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Electric dipole moments 
 

Summer school, Chiemsee  

“Symmetry Breaking in Fundamental Interactions”  

 
  

K.Kirch, ETH Zurich – PSI Villigen, Switzerland 



Klaus Kirch Sep 16-21, 2018 

Follow up on Javier’s parity violation … 
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EDMs - recommendable starting points 

1997 

2005 

2013 
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EDM and symmetries 
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This is an orbital angular momentum picture … 
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P T 

EDM and symmetries 

A nonzero particle EDM  

violates P, T and, assuming   

CPT conservation, also CP 

Purcell and Ramsey, PR78(1950)807; Lee and Yang; Landau 

 



Klaus Kirch Sep 16-21, 2018 

    Mirror image Time      Time 

Courtesy: H.W. Wilschut 

Matter Antimatter 
Start 

identical  

to Start 

Antiparticle       Particle   

P C T 

PCT-Theorem a la Escher 
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Parity violation 

https://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwi0y4ykhMLdAhUSQRoKHStxA5MQjRx6BAgBEAU&url=https%3A%2F%2Ffishbein.uchicago.edu%2Fpage%2Falumni&psig=AOvVaw0jkTsuha-DWOHNHQZgL-Ih&ust=1537273483630974
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What are Experiments? 

It is a well known 

[scientific] technique to 

try to answer questions 

by inverting a problem … 

 

So: 

“What is a  

theoretical physicist?”  
(by Alvaro de Rújula) 
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What is similar and what is different between the following two sets?: 

The first set consists of a farmer,  

his pig and the truffles: 

What is a "theoretical physicist"?  

by Alvaro de Rújula 
Previously at: http://public.web.cern.ch/Public/en/People/Theorists-en.html ... but no longer available 
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What is similar and what is different between the following two sets?: 

The second set consists of the theorist,  

the experimentalist and the big discoveries:  

The first set consists of a farmer,  

his pig and the truffles: 

What is a "theoretical physicist"?  

by Alvaro de Rújula 
http://public.web.cern.ch/Public/en/People/Theorists-en.html 
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What is similar and what is different between the following two sets?: 

The first set consists of a farmer,  

his pig and the truffles: 

What is a "theoretical physicist"?  

by Alvaro de Rújula 
http://public.web.cern.ch/Public/en/People/Theorists-en.html 

The answer to the riddle is: 

The farmer takes his pig to the woods.  

The pig snifs around looking for a truffle.  

When the pig gets it and is about to eat it,  

the farmer kicks the pig on the head  

with his club and steals the truffle.  

 

The second set consists of the theorist,  

the experimentalist and the big discoveries:  
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What is similar and what is different between the following two sets?: 

The first set consists of a farmer,  

his pig and the truffles: 

What is a "theoretical physicist"?  

by Alvaro de Rújula 
http://public.web.cern.ch/Public/en/People/Theorists-en.html 

Those are the similarities:  

a theorist would also claim recognition for an experimenter's discovery  

(if it has anything to do with her/his theories) even if [s]he did not make it! 

 

The difference is  

that the farmer always takes the pig to woods where there are truffles,  

while more often than not, the suggestions by the theorists take the  

experimentalists to "woods'' where there are no "truffles''  

(by suggesting experiments that do not lead to interesting discoveries). 

 

The second set consists of the theorist,  

the experimentalist and the big discoveries:  
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What is similar and what is different between the following two sets?: 

The first set consists of a farmer,  

his pig and the truffles: 

What is a "theoretical physicist"?  

by Alvaro de Rújula 
http://public.web.cern.ch/Public/en/People/Theorists-en.html 

Not to be unfair to theorists, one must add that  

there are notable exceptions to these rules,  

progress is made by trial and error, and the theorists' guidance  

is occasionally in the right direction!  

Even more often, while looking for the theorists' "truffles''  

the experimentalists find "gold'': something unexpected  

but even more interesting!  

(Nature tends to be more creative than we are). 

The second set consists of the theorist,  

the experimentalist and the big discoveries:  
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1949 
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Experimental evidence for 

absence of nuclear EDM? 

 

 

1950 

https://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwjkz9-xiMLdAhWFLewKHX1dAR0QjRx6BAgBEAU&url=https%3A%2F%2Fde.wikipedia.org%2Fwiki%2FEdward_Mills_Purcell&psig=AOvVaw0q2pUpPx-Vr-rN4fR9XRAw&ust=1537274617521672
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Experimental evidence for absence 

of nuclear EDM? 

 

 

 

 

1957 
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The discovery of CP-violation 

 

1964 

http://www.google.ch/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwjCmsSBiMLdAhXI-qQKHaiaCvcQjRx6BAgBEAU&url=http%3A%2F%2Ftikalon.com%2Fblog%2Fblog.php%3Farticle%3D2016%2FCronin&psig=AOvVaw2UETQhG85I7dPkuX4k8jbU&ust=1537274518925268
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CP-Violation in  

semileptonic K0-decays 

 

Maybe you have been told to ask 

your alien friends about it if you get 

to talk to them before meeting …. 
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Nature has probably violated CP when 

generating the Baryon asymmetry !? 

Sakharov 1967:  

B-violation 

C & CP-violation 

non-equilibrium 

[JETP Lett. 5 (1967) 24] 

* WMAP + COBE, 2003 

 nB / ng = (6.1 ±    ) x 10-10 0.3 
0.2 

Observed*: 

(nB-nB) / ng = 6 x 10-10 

 

SM expectation: 

(nB-nB)  / ng   ~  10-18 

_ 

 _  
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P T 

EDM and symmetries 

A nonzero particle EDM  

violates P, T and, assuming   

CPT conservation, also CP 

Purcell and Ramsey, PR78(1950)807; Lee and Yang; Landau 

 



Klaus Kirch Sep 16-21, 2018 

Adapted from K. Jungmann et al., 

JPS Conf. Proc. 18(2017)011017 

Some EDM limits 

HfF+ 
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Some EDM limits 

HfF+ 
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Prospects 

for 2020s 

Adapted from K. Jungmann et al., 

JPS Conf. Proc. 18(2017)011017 
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Some EDM limits 

HfF+ 
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Prospects 

for 2020s 

Adapted from K. Jungmann et al., 

JPS Conf. Proc. 18(2017)011017 
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Complex composite systems have 

constituents and interactions 

enhancement 

Paramagnetic atoms 

suppression of order 103 

Diamagnetic atoms 

Paramagnetic molecules 

additional enhancement from large internal electric fields of order  

10 GV/cm or more, influenced by molecular level structure 

enhancement factors possible due to atomic state mixing  

and nuclear deformation. 
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Connecting experiments and theory 
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See also: Pospelov, Ritz,  

Ann. Phys. 318(2005)119  

See for a ‘global analysis’:  

Chupp, Ramsey-Musolf PRC91(2015)035502 
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Neutron, Proton, .. 

 

 

 

 

Leptons: 4th order EW 

T 

Expect from SM: 

dn < 10-30 e•cm 
  

Experimentally: 

 < 3.0 x 10-26 e•cm 
Pendlebury et al., 

PRD92(2015)092003 

Electric Dipole Moments tiny in SM 

Expect from SM: 

 de ≤ 10-44 e•cm 

dm ≤ 10-42 e•cm 

dt ≤ 10-41 e•cm 
  

Experimentally: 

 de< 9 x 10-29 e•cm 

dm< 2 x 10-19 e•cm 

dt< 3 x 10-17 e•cm 
[Hoogeveen ’90, Pospelov, Ritz 2014] 

   muon g-2 

   storage ring 
Bennett et al., PRD80(2009)052008 

ThO molecule 
Baron et al., Science 343(2014)269 

Most sensitive probe 

of BSM CP violation 

27 

  new to me, recently 
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The strong CP problem 

. 

dn ≈ 10-16 e cm • qQCD 

qQCD < 10-10 

~ 

LQCD ≈ LQCD + g2/(32p2) qQCDGG 
~ 

Why is qQCD so small ? 

Q
C

D
 

RAL-Sussex-ILL  

 dn < 3.0 x 10–26 ecm 
Baker et al., PRL97(2006)131801 

Pendlebury et al., PRD92(2015)092003 

Smith, Purcell, Ramsey  

PR108(1957)120 

qQCD=0 

 accidentally small !? 
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The SUSY CP problem 

. 
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dn ≈ 10-23 e cm (        )sinfSUSY 
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Why is fSUSY so small ? 

Pospelov, Ritz, Ann. Phys. 318(2005)119  

for MSUSY = 500GeV, tan b = 3  

(for neutron and electron!) 

(this is testing M already to 10TeV and  you  

may also ask: why are the masses so huge?) 

 

A. Ritz,  

update 2016 

See: Pospelov, Ritz,  

Ann. Phys. 318(2005)119  

for MSUSY = 500GeV, tan b = 3  

here updated to 2TeV 
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EDM display 

Displays by Prajwal Mohan Murthy 

PhD thesis in preparation, ETHZ 2018 
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EDM display 

* Often a single source of CPV is assumed, e.g. eEDM for molecular EDM or qQCD  for n, 199Hg; 

  here eEDM from measurement on ThO by ACME, NJP19(2017)073029  

The experimental constraint, can be direct 

or indirect and under certain assumptions* 

see talk by Jordy de Vries for better approach than ‘single source’ 
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EDM display 

* Often a single source of CPV is assumed, e.g. eEDM for molecular EDM or qQCD  for n, 199Hg; 

** see Ghosh&Sato, PLB777(2018)335 for leptons 

Estimated qQCD contribution**, we have  

assumed qQCD < 1E-10 * everywhere 

The experimental constraint, can be direct 

or indirect and under certain assumptions* 
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EDM display 

* Often a single source of CPV is assumed, e.g. eEDM for molecular EDM or qQCD  for n, 199Hg; 

** see Ghosh&Sato, PLB777(2018)335 for leptons 

*** see Pospelov&Ritz, PRD89(2014)056006; eEDM 1E-38  1E-44 ecm 

Estimated CKM contribution*** 

The experimental constraint, can be direct 

or indirect and under certain assumptions* 

Estimated qQCD contribution**, we have  

assumed qQCD < 1E-10 * everywhere 
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EDM display 

* Often a single source of CPV is assumed, e.g. eEDM for molecular EDM or qQCD  for n, 199Hg; 

** see Ghosh&Sato, PLB777(2018)335 for leptons 

*** see Pospelov&Ritz, PRD89(2014)056006; eEDM 1E-38  1E-44 ecm 

Estimated CKM contribution*** 

The experimental constraint, can be direct 

or indirect and under certain assumptions* 

Estimated qQCD contribution**, we have  

assumed qQCD < 1E-10 * everywhere 

‘safe’ BSM discovery territory 
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An overview 

Disclaimer: CKM and strong CP contributions are sometimes rough 

guesses  needs more theory consultation 
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Atoms and molecules 

 

Extract the best limits for eEDM, CPV eN interactions and nuclear moments. 

Need to disentangle various sources. Need atomic and nuclear theory. 

Uncertainties in the theoretical calculations can be unknown and large. 
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The strongest experimental limit: 199Hg 

e.g. otherwise qQCD ~< 1E-6 

Chupp, Ramsey-Musolf, PRC91(2015)035502  

* 

* 
Graner et al., PRL116(2016)161601  
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Particles 

A mix of indirect and direct bounds 
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Electron: 
The tightest EDM limit on 

a fundamental fermion 

System Electron EDM 

limit 

Latest 

reference 

Improving 

232Th16O 9.4E-29 ecm NJP19(2017)073029 y 

180Hf19F+ 13E-29 ecm PRL119(2017)153001 y 

174Yb19F 105E-29 ecm NJP14(2012)103051 y 

Remarkably: 199Hg and ‘sole source’  eEDM < 104E-29 ecm 
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Side analysis of muon g-2 experiment 

 
  

   Bennett et al., RD80(2009)052008 

Improvement to ~1E-21 ecm 

possible as byproduct of new g-2 

Improvement to few E-23 ecm with  

dedicated (small) storage ring 

demonstrator for frozen spin ring EDM 

BSM theory motivation!? 

Muon: 
The best direct EDM limit on 

a fundamental fermion 
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Neutron and Proton 

Present best proton (and neutron) EDM  

limit derived from 199Hg under the  

‘sole source assumption’. 

Present best direct nEDM limit 3.0E-26 ecm  

(Pendlebury et al., PRD92(2015)092003) 

 

neutron EDM constrains qQCD < 1E-10  

under single source assumption  

(as does 199Hg) 

 

finite neutron and proton EDM could  

eventually support or rule out qQCD  as  

source of EDM signals together with  

advanced lattice QCD (very active but 

not conclusive yet) 
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Neutron 
Several nEDM efforts world-wide:  

presently leading effort at PSI  
(more at SNS, ILL, LANL, TRIUMF, PNPI, ESS) 

 

nEDM: the prototype of experimental EDM  

search for symmetry violations, since 1950 

 

nEDM poses the strong CP problem 

together with EDM limits of the 

e- and 199Hg giving some of the  

tightest BSM constraints 

Discovery potential at the current 

limit; could be SM 
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How to measure the neutron 

(or other) electric dipole moment ? 

B E 

hn  = 2 (μB+dn E) 

hn  = 2 (μB- dnE) 

hDn = 4 dn E 
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Time over 
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Next: Will try to …. 
Explain neutron EDM 

related experimental 

things 

Give some insight into 

storage ring EDM 
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Bottle of wine question: 
To a slow neutron, all nuclei are 

attractive potential wells from 10 

to 60 MeV deep and a few fm in 

diameter. Nevertheless, most 

elements, when made into 

mirrors, reflect (i.e., repel) slow 

neutrons. Why?? 
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Bottle of wine question: 
To a slow neutron, all nuclei are 

attractive potential wells from 10 

to 60 MeV deep and a few fm in 

diameter. Nevertheless, most 

elements, when made into 

mirrors, reflect (i.e., repel) slow 

neutrons. Why?? 

 

Answers that reach me by 8pm 

today in form of 1 page 

handwritten short explanations 

take part in the competition. 

The winner will get the bottle of 

sparkling wine which I brought 

(‘Engelhof’ 2012 Rivaner Brut) 

 


