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New Physics

Some Basic Questions

What underlies the Standard Model?
Why is the θ parameter in QCD so small?
Why is there more matter than antimatter in our universe?

...

The observation (or continued non-observation) of electric dipole
moments will help us address these questions.

Atomic EDMs yield some of the best experimental limits.

Diamagnetic atoms are particularly sensitive to new physics within
the nucleus.
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Connection Between EDMs and T Violation
Consider a non-degenerate ground state |gs : J,M〉. Symmetry
under rotations Ry(π) for vector operator like ®d ≡ ∑

i ei®ri implies:

〈gs: J,M| dz |gs: J,M〉 = − 〈gs: J,−M| dz |gs: J,−M〉 .

R−1R R−1R

T takes M to −M, like Ry(π). But ®d is odd under Ry(π) and even under
T, so for T conserved

〈gs: J,M| dz |gs: J,M〉 = + 〈gs: J,−M| dz |gs: J,−M〉 .

T−1T T−1T
Together with the first equation, this implies

〈dz〉 = 0 .

If T is violated, argument fails because T takes |g : JM〉 to states with
J,−M, but different energy.
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EDMs: How Atoms Can Get Them

EDMs require CP violation
and

an undiscovered source of CP violation is required to explain why
there is so much more matter than antimatter.

The source can work its way into
nuclei through CP-violating πNN
vertices (in chiral EFT). . .

leading, e.g. to a neutron EDM. . .
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EDMs: How Atoms Can Get Them (cont.)

. . . and to a nuclear EDM from the nucleon
EDM or a T-violating NN interaction:

Note:��CP = �T
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VPT ∝ ḡ (σ1 ± σ2) · (+1 − +2)
exp (−mπ |r1 − r2 |)

mπ |r1 − r2 |
+ contact term

The ḡ’s (isoscalar, isovector and isotensor) depend on source of CP violation.

Atoms gets an EDM from nuclei. But electronic shielding replaces
nuclear dipole operator with “Schiff operator,”

S ≈
∑

p
r2
pzp + . . . ,

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 dependence of
〈S〉 on the ḡ’s (and on the contact term and nucleon EDM).

It’s up to QCD to compute the dependence of the
ḡ vertices on fundamental sources of CP violation.
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ḡ

γ
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What to Compute

More precisely, because the ḡi are so small,

〈S〉 =
∑

i

ai g ḡi ,

and we have to calculate the three ai. These reflect action of both
the S and VPT operators.

The uncertainty in the ai is large and difficult to estimate.

But nuclear-structure observables can help.



Why So Uncertain?

〈S〉 largest for large Z, so experiments are in heavy nuclei.

Ab initio methods are making rapid progress, but are not quite
ready to tackle soft nuclei such as 199Hg, or even those with rigid
deformation such as 225Ra.

so

for now we must rely on nuclear density-functional theory:
mean-field theory with phenomenological “density-dependent
interactions” (Skyrme, Gogny,. . . ) plus corrections, e.g.:

projection of deformed wave functions onto states with good
particle number, angular momentum
inclusion of small-amplitude zero-point motion (RPA)
mixing of mean fields with different character (GCM)

...
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225Ra: Octupole Physics
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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

Unlike in other nuclei, these
two states are the whole story.

Deformed density

Two members of the parity
doublet correspond to the same
intrinsic mean-field state:

| 1
2

±
〉 = 1√

2

( | 〉 ± | 〉 )
and, to good approximation,

〈S〉 ≈ 2
3

〈S〉intr.

〈 | Sz | 〉〈 | VPT | 〉
E+ − E−



Correlation of 〈S〉intr. with Octupole Defm. in 224Ra
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Correlation with octupole moment of 225Ra even better.

Will be determined at ANL.



Light Actinides More Generally
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The error bars represent statistical uncertainty only, but systematic
variation is not large.



Implications for Lab Schiff Moment
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Looks good, but situation is more complicated when we include
octupole moments in other nuclei. The resulting ai for 225Ra:
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Range doesn’t include systematic uncertainty.



Reducing Uncertainty of Lab Moments

The problem is that we don’t have information about 〈VPT〉.

Can we find measurements that will constrain its matrix element?

In one-body approximation VPT ≈ ®σ · ®+ρ. The closest simple
one body operator is ®σ · ®r .

Can we measure 〈1/2− | ®σ · ®r |1/2+〉 or something like it?

What about charge-changing transition strength to isobar
analog of |1/2−〉 in 225Fr? Axial-charge β decays in other nuclei?

VPT is similar to two-body current operator in axial-charge
channel.
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199Hg and Similar Nuclei

Here, in the sum

〈S〉 = 〈0full | S |0full〉

≈
∑

m

〈0| S |m〉 〈m| VPT |0〉
E0 − Em

+ c.c. ,

many intermediate states |m〉 contribute.

Calculation has been done two ways:

First line evaluated, in odd-A mean-field theory, with VPT
treated non-perturbatively.
Second line evaluated, in QRPA, with the effects of VPT and
the last neutron included perturbatively.
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Discrepancy in 199Hg

QRPA treatment of effects of last nucleon done first, then direct
mean-field treatment of all nucleons. Two approaches shouldn’t be
very different.

But. . .

QRPA Direct
J.H. Jesus, JE J. Dobacewski, JE

a0 a1 a2 a0 a1 a2

SIII 0.010 0.057 0.025 0.012 0.005 0.016

SLy4 0.003 0.090 0.013 0.013 -0.006 0.024

SkM* 0.009 0.070 0.022 0.041 -0.027 0.069

Fav. QRPA 0.010 0.074 0.018 — — —

Currently trying improved QRPA calculation. Ultimately will need
to account for softness of this nucleus.



Discrepancy in 199Hg

QRPA treatment of effects of last nucleon done first, then direct
mean-field treatment of all nucleons. Two approaches shouldn’t be
very different.

But. . .

QRPA Direct
J.H. Jesus, JE J. Dobacewski, JE

a0 a1 a2 a0 a1 a2

SIII 0.010 0.057 0.025 0.012 0.005 0.016

SLy4 0.003 0.090 0.013 0.013 -0.006 0.024

SkM* 0.009 0.070 0.022 0.041 -0.027 0.069

Fav. QRPA 0.010 0.074 0.018 — — —

Currently trying improved QRPA calculation. Ultimately will need
to account for softness of this nucleus.



Reducing Uncertainty in 〈S〉 for 199Hg
The Isotope with the Best Experimental EDM Limit

Again, no single excited state dominates the sum.

Isoscalar dipole operator
∑A

i=1 r2
i ®ri is isoscalar version of Schiff

operator. 208Pb
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Can use measured strength distribution to constrain density
functionals.

Can these measurements be done in Hg?



What Can We Do in the Next Few Years?

Better DFT
Will require improved functionals with well-determined
statistical uncertainty, more sophisticated corrections to
mean-field theory.

Careful correlation analysis

Measurements of related observables will continue to be really
helpful!



Finally. . .
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