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« Subatomic particles such as the
neutron have a spin Y%.
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« Subatomic particles such as the
neutron have a spin Y%.

« One can change the orientation
with a magnetic field B.

« This phenomenon -spin precession-
1s at the basis of NMR and MRI.

Question: Can we change the
1) spin orientation with an
electric field E instead?
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NEDM limit / e cm
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Short answer: no.

The electric dipole moment d
quantifies the relation between the

electric field E and the angular
spin-precession frequency w.

how = 2dE

For d =10"%°ecm and E =130000V /12 cm
A full spin turn takes a time
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no antihelium.
No primary antimatter
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Rzlzasz of the CMB

370,000 years after the Big Bang
T 0.3 ev

Nep —Np
n = Bny % = (6.09 + 0.05) x 10710

[Planck (2016)]




Bl.g Bang Nucleosynthesis

= 3 minutes after the Big Bang
T = 100 kev
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N — Ng
n=———=(6.0%0.1) x 10710

[Deuterium abundance from Lyx, Cooke et a/(2014)]
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Content of the THe_"b'aryons. result from' an

Universe Today . | ., 1'"'21%1_5‘,{‘;3 of .,

ke ~107° "
25'% Baryons generated by an totally. unknown

process. before t =.1"ns

d 69 %

26% Dark . | | .
s sakharov’s baryogenesis recipe (1967)
« Universe out of equilibrium

« Baryon number not conserved

« Violation of C and CP symmetries



Electroweak Phase Transition

t = 10 ps after the Big Bang
T = 200 Gev

Expanding bubble..

(Higgs) = 0

(Higgs) = 200 GeV
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Violation of time reversal

>> PLAY >> << REWIND <<

If d+0 the process and 1ts time

reversed version are different.
violation of T ¢.__-—::>
CPT( _ _
violation of CP
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Electric dipoles & CP symmetry

Y EDM = CP-violating fermion-photon coupling
-imaginary part of the diagram-
generated by radiative corrections

id _ .
L= ) O-,quSfFM

fL R > H=-d6E

Im(g*)m,; Im(g*) (10 TeV
A M2 Arn M

Typical 1-Toop ¢  d, =~ ehc ) X 107%%e cm
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Sources of EDMs in the Standard Model

The QCD contribution =0 G*G,,
8r K

2] —10
Generates a potentially enormous — 8 <10

neutron EDM

. .
N .
..........

CKM contribution to the

4 _ )
d, ~0x10" ecm

« Strong CP problem »
\_ J

CKM “long distance” contribution to nEDM
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quark EDMs: Leading 4
order starts at 3 loops!

Negligible contribution

\Kobayashi—Maskawa background negligible

CKM prediction:
1x103%ecm<|d,| <6x1073%ecm
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EDMs beyond the SM: modified Higgs couplings

CP violating

Modified Higgs-fermion Yukawa coupling L = —% (Kfffh + K f)/th)

C b

d u S
Generates EDM at 2 loops 10"' | . | PR

Bl 90% C.L. limits from eEDM
Bl 90% C.L. limits from nEDM
[ 90% C.L. limits from ATLAS RUN2

0.01-

A 0.001

Brod, Haich, zupan, 1310.1385
Barr, Zee, PRL 65 (1990) Brod, Stamou, 1810.12303
Brod, Skodras, 1811.05480

ATLAS, PRL 125, 061802 (2020) 12/33



Take home messages

1. Great puzzle: Baryogenesis still unexplained. CP-violation in
the standard electroweak theory fails to explain the observed
baryon asymmetry of the Universe.

2. Great sensitivity: EDMs are very sensitive probes of CP
violation beyond the SM because
(i) New physics at the TeV scale (and beyond) predicts
generically sizable EDMs
(i) CKM contribution to EDMs undetectably small

3. Complementarity: Importance of measuring the EDMs in
different systems (neutron, atoms, muons...) to cover the many
different possible fundamental sources of CP violation
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Basics of EDM measurement

21 2d

FOD) = F(11) = —%d E  Easy!

The trick: measure frequencies*

*only if you can’t, try something else
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Basics of EDM measurement

“Hp it
h — h
M —f() =A— :
FOD = (1) = A~
Larmor frequency If d =10"%°ecm and E = 11kV/cm
f=30Hz@B = 1uT The spin will make one full turn in a time

h
Z—E = 200 days
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Basics of EDM measurement

21 2d

If d =10"%°ecm and E = 11kV/cm
one full turn in a time

Th
T 200 days

To detect such a minuscule coupling:
« Long 1nteraction time

« High 1ntensity/statistics
« Control the magnetic field
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Neutron optics, cold and ultracold neutrons

Y Thermal neutrons, E=25 meV

N

’
l
2’

X L—\Y
| §
j.f-r\“ - Cold neutrons, E<25 meV
S
&l AN\ 21

Neutrons with energy < 200 nev,
are totally reflected by material

Ultracold neutrons E< 200 neV REURES
They can be stored in material

mvé/{\\/ bottles for long times, up to 15
minutes.
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NEDM limit / e cm
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RAL-Sussex Apparatus
installed at the ILL reactor
Grenoble (~1980-2009)




Recent history of the single-chamber apparatus

) 1997 ) 1998 ) 1999 ) 2000 ) 2001 ) 2002 ) 2003 ) 2004 ) 2005 ) 2006 ) 2007 ) 2008 ) 2009 ) 2010 ) 2011 ) 2012 ) 2013 ) 2014 ) 2015 ) 2016 ) 2017 )

ILL data production UCN source startup  (pPST data 1‘
& nEDM upgrade

l

Dismantling nEDM
Installing n2EDM

#
[ 4
l‘ &
.

Move of the apparatus at the
Paul Scherrer Institute 18/33




UCN source at the

Vacuum

Paul Sch Institute i
aul oschnerrer 1Nnstituie D, filling
n
g
UCN N
S:glrjr%z K\ heutron
N guides
h
i
.§_\
| | : .:-'i:. sD2 vessel < Ll Heavy water
e 3 . tank
r - ) ‘ : Lead
pulsed UCN source spallation
one kick per 5 min Proton beam r target
online since 2011 600 Mev, 2.2 mA =5
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High voltage, E=#132kV/12cm

4 layers
mu-metal
shield

Scheme of the
apparatus at
PSI during EDM
data-taking
2015-2016
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Ramsey’s method ..

T = 180s
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fn (HZz)

NEDM data collected in 2015-2016

it
30.22301 *&ﬁ?ﬂgﬂ-
= “‘:a ..'ﬁ‘- a
30.2229 o T .
. [ I‘ y .
an :3 T '--#.{"I'_ u " - =
| . : p Tl = e R Wpten gl "
30.2228 H ' ﬁ‘._ J,;_-. Yodn
30 222?' .‘ '=.|I:I= .
' 7 g 2
ool
30.2226
0 100 200 300 400 500

Cycle number

54,068 cycles recorded,

grouped 1n 99 sequences,

alternating E field polarity every 48 cycles
11,400 neutrons counted per cycle.
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C ) Atomic

polar \PREcgss'oN CHANBER
| comagnetometry

i
with ¥*Hg

V]

A+U

Hg \:mP

\ CN+ Hy atowa

POLARI2ARTIaN
ceLr —™
N

- 1 90.0 90.2 E%Tp!;ﬂ(sﬁ) 90.8 91.0

62 I el The magnetic field is
260, g3 extracted from the
(=] | — 0 .
T o gL precession frequency of
5] 74 mercury-199 atoms:
@ f __ YHg B
3 5.4 —_
- Hg 21T
T 5.2- _
= | —— Bruit de la lampe . . .
250 — Entrée du %°Hg PhD thesis Yoann Kermaidic
< 1 —— Pulse n/2

4.8 —— Précession libre (2013_2016)
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A sequence of cycles (nEDM data)

Magnetic fluctuations
(random and correlated
with E) are corrected
for at each cycle with

the Hg magnetometer
by measuring
_ YHg
ng— ZnB

"'i'l.

200 300
Cycle number

30.2230, ﬂ‘::-""'-m “ﬁﬂ . 71,300 x 10726 ecm
30.2229 1 i Ty
N aiﬁiﬁf. : .ﬁﬂh*
L 30.22284F. ;3 Pr b ﬂ‘h‘?"‘w
30.2227- 'f'-:;?'énhnﬁ
30.2226- 'ﬁ'ﬁ |
3.8424351 I
éﬁ 3.842440 - __300 X 1072 ecm
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dy (1072% ecm)

DOUBLE BLIND
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UNBLIND
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Budget of systematic errors

TABLE I. Summary of systematic effects in 107?® e.cm. The
first three effects are treated within the crossing-point fit and are
included 1n d... The additional effects below that are considered

separately.

Effect Shift Error

Error on (z) o - - 7 Largest effect,

Elgher—ordefl: %gadlents t-G - 609 12 associated with
ransverse field correction 5 : : :

r B-field uniformity

Hg EDM (8] —0.1 0.1

Local dipole fields o 4

v X E UCN net motion X 2

Quadratic v x E Ce 0.1

Uncompensated G drift 7.5

Mercury light shift E 0.4

Inc. scattering 'Hg 7

TOTAL 69 18
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field / pT

The co-magnetometer problem: vxE/c?

relativistic motional field

Nonunifoir field A{////
Transverse “noise”

=g 1 - - — —
on a mercury atom b(t) = (B(t) + = E X v(t)) - (ex + ley)
1n random motion ¢

»—s motional field Fu_(t)/c", E=11kV/cm
— gradient field —1/2Gz(t), G = 50 pT/cm ]

2000} I } ' |

1000t l 1 - L , ' d |
0 }ﬁ:iﬁ\. ; h// zﬂ_ﬂp\ﬂ; \mhi
—1000} | - |
—2000f ‘ - | 'l. ' | .

—3000r

4000 : . :
3000k Simulation, Hg atoms in nEDM ©47cm

—4000; 30 40 60 80 100 150

t/ms
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The co-magnetometer pmblzm VXEICZ

4000 S
2000 57mu7at7on Hg atoms in nEDM @47cm ~—e motional field B, (t)/<, E = 11 kV/cm ||
— gradient field —1,.-'2(;37(:;., G =50pT/cm
2000 oI
< 1000t | 1 ]_ ‘ .
— ',f ’ / _
% 0 \ ( Py T s \w\,ﬁ"
= —1000 } - |
—2000f : . ' _[ !
—3000} o )
—400G 20 40 60 80 160 120
t/ms

Frequency shift from a transverse
magnetic noise b (Redfield theory)

2 (0'e}
Sf = Z—RL dt Im e~*7 (b(0)b* (7))

nyny
False EDM dfalse = — | ZnCZHg | (xB, + yB,)

Pignol and Roccia, PRA 85, 042105 (2012)
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Crossing point analysis

x1026

dy 1 =(—0.09 = 1.03) x 10~2ecm

" Rx 1=3.8424546(34)
(z) = —0,39(3) cm (fixed)
x%/Ndof=106.1 /97

40-mmmmmm““““m_mmmmmmwmmm

60

20-MWMMmmm“““._mmmm”mmm“m

d<o (e cm)
o

=20 =il L AL XL

) T

B L e e

3.84241 3.84243 3.84245 3.84247 3.84249 3.84251
JRcorr
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PHYSICAL REVIEW LETTERS 124, 081803 (2020)

Measurement of the Permanent Electric Dipole Moment of the Neutron

We present the result of an experiment to measure the electric dipole moment {EDM) of the neutron at
the Paul Scherrer Institute using Ramsey’s method of separated oscillating magnetic fields with ultracold
neutrons. Our measurement stands in the long history of EDM experiments probing physics violating time-
reversal invariance. The salient features of this experiment were the use of a '*’Hg comagnetometer and an
array of optically pumped cesium vapor magnetometers to cancel and correct for magnetic-field changes.
The statistical analysis was performed on blinded datasets by two separate groups, while the estimation of
systematic effects profited from an unprecedented knowledge of the magnetic field. The measured value of
the neutron EDM is

(0.0 + 1150 + 0.25y5) X 10726 ecm
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Formidable investissement

collectif du LPSC sur les projets LZ fUtur n2EDM

NEDM/n2EDM depuis 15 ans !
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