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PROCEEDINGS THE ROYA
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The Quantum Theory of the Electron

P. A. M. Dirac

Proc. R. Soc. Lond. A 1928 117, doi: 10.1098/rspa.1928.0023,
published 1 February 1928

where E and H are the electric and magnetic vectors of the field.
This differs from (1) by the two extra terms

eh veh

— (o, H) + — P1 (':": E)

¢ c
in F.  These two terms, when divided by the factor 2m, can be regarded as the
additional potential energy of the electron due to its new degree of freedom.
The electron will therefore behave as though it has a magnetic moment ek /2me. o
and an electric moment 2ekh/2mc.p, o. This magnetic moment is just that

assumed in the 3pinning electron model. The electric moment, being a pure
imaginary, we should not expect to appear in the model. _It is doubtful whether
the electric moment has any physical meaning, since the Hamiltonian in (14)

that we started from is real, and the imaginary part only appeared when we
multiplied it up in an artificial way in order to make it resemble the Hamiltonian
of previous theories.

Klaus Kirch Sep 16-21, 2018 (=)



EDM and symmetries
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? This is an orbital angular momentum picture ...




EDM and symmetries

E B E B

A nonzero particle EDM
violates P, T and, assuming
CPT conservation, also CP

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

Question of Parity Conservation in Weak Interactions™

T. D. LeE, Columbia University, New York, New York
AND

C. N. Yang,} Brookhaven National Laboratory, Upton, New Vork
(Received June 22, 1936)

EXPGI' imental Test of Pant}' Conservation The Nobel Prize in Physics 1957 was awarded jointly
in Beta D ecay* to Chen Ning Yang and Tsung-Dao (T.D.) Lee "for
their penetrating investigation of the so-called parity
C. 5. Wu, Columbia University, New York, New YVork laws which has led to important discoveries regarding
AND the elementary particles.”

E. AMBLER, R. W. Haywarp, D. ID. HorpEs, axp R. P. Hupson,
National Bureau of Standards, Washington, D. C.

(Received January 15, 1957)

Observations of the Failure of Conservation
of Parity and Charge Conjugation in
Meson Decays : the Magnetic

Nuclear Emulsion Evidence for Parity Moment of the Free Muon*

Nonconservation in the Decay Chain
xt—ut —e‘f‘*'[' Ricuarp L. Garwin,t LEon M. LEDERMAN,
AND MAarceL WEINRICH

EROME [. FriepManN anp V. L. TELEGDI . - .
J Phlysics Department, Nevis Cyclotron Laboratories,

Enrico Fermi Institule for Nuclear Studies, University of Chicago, Columbia University, Irvinpton-on-Hudson,
Chicago, Illinois New YVork, New YVork
(Received January 17, 1957) (Received January 15, 1957)
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What are Experiments?

It iIs a well known
[scientific] technique to
try to answer questions
by inverting a problem ...

So:
“What is a

theoretical physicist?”
(by Alvaro de Rujula)
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What is a "theoretical physicist"?

by Alvaro de Rujula
Previously at: http://public.web.cern.ch/Public/en/People/Theorists-en.html ... but no longer available

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

The first set consists of a farmer,
his pig and the truffles:

1 39 M
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What is a "theoretical physicist"?

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

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

The first set consists of a farmer, The second set consists of the theorist,
his pig and the truffles: the experimentalist and the big discoveries:
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What is a "theoretical physicist"?

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

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

The first set consists of a farmer, The second set consists of the theorist,
the experimentalist and the big discoveries:

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.
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What is a "theoretical physicist"?

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

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

The first set consists of a farmer, The second set consists of the theorist,
the experimentalist and the big discoveries:
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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).
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What is a "theoretical physicist"?

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

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

The first set consists of a farmer, The second set consists of the theorist,
the experimentalist and the big discoveries:

Ve v
4 o)

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).

PNRS
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REVIEWS OF MODERN PHYSICS VOLUME 21, NUMBER 3 JULY , 1949

Forms of Relativistic Dynamics

P. A. M. Dirac
St. John's College, Cambridge, England

1949

A transformation of the type (1) may involve a
mwiihﬁ_mndmﬂ&f_ﬁlﬁm_thmmmmﬂ]_ . L - , dection, the
direction du, in space-time changing from the future
to the past. I do not believe there is any need for
physical laws to be invariant under these reflections,
although all the exact laws of nature so far known do
have this invariance. 1The restricted principle of rela-
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Experimental evidence for
absence of nuclear EDM?

On the Possibility of Electric Dipole Moments
for Elementary Particles and Nuclei

K. M. PrreeLL asp No F. Rassey
De pariment aof Physics, Harvard U niversity, Cambrodge, Massachuseiis
April 27, 1950

1950

We are now undertaking, in collaboration with Mr. James H.
Smith, an experiment which should directly measure the electric
dipole moment of the neutron if it has a value of D of approxi-
mately the above magnitude. The experiment will utilize a
neutron beam magnetic resonance® apparatus of high resolution®
to detect a possible shift of the neutron precession frequency upon
the application of a strong electric field.

The Nobel Prize in Physics 1952 was awarded jointly
to Felix Bloch and Edward Mills Purcell "for their
development of new methods for nuclear magnetic
precision measurements and discoveries in
connection therewith."

The Nobel Prize in Physics 1989 was divided, one half
awarded to Norman F. Ramsey "for the invention of
the separated oscillatory fields method and its use in
the hydrogen maser and other atomic clocks", the
other half jointly to Hans G. Dehmelt and Wolfgang
Paul "for the development of the ion trap technique."

Klaus Kirch
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Experimental evidence for absence
of nuclear EDM?

PHYSICAL REVIEW VOLUME 108, NUMBER 1 OCTOBER 1, 1957

Experimental Limit to the Electric Dipole Moment of the Neutron

J. H. Smute,* E. M. PurceLy, aNp N, F. RAMSEY
Oak Ridge National Laboratory, Oak Ridge, Tennessee, and Harvard University, Cambridge, M assachuseits

(Received May 17, 1957)

An experimental measurement of the electric dipole moment of the neutron by a neutron-beam magnetic
resonance method is described. The result of the experiment is that the electric dipole moment of the neutron
equals the charge of the electron multiplied by a distance D= (—0.1+2.4) X 1072 c¢cm. Consequently, if an
electric dipole moment of the neutron exists and is associated with the spin angular momentum, its magni-
tude almost certainly corresponds to a value of D less than 5X 10720 ¢m.

1957

Time Reversal, Charge Conjugation,
Magnetic Pole Conjugation,
and Parity

N. F. RAMSEY

Lyman Physics Laboratory, Harvard Universily,
Cambridge, M assachusells

(Received November 14, 1957)
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The discovery of CP-violation

VoLUME 13, NUMBER 4 PHYSICAL REVIEW LETTERS 27 JuLy 1964

EVIDENCE FOR THE 27 DECAY OF THE K,° MESON*T

J. H. Christenson, J. W. Crcmin,I V. L. Fii:ch,I and R, Turlay§
Princeton University, Princeton, New Jersey
(Received 10 July 1964)

PLAN VIEW
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The Nobel Prize in Physics 1980 was awarded jointly
to James Watson Cronin and Val Logsdon Fitch "for
the discovery of violations of fundamental symmetry
principles in the decay of neutral K-mesons."

FIG. 1. Plan view of the detector arrangement.
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CP-Violation In
semileptonic K°-decays

F(KE — 1 {Tr) — F(Kg — Tl v)
NKY — 7= tty) + T(KY — ntl—v)

A =

AL = (3.32+0.06) x 10*

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 !?

T - ‘ObéérVed’}: 2
g Sk (nB-ﬂg) /n,=6x10"°
4 m 'SM expectatlon |
o (nB-nB) /n, 10 18

Sakharov 1967: .
B-violation™ B
C'& CP \/lolatlon R LS
non- et|U|I|br|um :
[JETP Lett. 5 (1967) 24]

3

L% * WMAP + COBE; 2003
& . .Ngln, = (6.1+53) x 1010




EDM and symmetries

E B E B

A nonzero particle EDM
violates P, T and, assuming
CPT conservation, also CP

Purcell and Ramsey, PR78(1950)807; Lee and Yang; Landau
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Complex composite systems have
constituents and interactions

Paramagnetic atoms
¢ I el - A ¥ B T S- j'] t
dpara(de) ~ 1002 Z3d, => d11 = —585de — 43 GeV X € CT™ enhancement

Paramagnetic molecules

additional enhancement from large internal electric fields of order
10 GV/cm or more, influenced by molecular level structure

Diamagnetic atoms
dgin ~ 10Z°(Rx/R4)*d, suppression of order 103
= dyy =7 x 102 e (d, — dy) + 1072 d, + O(Cs.Cyy)

enhancement factors possible due to atomic state mixing
and nuclear deformation.
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Connecting experiments and theory

- yeV keV MeV GeV TeV 27
Neutrons
(quark EDM)

c Nuclei: -

g p, d,3He > § x
£ o o
£ Diamagnetic ol ) > T
= . ©
- atoms: Hg, Xe, Ra g. _— § E‘

: @ - =
P Paramagnetic > £ (quark chromo-EDM z
2 atoms: Tl, Cs Q =
> S <
7] 2 o)
2 Molecules: © =z
3 YbF, ThO, HIF * [ 2
"
§ Leptons >(Iept0n EDM)
A

See also: Pospelov, Ritz, See for a ‘global analysis’:
Ann. Phys. 318(2005)119 Chupp, Ramsey-Musolf PRC91(2015)035502
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Electric Dipole Moments tiny in SM

B Neutron, Proton, ..

n i r- J n u,d gg u, d
— — e _— . —

d,~ 10?2 =10 e cm

[Khriplovich & Zhitnitsky ‘86]

B Leptons: 4t order EW

1a
<IN VAR oL 1¢ | v v v v
(b} (c) (d) te)

la)

d d
v v v v v
(f) (g) (h) i) (j)

Fig. 4. The ten diagrams which contribute to the edm of the electron. The internal wavy lines are

[Hoogeveen '90, Povéliopeglov Ritz 2014]

Expect from SM:
d, <1030 eecm

Experimentally:

< 3.0 x 1025 escm
Pendlebury et al.,

PRD92(2015)092003

Expect from SM:
d. <104 e.cm —
d

Experimentally: __
d.<9x 10?° e.cm
d,<2x10% e-cm |
d<3x 101" e.cm

Most sensitive probe
of BSM CP violation

— new to me, recently

ThO molecule

Baron et al., Science 343(2014)269
_—
_ muon g-2

storage ring
Bennett et al., PRD80(2009)052008
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Q .
[e cm] 8 Experiment

I 1

The strong CP problem

1E-18 : : :
j ®_| | Smith, Purcell, Ramsey

10-20 %X ? PR108(1957)120

Loco = L& + 0%/(322) 0c,GG

.
N
I

3
(&)
D,
d, =101 e cm- Ocp £
© 1E-23 4—+ - -\ .
05cp < 10710 S
QCD < , =
T, | = 1E24 4
T a § 0
; TTR.
\ e0s 4| RAL-Sussex-ILL L_
n P m n | d,<3.0x 10%°ecm
g - - 1| Baker et al., PRL97(2006)131801
1026 || Pendiebury et al., PRD92(2015)092003
c _ J ! |
Why is Oucp S0 small ? Tomg 10 oo 0 10 Lo

> accidentally small 1? Year of Publication
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The SUSY CP problem

[e cm]
(for neutron and electron!) =03
2 -20 "
300 GeV/c?Y .. 10
~ -23
d,=1023ecm ( )Sln(l)SUSY
SUSsY I
1E-21 E
Why is Pgysysosmall 2| £
o 3
(this is testing M already to 10TeV and you =
may also ask: why are the masses so huge?) £ ]
— 1E-23 3
@ 3
Q
o)
S
S 1E-24 E
)
m -1
1E-25 *
3 A
10-26
A. Ritz, ' {o60 1670 1980 1990 |
update 2016 1950 Year of Publication 2000
[ ——
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EDM display

Displays by Prajwal Mohan Murthy
PhD thesis in preparation, ETHZ 2018
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EDM display

_ The experimental constraint, can be direct
or indirect and under certain assumptions*

e

* Often a single source of CPV is assumed, e.g. eéEDM for molecular EDM or Oy, for n, 199Hg;
here eEDM from measurement on ThO by ACME, NJP19(2017)073029

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

_ The experimental constraint, can be direct
or indirect and under certain assumptions*

Estimated O, contribution**, we have
assumed Oqcp < 1E-10 * everywhere

-

* Often a single source of CPV is assumed, e.g. eéEDM for molecular EDM or Oy, for n, 199Hg;
** see Ghosh&Sato, PLB777(2018)335 for leptons

e
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EDM display

_ The experimental constraint, can be direct
or indirect and under certain assumptions*

Estimated O, contribution**, we have
assumed Oqcp < 1E-10 * everywhere

Estimated CKM contribution***

e

* Often a single source of CPV is assumed, e.g. eéEDM for molecular EDM or Oy, for n, 199Hg;
** see Ghosh&Sato, PLB777(2018)335 for leptons

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

_ The experimental constraint, can be direct
or indirect and under certain assumptions*

@ ‘safe’ BSM discovery territory

Estimated O, contribution**, we have
assumed Oqcp < 1E-10 * everywhere

Estimated CKM contribution***

e

* Often a single source of CPV is assumed, e.g. eéEDM for molecular EDM or Oy, for n, 199Hg;
** see Ghosh&Sato, PLB777(2018)335 for leptons

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

10713 _ l 10-15
1078 10-18
107 1072
—an-24 -24
c 10 10
@
@ ~27] =27
—10 10 - d(meas)
E <
w q0-3° -30
10 10 = SM-0
1073 10-33 " SM-CKM
107% 10-36
107% 1073

=l ™Hg "Xe °Ra *Rn “Rb 'FCs 2°TI Fr TIF HfF; PbO, YbF. ThO,
%«23GV x25GV x14.5GV x78GV

24V 100 V 10kV BV

PID

Disclaimer: CKM and strong CP contributions are sometimes rough
guesses > needs more theory consultation

ETH Klaus Kirch Sep 16-21, 2018 EE—D



Atoms and molecules

- <d(meas)

= SM-0
= SM-CKM

ST 219  TIF HfF., PbO, YbF. ThO,
x23GV x25GV x14.5GV <78GV

24V 100V 10kV 36V

*Hg '"“Xe ““°Ra “°Rn *°Rb Cs

PID

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: 19°HgQ

TABLEIII. Limits on CP-violating observables from the '*’Hg
EDM limit. Each limit is based on the assumption that it is the

10~1° solé*contribution to the atomic EDM. In principle, the result for
10-18 d, supercedes [11] as the best neutron EDM limit.
10721 Quantity Expression Limit Ref.
3 10-24 d, Shg/ (1.9 fm?) 1.6 x 10720 ecm  [21]
O d, 1.3 % Spg/(0.2 fm?)  2.0x 107 ecm  [21]
2 107 o S/ (0.135 ¢ fm?) 23 % 10712 (5]
E 30 7 She/(0.27 e fm?) 1.1 x 10712 5]
m 10 ) She/(0.27 e fm?) 1.1 x 10712 5]
10-33 Oocn 70/0.0155 1.5 x 10710 [22,23]
36 (d,—dy) §/2x10%cm™)  57x102 ecm  [25]
10 Cs dye/(5.9 x 1072 ¢ cm) 13 %1078 [15]
10-39 Cp dy,/ (6.0 x 1072 ecm) 1.2 x 1077 [15]
Cr dy, /(4.89 x 10720 ecm) 1.5 x 10710 see text

Hg

|dyg| < 7.4 x107% cm (95% C.L.)

* e.g. otherwise 04y ~< 1E-6
Graner et al., PRL116(2016)161601

Chupp, Ramsey-Musolf, PRC91(2015)035502
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Particles

10—15 10—15
10—18 10—18
10—21 10—21
c10% 10~2
3] . —¢y(meas)
g 10_27 10_27 <d meas
=
0 10730 10-30 = SM-0
= SM-CKM
10—33 10—33
10—36 10—36
10_39 10—39
A mix of indirect and direct bounds
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10—15
10-13
10—21
T 107%
o
<1077
0 10-3¢
10—33
10—36

1 0—39

Electron:

The tightest EDM limit on
a fundamental fermion

232Th160 9 4E-29 ecm NJP19(2017)073029
180f19F + 13E-29 ecm PRL119(2017)153001

174Yb19|: 105E-29 ecm NJP14(2012)103051

Remarkably: '%°Hg and ‘sole source’ > eEDM < 104E-29 ecm
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Muon:

10-15 The best direct EDM limit on
m a fundamental fermion

10—18

1021 B Side analysis of muon g-2 experiment
=102 |d,| = 1.8 X 107" ecm (95% C.L.),
;" 10_27 Bennett et al., RD80(2009)052008
E 1 E Improvement to ~1E-21 ecm

nossible as byproduct of new g-2
=33
10 mprovement to few E-23 ecm with

107%° . dedicated (small) storage ring

107%° B demonstrator for frozen spin ring EDM
E BSM theory motivation!?

7]
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Neutron and Proton

B Present best proton (and neutron) EDM
limit derived from 1°°Hg under the
‘sole source assumption’.

E Present best direct nEDM limit 3.0E-26 ecm
(Pendlebury et al., PRD92(2015)092003)

E neutron EDM constrains Oqcp < 1E-10
under single source assumption
(as does 199HQ)

B finite neutron and proton EDM could

eventually support or rule out O as
source of EDM signals together with
advanced lattice QCD (very active but
not conclusive yet)
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—

= 10724
Q

S

w

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 1°°Hg 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 ?

ﬁ I hva= 2 (uB+d, E)
hv, = 2 (uB- d,.E)

hAv=4d E
B, I lE I[B IE
<Sz> =+1/2 U h
hv(0) hv(TT) hv(Td) O-(d”) - Y oET \/ﬁ
<Sz> =-h/2 U —

I
ETH Klaus Kirch Sep 16-21, 2018 (=)



Time over
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Next: Will try to ....

E Explain neutron EDM E Give some insight into
related experimental storage ring EDM
things
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Bottle of wine question:

B To a slow neutron, all nuclei are
attractive potential wells from 10
to 60 MeV deep and a few fm in

Proton-

|
' Protonen Neutronen: B

diameter. Nevertheless, most e
elements, when made into Neutron

mirrors, reflect (i.e., repel) slow
neutrons. Why??
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Bottle of wine question:

B To a slow neutron, all nuclei are
attractive potential wells from 10
to 60 MeV deep and a few fm in

Proton-

diameter. Nevertheless, most Pt -
elements, when made into -';&:‘;ag.' MM 5
mirrors, reflect (i.e., repel) slow s g—z e
neutrons. Why?? B i

B Answers that reach me by 8pm
today in form of 1 page
handwritten short explanations
take part in the competition.

E The winner will get the bottle of
sparkling wine which | brought
(‘Engelhof’ 2012 Rivaner Brut)
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