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• Motivation & Summary of experiment

• Nuclear spin-independent PNC & weak charge

• How to determine the theoretical uncertainty? 

• Nuclear spin-dependent PNC & anapole moments

• Overview of theoretical methods

• All-order method

• CI + all-order method & future prospects
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http://public.web.cern.ch/, Cs experiment, University of Colorado

Searches for new physics 
beyond the Standard Model
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Weak Charge QWWeak Charge QW

	�������	�������	�������	�������
���	���	���	���	� �������	��	�����	��	�����	��	�����	��	�

�	���	���	���	��
����
�����	�����
�����	�����
�����	�����
�����	�

�	��
��	���������	��
��	���������	��
��	���������	��
��	��������

�

�

�

�
 !

a

Nuclear anapole
moment

Nuclear anapole
moment



���������	����
�����������	����
�����������	����
�����������	����
�����������	����
�����������	����
�����������	����
�����������	����
��

• Benchmark tests of new methodologies
• Search for the EDM
• Variation of fundamental constants with time
• Analysis of various experiments 
• Study of long-range interactions
• Other nuclear physics applications 
• Astrophysics
• Actinide ion studies for chemistry models 
• State-insensitive cooling and trapping 
• Atomic clocks
• Quantum information



���������	���������	���������	���������	���������	���������	���������	���������	

Atomic
Clocks

S1/2

P1/2
D5/2

„quantum
bit“

Parity Violation

Quantum information

NEEDNEED
ATOMIC ATOMIC 
PROPERTIESPROPERTIES
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Stark interference scheme to measure ratio of the 
PNC amplitude and the Stark-induced amplitude b
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cmPNC
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Average of 1 & 2 Difference of 1 & 2 

( )PNC

sd

mV
cm

34 43
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0.077(11)
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( )si
PNC mV
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1.5935(56)
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Weak Charge QWWeak Charge QW Nuclear anapole momentNuclear anapole moment

( )si
PNC mV

cm

Im
1.5935(56)

E

b
= -

( )PNC

sd

mV
cm

34 43
Im

0.077(11)

E b
-
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              -�

Need theory
calculation in terms 
of Qw

Need b

Need theory 
calculation in terms 
of anapole moment

Need b

si
PNCE sd

PNCE
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HOW  TO  ESTIMATE  WHAT  YOU  DO  NOT  KNOW?HOW  TO  ESTIMATE  WHAT  YOU  DO  NOT  KNOW?

I.   Ab initio calculations in different approximations:

(a) Evaluation of the size of the correlation corrections
(b) Importance  of the high-order contributions
(c) Distribution of the correlation correction

II. Semi-empirical scaling: estimate missing terms



� Indirect method: compare the other atomic 
properties with experiment. 

� Direct method: estimate omitted terms and/or 
do a scatter analysis. 
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Blundell et al. (1992)



� It is the best estimate, not a certain result.

� Not all of the missing terms are estimated.

� Uncertainties in other (smaller terms) are   

assumed to be small.

� Other smaller (non-Coulomb terms)?
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Nuclear anapole moment is parity-odd, time-reversal-even 
E1 moment of the electromagnetic current operator. 
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Experimental value 

( )PNC

(sd) mV
cm

34 43
Im 0.077(11)E b

-
� �D = -� �  M

Theoretical value
of spin-dependent

PNC amplitude
in terms of 
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( )
theory

34 43

expt (sd)
34 43 PNC 1/E bk

-- � �D = D� �    

akkkk
Experimental or theoretical value

of vector transition polarizability b
M
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Nuclear anapole moment
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The constraints obtained from the Cs experiment
were found to be inconsistentinconsistent with constraints

from other nuclear PNC measurements, which 
favor a smaller value of the133Cs anapole moment.
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• Configuration interaction (CI)
• Many-body perturbation theory
• Relativistic all-order method (coupled-cluster)
• Perturbation theory in the screened Coulomb 

interaction (PTSCI), all-order approach

• Configuration interaction + second-order MBPT
• Configuration interaction + all-order methods*

*under development
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Perturbation theory:
Correlation correction to ground state 

energies of alkali-metal atoms

Perturbation theory:
Correlation correction to ground state 

energies of alkali-metal atoms
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Sum over infinite sets of manymany--body perturbation theorybody perturbation theory
(MBPT) terms.

Calculate the atomic wave functions and energies

Calculate various matrix elements     

Calculate “derived” properties
such as PNC amplitudes
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Cesium: atom with single (valence) 
electron outside a closed core.

6��� ;88

���� �� PP 8�8� :: :�:�	���
����
	�
���	���


6���

4���
	�����	���


������������������������������������������������������������������������������������������������



Cs: atom with single (valence) 
electron outside of a closed core.

1s1s22……5p5p66 6s6score
valence
electron

(0) †

v cv orea=Y YLowest-order
wave function
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Core wave functionCreation operator 
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Lowest order Core

core
valence electron
any excited orbital

Single-particle 
excitations

Double-particle 
excitations
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Single-particle 
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Cs:  a,b = 1s22s22p63s23p63d104s24p64d105s25p6

m,n : finite basis set= (35 ´́́́ 13) ´́́́ (35 ´́́́ 13)

Total actually 15412 ´́́́ 35 ´́́́ 35 ~ 19 000 000 equations

to be solved iteratively!
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• “Quadruple” term:  

• Program has to be exceptionally efficient! 
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Actual implementation: Problem 2Actual implementation: Problem 2



All-order method:
Correlation correction to ground state 

energies of alkali-metal atoms

All-order method:
Correlation correction to ground state 

energies of alkali-metal atoms



So we calculated all ,            ,        ,            .

We now have a really large file with r . 

How do we calculate E1 and PNC matrix elements?How do we calculate E1 and PNC matrix elements?
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Add more terms to the all order wave-function
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Codes that write FormulasCodes that write Formulas
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Triple excitations Triple excitations 

Problem: too many excitation coefficients               .bmnrvar



Triple excitationsTriple excitations

Problem: too many excitation coefficients               .bmnrvar

Cs:  a,b = 1s22s22p63s23p63d104s24p64d105s25p6

m,n : finite basis set= (35 ´́́́ 13) ´́́́ (35 ´́́́ 13)

Smallest required basis set:
Need total about 300 MB (+extra 150MB file)

Extra index r gives at least a factor (35 ´́́́ 13) : over 130GB!

bmnar
Doubles:

The complexity of the equations also increases.



Problem with all-order extensions: 
TOO MANY TERMS

Problem with all-order extensions: 
TOO MANY TERMS

The complexity of the equations increases.
Same issue with third-order MBPT for two-particle 
systems (hundreds of terms) .
What to do with large number of terms?

Solution: automated code generation !Solution: automated code generation !



Features: simple input, essentially just type in a formula!

Input: list of formulas to be programmed
Output: final code (need to be put into a main shell)

Codes that write codesCodes that write codes

Codes that write formulasCodes that write formulas

Automated code generation Automated code generation 



Add more terms to the all order wave-function
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Non-linear terms:
R. Pal, M.S. Safronova, W.R. Johnson, A. Derevianko, S. G. Porsev, 
Phys. Rev. A 75, 042515 (2007) 

Triple excitations:
S. G. Porsev and A. Derevianko, Phys. Rev. A 73, 012501 (2006) (Na)
A. Derevianko and S. G. Porsev, Eur. Phys. J. A 32 (4), 517(2007) (Cs)
E. Iskrenova-Tchoukova and M.S. Safronova, in progress
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• Configuration interaction (CI)
• Many-body perturbation theory
• Relativistic all-order method (coupled-cluster)
• Perturbation theory in the screened Coulomb 

interaction (PTSCI), all-order approach

• Configuration interaction + second-order MBPT
• Configuration interaction + all-order methods*

*under development
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i i
i

cY = F� Single-electron valence
basis states

( ) 0effH E- Y =

1 1 1 2 2 1 2( ) ( ) ( , )eff

one body
part

two body
part

H h r h r h r r

- -

= + +������� �����

Example: two particle system: 1 2

1
-r r
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CI works for systems with many valence electrons 
but can not accurately account for core-valence
and core-core correlations. 

MBPT can not accurately describe valence-valence
correlation. 

Therefore, two methods are combined to Therefore, two methods are combined to 
acquire benefits from both approaches.  acquire benefits from both approaches.  
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2 2 2

1 2,

h h

h h
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Heff is modified using perturbation theory expressions

are obtained using perturbation theory
V. A. Dzuba, V. V. Flambaum, and M. G. Kozlov , Phys. Rev. A 54, 3948 (1996)
V. A. Dzuba and W. R. Johnson , Phys. Rev. A 57, 2459 (1998)
V. A. Dzuba, V. V. Flambaum, and J. S. Ginges , Phys. Rev. A 61, 062509 (2000)
S. G. Porsev, M. G. Kozlov, Yu. G. Rakhlina, and A. Derevianko,  Phys. Rev. A 64, 012508 (2001)
M. G. Kozlov, S. G. Porsev, and W. R. Johnson, Phys. Rev. A 64, 052107 (2001)
I. M. Savukov and W. R. Johnson, Phys. Rev. A 65, 042503 (2002) 
Sergey G. Porsev, Andrei Derevianko, and E. N. Fortson, Phys. Rev. A 69, 021403 (2004)
V. A. Dzuba and J. S. Ginges, Phys. Rev. A 73, 032503 (2006)
V. A. Dzuba and V. V. Flambaum , Phys. Rev. A 75, 052504 (2007)

( ) 0effH E- Y =
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Heff is modified using all-order excitation coefficients

Advantages: most complete treatment of the 
correlations and applicable for many-valence
electron systems

( ) ( )
( ) ( ) L

mnklnmlk
L
mnkl

mnmnmn

reeee

ree

--+=S

-=S
~~

~

2

1



Experiment    CI   DIF  CI+II DIF   CI+ALL DIF 

IP           182939  179525  3414   182673 266   18 2848  91 

3s3p 3P  J=0  21850  20899   951   21764 86    21824     26
J=1  21870  20919   951   21785  85    21843     27
J=2  21911  20960   951   21829  82    21888     23

3s3p 1P J=1  35051  34486   565   35048   3    35061    - 10
3s4s 3S J=1  41197  40392   805   41110  87    41151     46
3s4s 1S J=0  43503  42664   839   43428  75    43486    1 7
3s3d 1D  J=2  46403  45108  1295   46296 107    46367    36

Mg

Ca  CI CI+II CI+All-order
-4.1% 0.6% 0.3%

Ba -6.4% 1.7% 0.5%

Ionization potentials
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M.S. Safronova, M. Kozlov, and W.R. Johnson, in preparation
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• New evaluation of the spin-dependent PNC  amplitude in Cs

• Nuclear anapole moments: need new experiments

• Further development of the all-order method

• Non-linear terms and triple excitations

• Development of CI+ all-order method for PNC studies 

in more complicated systems: preliminary results    

demonstrate improvement over the CI+MBPT method
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Walter Johnson (University of Notre Dame)
Michael Kozlov (Petersburg Nuclear Physics Institute )
Ulyana Safronova (University of Nevada-Reno)
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