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How Diamagnetic Atoms Get EDMs, Roughly

Because Standard-Model CP violation is so weak, an additional
undiscovered source is required to explain why there is so much
more matter than antimatter.

N pPIN

The source can work its way into s
nuclei through CP-violating 7NN T
vertices (in chiral EFT)... |7

\ New physics
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How Diamagnetic Atoms Get EDMs, Roughly

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

exp (—=My|ry — ra|)
My |r — 1|

Ver g (o1+07) - (V1 - V) + contact terms/etc.



How Diamagnetic Atoms Get EDMs, Roughly

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

exp (—=my,|r—r
Vprcg(o1+03) - (V1 —-Vy) P (=mxr — 1)) + contact terms/etc.
My|r — 1|

Atoms get EDMs from nuclei. But electronic shielding replaces
nuclear dipole operator with “Schiff operator,’

S Z ( 3 ch) -
making relevant nuclear quantlty the Schiff moment:

o|s Vpr |O
<S>:Z< | Ifg(n;slmprl )




How Diamagnetic Atoms Get EDMs, Roughly

...and to a nuclear EDM from the nucleon €
EDM or a T-violating NN interaction: -
'
Job of nuclear-structure theory: compute de-

Vpr - ns/etc.
pendence of (S) on the three g's (and on the
contact-term coefficients and nucleon EDM).

Atom 5

nucle Its up to QCD/EFT to compute the dependence of the

g vertices on fundamental sources of CP violation.
N LJ L 5 \.Il/ L ~
p \

making relevant nuclear quantity the Schiff moment:

5=y OIS |r£2 (_";:_lmVPT 0, .
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Starting point is always a mean field and potential
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Nuclear Models in One Slide @

=
Starting point is always a mean field and potential X\\\J

DFT: Large single-particle spaces in
arbitrary single mean field; simple
correlations and excitations within
the space.

protons neutrons
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Nuclear Models in One Slide //3

‘\;
Starting point is always a mean field and potential X\\i/
==, T T T < . .
| v Shell Model: Small single-particle

arbitrarily complex correlations within
the space.

protons neutrons




Nuclear Models in One Slide /3?
Startin X\\\\‘/
g point is always a mean field and potential

| ———— Shell Model; Small single-particle
——

space in simple spherical mean field;
arbitrarily complex correlations within
= the space.
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Generator-Coordinate Method (GCM): extension of DFT that mixes
many mean-field states with different collective properties.
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Nuclear Models in One Slide (%))
Starting point is always a mean field and potential =

All such models require phenomenological

e . . . cle
Hamiltonian/operators, with coefficients fit to L field:
energies/transitions in heavy nuclei. withi|:1

This is a problem if you're looking at opera-
tors such as Vpr, for which there are no data.

P o - 7 77N\
~~~+ﬂ/< \)\w+w(((}\\\+®+\®+w .3\\\\-&-
= SR\, Y/ \-\\\//

Generator-Coordinate Method (GCM): extension of DFT that mixes
many mean-field states with different collective properties.



Ab Initio Nuclear Structure
Starts with chiral effective-field theory

Nucleons, pions sufficient below chiral-symmetry breaking scale.
Expansion of operators in powers of Q/A,.

Q = my or typical nucleon momentum.

2N Force

e X
o X[
A

3N Force

4N Force

At each “order; only a finite
number of operators exist.




Ab Initio Nuclear Structure
Starts with chiral effective-field theory

Nucleons, pions sufficient below chiral-symmetry breaking scale.
Expansion of operators in powers of Q/A,.
Q = my or typical nucleon momentum.

2N Force 3N Force 4N Force

LO ><
i At each “order; only a finite
>< |;::;H:::| number of operators exist.

NLO

(@Q/A)° IH lll
e Leading-order terms in
H Vpr depend on source
of CP violation.

!)( * see Jordy’s talk.
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Ab Initio Many-Body Methods

Partition of Full Hilbert Space

P = “reference” space
P | PHP PHQ Q = the rest

Task: Find unitary transformation to
make H block-diagonal in P and Q,
with Heg in P reproducing most
important eigenvalues.

I

Simpler calculation done here.
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Ab Initio Many-Body Methods

Partition of Full Hilbert Space

P Q

P = “reference” space
P | Hem Q = the rest

Task: Find unitary transformation to
make H block-diagonal in P and Q,
with Heg in P reproducing most
important eigenvalues.

Must must apply same unitary
transformation to transition
operator.

Simpler calculation done here.



Ab Initio Many-Body Methods

Partition of Full Hilbert Space

P Q
P = “reference” space
P | Hem Q = the rest
*
Task: Find unitary transformation to
make H block-diagonal in P and Q,
with H.« in P reproducing most
a || As difficult as solving original problem. values.
But many-body effective operators (beyond .
. y same unitary
2- or 3-body) can be treated approximately. o
to transition
|\ | operator.

Simpler calculation done here.



In-Medium Similarity Renormalization Group

One way to determine the transformation

Flow equation for effective Hamiltonian.
Gradually decouples reference space.

V [MeV fm?)]
‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ T W0

from H. Hergert

£HE) = [n(s),H©SL,  n(s) = [Hy(s),Hoa(5)],  H(o0) = Hett

Trick is to keep all 1- and 2-body terms in H at each step after normal
ordering (IMSRG-2, includes most important parts of 3, 4-body ...terms).

If reference space is a single state, end up with g.s. energy. If, e.g., itis a
valence space, get effective shell-model interaction and operators.



Reference State with Collective Correlations

Background: Generator Coordinate Method

Construct set of mean fields by constraining coordinate(s), e.g.
quadrupole moment (Qp). Then diagonalize H in space of
symmetry-restored quasiparticle vacua with different (Qo).
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Background: Generator Coordinate Method

Construct set of mean fields by constraining coordinate(s), e.g.
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Reference State with Collective Correlations

Background: Generator Coordinate Method

Construct set of mean fields by constraining coordinate(s), e.g.

sl -+ (@+(@)+(©)+(©) + ()

Potential energy surface

60

Li et al: Potential energy surface for 30Xe

Collective squared wave functions

04 -0.2 0 02 04 06

(b)

— 7Ge (0])

SN -- 783 (0/)

Rodriguez and Martinez-Pinedo: Wave
functions in 7Ge,Se peaked at two
different deformed shapes.



Reference State with Collective Correlations

Background: Generator Coordinate Method

GCMin DFT
Construc 20 ; e(s), e.g.
i GCM : EXP
quad 18 g :
symr ] 161 0, F
I 322 :
LA g : 204(12)
1y Do + :
Potent < 12[° 4 18 % : e functions
[) r— : .
T =10 : + :
er SO S LA F 278(25) 2, 170(52) ; 2 04 06
3 Sog Sy 2y _ g = h1a23)
£3r 2 0, J1a7 11w 0, [114(23) :
“ : Y osf 226 : :
03 00 _—_— P e
B 04 17— 1_ v
130Xe 02 B 2 178 2 [1820)
oo to. 1152
oof DRECNEENME L 15Q)
0.0 ) -
P.Ring et al, 201

Rodriguez and Martinez-Pinedo: Wave

Li et al: Potential energy surface for *OXe functions in 76Ge,Se peaked at two
different deformed shapes.



Reference State with Collective Correlations

Background: Generator Coordinate Method

Construc
quad
symr

Potent

GCMin DFT

2.0 -

L GCM ; EXP
18- 40 :

ro—r ‘10
161 A

i 322
ar . 204(12)

Combining GCM reference state this
with the IMSRG yields the IM-GCM.

See talk by H. Hergert
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Li et al: Potential energy surface for 30Xe

Rodriguez and Martinez-Pinedo: Wave

functions in 7Ge,Se peaked at two

different deformed shapes.



99Hg: A Challenging Nucleus

198Hg has a very soft
oblate minimum.

Prassa et al., EP) Web Conf. 252 02007 (2021).
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99Hg: A Challenging Nucleus

198Hg has a very soft
oblate minimum.

40

Prassa et al., EP) Web Conf. 252 02007 (2021).
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Full Self-Consistent DFT Calculation

Small and soft deformation a worst case scenario for mean-field.
We did it nonetheless'.

Oscillating PT-odd
density distribution
5 indicates delicate
Schiff moment.

e Ny e
7] A.t_._-\\ag.-_'

S ——— ~s='

[ 2=z

3 p, (arb.)
AN O N M O
T

rg (fm)

1S. Ban, JE, ]. Dobaczewski, A. Shukla, Phys. Rev. C 82, 015501 (2010)



Results

(S)Hg=0a088o + 188 +... (e fm3)

ao aq

HFB SkM* 41 -27
HFB SLy4 13 -0.6

Typical QRPA 1.0 7.4
Shell Model>? 8.0 7.8

Sign of a; not clear.

Yanase and Shimizu suggest HFB calculation examined the “wrong”
1/2~ state. We're re-examining the situation in an equivalent
approach (Finite Amplitude Method, an implementation of QRPA).

New results soon.

2¥anase and Shimizu, PRC 102 065502 (2020)



The Future

DFT: GCM: Mixing of many mean fields around the soft minimum.

No immediate plans to do this.



The Future

DFT: GCM: Mixing of many mean fields around the soft minimum.

No immediate plans to do this.

Valence-Space IMSRG: Include Vpr as part of the Hamiltonian, so
that the flow generator  and the transformed Hamiltonian will
have negative-parity parts n~ and H™ :

d
ZH () = [ H(9)] + 17 (), HO(5)]
H (O) = Vpr.

n° and HO are what you get without Vpr.

Diagonalize transformed Hamiltonian in shell-model space, and
use transformed Schiff operator to compute (S).

R. Stroberg doing this with me for 205Tl first.



225Ra and Other Light Actinides

Octupole Physics and DFT
“ (1112 +) 390
<S> = Zm <O‘s‘mg<_n;"nvpr‘o>+ c.c 9124 321
300 -
- oa 257 Deformed density
zso~“w‘) . . =22 N e 26| .
L o | Two members of the parity
S Koot ans doublet correspond to the same
0 w10 . intrinsic mean-field state:
| 1"‘)3 sz 12 K=3/2 bands 1 +
7/2. 52 i = |.> |.> )
SO g4 i2 _4
si2s—2— oz —2—
o G Parity doublet | and, to good approximation,
K=1/2 bands ]
<5>.mr
Unlike in other nuclei, these
z @I5. 19 @ Ver @
two states are the whole story. (S) ~

E,-E_



Octupole Systematics

More DFT
1004
@
Q
£ 80
=}
c AT _ EmEN [ 0000
c
L
S 601 — known nuclei
o o
P vy o S S K drip lines
40_.?- L | | , = statole nucI:al
40 60 80 100 120 140 160 180 200

Neutron number
From Cao et al., Phys. Rev. C102, 024311 (2020)



Correlation of 22°Ra (S) with 224Ra Octupole Moment

S
0Bcs 2

=N

“10f

-20+

Laboratory S (e fm3)

S
3 Q m ¥
¢ 0. &L S
FrRT
0.8 1.0 1.2 1.4

224Ra Intrinsic Og (1000 e fm3)

J. Dobaczewski et al., Phys. Rev. Lett. 121, 232501 (2018)

Looks good, but we're at the left end of the lines.

aop aj

-0.4-0.8 -2--8

Range doesn't include systematic uncertainty.



IM-GCM

Application to Neutrinoless 33 Decay of 48Ca

J.M. Yao et al., Phys. Rev. Lett. 124, 232501 (2020).

Potential Energy Surfaces

E (MeV)
-403.9
-405.9 0y
407.9
-409.9
4119 95
4139

%05

0.0 0.05 0.1 0.15

Pa

E (McV)
-404.2
-406.2
-408.2
-410.2
-412.2 ¢
-414.2

94

0.0 0.1 0.2 0.3

Ba

48Ca is spherical and “8Ti is weakly deformed.



Spectrum in 48Ti

In 9 shells
5 =
48Ti(2.0/2.0, 1Q = 16 MeV)
g
— 3 F 4+
% | A+
2 2t
= [ oo+
ey L 2 — 2+ 7+
ol ot 0+ 0+
[ GCM (B5)  GCM(B>. @) EXP

E2’s are realistic (large).



The Future: IM-GCM for Schiff Moment of 22°Ra

Required Improvements to Methods

» More nucleons

larger spaces

more Mmemory, pProcessors

code refactorization for efficient
supercomputer use
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» Chiral interactions will need to be tested in really heavy nuclei.



The Future: IM-GCM for Schiff Moment of 22°Ra

Required Improvements to Methods

» More nucleons larger spaces

= More Memory, processors
= code refactorization for efficient
supercomputer use

» Chiral interactions will need to be tested in really heavy nuclei.

That's about it!

How much smaller will the uncertainty be?

Not clear, but it will be more believable.



The Future: IM-GCM for Schiff Moment of 22°Ra

Required Improvements to Methods

» More nucleons larger spaces

more memory, processors

That'’s all; thanks.E3

How much smaller will the uncertainty be?

Not clear, but it will be more believable.



