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Setting the stage
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Setting the stage

» Despite the phenomenal success of SM, it is not the theory of everything
* SM - “only” an effective theory valid up to some scale
» Most pressing problems of SM:

* neutrino masses (can be accommodated)

« matter-antimatter asymmetry

 dark matter

e strong CP problem

e hierarchy problem

 dark energy

* which of these are related tod = 07



Setting the stage

» Despite the phenomenal success of SM, it is not the theory of everything
* SM - “only” an effective theory valid up to some scale
» Most pressing problems of SM:

* neutrino masses (can be accommodated)

e matter-antimatter asymmetry

e strong CP problem

e hierarchy problem

 dark energy

* which of these are related tod = 07

» need CP violation
e CP violation within the SM:

« weak CP violation o,
* strong CP violation 6,

» CP violation outside SM



The EDM landscape

Neutron EDM Upper Limit [ecm]
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The EDM landscape i
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The EDM landscape

SUSY, the nEDM and the LHC

SUSY CP problem Msusy = 500 GeV Msysy = 2 TeV
B |

02
0w | .
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1st gen squarks
=02 excluded by direct
o searches at ~1 TeV

01 01 —01

0.1

N[ o
[ of

A. Ritz, talk at the PSI 2013 workshop.

The recent LHC results have shown that no superpartner exists below 1 TeV pushing the SUSY scale
to higher energy. This relaxed the constraints brought by the EDM bounds on SUSY CP violating
phases as shown in the right panel of



|The NnEDM search
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The nEDM search
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DLC coated
UCN storage vessel
height 2.5 m, ~ 2 m3

/
o/
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heavy water moderator

-

— thermal neutrons .
3.6m3 DZO \ < & : ]
| -
pulsed ,,»;-,:; , o |
1.3 MW p-beam . = TS

600 MeV, 2.4 mA,
1% duty cycle

Cryo-pump

UCN guides towards
experimental areas
8.6m(S) / 6.9m(W)

cold UCN-converter
~30 dm?3 solid D, at 5 K

spallation target (Pb/Zr)
(~ 8 neutrons/proton)



The nEDM search
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The nEDM search
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The Ramsey’s method of separated oscillating fields
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|A nEDM apparatus

—13-

First limitation ..... Magnetic field fluctuations
h fo (17) = 2 fin-B(17) + 2 dn. E(11)
h(fn (11)- fn (11) = 25, AB(17) —B(11))) - 2d..(E(1T) + E(T1))

High voltage

Quartz insulating

Mumetal shield ..!; cylinder
Eloctrod , \\ Coil for 1T Mercury co-magnetometer (1998)
eerenes ' : magnetic field

mn ?’LB?’L n
= 7 n_

/D PMT fHQ ’}/HQBHg YH g
Hg UV lamp

polarizing cell

3



A nEDM apparatus
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Four-layer Mu-metal shield
to shield the experiment from
external magnetic fields

High voltage lead

with a 1M resistance
Vacuum chamber

Cesium magnetometer

Precession chamber
where neutron precession
is induced and measured

Electrode (upper)
charged up to 150 kV
electric field = 10° V/m

Mercury lamp
Photomultiplier tube to read out the
to detect the intensity modulation mercury polarization

of the mercury light

Magnetic field coils

are wound around the vacuum
chamber to generate the holding
and compensating fields, as well
as the spin flipping fields

[ Mercury polarizing cell

where the mercury is polarized |
_J

N

Mercury lamp
fo polarize the mercury —
ultraviolet (253.7 nm) )

) — .
‘ — —— Switch
— to distribute the UCNs to
different parts of the apparatus
5 tesla magnet o Spi
in analyzer
[fo spin polarize the UCNs D Y

Neutron detector




A nEDM apparatus

Magnetic stability

—V
Al
support
SFC static SFC dynamic
sensor 2z ' ' ‘ sensor 2z ' ' ' 7

5100 a) | 5900 °) L i
~= 5000 4 . 5800 L
|E LLM
O 4900- L 5700 ] Jr

4800 L 5600 L cylindrical

—— uncompensated shield
4700 | | | | I 5500- | | —Imeasuredl
1033.16 , : ‘
b) d)
1034.52 1 ]
- 1033.14 -
=
00 1034.50 . .
* Active compensation
1033.12 - e | d d . d
o mproved degaussing procedure
Cs 16 S e .
1eaed 200 400 600 800 0 500 1000 1500 2000 2500 © Temperatu re stabilization
time (s) time (s) * New current source

Afach et al., J. Appl. Phys. 116, 084510 (2014)



A nEDM apparatus
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A nEDM apparatus

A non perfect Co-magnetometer

* @Gravitational shift

In the precession chamber

S

3.8426

3.8425

3.8424

3.8423

3.8422

Precession
chamber

12 ecm I/V amplifier

PMT:
photomultiplier
tube

UCN guide

Hg polarization
chamber

_PS12012
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A nEDM apparatus

A non perfect Co-magnetometer

* Gravitational shift
* Geometrical phase shift

Motional (transverse) field . _
Magnetic transverse field

By z

T11rt
=iExv + i
2

i

N\
—> Frequency shift correlated with electric field
False EDM for Mercury (fast regime of GPE)
dFalse - hfyHg D2 0B —_ dFalse _ ’}/?1 dFalse

3202 82 N f)/Hg

Pendlebury et al, PRA 70 032102 (2004)
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A nEDM apparatus

The analysis strategy (RAL/Sussex/ILL like) and associated systematic errors

Geometrical phase shift: frequency shift for particles in traps (large for the Hg atoms)

EDM dFalse — h D2 a_B
A n BQCZWnWHg Ep
B down
~ -
s~~~~ ”’,a
Sso - _ {ua) _ yn ([, 0B Ah
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And any shift of the neutron and/or Hg precession frequency linear with the E-field
—  Direct systematic effect

97 |Bo|

. )
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Some results —20-

R =

%842?
3.8426
3.8425
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Some results
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n
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PSI result with UCNSs:
anyHg = 3.842457(3)

GREENE 1979
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By 1

By |

Counting statistics
Gravitational shift
(3.84 X OGray)
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Intermediate Ry

3.8424580(23)

3.8424653(27)

Transverse shift
(3.84 x 671)
Light shift
(3.84 X OLight)
Earth rotation
(3.84 X Sgarn)
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A measurement of the neutron to '"’Hg magnetic moment ratio

S. Afach®*®, C. A. Baker, G. Ban?, G. Bison®, K. Bodek®, M. Burghoft’, Z. Chowdhuri®, M. Daum®, M. Ferti**!  B. Franke®"2,
P. Geltenbort?, K. Green®, M. G. D. van der Grinten®?, P. G. Harris?, V. Hélaine™d, W. Heil'. R. Henneck?. M. HorrasP,

P. laydjiev®?, S. N. Ivanov®*, M. Kasprzakl, Y. Kermaidic¥, K. Kirch*®, A. Knecht®, J. Krempel*, M. Kuzniak®®>, B. Lauss®,
T. Lefortd, Y. Lemiere?, A. Mtchedlishvili®, O. Naviliat-Cuncic®®, J. M. Pendlebury®, M. Perkowski®, F. M. Piegsa®. G. Pignol*,
P. N. Prashanth!, G. Quéménerd, D. Rebreyend®, D. RiesP, S. Roccia™, P. Schmidt-Wellenburg®, A. Schnabel’, N. Severijns',

D. Shiers", K. E. Smith™’, J. Voigtf. A. Weisl, G. Wyszynski*®, J. Zejma®, J. Zenner*™ G. Zsigmondb

S. Afach et al., PLB 739, 128 (2014)
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Searching for axion-like particles with ultracold neutrons

S. Afach®®¢, G. Band, G. Bison®, K. Bodek®. M. Daum®. M. Fertl*®!, B, Franke®"2, V. Hélaine™, Y. Kermaidic!, K. Kirch®?, P,
Knowles®?, H.-C. Koch#", S. Komposch®®, A. Kozela', J. Krempel®, B. Lauss®, T. Lefort?, Y. LemiéreY, O. Naviliat-Cuncic®4,
E. M. Piegsa®, G. Pignol', P. N. Prashanth’, G. Quéméner?, D. Rebreyend', D. Ries", S. Roccia®, P. Schmidt-Wellenburg”,

N. Severijns!, A. Weis?, G. Wyszynski®®, J. Zejma®, J. Zenner", G. Zsigmond®
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S. Afach et al., PLB 745, 58 (2015)
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0B Ah B?
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Gravitational enhanced depolarization and associated frequency shift
fn P. G. Harris et al., Phys. Rev. D 89, 016011, (2014)

R = - L : :
fHg Gravitational Depolarization of Ultracold Neutrons: Comparison with Data
S. Afach et al., Phys. Rev. D 92, 052008 (2015)
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Featured in Physics Editors' Suggestion

Observation of Gravitationally Induced Vertical Striation of

Polarized Ultracold Neutrons by
S. Afach et al.

Spin-Echo Spectroscopy

Phys. Rev. Lett. 115, 162502 — Published 16 October 2015

— -
Ph)/SICS See Focus story: Ultracold Neutrons Measure Magnetic Field

» Impact for the
NEDM limit

« Impact for the
neutron lifetime




Some results

Featured in Physics Editors' Suggestion

Observation of Gravitationally Induced Vertical Striation of
Polarized Ultracold Neutrons by |Spin-Echo Spectroscopy

S. Afach et al.
Phys. Rev. Lett. 115, 162502 — Published 16 October 2015

— -
Ph)/SICS See Focus story: Ultracold Neutrons Measure Magnetic Field
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Some results

A Revised Experimental Upper Limit on the Electric Dipole Moment of the Neutron

J.M. Pendlebury*,! S. Afach,2 3% N.J. Ayres,! C.A. Baker,” G. Ban,% G. Bison,? K. Bodek,” M. Burghoff,®
P. Geltenbort,? K. Green,” W.C. Griffith,! M. van der Grinten,” Z.D. Gruji¢,!° P.G. Harris T, V. Hélaine
16 P, Iaydjiev?,® S.N. Ivanov",®> M. Kasprzak,'% 11 Y. Kermaidic,'? K. Kirch,?? H.-C. Koch,1%13
S. Komposch.?? A. Kozela,'* J. Krempel,? 2 B. Lauss,? T. Lefort,® Y. Lemiere,® D.J.R. May,! M. Musgrave,!
O. Naviliat-Cuncic,% [**] F.M. Piegsa,® G. Pignol,!? P.N. Prashanth,!! G. Quéméner,® M. Rawlik,® D. Rebreyend,'?
J.D. Richardson.! D. Ries,?? S. Roccia,!® D. Rozpedzik,” A. Schnabel,® P. Schmidt-Wellenburg,? N. Severijns,!!
D. Shiers,! J.A. Thorne,! A. Weis, 1 O.J. Winston,! E. Wursten,!! J. Zejma,” and G. Zsigmond?
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Final result to appear in Phys. Rev. D
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nEDM@PSI (5 )- "
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| Some results —30-
A New limit in 2016 ?
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Towards n2EDM —31-

Anticipated sensitivity
4.10% e.cm / day

2.107 e.cm / 4 years

|||||

* Two UCN precession chambers with opposite electric field directions

* Improved magnetometry Hg - laser read out of Hg-FID to avoid light shift
Cs - vectorial
3He - free from geometrical phase shift



Summary

{\( Magnetic field

Cs and Hg magnetometers are complementary
Coherent picture for the magnetic field
Improved control on systematics effects
By-product: measurement of Hg and neutron gyromagnetic ratios/ALPs

s'¢ nEDM

We are taking data with a high sensitivity

We expect with 300 data-days until 2016 :
statistical sensitivity of 0*102%%e.cm

n2EDM in R&D phase towards 2.10%’ e.cm

Thanks
Merci

)



The nEDM@PSI collaboration
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Towards n2EDM
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7
o(d )=
@) 2aET«/ﬁ

- work on improving (o,E,T,N) parameters

Better adaptation to the source (x 3)

AT T 2 Two precession chambers (x 1.5)
Electric field E 1.3 New electrodes geometry
Visibility o 1.25 Larger T2 (field homogeneity)
Precession time T ? Coating investigation (Diamond)

Anticipated sensitivity
4.10%5e.cm / day

> 2.107 e.cm / 4 years




| The EDM landscape —35.

Adrian SIGNER

| will discuss why we theorists always knew that you wouldn't find a non-vanishing
NEDM. Just in case you will measure one, it will also be discussed, why we theorists
always knew that you would eventually find a non-vanishing nEDM.

SM — “only” an effective theory valid up to some scale Ayvy

® in case you won't find one:
of course not, Auyv > 1 TeV (complete absence of 'new’ physics)and 6 = 0

® in case you will find one:
of course, CP violation in BSM is unaviodable, and it has to show up in nEDM



Some results

o
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Some results

(14

3.842475

-
y
!

fan=1— 22 Bo £ fparth sin(A) 3.84247

fHg = | 5 BD + fEarth Sin(A\) 3.842465

Uuol13}29.1109 uoljejol yue3

3.84246
B, up B, down
3.842455
- Tn f Earth f Earth .
OREarth = F ( + —) sin(A\)
YHg fﬂ fI—Ig

= =53 x107°



A nEDM apparatus
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A non perfect Co-magnetometer

Gravitational shift
Adiabatic vs Non-adiabatic field sampling

R

-

u o< (1B]) = By +

~N
UCNs: Adiabatic regime

(B
28y J

r

.

~N

19Hg: Non-adiabatic regime
—

ngOC|<B>|:BOJ

_ {foew) _ 7n ( _0B Ah (B%))
(ng) YHg

1
i 0z |By| T

Ah =2,7 mm

|Bo?

,)

Field map using fluxgate



A nEDM apparatus

The analysis strategy (RAL/Sussex/ILL like) and associated systematic errors

Geometrical phase shift: frequency shift for particles in traps (large for the Hg atoms)

EDM dFalse — h D2 a_B
/\ n 32(32%ﬂ/Hg 82
B down
~o -
~ -
s~~~ ”’,a 2
‘s~~ - R=(fUCN) =Y_n(1—a_5’ﬂ_h (B<1)
~spez” s w “vg\| 0ziBol BT
-
- A -~
- ")/n ~
- _mn So,
r)/Hg

In the case of an inhomogeneous B-field

h
dgalse — —ﬁ”}/n’)/Hg <ZE’BI -|— yBy>
h oB ) )
dralse — D? —— At 1st order in gradients
" 3202 I Me 0z 8

Pignol et al, PRA 85 042105 (2012)

Indirect systematic
effect due to local
dipoles

-
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The EDM landscape

Neutrons

Nuclei:

QCD

p, d,3He

Diamagnetic
atoms: Hg, Xe, Ra

Paramagnetic
atoms: Tl, Cs

Molecules:
YbF, PbO, HfF *

Schiff moment

nuclear theory

quark chromo-EDM

atomic theory
FUNDAMENTAL THEORY

Leptons

lepton EDM

C. R. Physique 13 168 (2012)

in ® = 0 SM: d,, ~ 10732 e cm with considerable uncertainties
playing devils advocate d,, < 1073" e cm

if d, > 1073 e cm is found it is not clear whether this is BSM or strong CPV ( 8 # 0)

but it would be the beginning of a new era
— need further EDM’s to disentangle origin of d,,




A nEDM apparatus
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The analysis strategy (RAL/Sussex/ILL like) and associated systematic errors

Geometrical phase shift: frequency shift for particles in traps (large for the Hg atoms)

R

_{fuen) _ ¥n ( $aB Ah _l_(B J_)_l_ )
(ng) YHg 0z |By| I|Bo|2|
7
/
Residual systematic effect
if different for B up and down =  Indirect systematic effect
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