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Matter	
  and	
  anti-­‐matter	
  symmetry	
  violation	
  (CPV)	
  in	
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  system	
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Discrete Symmetries 
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l  Standard	
  model	
  of	
  par@cle	
  physics	
  〜	
  Best	
  theory	
  we	
  have	
  	
  

l  S@ll	
  large	
  number	
  of	
  open	
  ques@ons:	
  	
  
	
  	
  	
  	
  	
  	
  par@cle	
  masses,	
  origin	
  of	
  maHer	
  an@-­‐maHer	
  asymmetry	
  (CPV)	
  in	
  the	
  universe,	
  	
  
	
  	
  	
  	
  	
  	
  source	
  of	
  symmetry	
  viola@on	
  ….	
  
	
  
l  How	
  these	
  symmetry	
  viola@ons	
  are	
  appeared	
  and	
  amplified	
  in	
  composite	
  	
  
	
  	
  	
  	
  	
  	
  sytems	
  such	
  as	
  heavy	
  atoms,	
  molucules	
  
　	
  
l  How	
  to	
  approach	
  BSM	
  with	
  composite	
  systems	
  〜　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	
 

Rare process search with high intensity beam 
ΔE=mc2 

!≈Δ⋅Δ tE Observe the quantum fluctuation  

All	
  the	
  informa@on	
  on	
  	
  
	
  unknown	
  physics	
  are	
  	
  
	
  included	
  in	
  the	
  loop	
 



Electron	
  EDM	
 

Klaus Kirch 13St. Petersburg FL, May 30, 2012

Standard model lepton EDMs
Fourth order electroweak, F. Hoogeveen:

The Standard Model Prediction for the 
Electric Dipole Moment of the Electron,
Nucl. Phys. B 241 (1990) 322

… + new physics?

Completely	
  can	
  be	
  neglected	
  	
  at	
  any	
  experimental	
  sensi@vity	
  at	
  present	
 

〜10-­‐37	
  ecm	
 



New	
  physics	
  beyond	
  the	
  standard	
  model	
  
Get	
  the	
  informa@on	
  of	
  the	
  mass	
  of	
  SUSY	
  and	
  CP	
  viola@ng	
  phases	
  	
 

EDM	
  sources	
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Polarizable	
  vacuum	
  with	
  increasingly	
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  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	
  	
  
propaga@on	
  of	
  SUSY	
  par@cles	
  

EDM	
  
small	
 

EDM	
  
large	
 

S.M.	
  	
  	
  	
  	
  SUSY	
 



Present	
  status	
  of	
  EDM	
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A precision measurement of the electron’s electric dipole moment using trapped
molecular ions

William B. Cairncross,∗ Daniel N. Gresh, Matt Grau,† Kevin C. Cossel,‡

Tanya S. Roussy, Yiqi Ni,§ Yan Zhou, Jun Ye, and Eric A. Cornell
JILA, NIST and University of Colorado, Boulder, Colorado 80309-0440, USA and
Department of Physics, University of Colorado, Boulder, Colorado 80309-0440, USA

(Dated: April 27, 2017)

We describe the first precision measurement of the electron’s electric dipole moment (eEDM,
de) using trapped molecular ions, demonstrating the application of spin interrogation times over
700ms to achieve high sensitivity and stringent rejection of systematic errors. Through electron
spin resonance spectroscopy on 180Hf19F+ in its metastable 3∆1 electronic state, we obtain de =
(0.9 ± 7.7stat ± 1.7syst) × 10−29 e cm, resulting in an upper bound of |de| < 1.3 × 10−28 e cm (90%
confidence). Our result provides independent confirmation of the current upper bound of |de| <
9.3 × 10−29 e cm [J. Baron et al., Science 343, 269 (2014)], and offers the potential to improve on
this limit in the near future.

A search for a nonzero permanent electric dipole mo-
ment of the electron (eEDM, de) constitutes a nearly
background-free test for physics beyond the Standard
Model (SM), since the SM predicts |de| ! 10−38 e cm
[1], while the natural scale of de in many proposed SM
extensions is typically 10−27 to 10−30 e cm [2]. Present
experimental techniques now constrain these theories [3];
hence, there have been many recent experimental efforts
to measure an eEDM [3–9].

The most precise eEDM measurements to date were
performed using thermal beams of neutral atoms or
molecules [3–5]. These experiments benefited from ex-
cellent statistical sensitivity provided by a high flux of
neutral atoms or molecules, and decades of past work
have produced a thorough understanding of their com-
mon sources of systematic error. Nonetheless, a crucial
systematics check can be provided by independent mea-
surements conducted using different physical systems and
experimental techniques. Moreover, techniques that al-
low longer interrogation times offer significant potential
for sensitivity improvements in eEDM searches and other
tests of fundamental physics [10].

In this Letter, we report on a precision measurement
of the eEDM using molecular ions confined in a radio
frequency (RF) trap, applying the methods proposed in
Ref. [11] and demonstrated in Ref. [12]. We perform
an electron spin precession experiment on 180Hf19F+

molecules in their metastable 3∆1 electronic state, and
extract the relativistically enhanced eEDM-induced en-
ergy shift ∼ 2deEeff between stretched Zeeman sublevels,
where Eeff ≈ 23 GV/cm in HfF+ [13–17]. In addition
to leveraging the high eEDM sensitivity and systematic
error rejection intrinsic to an |Ω| = 1 electronic state
in a heavy polar molecule [6], including in particular
the small magnetic moment of a 3∆1 state [14], we use
a unique experimental approach that is robust against
sources of systematic error common to other methods.
The 2.1(1) s lifetime of the 3∆1 state in HfF+ [18] and
our use of an RF trap allow us to attain spin preces-

sion times in excess of 700 ms – nearly three orders of
magnitude longer than in contemporary neutral beam
experiments. This exceptionally long interrogation time
allows us to obtain high eEDM sensitivity despite our
lower count rate. In addition, performing an experiment
on trapped particles permits the measurement of spin
precession fringes at arbitrary free-evolution times, mak-
ing our experiment relatively immune to systematic er-
rors due to initial phase shifts associated with imperfectly
characterized state preparation.

Our apparatus and experimental sequence, shown
schematically in Fig. 1, have been described in detail
previously [11, 12, 18–21]. We produce HfF by abla-
tion of Hf metal into a pulsed supersonic expansion of
Ar and SF6. The reaction of Hf with SF6 produces
HfF, which is entrained in the supersonic expansion and
rovibrationally cooled through collisions with Ar. The
resulting beam enters the RF trap, where HfF is ion-
ized with pulsed UV lasers at 309.4 nm and 367.7 nm
to form HfF+ in its 1Σ+, v = 0 ground vibronic state
[19, 20]. The ions are stopped at the center of the RF
trap by a pulsed voltage on the radial trap electrodes,
then confined by a DC axial electric quadrupole field
and an RF radial electric quadrupole field with frequency
frf = 50 kHz. We next adiabatically turn on a spa-
tially uniform electric bias field Erot ≈ 24 V/cm that
rotates in the radial plane of the ion trap with typical
frequency frot ≈ 250 kHz, causing the ions to undergo
circular motion with radius rrot ≈ 0.5mm. A pair of
magnet coils aligned with the Z axis produce an axial
magnetic gradient B = B′

axgrad(2Z − X − Y ) where
|B′

axgrad| ≈ 40mG/cm, which in the rotating, trans-
lating frame of the ions creates a magnetic bias field
Brot ≡ |⟨B · Erot/Erot⟩| ≃ |B′

axgradrrot| that is parallel
(antiparallel) to Erot if B′

axgrad > 0 (< 0) [11, 12].

Our state preparation consists of population transfer
to the eEDM-sensitive 3∆1 state and selective deple-
tion of magnetic sublevels to produce a pure spin state
[Fig. 1(b-c)]. Two cw lasers at 899.7 nm and 986.4 nm
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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  

Francium	
  （210Fr）	
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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  


dFr = 895×


de
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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	
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 e-EDM experiment with cell and atomic beam 
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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 



EDM	
  with	
  cooled/trapped	
  atom	
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10−3(beam)
>100



Fr	
  EDM	
  search	
  with	
  optical	
  lattice	
  at	
  CYRIC	
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②op@cal	
  lalce	
  	
  
〜	
  long	
  coherence	
  @me	
  	
  
〜	
  magnetometer	
  	
  
→	
  systema@c	
  error	
 

goal：de〜10-­‐29〜-­‐30	
  e・cm	
 

①Produce	
  	
  
High	
  intensity	
  RI	
  	
  
Using	
  fusion	
  reac@on	
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  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	
  conIinement	
  technique	
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Magneto	
  Op@cal	
  Trap	
  (MOT)	
 
• Temperature	
  :	
  65	
  uK	
  ~	
  210	
  uK	
  	
 
• Life	
  @me	
  :	
  a	
  few	
  10	
  seconds	
 
• Accumulate	
  the	
  Fr	
 

Op@cal	
  Dipole	
  Trap	
  (ODT)	
 
• Temperature	
  ：	
  ~65uK	
 
• Life	
  @me	
  :	
  >	
  10	
  seconds	
  	
 
• EDM	
  measurement	
  (1st	
  phase)	
 
• Op@cal	
  tweezer	
  to	
  load	
  to	
  the	
  op@cal	
  lalce	
  	
  	
 

Op@cal	
  Lalce	
  (OL)	
 
• Temperature	
  :	
  <	
  65	
  uK	
 
• Life	
  @me:	
  >	
  10	
  seconds	
  	
 
• EDM	
  measurement	
  	
 
• Magnetometer	
  	
 

Op@cal	
  
Lalce	
 

O
DT	
 

MOT	
 

Double	
  MOT	
  	
 
Fr	
  beam	
  	
 



Status	
  of	
  Fr	
  MOT	
 
Magneto-Optical trapping 	
 Frequency offset locking 	
 

Coating and LID  
 to increase Fr 	
 

Fr MOT signal  	
 

Rb	
 Fr	
 

Iodine	
  molecule	
  cell	
  	
  (718	
  nm	
  transi@on:	
  B3Π0u	
  ←	
  X1Σg)	
 

Frequency	
  stabiliza@on	
  	
 



Magneto-­‐Op@cal	
  Trap	
 Op@cal	
  Dipole	
  force	
  Trap	
  	
 

Op@cal	
  Lalce	
  	
  
	
 

	
 

Optical	
  lattice	
  EDM	
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Single	
  atom	
  trap	
 

TSP	
   Vacuum	
  
gauge	
  Rb	
  source	
  

1st	
  MOT	
  
(Collec@on	
  chamber)	
  

Pushing	
  beam	
  

Differen@al	
  pumping	
  tube	
  
(φ6	
  mm)	
  

2nd	
  MOT	
  

Observa@on	
  
lens	
  system	
  

IP	
  

TMP	
  

Top	
  view	
  

Laser	
 
1.4 mm	
 

17 
µm	
 

Trap	
  poten@al	
  	
  
〜11	
  mK	
 

l  Double	
  MOT	
  	
 l  Same	
  technique	
  as	
  op@cal	
  lalce	
  	
  
l  Extend	
  to	
  the	
  op@cal	
  lalce	
  with	
  the	
  standing	
  wave	
  	
 

0	
 

1	
  atom	
 

2	
  atoms	
 

3	
  atoms	
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l  Long	
  interac@on	
  @me	
  〜　10	
  s	
  
l  EDM	
  measurement	
  accuracy	
  :	
  improved	
  	
 

〔H.Kawamura,	
  Y.Sakemi	
  et	
  al.	
  	
  
EPJ	
  web	
  of	
  conf.	
  
66(2014)05009	
  〕	
  

〜3mm	
 ODT中の原子数の見積もり結果

34

前回の結果
今回（3.3 W）

温度の改善により、約200倍の個数増加を達成！
最大パワーで、106個以上の原子をトラップすることに成功！

前回（2015年度） 今回① 今回②
ODT光パワー（W） 2.8 3.3 35

ポテンシャル深さ（mK） 0.96 1.1 11
ビームウェスト（μm） 16.5 17.1 17.1

ODT保持時間（ms） 5 30 35
原子集団の温度（μK） 300 20 20

個数 2.9×103 6×105 2.6×106

今回（35 W）

温度測定の結果

26

PGC なし
温度 800 μK

PGC後
離調 -20 MHz
温度 130 μK

温度 49 μK

トラップ光強度等も調整
温度 20 μK

従来の温度 300 μKよりも大幅に改善

l  1	
  dimensional	
  op@cal	
  lalce	
  	
  
l  〜20	
  uK	
  	
  
l  〜106	
  atoms	
  trapped	
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ӈԼɿT = 300 µs
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  τ=50us	
 	
  τ=100us	
 

	
  τ=150us	
 	
  τ=200us	
 

	
  τ=250us	
 	
  τ=300us	
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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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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
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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
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Interaction time of ultracold trapped molecules is elongated to be more than 1 s,  
which is much longer than that of conventional atomic and molecular beam experiment. 

P : polarization of the system 
Eeff : effective electric field 
τ : interaction time 
N : number of molecules 
n =T/τ : number of measurement 
T : total measurement time 

paramagnetic molecule (radical) 
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Different spin states can be tuned due to Zeeman effect in the hyperfine level.  
The energy of the molecular state, which is bound state of closed channel, coincides with the free atom threshold at the 
resonance peak. 
Molecules are associated (or dissociated) by a slow magnetic-field sweep  
across the resonance by sweeping the magnetic field. 
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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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Summary	
 

l  Op@cal	
  lalce	
  with	
  RI	
  〜　effec@ve	
  for	
  accurate	
  EDM	
  measurement	
  	
  
l  EDM:	
  10-­‐29	
  e・cm	
  search　⇒　BSM	
  search	
  with	
  10〜500	
  TeV	
  mass	
  scale	
  	
  	
  
l  Higgs	
  mass	
  〜126	
  GeV　→　sugges@ng	
  heavy	
  SUSY	
  mass	
  	
  
l  Electron	
  EDM	
  〜　sensi@ve	
  to	
  color	
  less	
  SUSY	
  par@cle　	
  
⇔	
  compliment	
  to	
  hadron	
  collider	
  at	
  LHC	
  	
  

l  Get	
  the	
  informa@on	
  on	
  the	
  mass	
  hierarchy	
  of	
  SUSY	
  par@cles	
  	
  
(slepton,squark,gaugino..）	
  

l  Fr-­‐EDM	
  	
  search	
  :	
  will	
  be	
  started	
  within	
  2	
  years	
  	
  


