PAUL SCHERRER INSTITUT

=

A new limit on

the permanent

electric dipole
moment

of the neutron - =
(nEDM)

November 2019

G. Zsigmond on behalf of the
nEDM collaboration at PSI

-

A\

S )

Q o~ Berlin ? ¢

TLewen! @ y ¢

B ok * X
() Mainz el

Geza Zsigmond PANIC 2021 Lisbon Online 5-10 September 2021 1



PAUL SCHERRER INSTITUT

= nEDM collaboration at PSI w‘i“ﬁn“

csns:

« UBel, Institute of Physics, Photonics Center, University of Belgrade, Serbia

« PTB, Physikalisch Technische Bundesanstalt, Berlin, Germany

« AEC, Albert Einstein Center for Fundamental Physics, Bern, Switzerland

« US, University of Sussex, Brighton, United Kingdom

« LPC, Laboratoire de Physique Corpusculaire, Caen, France

« JUC, Jagellonian University, Cracow, Poland

« HNI, Henryk Niedwodniczanski Institute of Nuclear Physics PAN, Cracow, Poland
* FRAP, Université de Fribourg, Fribourg, Switzerland

 LPSC, Laboratoire de Physique Subatomique et de Cosmologie, Grenoble, France
« UKY, University of Kentucky, Lexington, USA

« KUL, Katholieke Universiteit, Leuven, Belgium

«  GUM, Institut far Physik, Gutenberg Universitat, Mainz, Germany

» |KC, Institut fur Kernchemie, Gutenberg Universitat, Mainz, Germany

« PSI, Paul-Scherrer-Institut, Villigen, Switzerland

« ETHZ, Eidgendssische Technische Hochschule Zirich, Switzerland
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= Motivation: CP violation et

4 . R
A nonzero particle EDM

violates T, P and, assuming

. CPT conservation, also CP )

— A discovery or a highly improved
constraint could contribute to our
understanding of the baryon
asymmetry of the universe.

— Excellent probe for constraining the
parameter space of theory models
beyond the Standard Model.
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=] Brief history of nEDM = e g

1950: Suggestion to measure
NEDM to test parity [1]

1957: Publication of first
dedicated nEDM measurement

using magnetic resonance on
neutron beams

2006: Last new improvement /

on nEDM limit

«—— 1957: Discovery of P violation

“——___ 1980: First measurement of nEDM
using stored ultracold neutrons

So far: always 0

“The neutron EDM has ruled out more
theories than any experiment in the history of
physics” [2]

2020: Our newest measurement —

[1] E.M. Purcell, N.F. Ramsey, Phys Rev 17, 807 1950
[2] R. Golub, S. Lamoreaux Phys Rep 237, 1, 1-62

[
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ﬂim
w1 J» Ultracold - storable neutrons (UCN) & nan's

cansm

BPB
A St

UCN (< 250 neV) <7 m/s >500 A

Total reflection - material dependent
Ni, Ni®8. Be, DLC, steel
Ve = 180 - 300 neV

(neutron optical potential)

UCN
storage
vessel

solid D2
converter

magnetic gravity ! mderator
Vin = -uB Vg = m,gh g oo

: ] : | 2
60 neV T 100 neV m- PSI UCN Source

Bison et al. EPJ A 56 (2020) 33

Poster I. Rienacker at PANIC2021
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= nEDM experiment principle = oy
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csnsm

EPB

Difference of UCN precession frequencies in parallel/anti-
parallel B and E fields:

Ef E

hAf =2d (Ep + Ey, )+ 20, (BB, )

2 measurements example:

| o, <10?ecm |3{ ;<10 uHz at 10 kviem |- o5 <0.2 pT at 14T |

Geza Zsigmond PANIC 2021 Lisbon Online 5-10 September 2021 6



PAUL SCHERRER INSTITUT

—

== Apparatus & o

Four-layer Mu-metal shield |

High-voltage lead

Vacuum chamber

Precession chamber

Electrode (HV)
11 kV/cm

Electrode (ground)

UCN shutter

M Spﬂpper 1
SO 1 0

5T -magnet

Magnetic-field coils
~1uT

— Switch

Spin analyzers incl spin flipper 2a,b

Neutron detectors |\ |\
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= NEW: Improved magnetometry o e 35

B Compensate and correct for
magnetic-field changes:

F 99Hg co-magnetometer

¥ array of optically pumped cesium
vapor magnetometers

F offline B-field mapping
Abel C et al., arXiv: 2103.09039v2 (2021)

Abel C et al. Phys. Rev. A
101 (2020) 053419

Magnetic-field uniformity: Abel C et al. Phys. Rev. A 99 (2019) 042112
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=

U

“Spin up’
neutron

Apply /2
spin flip
pulse

Free
precession
at w

Second /2
spin flip
pulse.

Geza Zsigmond

The Ramsey technique

of separated oscillatory fields

b
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[ Rt LEPSE

== The Ramsey technique & e

of separated oscillatory fields T
Ramsey resonance curve

p . ” 24000 = i
Spin up 1 & @& & & 8'F 3 % % s &
neutron =Rt RARARARAD A
TéLfl B N & A BT H 1%
sopot rR fF o8 XL 3t J1 44 Y 3 11 1% 4
. ~]:-,-._!Ji;!|_|,!’i_!.! .l.!|lil_hi“'i
oo | T 1g 7l 9] Fr 1l 1i ik L g 1
Apply /2 3 -fTfiil"i'i'i'-;-l'p}”!.|'-'~.Il"~:|.]?*‘..' !;
spin fiip e LR IRERTRVARRIRERIRIRTR
= bl ¥ 4T 0 o Sl il
pulse o 140004 Il | lL |!' SEERIRY 12 b1 ¥
2 F* 4y s 1T 31 1
sV E LYY
10000 -
| . . | : Tﬁusun?'ll freq . . ] -I-.u.mqu |.':nm1::
Free 297 298 288 30.0 30,1
precession Applied Frequency (Hz)
at w #

Sensitivity:  o(d,) =
Second 7/2 Z&ET\W

o Visibility of resonance
fl <
;lege_lp % E Electric field strength
T Time of free precession

N  Number of neutrons

[
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= Ramsey pattern analysis < e

EPB ERER

Data taking strategy: Abel C et al. EPJ Web of Conferences 219, 02001 (2019)

1 T T T ' T T T
§ piaches  Ar= (Nui=Ngi)/(Nyi+ Nyy)

e it E-pOS ;
= Fit E-neg ;

0.5
P
2
c 0
>
?)
<<
-05F Blind E-pos
g Blind E-neg
—== Blind fit E-pos
Blind fit E-neg
_1 1 ] | lI 1 ] |
-2 -1.5 -1 -0.5 0 0.5 1 1.5 2
Af (Hz) x107

AF.
A; = Ay F acos (ﬂAfl + C[))
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Counts Nup

Counts Ndown

== Data-Blinding

14000
12000
10000 |
8000
6000 |
4000
2000 ¢

29.996 29.997 29.998 29.999

30 30.001 30.002 30.003 30.004
Vf/HZ

14000
12000
10000
8000
6000 1
4000
2000 ¢

29.996 29.997 29.998 29.999

30 30.001 30.002 30.003 30.004
vi /[ Hz

O

iversicy of Susse.

e Wy Em
© pEpM u
= EPB

Concept: add
an E-field
dependant
shift to the
neutron
frequency by
moving counts
between
detectors

First nEDM
measurement
using data
blinding

Ayres NJ et al.
EPJ A 57
(2021) 152

12



PAUL SCHERRER INSTITUT ooy

° ° UK ub .
(= Compensation and shifts & e g
30.2365 1
0 Compensation for
T 302363 residual magnetic-field
30.2362 | fluctuations and drifts
30.2361 1
30.2360 _
High-voltage
3.84246 1
g
‘*l'ls 3.84247 SRR AIEINETY Ri — fn,i/ng,i
&
3.84248

100 200 300 400 500
Cycle number

’n
yHg

R (1 + 5EDM+5%]1§§/I + 5grav + or + 50ther)

I
N B
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BS Crossing point analysis & e e
HPIE R
o . x10-2¢
Gravitational shift: d. .= (-0.09%1.03) x 10-%ecm
« 601{R 1 = 3.8424546(34)
G (Z) . (z)'=—0.39(3) cm (fixed)
S _ grav shifts X2INdof = 106.1 / 97
grav —— 40
| By R
A
false ., TR 5 \\k
OgpM -V X E contribution o Al
= A
meas ___jtrue S /‘& I
G hT "o T
h 5 <~ . o T
8C2 |Y;17/Hg|R (Ggrav + G)
-60
gmeas _ h'}/ﬂyHg| R2G / (862) o S——— e /S
1 o v &A &A “rvh 1 o AV % v v
—2 A A W . M v o v VXA
3.84241  3.84243  3.84245  3.84247  3.84249  3.84251
RO™ = R/(1 + 61 + Sgarmn)
|
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=

Systematic effects

Effect Shift Error  (x10-22 e cm)
Error on (z) e 7 : .
Higher-order gradients G d,R, 69 10 azzlgj::%:nigpmg
Transverse field correction (B7) 0 5 }‘/

. Constrained with
Hg EDM 8] § —0.1 0.1 measurement at PTB
Local dipole fields 4« Berin
v X E UCN net motion 2
Quadratic v X E 0.1 Cs Magnetometers
Uncompensated G drift 7.5 — on HV electrode
Mercury light shift 0.4
Inc. scattering '"’Hg 7 <—__ Not anticipated at
TOTAL 69 18 design, considered

in n2EDM

Total systematic error 0.18 x 1026 e cm

Geza Zsigmond
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= Final result & M

B New measurement:
B (0.0 + 1.150¢ + 0.2555) X 10726 € cm
F|d, |<1.8x107%° e cm (90% CL)
C. Abel et al. PRL 124, 081803 (2020)

B Previous measurement:
B (=0.2 £ 1.5545¢ = 1.05y5) X 107%° e cm
P |d,|]<3x107%° ecm (90% CL)
J. M. Pendlebury et al. Phys. Rev. D 92, 092003 (2015)
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(== Next: n2EDM for 1 X 10727 e cm

Coil systems
MSR
UCN guides Vacuum vessel
UCN switch Precession chambers

&N\ A
PN\
R

The design of the n2EDM experiment: Ayres NJ et al. Eur. Phys. J. C 81 (2021) 512
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= Comparison: nEDM & n2EDM %Kn'sgg:
nEDM 2016 n2EDM
Chamber DLC and dPS DLC and dPS
Diameter D 47 cm 80 cm — two chambers
N (per cycle) 15,000 121,000
T 180 s 180 s
E 11 kV/cm 15 kV/cm
o 0.75 0.8
o (fn) per cycle 9.6 WHz 3.2uHz
o (d,) per day 11 x 1072 ¢ cm 2.6 x 1072% ¢ cm
o (dy,) (final) 9.5 x 107 e cm 1.1 x 10727 e cm

Poster S. Emmenegger PANIC 2021

[
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BS Conclusion & ne
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B The measurement of a permanent electric dipole moment of the
neutron, a CP-violating observable, is one of the most important
experiments at the low energy frontier of particle physics

B New result of the nEDM collaboration at PSI:

B (0.0 + 115t £ 0.25y5) X 10726 @ cm, our systematic error is a factor 5
improvement on previous measurement

B Next phase n2EDM:

B a sensitivity of 1 x 10727 e cm will be reached after 500 days of data taking

B possible future modifications are expected to lead to a sensitivity well within the
10728 e cm range
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“TVERSTAT we

High voltage CsM
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