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Measurements of the neutron EDM

1E-19 .
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Result of the nEDM at PSI collaboration
dp = (0.0 + 114, 0.2

Sys

d, <18-107%% e -cm (90% C.L.)

Phys.Rev.Lett. 124, 081803 (2020)

) -107%% ¢ .cm

7

7

67 years of history - all results are
consistent with zero.

Why such stubbornness in measuring
the neutron Electric Dipole Moment?

Jacek Zejma

FPCP 2024



<IE

T,
o
e
= el
]

* The non-zero value of Electric Dipole Moment (EDM) will be evidence for the existence of @? violating
processes.
Electric Dipole Moments of elementary particles are the most sensitive probes in

searching for 9 symmetry violating processes.

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.

e QOur Universe is made of matter, not antimatter - both, baryon number and €9 symmetry must be
violated - both types of processes must occur outside thermal equilibrium (A. Sacharov postulates).

« EDM - Investigated objects:
— Neutron - value measured since 1957

— Electron
— 19Hg

— Proton https://www.psi.ch/en/nedm/edms-world-wide
_ 129%e

— Muon

— Taon

Jacek Zejma FPCP 2024 3
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Neutron

keV

MeV

GeV TeV ?”?

Proton

d, 3He

Diamagnetic
atoms: Hg, Xe, Ra

electron

Paramagnetic
atoms: Tl, Cs

Molecules:
YbF, ThO, HfF *

atomic theory

nhuclear theory

quark chromo-EDM

FUNDAMENTAL THEORY

Leptons

lepton EDM
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Why neutron EDM is particularly interesting?

* Neutron - weak and strong interactions are present
* Nuclear interaction is not present
* Neutron is electrically neutral

: : : : . %
* Slow neutrons interact with the Fermi potential of the surface and reflect if sin 6 < E—F

n

Ve

If neutron Kinetic energy E,, < Vp 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.”

Jacek Zejma FPCP 2024
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Neutrons are stored in (anti-)parallel magnetic and electric fields.

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

Spin precession because of acting torque:

-

dj
dc

Frequency of Larmor precession of neutron spin:

2 R
fif = 5 (WaBrr + dnEn),if B 1T E.

fo
Afn =

d, =

A
04,~107*7¢ - cm = ﬁ~3 107 przy E = 10—.

2

h

hAf,

%(:unBTl — dnETl)l if § T E
2
dn(Er + Epy) + E.un(BTT — Byy)

E ) if £ = ETT = ETl and BTT = BTL'

n

i X

kV
cm

+dxE

ool

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

Hamiltonian for neutron in both B and E fields: H = —[ - B-d-E
Spin precession because of acting torque: % = [ X B+dxE
Frequency of Larmor precession of neutron spin: The assumption that the magnetic field value is constant is
5 L not fulfilled - we have to measure the field and limit its
fi = ~(UnBrr + dyEn),if BITE. variations as much as possible.
1
fir = %(.unBTl — d,Ey), if BTlE. dp = AFE [hAf — i (Brr — Bry)).
2 2 Most important sources of interferences:
Afn = Edn(ETT + Ep) + E“n(BTT — By) * External devices in the experimental hall.
* Local magnetization of apparatus elements — unperfect
__hAfy, homogeneity of the magnetic field.
dn T 4’ if £ = Ey = Er and By = Byy. » Unperfect shape of the magnetic field.
Af, kV Magnetic field control is crucial to the success
o4 ~10727¢-cm = —~3-10" P przy E = 10—. _
i cm of this measurement

n

Jacek Zejma
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Ramsey method of separated oscillating fields

a) Generated
Polarized UCN signal
e Sample of polarized neutrons
=, parallel B (1 puT) i E (12 kV/cm) fields.
B 3 2s-long pulse of rotating magnetic with f,» = f; (= 30Hz).
—— Spin rotation by 7/, to horizontal plane.
B E\ E Free precession of neutron spin by about 180 s.
e B EorB1E.
<':':
5
B Second 2s-long pulse.
— Rotation of spin ™/, to vertical if d,=0.

— I Neutron polarization analysis.

o~
i o
35?

Ed

Jacek Zejma FPCP 2024
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Ramsey Resonance Curve

x = working points

1Flesonanh‘eq.

Frequency of ™/, rotating field [Hz]
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Neutron visibility parameter
a
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Paul Scherrer Institut, Villigen, Switzerland

]

Ring cyklotron
» =590 MeV,I = 2.2 mA

UCN source
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PHYSICAL REVIEW LETTERS 124, 081803 (2020)

Editors' Suggestion

Measurement of the Permanent Electric Dipole Moment of the Neutron
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M. Fertl®,>>'* P. Flaux,” B. Franke, ™ A. Fratzlngel().9 P. Geltenbort,"”” K. Green." W. C. Griffith,' M. van der Grinten,*
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N. Severijns,7 D. Shiers,' R. Tavakoli Dinani,” J. A. Thorne,"’ R. Virot,'’ J. V()igt.8 A. Weis,"* E. Wursten,”™

G Wyszyllski,3’6 J. Zejma.6 J. Zenner,”"” and G. Zsigmond2

18 Institutions
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84 Authors

34 PhD degrees
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Measurements of the neutron EDM
1E-19
e
® Beam Magnetic Resonance
1E-20
A Bragg Reflection
1E-21 o © _
° ® UCN Magnetic Resonance
®
D 18-22 ° ® UCN: nEDM@PS]I
"
E 1E-23 o
. ®
—_ \Eon = RAL-Sussex-ILL
S - =
s 1E-25 Y e | &
m a0
1E-26 O
&
\;
L
1E-27 b‘,@
1E-28
1950 1960 1970 1980 1990 2000 2020 2030
/
_ Fivefold reduction of
RAL-Sussex-ILL  dp, = (—0.2 £ 155, +[1.05y5]) - 10726 € .cm”’ _ o
; systematic uncertainties.
nEDM at PS| dp = ( 0.0 + 11 £[0.25y5) - 10726 € -cm
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Measurements of the neutron EDM

1E-19

1E-20

1E-21

1E-22

1E-23

1E-24

1E-25

1E-26

1E-27

1E-28

® Beam Magnetic Resonance

A Bragg Reflection

® M UCN Magnetic Resonance

B UCN: nEDM@PSI

B UCN: n2ZEDM@PS], in preparation

/

1950 1970 /1980/ 1990 2000 2010

2020 /

2030

1.

2.

Take the RAL-Sussex-ILL apparatus, upgrade everything but vacuum c
passive magnetic shield and add new systems - result published in 2020.
Build a completely new apparatus on base of achieved experience — expected future limit.

Development scheme: / / 7/
hamber and

Jacek Zejma
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Measurements of the neutron EDM
1E-19 .
® Beam Magnetic Resonance
1620 A Bragg Reflection
1E-21 o © ® UCN Magnetic Resonance
% B UCN: nEDM@PSI
5] 1E-22 _ _
+ o B UCN: n2EDM@PS], in preparation
"
E 1E-23 o
. ®
- \Eon x RAL-Sussex-ILL
m N

"@: "

1E-25 N = = \ &

b QJ
m
1E-26 N
L\ﬁb
1E-27 " / =
1E-28
1950 1960 1970 1980 1990 2000 /520 2030

RAL-Sussex-ILL  dj, = (—0.2 £ 1555 + 1.05y5) - 10726 € .cm”’
nEDM at PS| dp = ( 0.0+ 115, +0.255) 10726 € em &

Fivefold reduction of
systematic uncertainties.

Further reduction of systematic uncert.
Significant reduction of statistical uncert.

n2EDM at PSI, in preparationd,, < 1-1072%7 e -cm -

Jacek Zejma FPCP 2024
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Measurements of the neutron EDM

. | 1E-19
® Beam Magnetic Resonance
A Bragg Reflection 20
o ® M UCN Magnetic Resonance 21
o = UCN: nEDM@PSI
_,2 o = UCN: n2EDM@PSL, in preparation 22
Model Predicted neutron EDM : : : :
E The theories extending the SM predict higher
r”—_: Standard Model 10_32 = 10_34 e -cm neutron EDM ValueS.
'_32 Left-right symmetric 10727 - 1072%8 ¢ .cm .
1E-25
m
Multi-Higgs 1072° - 10726 ¢ -.cm XX X il
1E-26
Supersymmetric 1072° +- 10733 e .cm
Grand Unification Theories 10724 +-107%7 e .cm / - 127
1E-28
1950 1960 1970 1980 1990 2000 / /éo ﬁzo 2030
RAL-Sussex-ILL  d,, < 3.0-1072% ¢ -cm
nEDM at PSI d,<18-107%% e -cm,
n2EDM at PSI, in preparationd,, ~ 1- 10727 e -cm+
Jacek Zejma FPCP 2024 17
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[ Ramsey Resonance Curve
Neutron visibility parameter S\HT o . G
— © 3 ‘
Y €, — G % 22000 ﬁ i%i f% ﬁjl j% ; f% E ] fz f% f%
C: + Gy 2| 20000 %ij})‘% fi jé }i j! “ fi li Ai % 3%53
& i Py l l l
Max w RAL-Sussex-ILL @ = 0.55 |3 1a00- }ii%f“%““i”;ii iji fi
§1sooo-§il féj ji jlf } %,
AR R TRIIRIRISIRIRIAIR!
Run 010417 pri ' ' 13 of HE § f il l ij ll’ j i ; g
8| ] NI
| 12000 § % % 1 ! i?
= - i {3 ¢ °? G
¥2/ndf : 892 / 442 | / "qé 16090 : : : . ltReson.anh(eq.l ' x-lworking p'oints
£ Y g2 ] § 29.7 29.8 29.9 0.0 30.1
: \ / Frequency of ™/, rotating field [Hz]
_ .: % fn nEDM@PSI 4 working points
TR Mean value 0.76
Jacek Zejma FPCP 2024 18
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Control of the magnetic field is essential
for this measurement

Magnetic filed control and measurement

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

& 4 layers of u-metal for passive magnetic
shielding — regularly degaussed.

—= 32 trim coils for compensation of local
field inhomogeneities and setting UCN
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 FPCP 2024 19
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Two-level thermo-house
* Top: spectrometer AT = 0.1°C.
* Bottom: control room, vacuum system, neutron detector AT

Jacek Zejma
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/ 199Hg comagnetometer wo
¢ -

7 o
< 28 o
/

J
i

I

\
|

1 'm
ADC amplitude

1 1 1 1

40 60 80 100 120 140 160 180
Time (s)

Polarization
| chamber

Average magnetic field (volume and cycle)
e og <100 fT (CR-limit)

e 7 >100s woHV(with~ 90s)

S/N > 1000

\ N -
al. Eur. Phys. J. D 69 (2015) 225

AR AR AL

Afach S. et
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Data analysis
1
dn = 5 [hAfn = i (Bry — Byl
Control of the magnetic field is
essential for the experiment
success.

The ratio of frequencies of
neutrons and mercury atoms

R = 22 was used to compensate
Hg

magnetic field fluctuations.

10

I/, —(B) [pT]

(=]
T

Neutron

gfggﬁw{ﬂﬁ :
! i

!
L

10

I/, —(B) [pT]

800 620

I/, —(B) [pT]

G20

700

Neutron

£00

620 H40 GE0 B&0

Cycles

Allan dev. [uT]

£00 &20

H40 BE0

Jacek Zejma
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/ 13"3‘Cs magnetometers ;

J

e [)i)»

:m:

electrode (ground)

(d)

{ Cs-ma t’ electrode (HV) cesium magnetometer
_\ |
. CETEOr
9 Cs-mag located S 24704 o
& | intwoplanes [ r ; |
A= ° i —

storage chamber

A

field gradients.
. 0(61’0) ~ 8 pT/cm

Not enough to correct systematic.

Polynomial decomposition used to calculate

Abel C. et al. Phys. Rev. A 101 (2020) 053419 Sl W ; V7,

d

Jacek Zejma FPCP 2024
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Statistical uncertainty

RAL-Sussex-ILL  dj, = (—0.2 £ 1.5 + 1.05y5) - 10726 e -cm
nEDM at PSI dp = ( 0.0 £ 115 £ 0.25y5) - 10726 € -cm
n2EDM at PSI, in preparationd,, ~ 1- 10727 e -cm

oldn) 2aET\N'
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 x102°ecm

2.6 x102%ecm

o(d,,) total

9.5x 10%’e cm

1.1 x107%7e cm

Jacek Zejma

FPCP 2024
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MSR

UCN guides

UCN switch

Polarizing magnet

UCN detectors

Precession chamber diameter

Coil systems |8

Vacuum vessel | i

Precession chambers |

Hg & Cs Magnetometry |

1 chamber: 47 cm, H=11cm

2 chambers: ¢80 cm, H=12 cm

Passive magnetic shield

4 layers (103-10%factor), ¢2 m

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

Active magnetic shield

3 coils

8 coils

Cesium magnetometers

16

112

Jacek Zejma
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This ratio is affected by various systematic effects

fn true T G,Ah | (Bf) )
R=22= (1 +6 + L),
fHg YHg EDM By 235
where
G, - vertical component of the magnetic field gradient

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

(B%) - mean square of the transversal component of the field

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

/ ng

W< 3.842450 ,.":'

® 3842455 1

3.842445 4

100

200 300
Cycle number

400

Jacek Zejma FPCP 2024
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Effect

Shift (x10% e ecm) Error (x10%°e cm)

Error on (z)
Higher-order gradients G
Transverse field correction {B7)

Hg EDM [8]

Local dipole fields

v X E UCN net motion
Quadratic v X E
Uncompensated G drift
Mercury light shift

Inc. scattering '"’Hg

TOTAL

69
0
—-0.1

69

7 Dedicated mapping

10 }‘/ measurements
D

Constrained with

2-1 « — Mmeasurement at PTB

Berlin
2
0.1 . CsMagnetometers
D
0.4

7 Not anticipated at
i design, bear in mind
for next time

Jacek Zejma
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Crossing lines analysis

=

Jn

ng

VHg

(1+5

2
true T GzAh n (BF) + ..
EDM T B2

0

x10~26

dy. = (—0.09 £ 1.03) x 10~26ecm
60{R, 1= 3.8424546(34)
=—0.39(3) cm (fixed)

{z)
, ¥2/Ndof=106.1/97

dso" (e cm)

Y,
- A
i A AV 3 vx v
Vv
_2 V vﬁ‘évﬂ#'_ ‘%Lg ”5 ° 373‘3
_> VP
A v
3.84241  3.84243 3.84245 3.84247 3.84249  3.84251
Rcorr

FPCP 2024 28
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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

Run 010417 printed online on Fri Nov 20 11:13:38 2015

2. Repeating cycle many times for 4 working points,
for a given magnetic and electric field directions.
3. Fitting Ramsey curve

Calculation of R = ff—" for each cycle.
Hg

5. Systematic corrections
(field mapping and Cs measurements)
6. Global fit of R versus electric field —» neutron EDM.

Crossing lines analysis.

™~

Jacek Zejma

o

12

red ~

:2.02

S

¥

¥2/ndf : 892 / 442 {

Iy
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Blinding data

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

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 blinding.

[f obtained uncertainties obtained in both analysis groups agree - relative unblinding —
Comparison of results.

[f obtained results agree - final unblinding — final result.

Jacek Zejma

FPCP 2024
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Blinding data

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

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 blinding.

If obtained uncertainties obtained in both analysis groups agree - relative unblinding —
Comparison of results.

If obtained results agree - final unblinding — final result.

Result * Statistical uncertainty
x10-26 e cm
2 analysis (1) (2)
Double blind 15411 3.8x1.1
Single blind 6.0x1.1 6.2*1.1
Unblind -0.1x1.1 0.1x1.1

nEDM at PS| dp = ( 0.0+ 11 + 0.25y5) - 10726 e -cm

Jacek Zejma

FPCP 2024 31
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Result of the nEDM at PSI collaboration:

dp = (0.0 £ 1155 £ 0.25y5) - 10726 e -cm;
d, <18-107%® e -cm (90% C.L.)

* Data blinding:
* Magnetic field:

* Neutron detection:

 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

And many others at https://www.psi.ch/en/nedm/publications

Jacek Zejma FPCP 2024
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Neutron EDM experiments

> Storage experiments https://www.psi.ch/en/nedm/edms-world-wide

= nEDM@PSI - currently starting the next experiment phase.

= PanEDM @ ILL - with the new SuperSUN UCN source. Double chamber spectrometer equipped with
caesium and mercury magnetometers placed around the precession chambers (no comagnetometer
is planned) and with both the passive and active magnetic shields. In development.

= TUCAN@TRIUMF (RCNP in Osaka and the TRIUMF laboratory in Vancouver)- 12°Xe comagnetometer,
In development.

= LANL nEDM - similar to PSI but different in details. In development.
» Cryogenic experiment: in Liquid He

= SNS EDM at Oak Ridge National Laboratory - very ambitious experiment assumes production of
UCNs in superfluid helium directly in a double-cell spectrometer with the use of the 3He
comagnetometer.

» Pulsed neutron beam experiment

= neutron beam EDM (to be performed at ESS) - R&D studies of the new concept of using a pulse beam
of cold neutrons.

Jacek Zejma FPCP 2024 33
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Conclusions

» nEDM @ PSI collaboration has published the most precise result of the neutron EDM
measurement.

» The new experiment, n2EDM, is in the process of being launched. Its expected sensitivity of
d,<1-107%7 e -cm.

» Other neutron EDM measurements needed for complementarity - development under way for
at least 5 experiments.

» EDM measurements of other particles are also needed to disentangle source of a possible non-
zero EDM value.

Jacek Zejma FPCP 2024 34
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Spare slides
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Source of UCN at PSI

e Spallation UCN source: p+Pb
p beam 590 MeV, 2 mA,
a few second pulse every 5 minutes.

vessel for 1 D « Moderator: 301 of solid D,, 8K.
UCN: 2 m3
- \"\ e Production: 2-10° cm3s1.
e Density of UCN in the experiment place:
o : 1000 cm?3.
L o
= I Solid moderator
I = — ; — D2 (8 K)
Protonbeam . |]: - ,
590 MeV =T 5E
2 mA I == = ) Heavy water
fills moderator
Ay DZO

Jacek Zejma FPCP 2024 37
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Centre of mass of ultra cold neutrons is about 3.5 mm lower than that of mercury atoms.

In case of vertical gradient, they experience different mean magnetic field value.

16 Cs magnetometers for field
gradient measurements.
Sensitive but not accurate.

Not only vertical gradients are
important

9B,
Bz’
but also transversal
components of the field and its
gradient

9B,
?:

0BT
B+, —.
T a5y
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Magnetic field mapping

 Measurement performed off-line in thousands of vertical radial transverse

points.

 Decomposition of the field into 63 modes

* Corrected field applied to each run before the actual
crossing-lines analysis.
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Neutron detection SLStem
n +%Li->3H+a
UCN in-ﬂipes Neutron detection systems
Gl e measures both neutron spin

mg“e“ states simultaneously.

iron yoke

Analyzing foils : |
Mechanical support
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Example of a bad signal from 1°°*Hg comagnetometer — short relaxation time.

Enlarged fragment of the signal

15.5 16.0 16.5 17.0
time (s)

Enlarged fragment of the signal

160.0 160.5 161.0 161.5 162.0

0 20 40 60 80 100 120 140 160 180
time (s)

y(t) = Ae~ sin(2rft + ¢)- but frequency f is not constant.
We must know the mean frequency, which corresponds to the mean value of
the magnetic field B,.

Jacek Zejma FPCP 2024
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Final polarization depends on neutron velocities.
FPCP 2024

3

How to control velocity spectrum of neutrons?

Neutrons with higher energies are captured by the storage volume walls easier

Ah # const during a cycle — in case of G, # 0, the mean magnetic field seen by UCN changes during a cycle.

(a) (b)
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Final neutron polarization

P(t)) = ja(T, €) cos|w,(e)(T — 2t,)]p(e, T)de

UCN polarization measured for 3 different G, gradients vs t; precession time
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UCN spectra obtained by fitting to the neutron polarization spectra:
* The best fit.

* Spectra for highest and lowest centers of mass of the UCN.

* Spectra for highest and lowest mean energy of the UCN.

0.035 T T T T T T

; 1 — Best fit
o weesse CMOT . CL.BBI3%
0.03} PP 5 max .
™ —e=CM® ©L6823%
£ min
0.025F 7 A S SR | . <E>min C.L.68.3% -
- < B> C.L.68.3%
max
c 0.02F -
R
©
©
L 0.015F -
v2/dof = 85/66 .
Center of mass offset: 5.4*0'4 mm
0.01F s -
0.005F -
obts . : T

L ]
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UCN total Energy Etot (neV)
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