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Fundamental	symmetry	in	the	nature		



Discrete	symmetries		

	P:	Parity	

C:	Charge	conjugaBon	

T:	Time	reversal		



Parity	non	conservation		



CP	violation		





										
								Standard	Model																												
													
	in	ParBcle	Physics		
• 			3	Fundamental	Forces	

• 	ElectromagneBc	Weak	Strong	
• 	U(3)c	x	SU(2)L	x	U(1)Y		symmetry	
	

• 	12	Fundamental	Fermions	
• 	Quarks,	Leptons	
	

• 	13	(Gauge)	Bosons	
• 	γ,W+,	W-,	Z0,	H,	8	Gluons	

		
		in	Cosmology	
• 		Big	Bang	
		

Properties	of	known	forces	



														
• 	Many		Open	QuesBons		
				Why	3	generaBons	?		
				Why	some	30	parameters?	
				Why	one	electric	charge	?	
				Why	CP	violaBon	?	
				Why	ma[er-anBma[er	asymmetry?	
				Where	there	other	symmetries	
								important	in	the	early	universe?		
			…..	
• 	Gravity	not	included	in	parBcle	SM	
• 	No	Combind	Theory	of		
		Gravity		and	Quantum	Mechanics	
	
• 	Neutrino	Puzzles	
			What	are	the	masses	?	
			What	are	the	mixing	angles	?	
			What	about	CP	violaBon	?	
	
• 	Contents	of	the	Cosmos	
			What is	the	other	96%	beyond	ma[er	?	

The	Standard	Model	
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New	physics	beyond	standard	model	

Physics	within	standard	model	

Overview	of	fundamental	interactions	



Electric	dipole	moment	(EDM)	
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polarisable	vacuum	with	increasingly	
rich	structure	at	shorter	distances:	
	(an;)leptons,	(an;)quarks,	Higgs	(standard	model)	

beyond	that:	supersymmetric	par;cles	………?	

		

- 

point	electron	

How	a	point	electron	gets	a	structure	



1-loop	:	 〜	the	source	of	the	imaginary	part	(CP	violaBon)	

is	real	 no	EDM	at	1-loop	

2-loop	:	 is	real	

is	real	surprisingly	!!	

3-loop	:	

no	large	EDM	at	2-loop	

PRL 78 4339 (1997) 

Sov.J.Nucl.Phys. 28 75 (1978) 

Quark	EDM	in	the	Standard	Model	



is	the	source	of	the	imaginary	part	(CP	violaBon)	
“strong	penguin”	

phenomenological	Hamiltonian	

PLB 109 490 (1982) 

Neutron	EDM	in	the	Standard	Model	



New	physics	beyond	the	standard	model	
Get	the	informaBon	of	the	mass	of	SUSY	and	CP	violaBng	phases		

EDM	sources	
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SUSY	parBcles	
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Polarizable	vacuum	with	increasingly		
rich	structure	at	short	distances	

elecron	

GUT	SO(10)	etc	

Standard	Model：	
EDM	〜	appeared	in	higher	order	
→　quite	small	

Super	Symmetry	(SUSY)：	
EDM	〜	appeared	from	the		
propagaBon	of	SUSY	parBcles	

EDM	
small	

EDM	
large	

S.M.					SUSY	
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Beyond	Standard	Model	search	with	EDM	

Klaus Kirch 1St. Petersburg FL, May 30, 2012

“It may be that the next exciting 
thing to come along will be the 
discovery of a neutron or atomic 
or electron electric dipole moment.  
These electric dipole moments... 
seem to me to offer one of the 
most exciting possibilities for 
progress in particle physics.”

- S. Weinberg

served as input to the 59-member working group of nuclear 
scientists, which included NSAC members, who gathered 
in Galveston, Texas, from April 30 to May 4 to develop the 
recommendations for the Plan. The outcome of the Galveston 
meeting is a set of four recommendations that provide a 
roadmap for the development of new and existing facilities 
that, when implemented, will maintain U.S. leadership in 
this critical area of science. 

RECOMMENDATION I

We recommend completion of the 12 GeV 
CEBAF Upgrade at Jefferson Lab. The Upgrade 
will enable new insights into the structure of the 
nucleon, the transition between the hadronic 
and quark/gluon descriptions of nuclei, and 
the nature of confinement.

A fundamental challenge for modern nuclear physics is 
to understand the structure and interactions of nucleons and 
nuclei in terms of QCD. Jefferson Lab’s unique Continuous 
Electron Beam Accelerator Facility has given the United 
States leadership in addressing this challenge. Doubling the 
energy of the JLAB accelerator will enable three-dimen-
sional imaging of the nucleon, revealing hidden aspects of its 
internal dynamics. It will complete our understanding of the 
transition between the hadronic and quark/gluon descriptions 
of nuclei, and test definitively the existence of exotic hadrons, 
long-predicted by QCD as arising from quark confinement. 
Through the use of parity violation, it will provide low-energy 
probes of physics beyond the Standard Model, complement-
ing anticipated measurements at the highest accessible energy 
scales.

RECOMMENDATION II

We recommend construction of the Facility for 
Rare Isotope Beams (FRIB), a world-leading 
facility for the study of nuclear structure, reac-
tions, and astrophysics. Experiments with the 
new isotopes produced at FRIB will lead to a 
comprehensive description of nuclei, elucidate 
the origin of the elements in the cosmos, pro-
vide an understanding of matter in the crust of 
neutron stars, and establish the scientific foun-
dation for innovative applications of nuclear 
science to society.  

We now have a roadmap to achieve the goal of a com-
prehensive and unified description of nuclei. Essential new 
data on exotic isotopes, which only FRIB will provide, will 
allow us to understand the nature of the forces that hold 
the nucleus together, to assess the validity of the theoretical 
approximations, and to delineate the path toward integrat-
ing nuclear structure with nuclear reactions. Advances in 
astrophysics and astronomy are driving the need for new 
and improved information on rare isotopes, including those 
near the very limits of nuclear stability that will be available 
for the first time with suitable rates at FRIB, to understand 
the chemical history of the universe and the synthesis of 
elements in stellar explosions. Rare isotopes are needed to 
test the fundamental symmetries of nature, and are essential 
for the many cross-disciplinary contributions they enable in 
basic sciences, national security, and societal applications. To 
launch the field into this new era requires the immediate con-
struction of FRIB with its ability to produce ground-breaking 
research, and effective utilization of current user facilities, 
NSCL, HRIBF and ATLAS.  

RECOMMENDATION III

We recommend a targeted program of experi-
ments to investigate neutrino properties and 
fundamental symmetries. These experiments 
aim to discover the nature of the neutrino, 
yet-unseen violations of time-reversal sym-
metry, and other key ingredients of the New 
Standard Model of fundamental interactions. 
Construction of a Deep Underground Science 
and Engineering Laboratory is vital to U.S. 
leadership in core aspects of this initiative.

The discovery of flavor oscillations in solar, reactor, and 
atmospheric neutrino experiments—together with unex-
plained cosmological phenomena such as the dominance 
of matter over antimatter in the universe—calls for a New 
Standard Model of fundamental interactions. Nuclear 
physicists are poised to discover the symmetries of the New 
Standard Model through searches for neutrinoless double 
beta decay and electric dipole moments, determination of 
neutrino properties and interactions, and precise measure-
ments of electroweak phenomena.

The Deep Underground Science and Engineering 
Laboratory (DUSEL) will provide the capability needed 
for ultra-low background measurements in this discovery-

7Overview and Recommendations

Nuclear	Science	Advisory	Commi[ee	2007,	APS	

Explored	area	



Various sources of EDMs 
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atomic

Fundamental 
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pion-nucleon 
coupling (         ) 

EDMs of 
paramagnetic 
atoms (dTl ) 
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atoms (       ) 

Neutron 
EDM (    ) 

Ref.  Maxim Pospelov and Adam Ritz 
Annals Phys.318:119-169,2005  



EDM	experiment	in	the	world	

Klaus Kirch 38St. Petersburg FL, May 30, 2012
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Enhancement of electron EDM 
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Francium :  
 Heaviest alkali element  
 Radioactive atom ~ τ~ 3 min.  
 Atomic structure ~ simple 
 e-EDM enhancement ~ largest ~ 895  20	



A Brief Introduction to EDMs
Coupled-Cluster Method

Results for the Fr EDM EF
Preliminary Conclusions

CC Results for VN orbitals
CC Results for VN�1 orbitals
CI Results for VN orbitals
CC Results for S-PS EDM EF
CC results for 7s Hyperfine constant

Preliminary results of the Electron EDM EF for Fr
VN potential and Configuration Interaction (CI) Method

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 19/179 789.43 897.19 12.01
dyall.cv4z 38s 35p 24d 19f 4g 1h 19/261 789.64 895.37 11.81

The correlation trends are clearly di↵erent from that of CCSD approach.

Results seem to be in agreement with the published results.

Correlation (CCSD-DF) seems to be positive always.

Results seem to be saturated even with the truncated DZ basis itself.

The % correlation seems to be more or less constant around 12%.

BUT...? The CISDT result for the smallest (DZ: 19/83) case is 817.29 which

is ⇠ 8.5% of its CISD contribution. In contrast CCSDT contribution is only

0.9% of its CCSD contribution. CISD result, therefore, is not reliable.

H. S. Nataraj Calculations of Fr EDM EF 20/ 24

Relativistic Coupled Cluster model 

Core excitation 

Valence excitation 


dFr = 895×


de

21	
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Introduction to Atomic EDMs
RCC Theory for Atoms

RCC Theory applied to EDMs
Results and Discussions

Implications of EDMs
Conclusions

Introduction to Coupled-Cluster Theory

The Coupled-cluster wavefunction for closed-shell atoms,

| (0)

0

i = eT (0)
|�

0

i

The CC wavefunction for open-shell atoms,

| (0)

v i = e{T (0)
+S(0)

v }|�vi

However, for single valence open-shell (paramagnetic) atoms,

| (0)

v i = eT (0)
{1 + S(0)

v }|�vi

In CCSD method, T (0) = T (0)

1

+ T (0)

2

and S(0)

v = S(0)

1

+ S(0)

2

What are T (0) and S(0)

v ?

H. S. Nataraj Search for New Physics Beyond Standard Model

Introduction to Atomic EDMs
RCC Theory for Atoms

RCC Theory applied to EDMs
Results and Discussions

Implications of EDMs
Conclusions

Coupled-cluster Method: An Illustration

Closed-shell cluster operators:

Open-shell cluster operators:

H. S. Nataraj Search for New Physics Beyond Standard Model
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Francium-a new laboratory for fundamental symmetry 
tests 

The availability of a wide range of isotopes allows the 
determination of properties as a function of N/Z, and 
anapole moments for different nuclear 
configurations. 
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Francium	–	many	isotopes	:		
new	laboratory	for	fundamental	physics		



hν↑↑ = µ ⋅B+ d ⋅E
hν↑↓ = µ ⋅B− d ⋅E

⇒ δν ≡ν↑↑ −ν↑↓ = d =
2dE
h

≈ 4.8nHz

where d =10−28e ⋅cm, E =100kV / cm

EDM	measurement	

d J


dt
= µB


+ dE


( ) × Ĵ

Spin	
polarizaBon：<J>	

InteracBon	to	
external	field		

Measurement	of	
spin	precession	

δd = 
2e
⋅
1
K
⋅
1
E
⋅

1
N ⋅τ ⋅T

E


−E
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Electron	EDM	status	

27	

10-29	
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ICL	group:	Beam	experiment	
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Limitations of cell and collinear beam experiment 
Measurement accuracy and systematic errors in EDM experiments 
 
l Interaction time : short  

l Uniform external field 〜　difficult to realize in the long electrode  

l Motional magnetic fields,  
 
l Misalignment of static magnetic field B0 with static electric field E;  
   cause a component of Bm to lie along B0 
 
l Magnetic field BE, generated by leakage and/or changing currents,  
   inaccuracy of high voltage electric field reversals, correlated with E 
 
l Geometric phase shifts generated by complicated field gradients 
 

2c
EvBm

×
=

Laser cooled and trapped atoms ~ one of the candidates to overcome these difficulties 



Confinement technique 

Atomic beam Laser cooled and trapped atoms 

Trapped atom Beam 	

~102 sec τ： coherence time ~10-3 sec 
Laser 

1 nK 1 µK 1 K 1 mK 1000 K 
Room temp.  liq. 4He  liq. 3He 

Laser cooling Evaporative cooling 

Temp. 

BEC 
FD 

Cooling	and	Trapping	needed	

EDM	〜　Long	interacBon	Bme	to	external	field	→	Confinement		



EDM	with	cooled/trapped	atom	

30	
	

895(Fr)
114(Cs)

×
1(trap)

10−3(beam)
>100



Fr	EDM	search	with	optical	lattice		

31	

①laser	cooling		
〜	increase	Fr	yield		
→staBsBcal	error		

②opBcal	lauce		
〜	long	coherence	Bme		
〜	magnetometer		
→	systemaBc	error	

goal：de〜10-29〜-30	e・cm	



Fr production 
18O +197A u	Fr	production
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210Fr ~ 3min. 

212Fr ~ 18 min.  

Fusion Reaction :  
Statistical model calculation 
　　18O + 197Au → 207-211Fr + Xn   ⎟

⎠

⎞
⎜
⎝

⎛ −
=

+

kT
EE

n
n IPWFexp

2
1

0

Target : 197Au  ~ EWF(5.1eV)>EIP(3.8eV)   Fr+ ion  
	

Surface ionization :  
Production ratio of the ions and neutral atoms 

EWF: Work function  
EIP：Ionization potential 

Fr
Rn

At

Po

Bi

209  210  211

206   207  208

209  210 

207  208

204   205   206

Ionization 
Potential 
(eV)

3.83

10.748

9.65

8.43

7.289
32	



Fr	production：surface	ionizer	

18O	

Fr+	

Primary beam	

Einzel lens	 Extraction  
electrode 	

Oven 	

Rb 

197Au target	

33	
	α-source  

(241Am 5.486 MeV)	

	α-decay from 210Fr  
6.543 MeV	

210,211Fr	
(6.54MeV)	

208,209Fr	
(6.64MeV)	

211Po	
212Fr	

209,210Rn	
205At	

207At	
206Po	



Beam intensity[nA] 
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Fr yield Primary beam	

CYRIC 〜　106 /s 18O (0.2uA, 100MeV) 

ISOLDE 
(CERN) 

1.9x109 /s (210Fr) p (1uA, 600MeV) 

3.9x109 /s (212Fr) p (1uA, 600MeV) 

TRIUMF 
（Canada）	

8.5x107 /s (210Fr) p (2uA, 500MeV) 

⇒　〜109 /s (210Fr) at present  

LNL（Italy）	 > 0.7~2x106 /s 18O (2.0uA, 100MeV) 9

⎟
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Fr+-ion source ~ Thermal ionizer

Thermal ionization Í EIP(Fr) < EWF(Au)
EIP (Ionization potential): Fr 4.0 eV
EWF (work function): Au 5.1 eV

Saha-Langmuir equation

18O5+

100 MeV

Fr+

Primary beam

Einzel lens

Oven

Extraction
electrode

Rb+

Rb atom

Fusion reaction: 18O5+ + 197Au 㸢 210Fr + 5n
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Target temperature dependence

preliminary

cf: melting point of Au is 1064oC.

18O5+: ~0.2eµA

Yoshida, Hayamizu

Production rate increases drastically at 
target temperature around 970 degree.

㸢 Achieved 210Fr+ yield: ~ 106 ion/sec @ 
0.2e㱘A

Heated Au target

Rb ion beam is available for test use.

Fr+/s@0.2

Surface	ionizer	with	molten	target	
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Required	conNinement	technique		

35	

Magneto	OpBcal	Trap	(MOT)	
• Temperature	:	65	uK	~	210	uK		
• Life	Bme	:	a	few	10	seconds	
• Accumulate	the	Fr	

OpBcal	Dipole	Trap	(ODT)	
• Temperature	：	~65uK	
• Life	Bme	:	>	10	seconds		
• EDM	measurement	(1st	phase)	
• OpBcal	tweezer	to	load	to	the	opBcal	lauce			

OpBcal	Lauce	(OL)	
• Temperature	:	<	65	uK	
• Life	Bme:	>	10	seconds		
• EDM	measurement		
• Magnetometer		

OpBcal	
Lauce	

O
DT	

MOT	

Double	MOT		
Fr	beam		



|g> 

|e> 
v

kick 

|g> 

|e> 
v

Force = P
dp k
dt

γ= ×h

E=ħω
p = ħk 

|g> 

|e> 

many photons à 

Typically an atom needs to scatter 
~105 photons for slowing down 

Photons Atoms 

Laser	cooling		

36	



Fr-ODT potential 	

l  Focused high intensity beam with an off-resonant frequency used   
l  The dipole potential  〜　by an induced dipole moment due to the laser light. 

red-detuned ODT 
1083 nm fiber laser, 
r=0.8 mm, 2.8W 
→Beam waist radius: 20µm,  

Potential depth　210Fr: 182 
µK 

T (µK)	

Beam axis Z (m)	 Radial axis 
R(m) 	

Laser	

2.4 mm	

40 µm	

Optical	dipole	trap	(ODT)	

Optical Dipole Trap towards the  
Electron EDM Search using Francium Atom 

T. Hayamizu,1* K. Harada,1 T. Aoki,2 S. Ezure,1 K. Kato,1 
S. Ando,1 H. Arikawa,1 T. Inoue,1 T. Ishikawa,1 M. Itoh,1 H. Kawamura,1 T. Aoki,1 A. Uchiyama,1 T. Furukawa,3 A. Hatakeyama,4  

K. Hatanaka,5 K. Imai,6 T. Kato,†,1 T. Murakami,7 H.S. Nataraj,8 T. Sato,9, 1  Y. Shimizu,10 T. Wakasa,11 H.P. Yoshida,5 and Y. Sakemi1 
 

1Cyclotron and Radioisotope Center (CYRIC), Tohoku University, Japan, 2Univ. of Tokyo, Japan, 3Tokyo Metropolitan Univ., Japan, 
 4Tokyo Univ. of Agriculture and Technology, Japan, 5Osaka Univ., Japan, 6JAEA, Japan, 7Kyoto Univ., Japan, 8IIT Roorkee, India,  

9Tokyo Institute of Technology, Japan, 10Tohoku Univ., Japan, 11Kyushu Univ., Japan,  †Progress Technologies Inc. 
 

*E-mail address: hayamizu@cyric.tohoku.ac.jp 

For the precision search of a permanent electric dipole moment (EDM) of the electron, an employment of the heaviest alkali atom francium (Fr) 
with the laser-cooling and trapping techniques is one of the best candidates to suppress the EDM statistical and systematic errors. Towards the 
EDM search in a Far-off-resonance trap, a red-detuned optical dipole trap (ODT) experiment is performed in a off-line double magneto-optical 
trap (double-MOT) system. We have successfully observed an absorption image of the rubidium (Rb) ODT. 

EDM search using cooled Fr Optical Dipole Trap 

Rb-ODT Experiment Present Status 
Optics of ODT experiment 

Components 
- Double-MOT system 
      (2nd MOT loading: 20sec) 
- Pre-cooling: MOT  
        Polarization Gradient Cooling (PGC) 
- Absorption imaging optics 
- CCD camera for the imaging: 

Hamamatsu ORCA-R2 / Apogee Alta U1 
- 3-axis correction coils 
- ODT trapping optics 

Timing scheme 

ODT absorption image 

Improvement Point 
・Optional PGC effect: not applied 
→  Optimize the magnetic field 

𝑉 = ℏ𝛾
4 ( 1

𝜔 − 𝜔 − 1
𝜔 + 𝜔 ) 𝐼(𝒓)𝐼 ,

 

Fr-ODT 
potential  

Permanent EDM in an elementary particle 
= T violation 
= CP violations (via CPT conservation) 
 + small background of the Standard Model 
⇒ Baryon asymmetry in our universe 
 (via Sakharov conditions) 

Electron EDM de in an paramagnetic atom 
⇒ enhanced K times to atomic EDM datom 

mNEK
Fde �

 
111

2 W
G !

EDM sensitivity 
For de < 5×10-29 ecm  (210Fr, F=13/2) 
K : Enhancement datom / de ＝895 (Fr) 
E : External electric field >100 kV/cm 
τ : Interaction time  ~2 sec  
N : Number of atoms  >106  
m : Measurement time >105  

eEDM enhance 

EDM and T-violation  

Why Far-Off-Resonance Trap? 
・Longer coherent time: > 1 sec 
・Small AC stark shift 
・Limited measurement area: < 3 mm 

Why Francium? 
・Large enhancement datom/ de  
・Availability of laser-cooling 
(D2 718 nm) 

Our employment: Francium (Fr) atom in an Far-Off-Resonance Trap 
(optical lattice/optical dipole trap) 

Optical Dipole Trap (ODT) 
Trapping techniques using a focused high intensity beam with 

an off-resonant frequency. The dipole potential 𝑉  is 
provided by an induced dipole moment due to the laser light. 

Where will be ODT used at? 

MOT→  ODT 

Optical 
tweezers  

EDM search 
(ODT/ Optical lattice) 

Our red-detuned ODT 
1083 nm fiber laser, 
 r=0.8 mm, 2.8W 
→Beam waist radius: 20μm,   
      Raighly length: 1.2 mm  
(focused by a f=250 mm lens) 

𝐾~𝑑𝑑 ~𝑍 𝛼  

ODT Achieved! 
Number of ODT：1.7×103 atoms 

Radius of trap：31 μm 
Density：2.9×107 cm-3 

・Succeeded in observing the ODT. 
・Analyzed its absorption using 
the Optical Density (OD). 

Potential depth 
210Fr:  182  μK,  87Rb:  210μK 

First step: Tests using Rubidium (Rb) to 
establish the experimental techniques 

Next Step 
・Achieve higher loading rate to 
the ODT from the MOT 
・Measure long ODT trapping time  
・Observe Ramsey resonance for 
atoms captured by the ODT 

MOT:  65  μK 

PGC:  57  μK 

Radius 
[cm] 

Time [ms] 

OD(x) 

Coordinate x [cm] 

TOF plot of the MOT 

OD plot of the ODT 

𝜔: ODT laser frequency 
𝜔 : Resonant frequency  
𝛾 : Damping rate 
𝐼 , : Saturation intensity 
 𝐼(𝒓): ODT laser intensity 

T  (μK) 

Beam axis Z (m) 
Radial axis 
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For the precision search of a permanent electric dipole moment (EDM) of the electron, an employment of the heaviest alkali atom francium (Fr) 
with the laser-cooling and trapping techniques is one of the best candidates to suppress the EDM statistical and systematic errors. Towards the 
EDM search in a Far-off-resonance trap, a red-detuned optical dipole trap (ODT) experiment is performed in a off-line double magneto-optical 
trap (double-MOT) system. We have successfully observed an absorption image of the rubidium (Rb) ODT. 

EDM search using cooled Fr Optical Dipole Trap 

Rb-ODT Experiment Present Status 
Optics of ODT experiment 

Components 
- Double-MOT system 
      (2nd MOT loading: 20sec) 
- Pre-cooling: MOT  
        Polarization Gradient Cooling (PGC) 
- Absorption imaging optics 
- CCD camera for the imaging: 

Hamamatsu ORCA-R2 / Apogee Alta U1 
- 3-axis correction coils 
- ODT trapping optics 

Timing scheme 

ODT absorption image 

Improvement Point 
・Optional PGC effect: not applied 
→  Optimize the magnetic field 
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= T violation 
= CP violations (via CPT conservation) 
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⇒ Baryon asymmetry in our universe 
 (via Sakharov conditions) 
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EDM sensitivity 
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E : External electric field >100 kV/cm 
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m : Measurement time >105  
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EDM and T-violation  
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Fr/Rb	co-magnetometer	with	optical	lattice	
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FIG. 1. (Color online) Energy diagrams and relevant transitions
of (a) Sr and (b) Rb. The ionization energy Ei from the 5P3/2 state
of Rb corresponds to a wavelength of 479 nm. Excess energy ϵ is
converted into the kinetic energy of the ionized Rb atom and the
electron.

nRb(r) and nSr(r) are the respective spatial densities of Rb
and Sr. Because light-assisted collisions between the Rb and
Sr atoms were not observed, as described in Sec. IV, and
the density of the trapped Rb can be assumed to be constant
in a usual MOT experiment [26], B can be approximated as
B ≃ βRbRbnRbNRb(t), where nRb is a constant density. Then,
Eq. (2) is written as

dNRb(t)
dt

= # − 1
τ ′ NRb(t) − RNRb(t), (3)

where 1/τ ′ ≡ 1/τ + βRbRb nRb. The solution to Eq. (3), when
R ( ̸= 0) is introduced at time t = 0, is written as

N (t) = N∞ + (N0 − N∞) exp(−R′t), (4)

where R′ ≡ R + 1/τ ′, N0 is the steady-state atom number
for the rate equation with R = 0, and N∞ is that for an
arbitrary R. Using this solution, measurement of the decay of
the number of Rb atoms in the MOT allows us to determine the
photoionization rate R and the photoionization cross section
σ of Rb in the 5P3/2 state at 461 nm.

III. SIMULTANEOUS MOT

Our laser system and frequency locking scheme for cooling
the Sr atoms are similar to those described in Ref. [27]. Briefly,
a laser beam with a wavelength of 922 nm from an extended
cavity diode laser (ECDL) was amplified by a tapered amplifier
(TA) up to 900 mW. This laser beam enters a frequency
doubling cavity, which generates a 461-nm laser beam with
a power of 175 mW. The frequency was stabilized by using
frequency modulation spectroscopy with a Sr hollow-cathode
lamp. The repumping beam, also generated by frequency
doubling, has a wavelength of 497 nm and is resonant with
the transition between 5s5p 3P2 and 5s5d 3D2 states.

For cooling the Rb, we used a commercially available
extended cavity tapered laser (ECTL), and an ECDL was used
for the repumping. The frequencies of these laser beams were
stabilized by the polarization spectroscopy of a Rb cell [28].

Figure 2(a) shows the vacuum system, which was com-
prised of ovens, Zeeman slowers, and a main chamber with a
design similar to that in Ref. [29]. The vapor pressures of Rb

(b) (c)
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FIG. 2. (a) Schematic diagram of the experimental apparatus. IP:
ion pump; TSP: Ti-sublimation pump (these vacuum pumps are not
shown); BS: beam shutter; GV: gate valve; DM: dichroic mirror; and
PD: photodetector. The 780- and 461-nm laser beams are shown by the
black and white arrows, respectively. (Trapping beams propagating
perpendicular to this diagram are not shown.) Fluorescence images
of the trapped (b) Sr, (c) Sr and Rb, and (d) Rb atoms. In (c), the
trapped clouds of Rb and Sr are spatially overlapped. The field of
view is 7.5 × 5.6 mm2.

and Sr are quite different: a pressure of 1 × 10−4 Torr inside
the oven is achieved at about 100 ◦C for Rb but at 400 ◦C
for Sr. We therefore prepared separate ovens and Zeeman
slowers for each atomic species. The Rb (Sr) atomic beam
was extracted from the Rb (Sr) oven and passed through the
oven chamber, whose background pressure was 10−8 Torr,
whereas the background pressure of the main chamber was
kept below 2 × 10−11 Torr by using a 75-L/s ion pump and a
Ti-sublimation pump.

The Rb atomic beam was first extracted from the Rb oven
and decelerated by the Rb Zeeman slower; the Sr atomic beam
is decelerated by the Sr Zeeman slower. The Zeeman slowers
have zero-crossing designs, and the magnetic field at the exit
of the slower is 100 G (600 G) for Rb (Sr). The trapping
beam for the Rb (Sr) with a wavelength of 780 nm (461 nm)
was split into three beams by waveplates and polarization
beam splitters. These beams are overlapped by dichroic mirrors
and pass through the achromatic quarter waveplates, creating
circularly polarized beams. The repumping beam for Rb is
overlapped with the Rb slowing beam, whereas the repumping
beam for Sr is overlapped with one of Sr trapping beams. The
decelerated atomic beams enter the main chamber and reach
the intersection of the three orthogonal trapping beams for Rb
and Sr. The Rb and Sr atoms are then simultaneously trapped.
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nRb(r) and nSr(r) are the respective spatial densities of Rb
and Sr. Because light-assisted collisions between the Rb and
Sr atoms were not observed, as described in Sec. IV, and
the density of the trapped Rb can be assumed to be constant
in a usual MOT experiment [26], B can be approximated as
B ≃ βRbRbnRbNRb(t), where nRb is a constant density. Then,
Eq. (2) is written as

dNRb(t)
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= # − 1
τ ′ NRb(t) − RNRb(t), (3)

where 1/τ ′ ≡ 1/τ + βRbRb nRb. The solution to Eq. (3), when
R ( ̸= 0) is introduced at time t = 0, is written as

N (t) = N∞ + (N0 − N∞) exp(−R′t), (4)

where R′ ≡ R + 1/τ ′, N0 is the steady-state atom number
for the rate equation with R = 0, and N∞ is that for an
arbitrary R. Using this solution, measurement of the decay of
the number of Rb atoms in the MOT allows us to determine the
photoionization rate R and the photoionization cross section
σ of Rb in the 5P3/2 state at 461 nm.

III. SIMULTANEOUS MOT

Our laser system and frequency locking scheme for cooling
the Sr atoms are similar to those described in Ref. [27]. Briefly,
a laser beam with a wavelength of 922 nm from an extended
cavity diode laser (ECDL) was amplified by a tapered amplifier
(TA) up to 900 mW. This laser beam enters a frequency
doubling cavity, which generates a 461-nm laser beam with
a power of 175 mW. The frequency was stabilized by using
frequency modulation spectroscopy with a Sr hollow-cathode
lamp. The repumping beam, also generated by frequency
doubling, has a wavelength of 497 nm and is resonant with
the transition between 5s5p 3P2 and 5s5d 3D2 states.

For cooling the Rb, we used a commercially available
extended cavity tapered laser (ECTL), and an ECDL was used
for the repumping. The frequencies of these laser beams were
stabilized by the polarization spectroscopy of a Rb cell [28].

Figure 2(a) shows the vacuum system, which was com-
prised of ovens, Zeeman slowers, and a main chamber with a
design similar to that in Ref. [29]. The vapor pressures of Rb
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FIG. 2. (a) Schematic diagram of the experimental apparatus. IP:
ion pump; TSP: Ti-sublimation pump (these vacuum pumps are not
shown); BS: beam shutter; GV: gate valve; DM: dichroic mirror; and
PD: photodetector. The 780- and 461-nm laser beams are shown by the
black and white arrows, respectively. (Trapping beams propagating
perpendicular to this diagram are not shown.) Fluorescence images
of the trapped (b) Sr, (c) Sr and Rb, and (d) Rb atoms. In (c), the
trapped clouds of Rb and Sr are spatially overlapped. The field of
view is 7.5 × 5.6 mm2.

and Sr are quite different: a pressure of 1 × 10−4 Torr inside
the oven is achieved at about 100 ◦C for Rb but at 400 ◦C
for Sr. We therefore prepared separate ovens and Zeeman
slowers for each atomic species. The Rb (Sr) atomic beam
was extracted from the Rb (Sr) oven and passed through the
oven chamber, whose background pressure was 10−8 Torr,
whereas the background pressure of the main chamber was
kept below 2 × 10−11 Torr by using a 75-L/s ion pump and a
Ti-sublimation pump.

The Rb atomic beam was first extracted from the Rb oven
and decelerated by the Rb Zeeman slower; the Sr atomic beam
is decelerated by the Sr Zeeman slower. The Zeeman slowers
have zero-crossing designs, and the magnetic field at the exit
of the slower is 100 G (600 G) for Rb (Sr). The trapping
beam for the Rb (Sr) with a wavelength of 780 nm (461 nm)
was split into three beams by waveplates and polarization
beam splitters. These beams are overlapped by dichroic mirrors
and pass through the achromatic quarter waveplates, creating
circularly polarized beams. The repumping beam for Rb is
overlapped with the Rb slowing beam, whereas the repumping
beam for Sr is overlapped with one of Sr trapping beams. The
decelerated atomic beams enter the main chamber and reach
the intersection of the three orthogonal trapping beams for Rb
and Sr. The Rb and Sr atoms are then simultaneously trapped.
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Introduction The EDM in paramagnetic systems An explicit example: de in the A2HDM Conclusions and Outlook

Improving the method in the future
Projections for experiments with paramagnetic atoms:

• Left: in a few years (true? comments?)
• Right: longer term (> 5 years)
• Plot scale changes, area ⇥ 1/60 and 1/2000
• Constraints not shown fill the whole plots

Large improvement, Hg not necessary anymore

Measurements with varying Cde/CC̃S
important

Status	of	electron	EDM	

trapped Fr EDM 

l  Many electron EDM experiments with atoms , molecules 〜 in progress and running  
l  Fr EDM　→ enhancement of electron EDM ~ largest in atoms  
l  Uncertainty of theoretical calculation of enhancement factor ~ within 1 % by  
      relativistic coupled cluster model.  

42	
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Explored	mass	hierarchy	of	SUSY	particles		
l  EDM:	10-29e・cm	search　⇒　BSM	search	with	10〜500	TeV	mass	scale			
l  Higgs	mass	〜126	GeV　→　suggesBng	heavy	SUSY	mass		
l  Electron	EDM	〜　sensiBve	to	color	less	SUSY	parBcle　⇔	compliment	to	hadron	collider	at	LHC		
l  Get	the	informaBon	on	the	mass	hierarchy	of	SUSY	parBcles	（slepton,squark,gaugino..）	
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Figure 1. Summary of various low energy constraints (left of the lines are the excluded regions)
in the sfermion mass vs. tan� plane for the example of 3TeV bino and wino and 10TeV gluino,
while fixing the mass insertion parameters to be (�A)ij = 0.3 when using the super-CKM basis.
The dark (light) blue shaded band is the parameter space compatible with a Higgs mass of
mh = 125.5 ± 1GeV within 1� (2�). The upper (lower) plot gives the reach of current (projected
future) experimental results collected in table 1.

the hierarchy of superpartner loops [17–21]. In this way it is straightforward to account

for the mass of the up quark even within a minimal model, as pointed out recently [12]

(doing the same for the down quark and the electron requires additional model building

and may require additional vector like fields). This attractive possibility interplays with

the flavor and EDM bounds in interesting ways, because it implies a lower bound on the

amount of flavor violation and also has implications for possible alignment of CP phases.

For this reason we pay special attention to the case of radiative mass generation, treating

it separately when needed.

There is a rich taxonomy of mini-split SUSY scenarios. The higgsinos can be either

at the TeV or the PeV scale. Also, tan� can be either large or small. Sleptons can be

somewhat lighter than squarks, but do not have to be so. The splitting between the lightest

SUSY particle (LSP) — typically a wino — and the gluino is about an order of magnitude,

but can be smaller if the higgsinos are heavy and/or there are extra vector-like fields at a

PeV [12]. In our analysis we will not make any particular choice for these issues and will

try to address the various cases when relevant.
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current	

Project	in	progress	

Searched	mass	
range		

Split	SUSY	

SUSY	parBcle（squark/slepton）	mass		

Mass	hierarchy	of	SUSY		

O(10〜100)	TeV	

1		TeV	

1	00	GeV	

Squark,	Higgsino,..	

Gaugino		

Slepton		

JHEP11(2013)202	

SM　〜　SUSY	
ParBcle	staBsBcs		

SUSY	


