. Sakemi, 46.8 GHz
Phys. Rev. A 93, 032520 (2016). 11/2




MW field

F’
1704 ns 17/2 7s Sl/ 2 Energy level
6d Ds), 15/2 F=11/2 without E2 Easer
13/2 o M=
1 rof
7/2 1.6 MHz
o v
B
o P 21 ns 15/2 Aw,,
3 PNC =
A(Uf/; Aw,),
detection M=-1/
718 nm 3.7 MHz
F
13/2
7s S1/2 MW
46.8 GHz
112 piniaeia Dttt
Aw?
312
PNC =¥ —
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Calculation of light shifts for all magnetic sublevels in the F=13/2 state
E=2 x 106 V/m, K, = 0.568, E2 = 39.33 eq,>

Fe F; mp Aw™2m Ad™2x Ao™P2n 1704 ns 11;/2
(MHz) (Hz) (mHz) 6d D, 152

13/2 132 1/2 170 0 24.22 13/2

13/2 13/2 372 370 0 31.95 1;;%

132 13/2 5722 570 0 31.59 7/2
AM ==+1 132 132 72 730 0 29.56

13/2 13/2 9/2 823 0 26.23 609 nm

13/2 13/2 112 8.01 0 21.18

13/2 13/2 13/2 530 0 12.60

132 13/2 12 588 0 241

132 1372 32 515 0 _7.41 L
AM =0 132 132 52 0 -12.36 75 S,

13/2 132 72 0 -17.30

132 13/2 9/2 0 22.24 112

13/2 13/2 117275, 0 19

13/2 13/2 13/2 956 0 32.13 ~ same E2 light shift

T. Aoki et al.,
Asian J. Phys. (accepted)



Light shift and
RF spectroscopy
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1st order Zeeman shift is cancelled

bw = w1 1~ dwsy 2nd order Zeeman shift is reduced
=|—44.5 (NSD)|+ 14140700 (Zeeman@13.34G) + 21 (0.1334 mG) mHz
B _ __ hAv . I w 4M 2
hAw® = 2@y Y upBM £ == 1+ X+ x
_ ugB
x=(g;+91) s Av = A( +1/2)
Dependence of magnetic field
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PNC induced ga ) -
induce [
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-0.05F .
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1
hot noise limit Jv =
shot noise limi 2nm Atom 5wNSD (mHz)
7=1704 ns

N =104 —> T=751s
00445 1y Ba+  0.009 [1]

Ra+ 0.11 [1]

Fr 44.5 this work

T. Aoki et al.,
Asian J. Phys. (accepted)



Summary

We investigated light shifts of nuclear-independent (depedent) parity-
nonconservation interaction in ultracold 2'Fr.

We found that the magnetic sublevels of M=9/2 and 7/2 have the same E2 light shift
and opposite PNC light shift.

The frequency difference of the transition of M=1/2 to -1/2 and the transition of M=9/2
to 7/2 has no 1st order Zeeman shift and small 2nd order Zeeman shift.

Measuring this frequency difference enables us to obtain the value of PNC, with
being insensitive to magnetic field fluctuation..

Sensitivity of NSI PNC is estimated to AQw/Qw = 0.2%, which corresponds to
A/g = 20.6 TeV for New Physics. T. Aoki et al.,
(to be submitted)
Sensitivity of NSD PNC is is useful to measure the nuclear anapole moment
to resolve the discrepancy between atomic Cs and particle scattering experiments.

B. K. Sahoo, T. Aoki, B. P. Das, and Y. Sakemi, T. Aoki et al.,
Phys. Rev. A 93, 032520 (2016). Asian J. Phys. (accepted)



