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Presenter
Presentation Notes
The collaboration consists of 13 institutions in seven countries
Altogether we are 48
Of which 11 are doing there PhD thesis on the project.
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(=1 Outline

Why search for a neutron EDM?
« How do we search for it?

The UCN source
Statistical sensitivity
« Magnetometry
Blind Analysis
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;= Reminder: CP violation &nedm & an
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*J.M. Pendlebury et al., PRD 92 (2015) 092003

~ : ™
A non-zero particle EDM

violates P, 7Tand, assuming

. CPT conservation, also CP. )

 Might explain BAU

e Sensitive to
QCD —theta term

e Would be first evidence
of flavor conserving
CP-violation

O <107°
“unnaturally small”



Presenter
Presentation Notes
The starting point of the talk is the fact, that
A permanent electric dipole moment characterized only by one quantum number, the spin, violates time reversal and parity inversion symmetries. This can be explained by taking a closer look at the Hamilton or at this little cartoon:
In the center you see the initial state, a particle in an aligned E-Field and B-Field. the spin-state is defined relative to the B-Field. d, and mu describe the coupling strength of the spin to the electric and the magnetic field. When applying a time reversal operation to this initial state, the spin and  the magnetic field flip while the electric field does not change. The cartoon on the left describes a new eigenstate of the system which indicates the violation of T-symmetry. Assuming CPT conversation this also indicates CP violation which is an important corner stone in any theory trying to explain the origin of matter.
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J= Abrief history of nEDM searches &K%“
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Presenter
Presentation Notes
Obviously we are not the first searching for an electric dipole moment of the neutron! Indeed, there is a long history of experiments dating back to the 1950s, when Smith, Purcell, Ramsey searching for parity violation. The latest publication is from 2006 by the RAL –Sussex-ILL collaboration was limited by statistics. This is why we have build a new more powerful source at the Paul Scherrer Institut. In a first phase we will use the same apparatus, as for the latest result, and believe to improve the result by nearly a factor ten.
In parallel we are designing a completely new apparatus and hope to improve the sensitivity well into the 10 to the -28 region.
Just to visualize this search. Imagine the neutron having the size of our Earth, we are trying to measure the effect of a positive and a negative charge separated by less than a micrometer in the center of the planet.
How we do that I will show you now.


== The measurement technique ;?

Measure the difference of precession frequencies In
parallel/anti-parallel fields:

hdew=2d (E., +E. )+2u, (B:><B)

[for dn<10'26] . > [Aa) < 60 nHz]
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Presenter
Presentation Notes
For the main part of my talk I would like to concentrate on this little term there. Which makes life difficult when changing from parallel to anti parallel field configuration.
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== The Ramseytechnique  <iams

Spin “down” <) 4500
neutron...

4000
Apply /2 spin _ 0
flip pulse... - -
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Presenter
Presentation Notes
In particular we are using Ramsey’s technique of separated oscillating fields. 
Essentially this is a clock comparison experiment: One clock is the precessing neutron, the other a stable frequency.
Let me explain you this using this small cartoon:
In the initial state the spin of the neutron is parallel to a background field 
Then we perform a pi/2 flip with an oscillating field perpendicular to the background field with the frequency of the reference clock.
After a period of free precession in the perpendicular plane 
A second pi/2 pulse in phase with the first is applied �
Now if the frequency of both pi half pulses were identical the neutron would be in a pure spin anti-parallel state.
Otherwise the a small phase difference between the two clocks will have build up and the neutrons will not be flipped exaclty into the down state. By measuring the number of neutrons in the down state and making many cycles scanning the frequency of the pi/2 pulses one will measure a pattern called the ramsey pattern with a clear minimum. In the minimum the frequencies are identical.

Practical this takes too long hence we only measure on four points on the central fringe and then fit a cosine to these points.

The sensitivity to an electric dipole moment is given by this formula. 
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PAUL SCHERRER INSTITUT

(=1 Outline

 Why search for a neutron EDM?
« How do we search for it?

« The UCN source
 Statistical sensitivity
« Magnetometry

e Blind Analysis
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(= PSIUCN source < vy

Main shutter N

Im

Protons

590 MeV
2.2 MA
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__— UCN storage volume

f —

E <— Neutron guide to experiments

Golub, R. & Pendlebury, J. M
PLA (1975)133

Anghel, et. al

NIMA (2009) 272
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|___— UCN convertor (solid D, @5K)

Spallation target
E ~MeV
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Neutrons thermalized to 25 meV


Presenter
Presentation Notes
The PSI UCN source is based on excitation of phonon inside a large deuterium crystal at 5° K
The neutrons are produced by spallation.A proton beam hits on a lead target where for each incident proton 10 neutrons are produced. 
On the next slide I will say some more about the PSI accelerator, for now I would like to concentrate on the cooling process. 
First the higly energetic neutrons are moderated in a heavy water tank at room temperature. Those who then pass through the D2 crystal may excite a phonon and loose all nearly all there energy. The are then guided through a vertical cylinder into a 2 cubicmeter storage volume. With shutters UCN can be lead into guides leading to experiments like the nEDM,where our expected density should be close to 1000 UCN/cm3, a factor 25 more than in the present world most powerful source at ILL.
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== UCN source performance

600000 —t—— 1 VAT VAT
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(= The nEDM spectrometer < 8%

Four-layer Mu-metal shield X i
High voltage lead

Vacuum chamber

- Cesium magnetometer

Precession chamber Electrode (upper)

<
[ Mercury lamp +——®

or UV laser

C~ 1 )

Photomultiplier
or photodiode

Magnetic field coils

[ Mercury polarizing cell

[ Mercury lamp —

J

—— Switch

5 tesla magnet
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Ps Storage life time

e Chamber made ofdPS
Insulator ring and DLC Z 3
eIeCtrOdeS 3}{154 | SFZanﬁ,ISFEhnn |

. Fit Nity = N, e+ N_ e
e TWO exp fit: t Ntf: 14515+ 481
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tf ~34OS 2F ® i 9113
e Max number of

141
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UCN measured after 180s
storage:

a 200 400 GO0 800
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Presenter
Presentation Notes
Started experiment using quartz insulator, chemically cleaned and sealed and stored for about 2 years. Put into experiment for some month before that measurement for Hg experiments.
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== Simultaneous spin detection

E) SRR s O Spin dependent detection
5 S s, « Adiabatic spinflipper
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S. Afach et al, EPJA (2015)51: 143
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Neutron detection
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© nEDM
®PB

Detection system:

Two 9-channel scintillation
Reaction:

n+8Li — 3H + alpha

High count rate capable
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1Pendlebury et al., PRD92 ( 2015) 092003
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== The measurementtechnigue = mz

Measure the difference of precession frequencies in
parallelVanti-parallel fields:

Ef E

Hp d - dn

O || < O
o =2d,(E,, +E, )+ 2u, (CHES

Statistical accuracy of a magnetometer correcting for a change in B should
be better than the neutron sensitivity per cycle:
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Presenter
Presentation Notes
For the main part of my talk I would like to concentrate on this little term there. Which makes life difficult when changing from parallel to anti parallel field configuration.
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(= Magnetic fields & o

B[Tesla]=1.0° 1

158 < 100fT

optical pumped
magnetometers (CsM/HgM)

Environmental Fields
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Presenter
Presentation Notes
Auf dieser Folie sehen Sie die für unser Experiment relevanten Magnetfeldstärken.
Das Erdmagnetfeld ist ungefähr 50 Microtesla
Unsere Messung wird in einem 50 mal kleinerem Feld von 1 Microtesla gemacht
Die Feldinhomogenitäten sind im Bereich von 1nT anzusiedeln dies entspricht dem Feld eines Schraubenziehers in 5m Entfernung. Wir sollten besser kein Werkzeug im Tank vergessen!
Der Co-magnetometer misst im Bereich von ca. 100fT,  was in etwa dem von unserem Gehirn generierten Magnetfeld entspricht.
Ein Grossteil der aktuellen Entwicklung beschäftigt sich mit der weiteren Verbesserung unserer Magnetfeldsensoren.
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= B-Field stability < rep

o Excellent stability
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HgO source Currently being improved by replacing
discharge lamps with laser: factor 2-3.
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Presenter
Presentation Notes
The most important of these magnet field monitoring systems is the mercury cohabiting magnetometer. Cohabiting because mercury atoms are within the same precession chamber as the neutrons.
During a running cycle mercury atoms are polarized using circular polarized light from a mercury discharge lamp.
When the next cycle starts just after neutron door has closed a valve is opened to tranfer the mercury atoms to the precession chamber
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== Frequencyratio R = f/f,, <z

Top CsM Precession
'/ chamber

« Center of mass offset P e amoter
« Non-adiabaticity o ‘ '_"-

Vi _ Yo _
o 8 Hz/uT ( ) ( e 30 Hz/uT
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7= Dominant systematic =~ £ier

- - UVXE
 Motional magnetic field from B, = —~
 Naively no contribution as v = 0 for UCN?

* In homogenous B-field

o

]

= and E-field:

_% Result depends on how particle
2 ‘B‘ =B +.. average the magnetic field:

<

= Lo, adiabatic (UCN)

- 2 ,f

; XV, +yv, +0yv ) OB . _ QBO(:Q O~
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== Dominant systematic = £ia

S « Typical B-field gradients: ~10 pT/cm

4 « Dominant effect from mercury transferred to

= -

z neutron by correction

N .. 0B. : cm

§ dse = 0,:; 1.5x 102 e-cmﬁ

g 0B. o cim
< Ay = ——-1.15x107*" e:cm—
S 0z pl

3

£ Alse 0B, Y on
: ih;_m =~ - 4.4x1072 e-cmpT
g

2 NEDM strategy Measure nEDM as function of B-Field gradient
27
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«=J= Ceslum gradiometer

Current accuracy:

sium magneto 12 ;-. :
installed in two pla
ﬁ”@hund electrode
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== Frequencyratio R =1/f,, <

Top CsM 6 > 555555555

e Center of mass offset zsiem | S8 [

Hg lamp —28):

« Non-adiabaticity -F

ph otomultiplie
Bottom CsM U
UD
= .

oy Hg polarization
N

YHg
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o 8 Hz/\ o 30 Hz/uT

C D C D

Vg ~ 160 m/s vs. vycN = 3 m/s
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Measure EDM as function of R & take care of systematics
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(= Blinding
Why?

* Avoid psychological bias during data analysis

« Experimenter’s bias is defined as the unintended influence
on a measurement towards prior results or theoretical
expectations.

* Which cut to apply
* \When to stop analysis/searching for bugs

e Qutside reputation

* some secrecy Is necessary, simply trusting
everybody Is not enough.

Do NOT protect against: Criminal energy, e.g.
somebody installing spyware on DAQ computer
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Vol. 55: 141-163 DOI: 10.1146/annurev.nucl.55.090704.151521

BLIND ANALYSIS IN NUCLEAR AND PARTICLE PHYSICS
Annual Review of Nuclear and Particle Science 2005

JR Klein A Roodman
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(= Blinding

How?

e Shift the central value by adding an unknown
offset EDM of-1.5 to 1.5E-25 ecm to the data
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« Keep un-blinded data
In a safe place
(encrypted)
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Mention 56 kinds of biases in medical research

We fix only one,  and are scared to not introduce another one.
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Two analysis groups prepare a full
nEDM analysis

Each group works with a differently blinded data-set
« Common blinding for all data
e 2" blinding differently for each group

Fully automatized analysis of all blinded data of both
groups (+ reference data from August 2015) have
to agree statistically
* Relative un-blinding

If central values and blinding offset correct,
— Run both codes on fully un-blinded data
— publish.
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=== Ramsey fit procedure < oan

o Split sequence in sub-sequence:
E-field (+ - - +) pattern

o Split data in two dataset : SF state (T/l) discrimination

Ramsey fit with the asymmetry :
NT . Ni
A= ——
NT+ N*

AL
ng

A'(R) = A"+ @ cos(Q(R — Ry))
A*(R) = A' + @ cos(Q(R — Ry))
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2,1(2 )
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&= EDMand R-calculation e
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B-gradient fluctuation correction : Earth rotation frequency correction :
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== Crossing point analysis e
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=== Schedule for nedm @PSI| =’

« NEDM online sensitivity per day presently approaching
1x10-2°> ecm

 nEDM operation will come to an end in 2017

 n2EDM sensitivity will intrinsically be more than 5 times better
than that of nEDM, plus additional gains from UCN source
Improvements

e N2EDM will be installed and commissioned in 2018/19

 n2EDM will start production data taking in 2020 and cut into
the low 10?7 ecm region

1Y)
>
=
©
n
O
0
3.
(o}
—+
1
5
D
>
o
c
=
(=]
X
Py
]
>
(]
o
>
~—*
=
D
7]
o
)
<
~—*
>
Y]
=
[
c
<
w
[N
|

w 9T0¢ ‘'91snbny

\I




9

—
N2
ZIS
.
I

ne Neutron EDM Collaboration

M. Burghoff, A. Schnabel, J. Vogt Physikalisch Technische Bundesanstalt, Berlin

C. Abel, N. Ayres, P. Harris, C.W. Griffith, M. Musgrave,

3. Thorne University of Sussex, Brighton

G. Ban , B. Dechenaux, Th. Lefort, Y. Lemiere,

0. Naviliat-Cuncic, G. Quéméner Laboratoire de Physique Corpusculaire, Caen

K. Bodek, D. Rozpedzik, J. Zejma Institute of Physics, Jagiellonian University, Cracow

Henryk Niedwodniczanski Inst. Of Nucl. Physics,

A. Kozela
Cracow

Département de physique, Université de Fribourg,

Z. Grujic, A. Weis Fribourg

Laboratoire de Physique Subatomique et de

Y. Kermaidic, G. Pignol, D. Rebreyend Cosmologie, Grenoble

M. Kasprzak, P. Koss, N. Severijns, E. Wursten Katholieke Universiteit, Leuven
C. Crawford University of Kentucky, Lexington
W. Heil Inst. fur Physik, Johannes-Gutenberg-Universitat, Mainz

. Centre de Spectrométrie Nucléaire et de Spectrométrie
S. Roccia

de Masse, Orsay

G. Bison, V. Bondar, M. Daum, B. Lauss, H.C. Koch,
S. Komposch?, P. Mohan Murthy?, D. Ries?, PSW,
G. Zsigmond

Paul Scherrer Institut, Villigen

K. Kirch?, J. Krempel, F. Piegsa, M. Rawlik, U. Soler Eidgendssische Technische Hochschule, Zirich

also at: 1 Paul Scherrer Institut, 2Eidgend ssische Technische Hochschule


Presenter
Presentation Notes
I would like to thank you all for your interest and all these colleagues for their excellent work!
Thank you very much.


—

“JAUL SCHERRER INSTITUT

B

|

f

UKk So%

ETH [N


Presenter
Presentation Notes
Vielen Dank für Ihre Aufmerksamkeit.


	nEDM @ PSI
	The collaboration
	PSI in Switzerland
	Outline
	Reminder: CP violation & nedm
	A brief history of nEDM searches
	The measurement technique
	The Ramsey technique
	The beam searches
	Outline
	PSI UCN source
	UCN source performance
	The nEDM spectrometer
	Filling UCN
	Storage life time
	Simultaneous spin detection
	Neutron detection
	Transverse polarization time
	Current sensitivity
	The measurement technique
	Magnetic fields
	B-Field stability
	Mercury co-magnetometer
	Hg co-magnetometer
	Frequency ratio R = fn/fHg
	Dominant systematic
	Dominant systematic
	Cesium gradiometer
	Frequency ratio R = fn/fHg
	Blinding
	Blinding
	Analysis
	Ramsey fit procedure
	EDM and R-calculation
	Crossing point analysis
	Summary
	Schedule for nedm @PSI
	The Neutron EDM Collaboration
	Slide Number 39

