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Mike Pendlebury
December 1,19361 September 1, 2015

He was an admired scientist, a great teacher, and a wonderful person
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Mike Pendlebury
December 1, 1936 1 September 1, 2015

Joined the BVR committee when PSI
decided to go for UCN source and nEDM
experiment and he served for 13 years.

In 2014 Sussex University joined our nEDM.
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The neutron EDM limits are amongst the
most cited results of low energy particle
physics. Mike has in his career improved the
limit by more than 3 orders of magnitude!
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Mike Pendlebury
December 1, 1936 1 September 1, 2015
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Revised experimental upper limit on the electric dipole
moment of the neutron
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Electric Dipole Moments are small in
the Standard Model

E Neutron, Proton, .. ﬂ
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Expect from SM:

d, < 1030 eem

1 000

d,~ 1072 =10"%*e cm
[Khriplovich & Zhitnitsky ‘86] Experimentally so far:
< 3.0 x 1026 eAm
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The history
of neutron
EDM limits

Smith, Purcell, Ramsey
PR108(1957)120

RAL-Sussex-ILL

d,<3.0x10"?°ecm

PRL 97 (2006) 131801
PRD 92 (2015) 092003
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Caveat:
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The SUSY CP problem

[e cm]
(for neutron and electron!) =03
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Main Z(Germany) P SJSwitzerland)
NC‘StataUSA) I LL(France) D2 source operating D2 source operating

, NEDM Experiment data taking
D2 source under construction

R C N Bapan)

He source teste@h TRIUMF
NEDM experiment R&OHTRIUMF

Turbine source running

nEDM experiment (PNPI) setup
and

He source prototype running

TRI U M I'('_Canada)

He source under construction
NEDM experiment under constructi

—e

S PNPussa

He source under construction
nEDM experiment planned

SN J J‘PAR apan)
SA) TU M(Germany) D2 source planned

LAN l(-USA) nEDM experiment in He under construction 5, < \rce under construction NEDM experiment planne

D2 source running : .
; NEDM experiment under construction
NEDM experiment R&D &

| would like to acknowledge input from :

Brad Fillipone, Maurits van der Grinten, Takeyasu Ito,

Jeff Martin, Yasuhiro Masuda, Florian Piegsa, Anatoli Serebrov
and my collaborators from nEDM@PSI

Courtesy: Dieter Ries



Neutron EDM projects
(Essentially all of them aiming at 1-2 orders of magnitude improvement)
B R&D and construction

E Operational:
E @RCNP/TRIUMF

F PNPI, ILL, PTI @ILL

(result 2013/14, upgrading) I @QFRM-2
E NEDM@PSI F @SNS
(2018 upgrade to n2EDM) E @PNPI
o * @LANL
el | F @WWR-M
Ex E Possible future projects
3 E @PIK
* @IPARC
E @ESS
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EDM project talks today&Friday

11:25-11:50 [Vira Bondar, PSI Villigen PSI Search for the EDM of the neutron at PSI

11:50-12:15 |Takeyasu lto, LANL Los Alamos LANL |New effort to develop an nEDM experiment at LANL

14:00 - 14:25 |Anatoly Serebrov, PNPI Gatc ILL/PNPI |present status and future prospects of nEDM experiment of PNPI-ILL-PTI collaboration

14:25 - 14:50 |Simon Slutsky, Caltech Pasadena Cryogenic magnetic shielding R&D for nEDM at SNS

14:50 - 15:15 |Zhaowen Tang, LANL Los Alamos SNS An ap!:iarattus for studying UCN storage time at cryogenic temperatures for the SNS nEDM
experimen

15:15-15:35 |Kent Leung, NCSU Measurement cells of the SNS nEDM experiment

15:35-15:55 |Elise Wursten, KU Leuven PS| The new magnetic field optimisation procedure of the nEDM experiment at PSI

15:55-16:20 |Geza Zsigmond, PSI Villigen Simulations for the nEDM@PS5I project - The MCUCN and STARucn codes

17:35-17:55 |Malgorzata Kasprzak, KU Leuven PS| High sensitivity Cs sensors for magnetic field measurements in the nEDM experiment

17:55-18:15 |Peter Koss, KU Leuven A Potassium magnetometry based current source for n2ZEDM

09:00-09:30 [Yasuhiro Masuda, RCN P/TRl UMF |Neutron EDM Measurement with Spallation UCN Source of He-ll

€ and very I mportant:
sources and overview by Albert Young on Thu
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All NEDM competitive today (or soon)
use ultracold neutrons i UCN

UCN: similar to ideal gas with temperatures of milli-Kelvin
(very dilute and not in thermal equilibrium with walls)

move with velocities of few m/s
have kinetic energies of order 100 neV

strong magnetic gravitation
Fermi potential V¢ V., =-nB V, =m,gh
300 neV 60 neV T+ 100 neV m-1
LV 3 3
E, <300 nev 5T field -> 300 neV 3 m up ->300 neV

D R
—
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How to measure the neutron
(or other) electric dipole moment ?

I é ﬁ I hn,= 2 (¢B+d,E)
hn, =2 (¢B- d,E)

I Dr=ddE

<SZ> =+1/2 S h

<SZ> = _‘ﬁ/z . e

L
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Ramseyos met hod
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Alternative: direct detection of precession with He-3 as planned for SNS-EDM
ETH Klaus Kirch  Waldthausen, April 11, 2016 (= » 14




Tour through the projects

F @TRIUMF

E @LANL

E @SNS

E TUM/RAL @ILL

E @ESS

F PNPI@ILL, @PNPI
E@PSI



RCNP/TRIUMF
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NEDM, KEK-Osaka-RCNP
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Parameters off REDM

Statistical .error: ~ 1027~1.02e cm

L. He-lI'UCN producton ini spallation source
P= 4 UCN/cm>As Eaz210 neV, Epxlp = 0.4 kW (2012)

Y 200 UCN/cmSA s 20 kW
0 = 81s(2012)
Y 100s

) = 8000 °lh Ehe EDVineel]

2. Polarized UCN extraction from He. ==’ by SCM

Pucn =90% at the EDM 'cell
VAGHSHIY 0 = B3 % o Vg

Systematic-error: . 10%” e cm
3. 1?°Xe co-magnetometer



R TRIUMF

UCN/nEDM at TRIUMF

A Overview: A Recent/upcoming progress:

I Spallation-driven superfluid- I Ongoing nEDM R&D: magnetic
helium UCN source connected fields, comagnetometry with 12°Xe-
to room-temperature nEDM 199Hg, UCN guides, EDM cell/HV.
experiment. I UCN source installation at TRIUMF

I Goal sensitivity: to be completed this year.
ud, ~ 10" e-cm (Phase 2) i CFI IF proposal for source upgrade

and nEDM expt. in prep.

252.4 nm, 300 mW enh
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|.; —y
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Comagnetometer laser
reached 300 mwW

T O NRof dPS film
5‘ — Theoretical simulation
m i
HA AT

s

W oo™

UCN guide tests @ -
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UCN source : s I

pes? ABeamline finished by May 2016 | : _
E%Mae" 20 Alnstallation of UCN source W )
—1a5¢ . 20 by end of 2016 ility in the
s’ .2 components by end o UCN facil M
i}g&z & EDM experiment hall at act i) B =
APhase 1 coming from Japan in 2017

APhase 2 developed in Canada (CFI
proposal this year) for 2019
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NEDM EX

Location of the envisioned
NEDM experiment

(the outer magnetic shield
house not shown)

,,,,,

periment at LANL UCN Source

SD2 U o'-:u
i s .

NEDM experiment

A Room temperature Ramsey experiment
A Initial goal is to demonstrate a stored UCN density sufficient for a severae-th

A The current UCN source performance allows an nEDM measurement with a stat
sensitivity of /day = 6.5x16%e-cm with a double cell geometry.
A UCN source upgrade is underway to further improve the UCN source:
A Improvements include optimized geometry and moderator design
A The new UCN source to be installed summer of 2016

stic



SNS

Klaus Kirch
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Sensitivity: ~2x10%8 e-cm, 100 times better than existing limit
In-situ Production of UCN in superfluid helium (no UCN transport)

Polarized *He co-magnetometer
— Also functions as neutron spin precession monitor via spin-dependent n-3He
capture cross section using wavelength-shifted scintillation light in the LHe

— Ability to vary influence of external B-fields via “dressed spins”

* Extra RF field allows synching of n & 3He relative precession frequency

Superconducting Magnetic Shield
Two cells with opposite E-field

Control of central-volume temperature

— Can vary *He diffusion (mfp)- big change in geometric phase effect on 3He



NEDM@ SNS

H.Hil ._:Ii
|

0 |~ POLARIZEEHeSOURCE
MAGNETIC 45l
SHIELD - I
HOUSE \ N I
<< INJECTION
MEASUREMEN] MODULE
CELLS \
3He INTERCONNECT
MAGNET__- NOTE Neutron beam goes into page
PACKAGE




S. ClaytopS. Currie, T. Ito, Y, Kim, Makela
J. Ramsey, W. Wei, Z. TawgSondheim
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A20142017:Critical Component Demonstration (CCD)
phase Is underway

ABuild working, fulkcale, prototypes of technically
challenging subsystenisan usehese in the full
experiment)

A4yr National Sciendeundation funds 5.58for CCD
ADepartmentof Energy commitment of.8M$/yr for CCD

A20182020:Large Sale Integration (LSI) and
Conventional Component Procurement (CCP)

ALSk Integrate Central Detector, Magnets aiftk systems

ACCR; Includes NeutroiGuide, Magnetic Shield, He
Liquefieretc

A2021:Begin Commissioning and D&d&ing



TUM/RAL/ILL@ILL
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CryogenicnEDM  ILL/TUM/RAL

Superthermal source SuperSUN coupled to room
temperature experiment at ILL

A Magnetic environment will be established prior to
new 9A beam construction

A New source will be constructed in parallel

A Room temperature experiment will be coupled to
supefthermal source

Superthermal UCN (SuperSUN coupled to a
cryogenic experiment
A Cryogenic environment of experiment designed
in parallel to room temperature dasgking
A UCN technologies (guides) being advanced at
RAL for transport optimisation
A Fully cryogenic experiment running after room
temperature data taking completed

Possible move to different beam
A Letter of Intent for new supg¢hermal UCN source operating at ESS
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Neutron Beam EDM

£

Pulsed
Source HV L

Phase Shift A¢

1/ velocity
Piegsa, Phys. Rev. C 88, 045502 (2013) 2 Neutron beams
E > 50kV/cm
B, = 200eT
L =5m (proof-of-prin.)
L = 50m (full-scale)
3 Unique, complementary and novel approach i ideal for ESS
3 Ramsey neutron beam-type experiment i sensitivity ~ 1027 ecm
3 Directly measures main systematic false effect (vl E)
3 Proof-of-principle planned for PSI and ILL

=D



Neutron Beam EDM

3 Successful Beam Time with a Prototype Ramsey Apparatus

HI

DeC 2014 at PSI l! .i

3 High-Voltage Electrode Mock-up

U 1:1 scaled test system
U Reached target field of 50 kV/cm

Electrode distance: 10 mm

M Electrode length: 400 mm:




PNPIT PTI-ILL
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The double chamber spectrometer

Magnetic field Top UCN 4 top 2 side UCN 2 direct UCN
coils chamber magnetometers detectors detectors
\ \ Valves \ | |
b N N < .
. X X X Analyzers
Magnetic 5 T e
screens \ . \
\ l \ \ \ Ds
== L
|
AL \ DJI

3 D:
= . : . . i
D4 Flipper
Polarizer / / \ N
e o / \ X
L / \\ 5%
Grounded Radiofrequency Bottom + high-voltage 4 bottom
electrodes coils UCN chamber electrode magnetometers

The prototype of all double-/multi-chamber EDM experiments
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PHYSICAL REVIEW C 92. 055501 (2015)

New search for the neutron electric dipole moment with ultracold neutrons at ILL

A. P. Serebrov.” E. A. Kolomenskiy. A. N. Pirozhkov. I. A. Krasnoschekova. A. V. Vassiljev. A. O. Polyushkin, M. S. Lasakov.,

A.N. Murashkin. V. A. Solovey. A. K. Fomin. I. V. Shoka. and O. M. Zherebtsov
B. P. Konstantinov Petersburg Nuclear Physics Institute of National Research Centre “Kurchatov Institute,” 188300 Gatchina,
Leningrad region, Russia

P. Geltenbort. S. N. Ivanov. and O. Zimmer
Institut Max von Laue — Paul Langevin, BP 156, 38042 Grenoble Cedex 9, France

E. B. Alexandrov. S. P. Dmitriev, and N. A. Dovator
Ioffe Physical Technical Institute RAS, 194021 St. Petersburg, Russia
(Received 16 February 2015: revised manuscript received 29 July 2015: published 5 November 2015)

The search for an electric dipole moment (EDM) of the neutron is a crucial test for theoretical particle
physics models with violation of time and spatial invariance. A new experiment recently has been carried out
at the High-Flux Reactor at Institut Laue-Langevin, using the upgraded double-chamber magnetic resonance
spectrometer developed at Petersburg Nuclear Physics Institute. The result is interpreted as an upper limit on the
value of the neutron EDM. |d,| < 5.5 x 107%%¢ em (90% C.L.). This article provides a detailed description of
the setup and experimental procedures. along with a discussion of possibilities for further improvement of the
experimental accuracy.

Limit d, < 5.5 x10-%¢ ecm at 90%CL
Best sensitivity obtained: 1.7 x10%°> ecm / day Improvement path:

X 3-4 by move to PF-2/EDM, modifications of apparatus
later move to SuperSUN and/or WWR-M, PIK

ETH Klaus Kirch ~ Waldthausen, April 11, 2016 Eg—ﬂ
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History of nEDM measurements in Gatchina and Grenoble.
Result and prospects of PNPI-ILL-PTI collaboration

Theoretical
-20 L
10 I | ' | ' ' : : : : | Prediction:
E 10 21- GatChlna II"S I"eSt Wlth UCN o MIT-BNL ] - E|ectr0magnetic
S A == v ORNL-Harvard
s S e ORNL-ILL
’E’ 1074 Vi S — & m |LL-Sussex-RAL -
= ‘\\ 5 A PNPI
_g 102 . ﬂ i
Q ~
g 10% “\ Present limit of PNPI-ILL-PTI ] o
;3(_ - %_ L} . B <5.510% ¢-cm -4 - Weinberg Multi-Higgs
L 1072 s e
= = @ @' __@ 7 o
m The latest ILL-Sussex-RAL result —& "0~~~ - Minimal SUSY
- 104 /:.‘_,' - Cosmology
% Estimation of future limit of PNPI-ILL-PTI at PF2 EDM - Left-Right Symm.
Q 10—27_ ) _
= Estimation of PNPI project accuracy ——» 3:‘:'
10_28 at the new UCN source of VVVVR M reactor in Gatchlna
I 1
1965197019751980198519901995200020052010201520202025

Year

UCN source at WWR-M reactor
Serebrov. Mainz
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Ultracold Neutron Source & Facllity at PSI

'i.___ 590 MeV Proton Cyclotron”™ /.~ 74
. \,..,\i 222 2.4mA Beam Currerif}

| / , | — Tq
N |
[ | \ L
}[‘ t |
— 7 v E‘ .
IEER
Excellent performance of HIPA [—- =
and regular beam delivery to UCN | ———
High Intensity Proton Accel. —  UCNSource
00MW Bt gttest 12/2010 00 ———p i
' 20°C } ||| -Safetyapproval 06/2011
[ s - UCNSstart 08/2011

il - Reliableperformance2012
.| - UCNto nEDMsince2012

0 . .

0 A i il ->intensity90xover2010
 Inj-2: Production - Increasedduty factor 2015:
Ring : Preduction
SING : Production 20A 40mAaverage
IP : idle - 2016:towards60mA

: ) ' =1~ 38
UCN : 8s-pulse/500s



Experimental setup

> _ _ | 18
Precession Chamber Passive Magnetic et ===
(UCN & Hg) Shielding (4 layers) Claml o T

= —

Cs magnetometers \ o |
L] ¥ -

HV Electrode '
v,

Vacuum Tank ..'l N\

1 o
Mercury
Mercury lamp
polarizing cell ic fi
- Magnetic field
— o coils
) UCN
Polarized UCN Switeh '
o Spin Analyzers — N\
a & Detectors | A

The prototype for all co-magnetometry nEDM experiments
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Acc. sensitivity (1c) (1E-26 ecm)

Best sensitivity obtamed. 1.1 x10%° ecm/day Improvement path:
ctd. improvement of UCN source and nEDM experiment
n 2018: g aiAx58sensitivitg/time s

n2EDM
ETH

10 -

Towards new limits

Neutron EDM search

! o !
o S|
. | |
) The slope determines i 3
4 <y |
° the path forward S g
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Si S |
W @i g
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-Pendlebury et al., PRD92 (2015) 092003
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R&D and Systematics

The field has obtained a number of recent R&D
highlights and understanding of important systematic

effects in many areas

AUCN sources

AMagnetometry

AMagnetic shields and degaussing
AUCN coatings, guides, materials

AUCN detection

AGeometric phases

AGravitational and spectral effects

Some of these will be covered in the forthcoming talks at this
wor kshop, partially | i sted be

ETH Klaus Kirch  Waldthausen, April 11, 2016 (= 41



Some recent studies of systematics

Observation of Gravitationally Induced Vertical Striation of Polarized Ultracold Neutrons by Spin-Echo Spectroscopy
By: Afach, S.; Ayres, N. J.; Ban, G.; et al.

PHYSICAL REVIEW LETTERS Volume: 115 Issue: 16 Article Number: 162502 Published: OCT 16 2015
Measurement of a false electric dipole moment signal from Hg-199 atoms exposed to an inhomogeneous magnetic field
By: Afach, S.; Baker, C. A.; Ban, G.; et al.

EUROPEAN PHYSICAL JOURNAL D Volume: 69 Issue: 10 Article Number: 225 Published: OCT 6 2015
Gravitational depolarization of ultracold neutrons: Comparison with data

By: Afach, S.; Ayres, N. J.; Baker, C. A.; et al.

PHYSICAL REVIEW D Volume: 92 Issue:5 Article Number: 052008 Published: SEP 22 2015

Gravitationally enhanced depolarization of ultracold neutrons in magnetic-field gradients

By: Harris, P. G.; Pendlebury, J. M.; Devenish, N. E.

PHYSICAL REVIEW D Volume: 89 Issue:1 Article Number: 016011 Published: JAN 9 2014

Geometric phases in electric dipole searches with trapped spin-1/2 particles in general fields and measurement cells of arbitrary
shape with smooth or rough walls

By: Golub, R.; Kaufman, C.; Muller, G.; et al.

PHYSICAL REVIEW A Volume: 92 Issue: 6 Article Number: 062123 Published: DEC 15 2015

Frequency shifts and relaxation rates for spin-1/2 particles moving in electromagnetic fields

By: Pignol, G.; Guigue, M.; Petukhov, A.; et al.

PHYSICAL REVIEW A Volume: 92 Issue: 5 Article Number: 053407 Published: NOV 5 2015

Universality of spin relaxation for spin-1/2 particles diffusing over magnetic-field inhomogeneities in the adiabatic regime
By: Guigue, M.; Pignol, G.; Golub, R.; et al.

PHYSICAL REVIEW A Volume: 90 Issue: 1 Article Number: 013407 Published: JUL 9 2014

Calculation of geometric phases in electric dipole searches with trapped spin-1/2 particles based on direct solution of the Schrodinger
equation

By: Steyerl, A.; Kaufman, C.; Mueller, G.; et al.

PHYSICAL REVIEW A Volume: 89 Issue:5 Article Number: 052129 Published: MAY 22 2014
Electric-dipole-moment searches: Reexamination of frequency shifts for particles in traps
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