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What is an Electric Dipole Moment (EDM) ?

_a Electric
dT Dipole
Moment

Classical EDM: separation between
positive and negative electric charges.
e.g. water molecule d=0.4¢e A



is an Electric Dipole Moment (EDM) ?

. Electric Classical EDM: separation between
| d T Dipole positive and negative electric charges.
( Moment e.g. water molecule d =0.4 e A

Energy for a “localized” classical charge distribution p(r)
Multipole expansion

exposed to a “weak” electrostatic potential V(r) =V + r;0;,V + %rirj 0;0;V + -

W= {[p@)VE)dr = (fp(r)dr) V+ (frm(r)dr) o;V + (f %rmp(r)dr) 0;0;V + -

Electric charge EDM Electric Quadrupole Moment
(scalar) (vector) (tensor)



What is an Electric Dipole Moment (EDM) ?

_a Electric
dT Dipole
Moment

General definition of g, d, 6, for systems not necessarily described by a classical
charge distribution, like elementary particles:

\

Energy W in an external electric field E=-V

-
- -

W=qV—d-E—Q-VE+--

.
For a quantum system, d is a vector operator
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What? - Basics of spin 1/2

Internal quantum state of a neutron

Wy=alt+b )=, () + 1)

V2
(lal* + [b?| = 1) Py
Px
. 2 5 1)

Spin observable S = h/2 o
¢ are the Pauli matrices

0 1 : : > >
Oy = (1 o) The polarization vector p = (Y|a|y)
o, = (? )  describes completely the state )
5 - (1 0 ) *up to an irrelevant phase factor ** valid for spin %2 only

oo *  belongs to the Bloch sphere |p| = 1

* for a pure state, spin 1/2. For a neutron ensemble |p| < 1



MDM and EDM are vector operators, . .
they must be proportional to & H=-ué-B—do-E
(Wigner-Eckart theorem for spin 1/2)

Spin dynamics

_ 2 . Or equivalently by the Bloch equation
given by Schrodinger equation

dp . [(2u- 2d-
— =px|ZB+=F



What? - Larmor precession

Case B = B,8, static, E = 0

5 . Py
Initial condition | (0)) = \/—15 Ty + 1) Bloch equation: % =yB %X B =w, (‘Px)
0
y = 27” =: gyromagnetic ratio sin w,t
wo = YBy =:Larmor angular frequency Solution: p(t) = (COS a)ot)
0

Schrodinger equation:
a / a
m (b) =390 0; (b)

a(t)) i ( ﬁt) /

Solution:(

b(t)) ~

Precession at angular frequency wy = yB,




What are the measured and for the neutron?

H=—-ué-B—dd-E

u=-—1913042 7(5) uy d=(0=+1)x10"%°ecm
=(04+1)x107 % x uy/c

Nuclear
magneton
__eh
UN = 2m

Why is it so small?
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Why tiny? Because of T-symmetry

E ﬁ E

H=-d,6-E
>> PLAY >> << REWIND <<

If d,, # 0 the process and its time reversed version are different.

La. Violation of T

) CPT theorem
Violation of CP



the EDM from the point of view of a high

energy theorist

Fermion-photon coupling

1 _
L= @p+id)fioufo F* +h.c.

Real part = anomalous magnetic moment
Imaginary part = electric dipole moment

Non-relativistic limit: H = —uoB — doE



Sources of neutron EDM == T P = i

4 N D
Typical 1-loop Contribution of weak interactionﬁ
contribution for
quark EDM Leading order )
for quark EDMs at 3 loops!
Frog diagram.
g° mgq
d, ~e o2 sin(¢cpy) 2 Negligible CKM prediction (y d,, ~ 10718 uy /c
* The “long distance” contribution dominates over quark EDMs, still super-small.
\ — M > TeV if phase ~1 JERN y
4 as ~ ~ )
The SM QCD theta term po- 0 G, G

generates a potentially enormous neutron EDM : d,, ~ —0.02 X 8 uy /c

2] ~10
18] <1077" - «Strong CP problem » y




Systematic approach:
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UV complete BSM theory,
Ly : Scale=A>»> my ~ 100 GeV
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4EpEEEEEEER

EFT with SM fields: quarks, leptons, gauge bosons, Higgs

3045
6
Lsmerr = Lsm + Lp= 5+ 0()+LD 7+

EFT with hadrons, leptons and photons
[sospin-diagonal, CPV operators

G
_LEDM = Edn r_lam,iy5n FHY + _FCSQ nn éi}/se + .-

V2

Observables: EDMs of O=—d
nucleons, atoms, molecules...

Qu)
)

ladder of Effective Field Ths

European Strategy Particle Physics 1910.11775

EDMs probe new physics
up to 100 TeV
P W
07 13 2 1o’
_ 10% l,;- < ii% I-ér‘ 110°
2 1050 = 1105
AR T NI
s 104 - t s § 0
E 35 = ~ 3.'3‘ ‘-&E 3
élﬂ' . ‘E t §;10
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Observable

Fig. 5.1: Reach in new physics scale of present and future facilities, from generic dimension
six operators. Colour coding of observables is: green for mesons, blue for leptons, yellow for
EDMs, red for Higgs flavoured couplings and purple for the top quark. The grey columns illus-
trate the reach of direct flavour-blind searches and EW precision measurements. The operator
coefficients are taken to be either ~ 1 (plain coloured columns) or suppressed by MFV factors
(hatch filled surfaces). Light (dark) colours correspond to present data (mid-term prospects,
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https://doi.org/10.48550/arXiv.1910.11775

Summary on What and Why.

What is the neutron EDM?

* For elementary spin % particles such as the neutron or the electron, the EDM is
really the magnitude of the coupling between spin and E field (don’t think of a
distribution of charges, it’s useless).

« Experimental limit: less than 10-1% of the natural size uy/c.

Why is it so small?
* Nonzero EDM violates P and T symmetries, therefore also CP symmetry.

* In the standard model of weak interaction, CP violation needs three generations of
quarks.

Why do we continue the search?
* Sensitive probe of CP violation beyond the Standard Model.



EDM Iimit / e cm

10—19
10—20
10—21
10—22
10—23
104
10
10%°
104
10%
10

10—30

* Smfth, |
| Ramsey .

® neutron EDM

O

electron EDM

Since when?

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

5. M. PurcikrLL ANp N, F, RaMsey
Depariment of Physics, Harvard U niversity, Cambridge, Massachusells
April 27, 1950

T is generally assumed on the basis of some suggestive theo-
retical symmetry arguments' that nuclei and elementary
particles can have no electric dipole moments. It is the purpose of
this note to point out that although these theoretical arguments
are valid when applied to molecular and atomic moments whose
electromagnetic origin is well understood, their extension to nuclei
and elementary particles rests on assumptions not yet tested.

year

1950 1960 1970 1980 1990 2000 2010 2020

Limit from the nEDM experiment @PSI
|d,] <1.8x107%%¢

Abel et al, PRL (2020)
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https://doi.org/10.1103/PhysRevLett.124.081803

How? basics of hEDM measurement

B E Larmor frequency
/~3OHZ@B=1|J.T
2 2d
L onf ==2B+ = E

Ifd, ~10"%®ecmand E ~ 10 kV/cm
duration of one full turn ~ 1 year

To detect such a minuscule coupling
* Long interaction time

* High intensity/statistics
* Control the magnetic field

13



é )
* Long interaction time

 High intensity/statistics
. Control the magnetic field —

Use Ultracold neutrons

Neutrons with velocity <5m/s can undergo total
reflection and be stored in material “bottles”

nEDM chamber storing
neutrons during 180 s

\

US@ blg magnztlc shlzldmg

+ Use quantum magnetometry
With mercury and cesium atoms

Abel et al, PRL (2020)
= (0.0 £ 1.1 = 0.25y5t) X 10726 ecm

J X

Limited by the Uniformity of

number of UCNs the B-field
(~500 million counts) 15



https://doi.org/10.1103/PhysRevLett.124.081803

Outline of the nEDM lecture

NEDM: What, Why? How?
Neutron optics, ultracold neutrons

Manipulating neutron spin
Past, present and future experiments



Thermalization of fast neutrons

Moderator material with hydrogen or deuterium.

Fast neutron In heavy water the mean free path is about 2 cm and
produced by it takes about 35 collisions to thermalize. Thermal neutron
fission or . E =KT =25 meV
spallation \ o

. * . v=2200m/s

E~2--20MeV °
v~0.1c .

44 sin* 6 /2
E'=({1———
(4 + 1)2

16



Neutron optics

De Broglie wavelength of the neutron:

Fast neutron
Thermal neutron

produced by
fission or . Z E = KT =25 meV
spallation =~ e ® . ¢ o c .0
P S Do AN 2= v =2200m/s
E ~2--20 MeV s Lt T AL = ..
. ° ,,’,”/” o o // ° \. \ .\
v~0.1c ¢ P e e A .
o ’I :===o===.=:=='==:/; .B\ ¢ ./// °
A~ 10 fm °s 0 e, D\ }// * Expect significant wave
«* $$0$$$ ° ////"/,/ e * ° \. * ¢ 1
Fast neutrons behave . o, . N i\ ) effect§ (interference,
like particles, not \Cf o A refraction) for thermal
waves, because 1 < d ¢ . . . and cold neutrons

because 1 ~ d
17
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Néivz piCtur@ OEF n@UtWOﬂ Opti.CS Interaction with 1 nucleus

\ vy,
» T

In this case: wrong.

R ~2fm
A Vo ~ 40 MeV
. o * . ¢ o e . Smearing of the
S P t 9 7 . nuclear potential by
A>d T coeL LTt e simple volume
> A B S average:
S e e T a1 (R
S A s 1)
. :. e .o ) L. ~ —200neV
dNZA\* .. " .. - . Predicts negative

. « optical » potential.



Scattering of the neutron wave ... correct approach

Quantum theory of non-relativistic collisions lk|T|
describes an incident neutron wave with A = 2 /k 1/)(7‘) — eltkx o f(g)

scattered by a single nucleus localized at 0 |7

For slow neutrons, nuclei look point-like (kR « 1), the scattering
amplitude f(6) is isotropic and energy-independent:

f(B) =cst=:—b b =neutron scattering length for a given nucleus.

Multipl j llection of e k7]

ultiple scattering on a collection o >\ _ —>

N r) = T;
nuclei localized at positions 7; l‘b( ) e’ z l/)( ) b " —]’|
o k|7 =7

Apgroximation valid for 4 > d l/)(f‘)) — plkx _ j l/)(f)')b — n(?')d?’F’
n(7") = number density of targets |7 — 7’|

19



Scattering of the neutron wave, 1 > d

o k|7 =7

implicit equation on ¥/(7) valid for 2 > d Y(F) = etkx — j Y(@b 7

— () d37
— 7 |

Apply A + k? on both sides and recall that
ik|F—7|

(A + k?) = —4n 6(7 — 1)

¥ — 7|

(A + k)W) = 0 + 4rbn(P)w(P)

. . %
takes the form of a Schrodinger equation . A4V — FE
( 2m Y Y

There is more on this, see textbooks

Optical Fermi potential

27Th2 -
— bn(r)

Vi (7_")) —

20



Repulsive optical potential? Neutron mirrors??

For positive b,
the optical potential of the material is repulsive

% ) July 14, 1944

COLLIMATION OF NEUTRON £
BEAM FROM THERMAL COLUMN OF CP-3 E H [,
AND THE INDEX OF REFRACTION 200 \

FOR THERMAL NEUTRONS / \\

\

E. FERMI and W. H. ZINN
Excerpt from Report CP-1965 for Month Ending July 29, 1944. 100 // \

BRLY; L]

-4 -2 0 2 4 6 8 W 12 19 % B 20 22 24
Counter Position mm

Fig. 1. — Graphite mirror. Glancing angle 3 minutes. Refected beam
2 1 displaced ©.8 cm.
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PHYSICAL REVIEW VOLUME 71, NUMBER 10 MAY 15, 1947

Interference Phenomena of Slow Neutrons

E. FErRM1 AND L. MARSHALL
Argonne National Laboratory and University of Chicago, Chicago, Illinois

(Received February 7, 1947)

Various experiments involving interference of slow neutrons have been performed in order
to determine the phase of the scattered neutron wave with respect to the primary neutron
wave. Theoretically this phase change is very close to either 0° or 180°. The experiments

show that with few exceptions the latter is the case. / '\
b<0 b>0
Columh . TasLe VI. Limiting angle for total reflection of
N neutrons of 1.873A.

Limiting angle {(minutes)

. Mirror Observed Calculated
3 Be 12.0 11.1
,/ C (graphite) 10.5 8.4
wirrer N Fe 10.7 10.0
S Ni 11.5 11.8
Zn 7.1 6.9
9.5 9.5

“‘\\\ /5. Cll

Fi1G. 4. Monochromatic total reflection on mirrors.



Understanding positive scattering lengths

Square well, solutions for u(r) = ry(r)

V(r) Positive scatfering length
A r
fR /
Inside nucleus: . |
r Outside nucleus: Uﬂum
U(T) = Asin (XE) u(r) =r elkx _ polkr .
5 2m 5 ~1r—> F1G. 1A. Positive scattering length.
X0 = ﬁR Yo J Negative scattering length
_VO AR .
3
/
Y ALF—-
Continuity of u and u' at Il S~ L...._..
the nuclear Surface: § ol | F1G. 1B. Negative scattering length.

— X Bl

23
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- =™ 14fmxA"®
15 g
B o ® . b .
10, o oo Se, ::'5' e
- o « &'
"3
5le
.
> ™
0_—'! : . * * °
-5._L— :‘. * .
B . .
_l 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1
14 50 100 150 200 250

24

Measured scattering lengths, from
www.ncnr.nist.gov/resources /n-lengths

Atomic mass A [a.u.]

Table of optical Fermi potentials for
common materials

Element Pglecc Ntorm jec Zfor a?:ltmd Vaev
x 10% % 10" 1% ¢m
Ni®® 8.8 9.0 14.4 335
BeO 3.0 7.25 13.6 261
Ni 8.8 9.0 10.6 252
Be 1.83 12.3 7.75 252
Cu®® 8.5 8.93 11.0 244
Fe 7.9 8.5 9.7 210
C 2.0 10.0 6.6 180
Cu 8.5 8.93 7.6 168
PTFE 2.2 2.65 17.6 123
(Tefion)
Pb 11.3 3.29 9.6 33
Al 2.7 6.02 3.45 54
Perspex 1.18 1.65 7.88 33.9
(CH2H30)n
Vv 6.11 7.1 —0.382 —=7.2
Polyethylene 0.92 3.9 —0.84 —8.7
(CHz)n
H,O 1.0 3.34 —1.68 —14.7
Ti 4.54 5.6 —3.34 —48



http://www.ncnr.nist.gov/resources/n-lengths

Application of neutron mirrors:
neutron guides

Guide Hall (~100m long)
at the ILL reactor in Grenoble

“simply” evacuated rectangular pipes of nickel

(or more fancy multilayer surfaces called super- -
mirrors) to transport thermal and cold neutrons s = m—— T X
from the reactor core to instruments. ' " at ¥

IN:
D28 p
3
2 5 Reactor hall
€

Guide hall 1 (ILL7)
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Thermal neutrons, E = 25 meV

Ultracold neutrons E < 250 neV

s —£
o [~
s
~_

Total reflection at all angles
(for suitable surfaces
such as nickel, steel, DLC, glass...)

VUlithaceold

Definition:
UCN = neutron with energy < 250 neV
= neutron storable in material chambers

History:
* Predicted by Zeldovich in 1959
* Experimental realization in 1969
by two groups in Dubna and Munich.

Properties:

* velocity<7 m/s

* wavelength > 60 nm

* In Earth gravity: 1 cm <-> 1 neV




UCN cha

(here, nEDM experiment at PSI)

e i, T

——

e T el i T e

source

Storage of ultracold neutrons in chambers

Typical sequence:

1.

2
3.
4

Move switch to FILL position, Wait for neutrons.
Fill chamber for 30s, Close shutter.

Wait duration t. While waiting, Move switch to EMPTY
Open shutter, count neutrons for 30 s

Repeat,
change t

N(t) :%(G_T/Tf te 1Ty

T, =247 s
N(0) =35016

=
o
S

UCN counts v

Storage duration t (s)
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Basic principle to polarize / analyze UCNs

Recall the magnetic potential

-

H=-u,¢-B
U, = —60neV/T

High B
region

Output: polarized UCNs

Only the “high field seekers”
are transmitted.
The “low field seekers” are
reflected back.

Input:
unpolarized UCNs




Polarizer - analyze scheme

W T -

AT e AT - sy s e 2

Superconducting magnet

B=5T
V = +300 neV \

5T
¢ | Adiabatic spin flipper
Analysing foil: | n f.-'
Iron magnetized to saturation '-
B=2T

V =210+ 120 neV

Counter HFS Counter LFS



At this stage of the story:
At the end, we can analyze
the spin by counting

N, and Ng

we get polarized
ultracold neutrons
exposed to vertical B
and E fields there.

Now: how can we
measure the Larmor
frequency ??

B 'N—'

|
[ |
[

e

[ J ® | |

e’ ]

SPO~

D @ o e e - [ ]



Apply a rotating transverse field

Rabi OSCiuatiOn HOE Bye, + B; (cos wt e, + sin wt e_y’)

atresonance w = wy

Precession at the Larmor frequency
Wo _ YBo
2T 2T

Nutation at the Rabi frequency
Q  yBy

2T 2T

**Formula for the out-of resonance case
0% = (¥B1)* + (wg — w)?



Apply a rotating transverse field

Rabi OSCiuatiOn HOE Bye, + B; (cos wt e, + sin wt e_y’)

atresonance w = wy

Bloch equation in the rotating frame

o’ _ > (@ _ &
dt_ypx(B Y)

[ 1

B'(t) = Bye, + Bye;’ Inertial field




The pl/2 pulse

Condition for /2 pulse

Bt—n
) 4251 5

Before pulse After pulse
In the rotating frame



Ramsey’s method of separated oscillating fields

No precession in

the rotating frame ‘ ‘ m Flip!

At resonance
w = (1)0

Out of resonance
w F (,()O

finite precession
in the rotating
frame

Not «r Flip!

00




Ramsey’s method of separated oscillating fields

f RF — fn 1
A = —acos — = 2T + 8t/
AV Av
1.00
Ramsey scan
: 0.75
measured with the _
nEDM apparatus at =z
. +
PSIin 2017 - 02
T=180s =
t=2s L—o.zs-
=
By = 1 uT <
B
fo =22~ 30 12 ~0.751
0% 316 30.218 30.220 30.222 30.224 30.226 30.228 30.230

applied pulse frequency / Hz



From UCN counts to EDM

A = —a cos (n Urr ;fn)> > fn = frr T &arccos (NT — M )

A T a Niot
VB Yool — dp | E|
no h
Exercise :
propagate the statistical errors from UCN counts to EDM

h

Solution: O dn — S @ ETIN (statistical error per cycle)




In the real life a<l, why?

The “visibility” or “contrast” of the Ramsey resonance

)
\ aO

/

@, analyzing power of the Depolarization

detection system

ap = 0.86 in the nEDM
experiment

during UCN storage

Loss of polarization during
UCN transport negligible
[f adiabaticity condition
fulfilled



Depolarization during storage, simplified

Simplified case: consider a
group of monoenergetic UCNs

Depolarization due
to wall collisions

_vﬁ

g " N\

Rate of wall Depolarization
collisions probability
~ 50/s ~3x107°

TZ ,mag

1 1 1
= +

TZ Tz,wall Tz,mag

Intrinsic depolarization
due to magnetic gradients

=y f (B,(t)B,(t + 1)) drt

Autocorrelation

function of the
field



Gravitationally enhanced depolarization

Phase for the group of energy e

-0.2
5
> —0.4 ; |
S | Due to gravity, different
2 | energy groups have
S 00 | different mean height Z(€)
= | inacell H =12 cm.

|
o
[o%)

-1.0

0 20 40 60 80 100 120 140 160
neutron kinetic energy / neV

@(€) = yn G (Z(€) = (2T

\ Vertical field gradient



0
o N\ L
Nt Y

depolarization: complete picture

a(T) = aq fn(e)de exp| —

0.90 1

0.85

For details see oo
Magnetic-field uniformity in neutron

electric-dipole-moment experiments S 0.75.

Phys. Rev.A 99, 042112 (2019)

0.70 1

0.65 1

0.60_

T, (€)

UCN polarization after T = 180 s storage

§ longitudinal polarization
¢ spinecho
} Ramsey
¥
" . * .
™
[ ] L ’_;_,__ o]
,I \\\
s ¢
!’ ‘\
f’f \\\
) \
/ \ )\
* Var[Z] = 0.18(6) cm?
60 —40 =20 0 20 40 60

G1,0 (pT/cm)

cos(ynG(z(€) — (z)T)

UCN polarization after T = 180 s storage

0.8 1

¢ spinecho
27N Y Ramsey
0.7 1 K \
! A
r' ‘\
I 1
0.6- !f 'I.‘
1 1
’f \
0.5 1 / ‘.
1
b \
S 0.4- / \
I 1
' 1
[ 1
0.31 / \
I} 1
l’r ‘\
0.2 1 / \
o
0.1+ / 5
A f/ ™
0_0 -—.."I T T T |{"-‘-
=300 =200 =100 0 100 200 300

Gi1,1 (pT/cm)
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EDM Iimit / e cm

10—19

1020
1024

10—29 i

10—30

® neutron EDM
electron EDM |

O

Smith, Purcell and Ramsey,
Phys. Rev. 108, 120 (1957)

d,=(-01+24)x10"%% e cm

0
Counting Rate

2 o

o (=]

o
o

1950 1960 1970 1980 1990 2000 2010 2020

year

First nEDM experiment

Thermal beam
T =1 ms




EDM Iimit / e cm

10—19

102
1024

10—29 i

10—30

= |Altarevetal

e | NPA 341,269 (1980)

O electron EDM|

First UCN nEDM
experiment

UCN flow through,

1950 1960 1970 1980 1990 2000 2010 2020

year




EDM Iimit / e cm

10—19

@l
1021.mm”£mmm“£mm”
1024.mm”;mmmugmmmm:m

10—29

10° -30

Pendlebury et al.

PLB 136, 327 (1984)

®
O

neutron EDM

electron EDM

year

1950 1960 1970 1980 1990 2000 2010 2020

T =60s

FIVE LAYER MUMETAL SHIELD

GUIDE CHANGE-OVER GLASS VACUUM HIGH VOLTAGE
ENVELOP LEAD

SYSTEM

GUIDE FROM POLARISING MAGNET

UCN SURCE

rea
't
I' |

POL ARISiNG
FOIL

)

SPIN
FLIP
ColL

UCN DETECTOR +

AND SHIELD

200

e
N
PUMP VALVE B FELD oL VOLWME

TORAGE

= |

1m

<
150

100 p~
NEUTRON
COUNTS

sof- J

:

8

OSCILILATJNG MAGNETIC I;ELD FREQUENCY (I;Iz]“‘—"

o
%

ju" C

295 29,6

297 29,8



= = =
o o o
[\ ] "
fhrt o w0

EDM Iimit / e cm
= = = = =
= = S = =
N R R OON N

[

[
o o
N N
[o5] ~

10—29 i

10—30

| Harris et al.

~ |PRL 82,904 (1999) |

=

Hg co-magnetometry

ker et al.

® neutron EDM -

O electron EDM

Abel et al.
PRL 124, 081803 (2020)

year

1950 1960 1970 1980 1990 2000 2010 2020

Basic principle of co-magnetometry:
2 species in the same volume
to measure simultaneously

_Ynpdn
fn_2nB+7thE

VH
ng — Z_HgB



Atomic

L

polar T TFRecESSION CHAMBER|

1 comagnetometry
With 199H9

H% \CMP q""

(

6.4
Temps (s)

624 f0.0 90|.2 90|.4 QOI.E QOI.B 91.0

és.ow ;a;Ig .
] — o 07 AP . . n . .

5 5o EE /MW“"“ Principle of optical reading of the precession:
T "
5 5.6 f . . .
5 | photon spin  atom spin absorption of light forbidden
S > > by angulal.‘ momentum
D521 o conservation
= —— Bruit de la lampe
g— 5.0 —— Entrée du %°Hg ) )
< — Puksem2 photon spin  atom spin

87 T o g > <€4—  absorption of light allowed

4.6—20 | {I) | Zb | 46 | 6|0 | 8‘0 | 1(|)0 | lﬁO | 1210 | léO | 1§|30 | 260 | 22|0 | 2¢|10 | 260 | 280

Temps (s)



Guess who is the best atom?

,He
1s,
sB | 6C | sN | 8O | oF [1oNe
2Pl/Z 3P0 4S3/2 3PZ 2P3/2 1S0
13Al [ 14ST [ 15P | 165 | 17Cl | 18AF
2Pl/Z 3P0 4S3/2 3PZ 2P3/2 1S0
»eFe[,7Col ,gNi [,5CU | 50ZN[3,Gal5,Gel 33AS [ 3,5€ || 3B || 56Kr
5D4 4F9/2 3F4 2S1/2 150 2Pl/Z 3P0 4S3/2 3PZ 2P3/2 1S0
4aRU [ 45RN | 46Pd | 17A8] 45Cd | 40IN [ 50SN |515b ] 5,Te | 53l [saXe
5FS 4F9/2 1S0 ZS1/2 150 2Pl/Z 3P0 4S3/2 3P2 2P?»/Z 1S0
760S| 771r [ 78Pt | 70AU|goHE | 81Tl |5,Pb | g3Bi [ 84PO| s5AL [ gsRN
5D4 4FQ/Z 3D3 ZS1/2 150 2Pl/Z 3P0 4S3/2 3P2 2P.?v/Z 1S0
629M| 63EU [5,Gd |l 65 Tb | 66DY [67HO|| 65ET 5o TM|[ 50Yb
7FO 857/2 9D2 6H15/2 5|8 4|15/2 3H6 2F7/2 150




©= + We want a diamagnetic atom] = 0 (*)

ADULT ASSEMBLY R

(*) ] = total electronic angular momentum

For diamagnetic atoms, y~v,,. Paramagnetic atoms have a larger
(~x1000) gyromagnetic ratio, they precess faster (fine) and
depolarize faster (not ok to preserve the atomic polar for 3 min).

150
6C woNe
3p0 150
3P0 150

30ZN 3,Ge 36KT

1S, 3P, 'So

46Pd 4sCd 50°0 54X€
150 150 3p0 150

74W goH8 g,Pb gsRN
SDO 150 3P0 150

............@
Fo 'S

,He




 We want a diamagnetic atom ] = 0 (*)
 We want a stable isotope, nuclear spin 1/2

Spin 0 excluded (absence of magnetic moment, no precession).
Spins larger than % not great, complications due to the existence |3He

of electric quadrupole. 1s,
13C
3P0
295i
3P0
111cd 119Sn 129Xe
150 3P0 150
199Hg 207Pb
15, 3P,

— ORI7C-;HE N
INA
GUESSINé
GAME!

171yp
13,



| =0 (%)
wan ' ticatom ] = -
W t a diamagne 0 o
. We ant a stable isotope, nuclear spin
* Wew

3He

15,
13C ...
. .... 3PO ...
. 9
... So *Po
207 .
. .... 109 H g P b
3p0
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171y
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We want a diamagnetic atom ] = 0 (*)

We want a stable isotope, nuclear spin 7
Gas or liquid at room temperature
Existence of optical transition

111Cd 119Sn

199Hg 207Pb

150 3

PO
171Yb
150




A sequence of cycles (NEDM data 2015-2016)

3022307 .}éﬁ%ﬁﬂﬂ& . _|_300 X 10726 ecm
30.2229 {- .-';'__;-‘“ . ﬁf.'ﬂ_a'.,.u.
;ﬁ a#_‘f:. 3 pT -:II..'.'._;'I-;'_-'_ = e
= 30.22281" v “?ﬂ‘:"-.:‘ﬁ;':’%:*ﬁ'.
1(\/Iaggetic fludctuatio?st ] = 20,9997 " o . :.::l-"'n.-“n
random and correlate : 7l 2
St each cycle with the Hg | 30.2226- P
magnetometer by
measurin 3.842435
ngg: yz_IjTgB 2 3.842440+ -|_300 X 10726 ecm
& 3.842445 | o
i bt b i Gt WW e it
o 3.842450- kR (s, Y “ﬂw 3 N w
S aates i

0 100 200 300 400 500
Cycle number



field / pT

The co-magnetometer problem: Exv/c?

o Nonuniform field relativistic motional field
Transverse "noise” on

a mercury atom N 1. -
in random motion b(t) = | B(t) + c_ZE X v(t) |- (ex + ‘ey)

4000 : : . . . —
»—s motional field Fu_(t)/c*, E= 11 kV/cm
3000r ! — gradient field —1/2Gx(t), G = 50 pT/cm ||
2000 ' s
1000} | 1 ' ' i I
/ : / |
0 /fi:r \ i b g \“\f'
—1000} * ‘ '
—2000} * | I ' .
—3000} ) ) - ) '
Simulation, Hg atoms in nNEDM @47cm o
—400G, 20 A0 50 80 160 120
t/ ms

h
False EDM (low frequency limit): d,f,f‘isﬁg = — ly;z/zHgl (xB x T yBy)
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Next generation nEDM experiments

4 )
Revival of nEDM with a neutron beam

e TR - ' B ? [ R —— , -

nEDM2021 worksho =
’f";bwﬁ __\___T

r
\.

-

nEDM in superfluid helium /Double-chamber UCN @room temperature



https://lpsc-indico.in2p3.fr/event/2584/

BeamEDM project

Revival of nEDM with a neutron beam

Fuice

: B tE - | ——
beo - 2L B Y ge— .
"‘* A N ﬁ
K J

* Proof of principle measurements have been
performed at the PSI, and at the ILL in Grenoble.

* Projected sensitivity at the ESS with a 50 m long
apparatus: 5x10-2¢ e cm in one day of measurement.

E. Chanel et al. EP] Web Conf., 219, 2004 (2019)

4 m long apparatus at ILL


https://doi.org/10.1051/epjconf/201921902004

One concept, four competing projects

/Double-chamber UCN @room temperature A

+ atomic co-magnetometry
in the UCN cells

+ External magnetometers
+ Complex BO coil
+ Magnetic Shield

- J
Place Neutron source Concept Stage/Readiness
TRIUMF Spallation + double Ramsey chamber with Hg Source under construction,
superfluid He UCN source comagnetometers + Cs mag experiment in design phase
LANL Spallation + double Ramsey chamber with Hg Source running,
sD2 UCN source comagnetometers + commertial OPMs experiment under construction
ILL Reactor + panEDM: double Ramsey chamber, no Source (supersun) and experiment
superfluid He UCN source comagnetometers + Hg&Cs mag under construction
PSI Spallation + n2EDM: large double Ramsey chamber with Hg ~ Source running,
sD2 UCN source comagnetometers + Cs mag experiment under construction




The design of the n2ZEDM experiment,
Ayres et al, EPJC (2021)

Insulator

. ~
i HV electrode
Ground electrode

UCN shutter

Coil systems
MSR

Vacuum vessel

UCN guides

UCN switch

n2EDM: A large (4 80 cm) double-
chamber UCN apparatus,

design sensitivity 1 X 10727 e cm

with 500 data days, based on the performance
of the PSI UCN source established in 2016

Polarizing magnet

UCN detectors

26/31


https://doi.org/10.1140/epjc/s10052-021-09298-z
https://doi.org/10.1140/epjc/s10052-021-09298-z




Bigger magnztl,c shields...
N7 2l

"

nEDM, 4 layers of mu-metal
shielding factor 10+

) | | n2EDM 6 layers, shielding factor 10°

The very large n2ZEDM magnetically shielded room
Review of Scientific Instruments 93, 095105



https://doi.org/10.1063/5.0101391
https://doi.org/10.1063/5.0101391
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In the precession chamber @ 47 cm

Record uniformity of the vertical B-field

NnEDM

Field map BO coil
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nEDM in superfluid helium

B 57 W
P

Golub-Lamoreaux concept:

* In-situ UCN production in superfluid
helium-4 @ 0.5K

* Precession of polarized neutrons
and helium-3 in the cells

* Measure the scintillation light of

'/'\f Precision goal of 2x1028 e cm
s nEDM

Baseline start date 2028

M.W. Ahmed et al, J. Inst., 14, P11017 (2019)

\_ 3He(n, p)t which is spin-dependent /

Lower 77K.Shield ‘ IAner Magnet Volume(IMV) ™
= ¥ R | ‘ I i -

i

Some large final components


https://doi.org/10.1088/1748-0221/14/11/P11017

EDM Iimit / e cm
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The end...
Not quite yet...

Design sensitivity of 4 new experiments:
----- n2EDM@psi + panEDM@ILL + LANL + TUCAN@TRIUMF

-------- Design sensitivity cryogenic nEDM@SNS

@ rrneanrannnas Ultimate conceivable reach with

present neutron sources

CKM background uncertain,
¥V possibly 1031 e cm



