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Motivation
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The non-zero value of neutron Electric Dipole Moment (EDM) will be evidence
for the existence of @P violating processes.

Why?

 Neutronisa —-spln particle - EDM vector must be parallel to particle spin pseudovector

by virtue of a cylindrical symmetry d=d-S;

* Parity operation ¢ changes direction of EDM, but not of spin; c* ‘

 Time reversal operation § reverses direction of spin, but not of EDM;

* Violation of both ? and § symmetries is equivalent to violation of @? symmetry because
of CP§ conservation theorem.

This is true only in case of particles or systems of particles, which ground state is not degenerated.

Degenerated states (water molecule) can be treated as mirror-image forms of the same object — Parity symmetry is
not violated.
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Motivation
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Why quest for the @? violation processes is needed?

1. Baryogenesis — The Universe should be composed of both matter and antimatter.

But observed ratio of ? = (0.1 = 2) - 10~* (energy dependent) is consistent with expected amount of p
p

created in pp — pp + p + p reactions.

2. Alpha magnetic spectrometer AMS-02 installed
on the International Space Station limited anti-helium to helium ratio:

N_
He ~1.10°8

is not observed.
e Conclusion: Our Universe is made of matter.

Andrei Sacharov postulates (1967):

— Both, baryon number and €? symmetry must be violated -
both kinds of transitions must perform out of thermal equilibrium.
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Motivation

Violation of @? symmetry has been observed in weak decays (mesons K and B).
Weak interaction distinguishes matter from antimatter:

A(B°-»K~nh)
A(BO—»K*m™)

A(Kp-»m"etv,)
A(Ky —»mtte™V,)

> 1, > 1

[s it present in other interactions?

Electric Dipole Moments of elementary particles are the most sensitive probes in searching
for @? symmetry violating processes.

EDM - Investigated objects:
e Electron

.« 199Hg
* Proton
o 129%e

e Muon
e Taon

* Neutron - value measured since 1957
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Neutron
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Why neutron EDM is particularly interesting?

* Neutron - weak and strong interactions present
* Nuclear interaction not present
* Electrically neutral

: : : : - v
* Slow neutrons interact with the Fermi potential of the surface and reflects if sin 8 < E—F

n

Ve

If neutron Kinetic energy E,, < Vi it always reflects and can be stored in closed vessels. For some
materials Vr can reach 250 neV.

Neutrons with energies E,, < 250 neV are called “ultracold neutrons.”
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Neutron EDM measurements ey
Measurements of the neutron EDM

1E-19

(20 Upper dn limits ® Beam Magnet.ic Resonance

A Bragg Reflection
1E-21 ® ® UCN Magnetic Resonance
° B UCN: nEDM@PSI
122 o ® UCN: n2EDM@PS], in preparation
1E-23 L
o
1E-24 '. X
|
1E-25 H m =
[ | | [ | .

1E-26

1E-27 n

1E-28

1950 1960 1970 1980 1990 2000 2010 / 2020 2030
Result of the nEDM at PSI collaboration  Phys.Rev.Lett. 124, 081803 (2020) /
dnp = (0.0 + 115, + 0.25y5) - 10726 e -cm
d,<18-107%® e -cm (90% C.L.)
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Neutron EDM measurements S
Measurements of the neutron EDM
1E-19 .
. ® Beam Magnetic Resonance
1E20 Upper d, limits _
A Bragg Reflection
1E-21 o ® M UCN Magnetic Resonance
o, = UCN: nEDM@PSI
1E-22
® B UCN: n2ZEDM@PS], in preparation
1E-23 ®
* . & <
1E-24 0 ¢ 0 ¢
- = xQ/’L '\Q/‘lz
= Q' ®
1E-25 Em X, o AS
HE m W
m
1E-26
1E-27 / =
1E-28 /
1950 1960 1970 1980 1990 2000 / % /ﬁzo 2030

RAL-Sussex-ILL  dj, = (—0.2 £ 1555 + 1.05y5) - 10726 € .cm”’
nEDM at PSI dp = ( 0.0+ 115, +0.25,5) 10726 € em &

/
/ Fivefold reduction of
systematic uncertainties.

Further reduction of systematic uncert.

n2EDM at PSI, in preparationd,, < 1-107%7 e -.cm %

r Significant reduction of statistical uncert.
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Neutron EDM measurements

Measurements of the neutron EDM

Upper d,, limits

Model Predicted neutron EDM

| 1E-19
® Beam Magnetic Resonance
A Bragg Reflection 20
M UCN Magnetic Resonance 21
B UCN: nEDM@PSI
® UCN: n2EDM@PS], in preparation 22
|

Standard Model

10732 =107 3% ¢ .cm

The theories extending the SM predict higher

neutron EDM values.

Left-right symmetric 10727 - 107 %8 ¢ .cm .
X
Multi-Higgs 107%°> =+ 107%% ¢ .cm XX X il
Supersymmetric 1072° +- 10733 e .cm
Grand Unification Theories 107%* =~ 107%7 e -cm / -
1950 1960 1970 1980 1990 2000 / /éo 2020 2030

1E-25

1E-26

1E-27

1E-28

RAL-Sussex-ILL  d,, <3.0-107%¢ ¢
nEDM at PSl d,<18-10"%%¢.
n2EDM at PSI, in preparationd,, = 1 -

cm
cm
10727 ¢ .cm
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Measurement method D

Neutrons are stored in (anti-)parallel magnetic and electric fields.

Hamiltonian for neutron in both B and E fields: H = —U - B-d-F

-

i

Spin precession because of acting torque: % = [ X B+dxE
Frequency of Larmor precession of neutron spin:
+ 2 . - -
fo = 3 (UnBrr + dnEn), if B 1T E. The assumption that the magnetic field value is constant is not
) o fulfilled - we have to measure it and limit its variations as much
fo = +(WnBry — dyEy), if BTLE. as possible.

1
2 2 dn =77 [hAf, — un (Bry — Byl
Afy = Edn(ETT + Ep) + E.Un(BTT — Byy)
Most important sources of interferences:
__ hAfy, * External devices in the experimental hall.
dn ~ 4E’ It E = Eyp = £yy and Byy = By, * Local magnetization of apparatus elements — unperfect
homogeneity of the magnetic field.
* Unperfect shape of the magnetic field.

A kV
04,~107%" = i~2 +107 0 przy E = 10 —.

fn cm

Control of the magnetic field is essential for this measurement

Jacek Zejma MESON 2021 9



<IE

Xigg

itz a
2y
=

Measurement method

% polarized UCN

Ramsey method of separated oscillating fields

Generated
signal
= Sample of polarized neutrons
— parallel B (1 pT) i E (12 kV/cm) fields.
2s-long pulse of rotating magnetic with f,r = f; (= 30Hz).
B, % & . r .
— pin rotation by ™/, to horizontal plane.
=
P
B .557) E Free precession of neutron spin by about 180 s.
W= BMEorB1E.
e
=
s
; Second 2s-long pulse.
— Rotation of spin 7/, to vertical if d,=0.
— I Neutron polarization analysis.

Jacek Zejma
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Measurement method B
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Ramsey Resonance Curve

Neutron visibility parameter
€1 — G

TG

Max w RAL-Sussex-ILL a¢ = 0.55

Neutron Counts

Applied Frequency (Hz)

0.8
¥2/ndf : 892 / 442 /
0.6

0.4 ‘t.. xfed :2.02 ,'r'

- \. fn /
\/

4 working points

[ )

nEDM@PSI

% = a=0.8
- 3.s«|422 3.3342:, 3.&'126 . 3&8;28 Mean Value 0.76
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Neutron EDM at PSI S
Paul Scherrer Institut, Villigen, Switzerland
Ring cyklotron
=590 MeV,] = 2.2 mA
L X T AN )
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Neutron EDM at PSI B
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& . sonennes GUTENBERG
UNIVERSITAT M2

50 experimenters
14 institutions
8 countries

Cracow
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Neutron EDM measurements
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Measurements of the neutron EDM

1E-19
o
. ® Beam Magnetic Resonance
1E20 Upper d, limits _
A Bragg Reflection
1E-21 o ® M UCN Magnetic Resonance
o ® UCN: nEDM@PSI
1E-22
® B UCN: n2ZEDM@PS], in preparation
1E-23 L
o
1E-24 .. X
|

1E-25

1E-26

1E-27 /

1E-28 /

1950 1960 1970 1990 2000 2030
Development scheme: /
1. Take the RAL-Sussex-ILL apparatus, upgrade everything but ydcuum chamber and
passive magnetic shield and add new systems - first result.
2. Build a completely new apparatus on base of achieved experience — next result(s).
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NEDM apparatus
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Control of the magnetic field is essential
for this measurement

Passive magnetic shield Magnetic filed control and measurement

6 coils (x-y-z) and 10 magnetometers for
active compensation of changes of the
Cs magetometers external magnetic field

3k 3k 2k 2k k% & 4 layers of p-metal for passive magnetic

199Hg shielding

magnetometer —= 32 trim coils for compensation of local
reprepregrepre field i.nhc?mogene.ities. and setting
polarization holding field
™ 16 cesium magnetometers located above
and below storage volume and
measuring the magnetic field gradients
N 199Hg comagnetometer measuring the
field inside the storage volume

Jacek Zejma
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NEDM apparatus
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ve magnetic shield

Two-level thermo-house
* Top: spectrometer AT = 0.1°C.
* Bottom: control room, vacuum system, neutron detector AT

Jacek Zejma
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Neutron EDM measurements

Statistical uncertainty

RAL-Sussex-ILL  dp, = (—0.2 £ 1.5, + 1.0

nEDM at PSI dp = ( 0.0 £ 115 £ 0.25y5) - 10726 € -cm
n2EDM at PSI, in preparationd,,  1-107%7 e -.cm

) -107%% ¢ .cm

odn) 2aETVN’
nEDM n2EDM
single chamber double chamber
a — neutron visibility parameter 0.76 0.80
E — electric field strength 11 kV/cm 15 kV/cm
T — free precession time 180 s 180 s
N — number of counted neutrons 15 000/cycle 121 000/cycle

o(d,,) per day

11 x10%°ecm

2.6 x102%°ecm

o(d,,) total

9.5x10%’e cm

1.1 x107%7e cm

Jacek Zejma
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NEDM apparatus

MSR

UCN guides

UCN switch

Polarizing magnet

UCN detectors

Passive magnetic shield

Coil systems |8

Vacuum vessel | [

Precession chambers |

Hg & Cs Magnetometry |

4 layers (103-10%factor), ¢2 m

6 layers (10> factor), L =5m

Precession chamber diameter

1 chamber: 47 cm, H=11cm

2 chambers: ¢80 cm, H=12 cm

Active magnetic shield 3 coils 8 coils
Cesium magnetometers 16 112
Jacek Zejma MESON 2021 18
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NEDM — data analysis

1
dn = 5= [hAfn — pn(Bry — Byl

Control of the magnetic field is essential for the experiment success.
Jn

Hg

The ratio of frequencies of neutrons and mercury atoms R =

compensate magnetic field fluctuations.

This ratio is affected by various systematic effects

/n true —-GzAh» (BT) >
R=2"= (1 +6 + L4 ),
fHg VHg EDM By ZB(%
where
G, - vertical component of the magnetic field gradient

Ah = 3.5 mm - difference between centers of mass of Hg and UCN clouds.

(BF)

G, is extracted from cesium magnetometers.
For other field components the field mapping procedure was performed
several times (during cyclotron shutdowns).

- mean square of the transversal component of the field

—— was used to

30.2230 1

30.2229 1

fn (Hz)

30.2227 1

30.2226 1

o 3.842445 -

T

S~

® 3.842455 -

30.2228 1

HV +
HV -
HV 0

& 3.842450 AR

0 100

200 300
Cycle number

400

Jacek Zejma MESON 2021

19



<IE

NnEDM — systematic effects
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Most important systematic effects introducing EDM error:

x10-26

dx, 1= (~0.09 * 1.03) x 10~ 2ecm|

« Cs magnetometers are very sensitive but not very accurate. SOTmeL =L BSASEER) ’
0B, 6BT X?/Ndof=106.1/ 97 g
Cs magnetometers and field mapping glve BT, o 40 : W
.10 %8¢ . i
) 15-107“°e - cm o ++ .+E||. B, |
« VU X E effect - seen as a magnetic field by 1°?Hg atoms g \l\k T £ %"
_ _ Gz -27 Do
dFALSE = T -4.4-10 € -CIm. N J_ ﬂ-
1 . %c N [ “+ : 4 "“\BO T
B | Y il
 Local magnetization of electrodes: dgapsg < 410728 -cm s | I : 4
» Influence of disoy, < (8 +£12) - 1073% -cm. éﬂ Y
—60
2 A
Most important systematic effects shifting EDM value: 1 gt & a¥ g’ A !
: . - N V VA %% XAA v v ﬁ vy gA F
* Higher order gradients 7 - 1072%7¢ - cm - corrected on base of field 3 3’* N
mapping. 3.84241  3.84243  3.84245 cor§.34247 3.84249  3.84251
. R
« Earth rotation shifts R, ratio by +1.33 ppm depending on the B,
direction. This effect is considered in the R, method.
Crossing lines analysis
Jn true — G;Ah | (Bf)
R = = (1 + 6 + + .- ),
fHg VHg EDM By ZB(%
20
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nEDM — data analysis

Analysis scheme
1. During one cycle
a) Performing of Ramsey cycle in a selected working point.
b) Counting neutrons with spin up and down
c) Measuring magnetic field with 1°°Hg and Cs magnetometers
2. Repeating cycle many times for 4 working points,
for a given magnetic and electric field directions.
Fitting Ramsey curve

Calculation of 2% for each cycle.
ng

Systematic corrections (field mapping and Cs measurements)
Global fit of R versus electric field = neutron EDM.

o enl s e

2/ndf : 892 / 442 /

‘- .
* x’ﬂ.2.02

o

res

\

\

7

-1
3.8422

Data blinding (first neutron EDM measurement using data blinding method):

3.8424

« Shifting of neutron frequency f,, by moving counts between “up” and “down” detectors.

* Primary blinding (raw data hidden)
* Analysis performed by two independent groups - two secondary

» If obtained uncertainties obtained in both analysis groups agree - relative unblinding - Comparison of

results.

blinding.

3.8426  3.8428
el g

1acekFEj@btained results agree - final unblinding — Tfinal nesultzo21
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If you want to know more about this experiment
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Result of the nEDM at PSI collaboration:

dp = (0.0 £ 1155 £ 0.25y5) - 10726 € -cm;
d, <1.8-107%% e -.cm (90% C.L.)

* Data blinding:
* Magnetic field:

* Neutron detection:

e Axion-like dark matter:

Neutron to mirror-neutron oscillations:

https://www.psi.ch/en/nedm
Phys. Rev. Lett. 124 (2020) 081803

EPJ A 57 (2021) 152

arXiv:2103.09039v2

Phys. Rev. A 101 (2020) 053419
Phys. Rev. A 99 (2019) 042112
NIM A 896 (2018) 129

AIP Advances 7 (2017) 035216

EPJ A 51 (2015) 143
EPJ A 52 (2016) 326

Phys. Rev. X 7 (2017) 041034
Phys. Lett. B 812 (2021) 135993
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Thank you

©pen NEDM spectrometer
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