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OneWay Things get EDMs

We all believe that there is BSM CP violation.

It can work its way into hadrons
and nuclei, e.g., through
CP-violating πNN vertices . . .

leading, e.g. to a neutron EDM. . .
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How Diamagnetic Atoms Get EDMs

The nucleus gets an EDM from the
nucleon EDM and a T-violating NN
interaction:
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VPT ∝ ḡg × (σ 1 ± σ2) · (+1 − +2)
exp (−mπ |r1 − r2 |)

mπ |r1 − r2 |
+ contact terms/etc.

Atoms get EDMs from nuclei. Electronic shielding replaces nuclear
dipole operator with “Schiff operator,”
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∑
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zp + . . . ,

making relevant nuclear quantity the Schiff moment:

⟨S⟩ =
∑
m

⟨0| S |m⟩ ⟨m| VPT |0⟩
E0 − Em + c.c.

Job of nuclear-structure theory: compute de-
pendence of ⟨S⟩ on the three ḡ’s (and on the
contact-term coefficients and nucleon EDM).

It’s up to QCD/EFT to compute the dependence of the
ḡ vertices on fundamental sources of CP violation.
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199Hg and 129Xe: Soft and Complicated

198Hg has a very soft
oblate minimum.

(a) (b)

(c) (d)

(e) (f)

Figure 1: Self-consistent RHB triaxial quadrupole energy
surfaces of even-even 190−200Hg isotopes in the β−γ plane
(0◦ < γ < 60◦). All energies are normalized with respect
to the binding energy of the corresponding ground state.

lective potential is obtained by subtracting the zero-point
energy corrections[58] from the total energy that corre-
sponds to the solution of constrained triaxial SCMF cal-
culations. The resulting collective potential and inertia pa-
rameters as functions of the collective coordinates deter-
mine the dynamics of the 5DCH. Calculations shown here
have been partially presented in [59].

2 Potential energy surfaces

To illustrate the rapid change of equilibrium shapes in
Fig. 1 we present the potential energy surfaces of even-
even 190−200Hg within the SCMF framework with the DD-
PC1 functional and a separable pairing force. Starting with
the lighter isotope 190Hg the energy surface is γ-soft with
two minima within an energy difference of 500keV, which
indicates a case of shape coexistence of the two different
configurations. The more pronounced minimum is oblate
deformed at β ≈ 0.15 and the second one is prolate at
β ≈ 0.25. In 192Hg the energy surface is still rather flat
in the γ-direction with the equilibrium configuration on
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Figure 2: Low-lying level scheme of the even-even 196Hg
nucleus. The excitation energies, the B(E2) values (in
Weisskopf units) and the ρ2(E0; 0+2 −→ 0+1 ) obtained with
the 5DCH based on the DD-PC1 functional are shown.

The experimental data are taken from Ref. [21].

the oblate side at 0.1 < β < 0.2. The prolate minimum
diminishes and only the oblate one is seen in 194−198Hg.
The single oblate minimum becomes less deformed and
approaches β = 0 for 200Hg, which implies a structural
change from weakly oblate deformed to nearly spherical
states.

The present calculations, based on the relativistic DD-
PC1 functional, are consistent with other theoretical ef-
forts in this region (using the interacting boson model
based on the Gogny-D1M EDF [40], the D1 [33] and
D1S [34, 60] parametrizations of the Gogny-EDF, the
Skyrme-SLy4 EDF [35],other Skyrme[39],the relativistic
NL3 parametrization [36], and the relativistic PC-PK1
functional [61]).

3 Spectroscopic properties

The constrained self-consistent solutions of the relativistic
Hartree-Bogoliubov (RHB) equations at each point on the
energy surface determine the mass parameters the three
moments of inertia and the zero-point energy corrections
as functions of the deformation parameters β and γ. The
diagonalization of the Hamiltonian yields the excitation
spectra and collective wave functions that are used in the
calculation of various observables, e.g., electromagnetic
transition probabilities B(E2) and electric monopole tran-
sition strengths ρ(E0). Physical observables are calculated
in the full configuration space and there are no effective
charges in the model.

As an example in Fig. 2 we display the low-lying col-
lective spectrum of 196Hg, in comparison to available data
for the excitation energies and reduced electric quadrupole
transition probabilities B(E2) in Weisskopf units (W.u.)
taken from Refs. [21]. In addition to the yrast ground-state
band, in deformed and transitional nuclei excited states
are also assigned to (quasi-) β and γ-bands. The com-
parison with the few existing experimental data shows a
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Shell-Model Representation

Neutrons

Protons

Will construct an ab initio shell-model interaction
that includes the CP-violating part.



More on Ab Initio Shell-Model Calculation
Valence-Space IMSRG: Include VPT as part of the Hamiltonian, so
that the flow generator η and the transformed Hamiltonian will
have negative-parity parts η− and H− :

H(s) = H+(s) + λH− (s) + O(λ2) η = η+(s) + λη− (s) , λ ≪ 1

with
H+(0) = T + Vχ H− (0) = VPT , for some ḡ

Grouping by powers of λ:

dH+(s)
ds = [η+(s),H+(s)] + O(λ2)

d
dsH− (s) = [η+(s),H− (s)] + [η− (s),H+(s)] + O(λ2)

η+ and H+ are what you get without VPT .
You then evolve the Schiff operator, which develops a
positive-parity part.
Ragnar, UNC postdoc David Kekejian, and I are working on this already.



A Little on Pear-Shaped Nuclei
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Fig. 5. Proposed grcxxping of the low-lying states OF 2zSRa into rotation& bands. T’ke two members of 
tke f? = $- band have been reported in a study of the ‘%?r decay 2oj; they are not observed in the 

present study. 

of the favored K * = z* band. (We have chosen to show in fig. 4 the M 1 multipolarity 
for the 134 keV y so that this apparent con%& in the data will not be overlooked 
by the reader.) 

Definitive I” assignments for the remaining levels above 236 keV are difficult to 
make fram the available data, although the y-ray multipolarities and o-transition 
hindrance factors provide at least some insight. Again, the low value (23) of the 
hindrance factor of the rw-transition to the 394.7 keV Ievel is quite interesting, but 
no definite conclusion can be drawn regarding the I” assignment of this fevei. 

Parity doublet

225Ra

Because VPT is so weak:

⟨S⟩ =
∑
i,0

⟨0|S|i⟩ ⟨i|VPT |0⟩
E0 − Ei

+ c.c.

≈ ⟨0|S|0⟩ ⟨0|VPT |0⟩
E0 − E0

+ c.c.

Mixing of the two states in the
parity doublet by VPT is the whole
story here.

Schiff moments can be
enhanced by two orders of
magnitude or more.



IM-GCM for Schiff Moment of 225Ra and Similar Nuclei

Required Improvements to Method

More nucleons = larger spaces
= more memory, processors
= code refactorization for efficient

supercomputer use

Odd nuclei

Tests of chiral interactions in really heavy nuclei.



Milestones/Synergy

MSU, ND, UNC work:

Y1 Develop software and file formats to deploying EFT transition
operators in ab initio calculations.

Y1 Preliminary VS-IMSRG result for the Schiff moment of 199Hg.

Y2 Exploration of uncertainties in VS-IMSRG Schiff moments of
199Hg and 129Xe.

Y3 Results with uncertainties for Schiff moments of 199Hg and
129Xe.

Y4 Preliminary IM-GCM Schiff moment in 225Ra.

Y5 Results with uncertainties for Schiff moments of 225Ra.



More Synergy?

Coupled-cluster calculations?

Comparison with QMC in light nuclei?

EFT and QCD people: connecting VPT with underlying
models? Regulating counter terms? Higher order in chiral EFT?

Your suggestion here


