
Electric Dipole Moments
neutron, atoms, molecules

Tim Chupp
University of Michigan

NPSS @ NSCL: July 3, 2009



+

-

+

-

Definition: Electric Dipole Moment
Separation of Charge along J: <d>=gd<J>

“violates” P and T symmetry

<d> = e<r> =  e ∫ rρ d3r

    if P or T is a symmetry, gd=-gd

d=e r 
<d> = gd<J>

<r> = ___ <J>gd
e

Why is this so interesting? (Yes - it is.)

P-violation is well established
T- violation implies CP violation - also well established

Cosmological Baryon Asymmetry NOT accounted for in SM
requires CP violation



Parity:
     Consider H|ψE> =E |ψE>

 |ψE
P> = P |ψE>

         P H P-1 |ψE
P> = E |ψE

P>

 if P H P-1 = H then  H|ψE
P> =E |ψE

P> (P-invariance)

        i.e.  |ψE> and |ψE> are degenerate or equivalent

e.g. H=p2/2m+Aσ•p: P H P-1= p2/2m - Aσ•p
Eigenstates/eigenenergies for H are not the same for HP



Handedness - PARITY

RH

LH



Handedness - PARITY



CP Conservation
νL and νR

CP Violation
KL→ π π π + ε ππ
KS → π π + ε πππ

 Christenson, Fitch, Cronnin,Turaly, 1964(PRL13:138)

(K0−K0), (K0+K0) are CP eigenstates

T Violation
(CPLear)



Time reversal:
     Consider H|ψE> =E |ψE>

 |ψE
T> = T |ψE>

         T H T-1 |ψE
T> = E |ψE

T>

 if T H T-1 = H then  H|ψE
T> =E |ψE

T> (T-invariance)

        i.e.  |ψE> and |ψE> are degenerate or equivalent

Similarly for C, P: 

T ~ motion reversal + complex conjugation



A note on relativistic QM of fermions
4-component Dirac spinor wavefunctions:

       1
       0
σ.pc/(E+mc2)
       0

e-ipµx

Operators applied to spinors are combinations of 16 linearly
independent γ matrices called  bilinear covariants: S,P,V,A,T

1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1

S: I= P: γ5=
0 0 1 0
0 0 0 1
1 0 0 0
0 1 0 0

V: γµ

1  0
0 -1

0  σi
-σi 0

γ0=

γi=
A: γ5γµ  T: 2σµν= i[γ5,γµ]

Non-relativistic reductions of ψfΓψi:
S: 1+O (p2/m2)      V: [1+O (p2/m2), (pf+pi+iσx(pf-pi))/(m+E)]
P: σ•(pf-pi)/2m   A: [σ • (pf+pi)/(m+E), σ]

T: (pf-pi)/(m+E) + σ x (pf-pi)/(m+E)

Note: under PARITY, V,P,T change sign, S,A do not change sign

µ

-σ.pc/(E+mc2)
        0
       1
       0

e+ipµxµ

       0
       1
       0
σ.pc/(E+mc2)

e-ipµxµ

       0
 -σ.pc/(E+mc2)
       0
       1

e+ipµxµ



CPT Theorem
Lorentz Invariance: all operators/Lagrangian made up of S,P,V,A,T

Non-relativistic reductions of ψfΓψi:
  S: 1+O (p2/m2)            V: [1+O (p2/m2), (pf+pi+iσx(pf-pi))/(m+E)]
  P: σ•(pf-pi)/2m        A: [σ • (pf+pi)/(m+E), σ ]

T: (pf-pi)/(m+E) + σ x (pf-pi)/(m+E)

S P V0,V A0.A T
P + - +,- -,+ +
C + - +,- +,+ -
T + + +,- -,+ -

+ + +,+ +,+ +CPT

CPT L CPT-1 = L



CP Violation in the SM
CKM Matrix

λ=Vus
 (0.2257±0.0010) 

A=0.814±0.022
ρ=0.135±0.03

η: CP violating parameter (0.349±0.017)

=

 C. Amsler et al., Physics Letters B667, 1 (2008) section 11. THE CKM QUARK-MIXING MATRIX
Revised February 2008 by A. Ceccucci (CERN), Z. Ligeti (LBNL), and Y. Sakai (KEK).

Also: Strong Interaction (mediated by gluons) has CP violating parameter θQCD



CP Violation in the SM

q q

e e

N N
!

!

u,c,t

CKM Phase introduces i:
T   (V0,V)    →    (+V0,−V) 

   (A0,A)    →    (+A0,−A)
iδ(V0,V)    → iδ(− V0,+V) 
iδ(A0,A)    → iδ(− A0,+A)

Total amplitude changes

Any new degree of freedom
SUSY, L-R, Higgs,

introduces new amplitude
and phase.



Baryon Asymmetry

A. Shakarov
This is possible:

    1) Non-equilibrium: universe expands faster than B<_>B

    2) Baryon number violation: not observed by not forbidden

    3) CP violation -
SM CP violation is not sufficient

Fact: There is more (few x10-10) matter than antimatter

How? 1) Initial condition

2) Universe evolved from symmetric initial condition
The Nobel Peace Prize 1975



P or T+

_

gd > 0 gd < 0

Electric Dipole Moment
Separation of Charge along J: d=gdJ

A unique signal of new physics beyond SM - CKM
(almost - θQCD could be anything)

EDM Motivations
Undiscovered

Study CP violation: mass scale
Signal of NEW PHYSICS (beyond SM - CKM)

Cosmological Baryon Asymmetry



EDMs and New Physics
CKM CP violation nearly vanishes

New Physics 
(or θQCD)
Phases

ηqq
gπNN

QSchiff datom



Physics Beyond the Standard Model
Why?

17 or more free parameters
Neutrino mixing (put in by hand - 7 more parameters)
CP violation and θQCD
CP violation and baryogenesis
Supersymmetry’s beauty (more parameters!)
Quantum theory of gravity -- string theory
Do the data fit?
WHY NOT??? 

How?
Find superpartners, extra Higgs,  etc. (LHC, NLC)
Overconstrain SM predicitions 
Search for scalar, tensor interactions
Heavy Z, WR, new generations, heavy neutrinos
Dark matter



Supersymmetry

Particles have superpartners

Is there a global symmetry conserving B or L?
Supersymmetry conserves B-L
e.g. proton decay p→π+e+

particle   --- sparticle
Quark     ---    squark
Lepton    ---   slepton
Boson     ---    bosino  



EDMs and New Physics
CKM CP violation nearly vanishes

New Physics 
(or θQCD)
Phases

ηqq
gπNN

QSchiff datom

• Neutron, electron and Schiff are complementary
• Even upper limits are important
• Need several systems to learn physics 



Atomic EDMs
(Elementary Particle Interactions Polarize Atoms)

CP-odd 
lagrangian

HIGGS
SUSY
  LR

Strong
CP viol.

quark
Level
de

Dq

ηqq

GG
ΘQCD

nucleon
level

      dn

Nucleus
level

dN
S

(MQM)

Atomic
EDM
dA ~Z3

 (paramag ) 
Tl, Cs, PbO

CS(e-N)
dA ~Z2

(diamag)
 Hg, Xe, Ra, Rn

CT(e-N)

}{ S=(1/10) <r2 rP> - (1/6Z)<r2><rp>
Schiff Moment (dA~Z)                      

E α J
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Baryon 
Asymmetry

Sensitive Measurements: Neutron EDM



P or T+

_

gd > 0 gd < 0

Measurements

B E

2µ.B-d.E

Precision: (σd)-1 =  4EΓ−1 (S/N) 

S/N =√ A2 NRnT2
RF power
B homogeneityE- E+

Γ
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Collect 



Ultracold neutrons (UCN):

N : number density of atoms

b : coherent scattering length

In case of different atoms i, use the weighted average <ni·bc>.

b is generally positive (reflection from edge of square well*) so n<1
*see Peshkin &Ringo, Am. J. Phys. 39, 324 (1971)

neutrons are totally reflected, if  E⊥ < V
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Neutrons are reflected for all incident angles: UCN



Ultracold Neutron Energies are Very Low

The Fermi “Pseudo-Potential” the most advantageous materials is ~ 100 neV

   This corresponds to a:

Neutron Velocity  ≈ 5 m/s

Neutron Wavelength ≈ 500 Å

Magnetic Moment Interaction μn· B ≈ 100 neV for B~1Tesla

Gravitational Interaction mngh ≈ 100 neV for h~1 m

Ultracold Neutron can be trapped in 
 material, magnetic, or gravitational bottles 



• Provides the current
best limit: dn < 3 x
10–26 e•cm

• Characteristics:
– 1 UCN/cc
– 10 kV/cm
– 100 s neutron

storage time
• Employs a 199Hg

Co-magnetometer

Current State of the Art – The ILL nEDM Experiment



Key Systematic Check - 199Hg Co-Magnetometer

•“geometric phase” effect was found in this work



Current (future nEDM experiments

• ILL CryoEDM

• PSI OILL EDM, n2EDM

• SNS EDM



Cryogenic System
3He Polarized Source

3He Injection
Volume

Central Detector
(300mK) Re-entrant Insert

for Neutron Beam
Guide

4 Layer µ-metal
Shield Magnetic coil and

shielding package



The Neutron Electric Dipole Moment at the SNS

“nEDM”

Goal of new experiment:
E  - 50 kV/cm (x5)
T  - 500 s (x5)
N  - 100 s (x100)

! 

"
edm

#
1

2ET N
n

How?

Superfluid Helium



Production of Ultra Cold Neutrons in Superfluid Helium

0

5
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15

20

0 10 20
Momentum Q (     in nm -1)

p2

2m

Elementary Excitations
in Liquid Helium

p
h

•  Neutrons of energy E ≈ 0.95 meV  (11 k or 0.89 nm) can
scatter in liquid helium to near rest by emission of a single
phonon.

•  Upscattering by absorption of an 11 K phonon is a UCN
loss mechanism. But population of 11 K phonons is
suppressed by a large Boltzman Factor:  ~ e–11/T T~200 mk

• The only nuclear interaction between neutrons with E < 20
MeV is elastic scattering; NO nuclear capture of low energy
neutrons on 4He

Golub and Pendlebury (1977)



   n + 3He → 3H + p
In one spin state ONLY

σJ=0 = 5300 barn at v0=2200 m/s

σJ=1 ≈ 0 

NO capture in the triplet state

Dope with Polarized 3He



Liquid Helium is a scintillator

• Recoiling charged particle creates
an ionization track in the helium.

• Helium ions form excited He
2
*

molecules(ns time scale) in both
singlet and triplet states.

• He
2
* singlet molecules decay,

producing a large prompt• (< 20 ns) emission of extreme
ultraviolet (EUV) light.

• EUV light (80 nm) converted to
blue using the deuterated organic
fluor dTPB (tetraphenyl butadiene).



• Due to difference in the effective temperature of the UCN and 3He
atoms, there can be a displacement between the centers-of-gravity;
this places a constraint on systematic magnetic field gradients

• This is 1.5 mm for UCN, for h = 10 cm and T = 5 mK
– Systematic magnetic gradient (e.g., gradient correlated with the

high voltage) must be less than 10 pG/cm for 10-28 e cm
– 1 nA leakage (1/4 loop) gives a possible  systematic of
– 5 × 10-29 e cm

 Gravitational Shift
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Vary temperature



High Voltage Capacitor System
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Proposed SNS Operational Ramp-Up

November operations – 60 kw @ 15 Hz 



Summary
• nEDM is in the early stages of constructing an apparatus

to measure the neutron EDM.
• DOE & NSF are committed to this project.
• We expect to begin installation in 2009.
• Our goal is to either measure the magnitude of the neutron

EDM or to lower the current experimental limit by two
orders of magnitude.



Paramagnetic Atoms

Eext polarizes atom: Δ0= ΣF = eEint -   (µ•B) 
-vxE= ___ rxpZe2

mr2

Eint ~ α2Z3 Eext

Eint > Eext for Z>27

But: Scalar e-N interactions also contribute:
 dTl= -585de - kCs   (k ~ 1-100 - A. Ritz et al.)

For Cs=0: de<2x10-27e-cm; for Cs≠0 de< ~10-25 e-cm

dTl<9x10-25
 e-cm           dCs<120x10-25 e-cm



Thallium/Sodium (comagnetometer)
hω  = 2(d•E + µ•B)hω  = 2(d•E  + µ•B)

__ __,vxE, …V
R

µ0
2r

Leakage current

Use Z2,3 to pick a second species

Also: Berry’s phase, vxE…



Electron EDM
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Diamagnetic Atoms: J=0
(199Hg, Noble gases)

Atomic electrons probe nuclear distribution of EDM:

S=(1/10) <r2 rP> - (1/6Z)<r2><rp>

E α J

~ Z2 or Z3



Seattle 199Hg Experiment



Seattle 199Hg Experiment



Seattle 199Hg Experiment
2001:

2009-:

BLIND ANALYSIS (3X MORE DATA)

stat

dHg<2.1x10-28 e-cm (95% c.l.)

dHg + R(1)*2x10-28

d(199Hg) = [0.49 ± 1.29 ± 0.76] x 10-29 e cm
dHg<3.1x10-29 e-cm (95% c.l.)



Two species maser measurement: 129Xe/3He

This has 10-100x more sensitivity possible.



Molecular EDMs

Intrinsic dipole moment along symmetry axis <d>=0.

Apply E:  Polarizes d || E (U~E2). (just 100 V/cm)

Apply B: splits mj:  hω=-2µ•B(1± ___ ___)gd
gµ

E
B

i.e. search for d along J

TlF: J=0; unpaired proton (Ramsey, Sandars/Hinds, Hinds/Cho)
Paramagnetic molecules: de (YbF; PbO, WC… )



E. Hinds et al.
 Interferometer to measure 2deηE

Pump
A-X Q(0) F=1

 0

| -1 〉 | +1 〉 

| 0 〉 

Split
| -1

|+1

170 MHz π pulse
Probe

A-X Q(0) F=1

 0   ?

Recombine
170 MHz π pulse

Phase difference = 2 (µ B + deηE)T/h

E B

Source

de=(-0.2±3.2)x10-26 e-cm (2002 PRL89 p 023003)



Co-magnetometers in Molecular Systems
(from Aaron Leanhardt - U. Michigan)

Elab

0>effE

0<effE

1!=m 0=m 1+=m

µelElabµelElab

µelElabµelElab

2µmB + 2deEeff

2µmB - 2deEeff

B

Note: Vary magnitude of Elab: Fully mixed states of opposite parity and
Eeff nominally independent of Elab, i.e. hω does not depend on |E|.

1±=!
2±=!

1±=!+"=#spin:
orbital:

spin + orbital:

1

3
!



WC Experiment: Aaron Leanhardt - U. Michigan

W

WC

Also: cold Th0 by deMille, Doyle, Gabrielse (Yale/Harvard)



EDM Experiments in Solids
Basic Idea: Electric field polarizes e, Atom

Produces Large M
Detect with magnetometer

garnet PbTi

Thanks to D. Budker





Octupole Enhancements
(see Feynman vol 3.)

NH3

|b>

|a>

|ψ±>= ____ ( |a> ± |b> ) 1
√ 2

S ~ <+|ηr3cos θ|-> ~ ηβ2β2
3ZA2/3r0

3

             E+ - E-                        E+ - E-

β3

E--
-

++
++

-
- -

J



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

S ~ <+|ηr3cos θ|-> ~ ηβ2β2
3ZA2/3r0

3

             E+ - E-                       E+ - E-

Ref: Dzuba PRA66, 012111 (2002) - Uncertainties of 50%
*Based on Woods-Saxon Potential
† Nilsson Potential Prediction is 137 keV

E J
--
-

++
++

-
- -

NOTES:
Ocutpole Enhancements
Engel et al. agree with Flambaum et al.
Even octupole vibrations enhance S (Engel, Flambaum& Zelevinsky)



Schiff moment of 199Hg, de Jesus & Engel, PRC (2005)
Schiff moment of 225Ra, Dobaczewski & Engel, PRL (2005)

600240450SkO’
15009001500SkM*

IsotensorIsovectorIsoscalarSkyrme Model

Enhancement Factor: EDM (225Ra) / EDM (199Hg)

Enhancement mechanisms:
• Large intrinsic Schiff moment due to octupole deformation;
• Closely spaced parity doublet;
• Relativistic atomic structure.

Haxton & Henley (1983)
Auerbach, Flambaum & Spevak (1996)

Engel, Friar & Hayes (2000)

Enhanced EDM of 225Ra

Ψ− = (|α〉 − |β〉)/√2

Ψ+ = (|α〉 + |β〉)/√2
55 keV

|α〉 |β〉

Parity doublet



Search for EDM of 225Ra at Argonne
(Z.T. Lu et al.)

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 follow225Ra

Nuclear Spin = ½
Electronic Spin = 0
t1/2 = 15 days

Magneto-optical
trap







Search for 225Ra EDM at FRIB
Present scheme 

• 1 mCi 229Th source 

              4 x 107 s-1 225Ra

α

229Th
7300 yr

225Ra
15 d

β

Facility for Rare Isotope Beam
• FRIB yield: 1 x 1012 s-1 225Ra



Why 223/221Rn?

• Octupole enhancement.

• Long(er) half-life

• EDM measurement in cells (see 129Xe)

• Co-magnometer measurement



Radon Isotopes
(Haxton & Henley; Auerbach, Flambaum, Spevak; Engel et al., Hayes & Friar, etc.)

S ~ <+|ηr3cos θ|-> ~ ηβ2β2
3ZA2/3r0

3

             E+ - E-                       E+ - E-

E d
--
-

++
++

-
- -



βdecay Studies of Rn Structure
8 π @ TRIUMF (fall 2009)

- Very high-level density in the odd-A Rn isotopes within the β decay Q-value window

- Many/most of the transitions will be highly converted.

- Long chain of radioactive daughters requires flexible collect, count, move, cycles.

- In this environment a γ-ray or electron singles spectrum is of little use in establishing
structure/(i.e. a decay scheme).

- High statistics β: γ-γ, γ-e, e-e are required

- The 8π Spectrometer at ISAC is certainly the world’s best facility for such studies.

- Timeline Issues: At beams at ISAC – 2010 (2008?) + 1 year for analysis
      (meets start of RadonEDM)



Spin-Exchange Optical
Pumping

• Optically pump the Rb
with circularly polarized
laser light.

• Spin-exchange collisions
transfer the polarization to
the radon nuclei.

Buffer gas
collisions

1/2 1/22/3 1/3

5s1/2

5p1/2

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

Rb

Rb

223Rn

223Rn

Binary Collision:
τ~10-12 sec.

Rb

Rb

223Rn

223Rn
N2

N2
van Der Waals

Molecule:
τ is dependent on

3rd body (N2) pressure.



Gamma Ray Anisotropies

• Polarized nuclei emit gamma rays with
calculable directional distributions.
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Gamma Anisotropy (A=0.2 0.1)
          T2 = 30 s E=5 kV/cm

We only need beam 
10% of the time

Statistics Limited by Tigress Count Rate

1-10x CP sensitivity
of 199Hg 



Tigress/Griffin
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This shows schematically the secario of
pulling the detectors back. Magnetic Shielding

(Active + Passive)

cell

Mu-metal Active shield - 3 dimensions

1 mG
magnet

BGO compton supressors



Tigress



Beta Asymmetry

• No count rate limit (current detection mode)
• Discriminate species only by frequencies
• Scattered betas (lower effective A, Background)



Rn Yields (extracted)



Systematics
Leakage currents -- must be minimized: Multiple species

Electric quadrupole moment (gradients/walls)
Change cells, cell shape/orientation: Multiple species

Electric field effects on shields, electronics, etc.
Check and measure with E=0
E2 and |E| effects (Stark shifts)

Multiple Species: J=1/2, 3/2, etc.
Motional effects <vxE> (negligible in gas cells)

 Δ



Comagnetometers
hω = 4(dE + µB)•J + Q   EJ2 + …

  

Cold finger

133Xem

N2

Beam Line

~1.5 m

1

Long lived; produced in gobs; noble gas
baratron

DV2

DV4 GV1

DV3

GV2

DV1

IV0IV2

TV1

needle valve

GVX

GV3

DV4



Progress

• Noble gas collection with 120Xe
• 209Rn polarization and relaxation at Stony Brook
• ISAC Floor space
• EDM cell development
• Tigress delivery
• Increaseing work-load and collaboration



Summary

• EDMs have been a hot topic for >50 years
– P violating and T(CP) violating
– Window to Physics Beyond SM and Physics of

Baryogenesis
• We wait with bated* breath for … the next result

• Thanks: E. Hinds , N. Fortson, A. Leanhardt, D.
deMille, Z.T. Lu, D. Budker and many more

*“Every eye fixed itself upon him; with parted lips and bated breath the
audience hung upon his words, taking no note of time, rapt in the
ghastly fascinations of the tale”. S. Clemens in Tom Sawyer


