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What we know 
• The Standard Model of particles and forces 

– QFT with radiative corrections 

– Massive neutrinos 

• Gravity weak and strong (GR) => dynamics  

– Dark matter/Dark energy 

• The universe is MATTER dominant 

What we don’t know 
• How neutrinos acquire mass 

– Dirac/Higgs(mn<10-6 me;  mu~md~10-6 mt) 

• What is THE dark matter/what is dark energy 

• What made the universe MATTER dominant 

– Baryogenesis 

(we can send a satellite to Pluto!) 

+Higgs 
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Where to look 
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Chadwick's neutron chamber 

• High energy, rare decays, exotic processes (astro) 

• Muon g-2 

– Precise SM predictions (with uncertainties) 

– 3.7s difference of experiment and theory 

• Beta-decay: neutron, nuclei 

– Probe BSM through T violation 

– Measure CKM element Vud 

• Permanent electric dipole moments 

– SM predicts EDMs<<current sensitivity 

• Note qQCD contribution (inexplicably small) 
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Khriplovich,  Zhitnitsky (1982), McKellar et al., (1987)  

Pion-nucleon picture 
external E_M field 

CP vertex 
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Standard-model EDMs are small 

 
Vanish at 2-loops for quarks and 3-loops for leptons 



EDMs probe TeV-scale “new” physics 
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Baryon Asymmetry 

Fact: There is more matter than antimatter 

 

         (WMAP/PLANCK, [4He],,…)  

How?   A) Initial condition 

  B) Evolution from h=0 

    

A. Shakarov 

 Nobel Peace Prize 1975 

  1) Baryon number violation 

 2) CP Violation 

 3) Rapid expansion (non-equilibrium) 

  

    

  

np ¹ np 

   

h =
np - np 

np + np 

» few ´10-10

Another possibility: CP violation in neutrinos + “seesaw” 

CP         Baryon Asymmetry         NEW PHYSICS (BSMP)  
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Electroweak Baryongenesis 
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1. First-order EW PT produces expanding bubbles. 

2. C and CP violation near the bubble wall induce asymmetries. 

3. Electroweak physics (sphalerons) convert this to a baryons 

Kuzmin, Rubakov, Shaposhnikov 87; Cohen, Kaplan, Nelson 90&95 
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• First-order phase transition.
Bubbles of broken phase are nucleated at T < Tc.

• The effective Higgs potential is modified in the early 
Universe by thermal effects at temperature T:

• High T:

• Low T:
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DOESN’T WORK: 

1. The EW PT is not first order for m
h 

= 125 GeV. 
             Kajantie, Laine, Rummukainen, Shaposhnikov 98 

2. Not enough effective CP violation.  
            Gavela, Hernandez, Orloff, Pene’94; Huet + Sather ’95 

From D. Morrissey 



dA = kSS(qQCD,gp) + (kTCT+kSCS) +hede + h.o.  (MQM) 
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Upcoming Review: TC, Fierlinger, Ramsey-Musolf, Singh 

TC, MJ Ramsey Musolf Phys. Rev. C 91 035502 (2015) 



Pioneers - experiment 
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Normal Ramsey & Ed Purcel (neutron)   

  Norval Fortson, Blayne Heckel (129Xe, 199Hg) 

  

 

Pat (P.G.H.) Sandars (Cs, Xem, TlF) 

  Ed Hinds (TlF, YbF) 

 

Gene Commins (Tl) 

  Larry Hunter (Cs) 

  deMille, Doyle, Gabrielse (ThO) 
Zheng-Tian Lu (225Ra) 

Stuart Freedman 

TC (129Xe, Rn) 
Adelberger/Heckel 
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Octupole Enhancements  
Intrinsic (body-frame) moment 

Polarizabitliy 

NH3 (see Feynman vol 3.) 
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Reflection Symmetry 

Small splitting (tunnel frequency) 

Large electric polarizability 
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Nuclei with Octupole Deformation/Vibration 
(Haxton & Henley; Auerbach, Flambaum, Spevak; Engel et al., Hayes & Friar, etc.) 

 

Ref: Dzuba PRA66, 012111 (2002) - Uncertainties of 50% 

*Based on Woods-Saxon Potential 

† Nilsson Potential Prediction is 137 keV 
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NOTES: 
Ocutpole Enhancements 
Engel et al. agree with Flambaum et al. 
Even octupole vibrations enhance S (Engel, Flambaum& Zelevinsky) 
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Search for EDM of 225Ra at Argonne 

Oven: 
225Ra (+Ba) 

Zeeman  
Slower 

Optical 
dipole trap 

EDM 
probe 

Why trap 225Ra atoms 

•Large enhancement: 

   EDM (Ra) / EDM (Hg) ~ 200 – 2,000 

•Efficient use of the rare 225Ra atoms 

•High electric field (> 100 kV/cm) 

•Long coherence times (~ 100 s) 

•Negligible “v x E” systematic effect 

Status and Outlook 

• First atom trap of radium realized 

    Guest et al. Phys Rev Lett (2007) 

• Search for EDM of 225Ra in 2009 

• Improvements will follow 
225Ra 

Nuclear Spin = ½ 

Electronic Spin = 0 

t1/2 = 15 days 

Magneto-optical 
trap 
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First Ra-225 EDM Measurement 

Phys. Rev. Lett. 114, 233002: |d(Ra-225)| < 5x10-22 e cm (95%) 
• all systematic effects estimated to be <10-25 e cm (goal) 
• first EDM measurement made in a laser trap 
• first EDM measurement of an octupole-deformed species 
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221Rn Enhancement 
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(J. Engel et al.) 
223Rn: TBD 
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gamma-ray peaks can be identified at 
201.0, 223.5, and 289.3 KeV. 
Work is on-going with regards to analysis of 
the spectrum.  It is of interest to note the 
large number of x-rays, which would be 
expected in this nucleus, as there are highly 
converted transitions, adding to the normal 
counts from atomic processes. 
A new silicon detector, SPEDE, for 
conversion electron measurements will be 
installed at HIE-ISOLDE. This device will 
enhance the experimental set-up to include 
simultaneous conversion electron and 
gamma-ray spectroscopy.  Analysis of this 
odd mass nucleus will give quantitative 
information about the octupole correlations, 
with implications on the search for 
permanent atomic electric dipole moments. 
 

 
Fig.1: Prompt gamma-ray spectrum following 
Coulomb excitation of 221Rn projectile at 
2.85 MeV/u on a 120Sn target (2 mg/cm2), 
Doppler corrected for radon (background 
subtracted). 
 
The original proposal for the experiment 
can be found at 
http://cdsweb.cern.ch/record/1100218/files/
INTC-P-244.pdf. 
 
George O’Neill (for the MINIBALL 
Collaboration) 
 
 
 
 
 

IS478: Shape determination in 
Coulomb excitation of 72Kr 
 

Unlike prolate deformed nuclei, the oblate 
ones are rare across the nuclear landscape 
[1]. Consequently, very limited data exist 
and the underlying mechanism responsible 
for the emergence of oblate deformation in 
nuclei is not well understood. In the A~70 
region of shape co-existence [2], the first 
excited 2+ state in 72Kr is a special case 
because all the existing experimental and 
theoretical information indicate an oblate 
deformation for this state [3,4].  However, 
no direct experimental evidence has been 
found to date to confirm these expectations 
(see the contribution on page 6. of this 
newsletter).   
In an attempt to obtain the sign of the 
spectroscopic quadrupole moment, utilizing 
the re-orientation effect [5] (c.f. Fig.1), and 
thereby to determine the shape of 72Kr 
residing in this state, we initiated a low-
energy inelastic Coulomb excitation study of 
72Kr using a beam produced at REX-ISOLDE. 
After extensive efforts from the target 
group to develop the beam [6] and several 
attempts using Miniball to study 72Kr using 
Coulomb excitation, in May 2012 we 
successfully collected the first data.  The 
2.85 MeV/u beam was used to bombard a 
104Pd target of 2 mg/cm2 thickness and the 
 rays were detected using the Miniball 

setup.  The -ray yield (~150 counts) seen 

in Fig.2 for the 2+ 0+ transition in 72Kr is 
comparable to that seen in the work 
presented in Ref.[5], which in turn suggests 
that the sign of the spectroscopic 
quadrupole moment  can be obtained.   The 
analysis is currently in progress. 
 
 
 

221Rn (ISOLDE) 
50 keV 

400 keV 
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L. Gaffney 

P. Butler 

M. Scheck 

et al. 



Radon-EDM Experiment 
 

 

TRIUMF 
Canada's National Laboratory for Particle and Nuclear Physics 

E-929 Collaboration  (Guelph, Michigan, SFU, TRIUMF) 

Funding: NSF-Focus Center, DOE, NRC (TRIUMF), NSERC  

TRIUMF E929 
Spokesmen: Timothy Chupp & Carl Svensson 
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3. Air actuated 

 valves 
To Vacuum/gas recovery 

2. Polarizer Cell 

Cryogens 
Cold finger 

ISAC Beamline 

Collection foil 

5. Inner shield/ 

cos-theta manget 

~ ~ 

Cold finger 
Cryogens 

N2 Gas Ballast 

6. Free-

precession 

detector 

5. Outer shields/active shielding/RF shielding 

±HV 
4. EDM Cell 

1. On-line collection and gas transfer 

Recirculation pump 

5. Field-sensor array 

211Rn 

storage 

20-30 min half-life 
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Spin-Exchange Optical Pumping 

• Optically pump the Rb with 
circularly polarized laser light. 

• Spin-exchange collisions transfer 
the polarization to the 3He, 129Xe, 
radon nuclei. 

Buffer gas 

collisions 

1/2 1/2 2/3 1/3 

5s1/2 

5p1/2 

ms=-1/2 ms=+1/2 

Rb 

Rb 

ng 

ng 

Binary Collision: 

~10-12 sec. 

Rb 

Rb 

ng 

ng 
N2 

N2 

van Der Waals Molecule 
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Fit for 2 (Ta=300°K):  

0.05 Hz (uncoated);  
0.03 Hz (coated)s 
Use 2.5x10-21 cm2   

21 Reflections on the Atomic Nucleus 



Genat-4 simulations by Evan Rand 
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Two-photon magnetometry with 221/223Rn (J=7/2) 

F' = 5/2, 7/2, ... 

F = 7/2 

F'' = 3/2 

etc. 

UV excitation (256 nm) 

silicon APD 

condenser optics 

reflective foil 
for solid-angle 

integration 

UV recycling 
mirror 

fluorescence 
recycling mirror 

S. Degenkolb 
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Facility TRIUMF-ISAC FRIB(223Th) 

Rate 2.5x107 s-1 1x109 s-1 

 

# atoms 3.5x1010 1.4x1012 

   sEDM  (100 d) 2x10-27 e-cm 3x10-28 e-cm 

    199Hg 

equivalent 

4x10-28/29 e-cm 6x10-29/30 e-cm 

 

Radon-EDM Prospects 
Global analysis: TC, Ramsey Musolf PRC 91 035502 (2015) 

Goal ~10-26 e-cm 

Assumptions: E=10 kV/cm, T2=15 s, A=0.2, 25% duty factor  
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Summary 

25 

Reflections on the Atomic Nucleus 

CP         Baryon Asymmetry         NEW PHYSICS (BSMP)  

EDMs probe TeV-scale “new” physics 

Measurements in NEW SYSTEMS are essential 

Octupole collectivity enhances Schiff moments: 
225Ra and 221/223Rn underway .… 10-25/26 e-cm 

THANK YOU! 

and 

Happy transition(s) PETER! 


