PS I Center for Neutron and
Muon Sciences

Searching for a neutron electric dipole moment

Bernhard Lauss

Center for Neutron und Muon Sciences
Paul Scherrer Institute

September, 2025

Al -, R £ e

—

t‘ﬁ"l\v g th"

Image: Tourist Japan



An electric dipole moment violates _{i@ e gEDM@.sc
charge-parity CP symmetry?
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nEDM in the Standard Model _{ﬁﬂ

weak interaction — d,~ 1032 e cm A. Czarnecki PRL 78 (1997) 4339
C.Y. Seng PRC 91 (2015) 025502

Naive picture of nEDM from quark EDMSs, no contribution on the one loop level

a
_ s ~MVPO ,~a ,a
L. = LQCD + 6_871 £ GWG oo

d ~60-10"°e-cm

[ d < 1.8 x1026 e cm J ® <1010

“‘unnaturally small”

— Axion hypothesis R. Peccei, H.Quinn PRL 38 (1977) 1440
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Sakharov Criteria
JETP Lett.5(196¥%)24

B-yiolation U
C & CP-violation

non-eqdilibrium
" v - v

- .BSM Models predict
nEDM far above SM value

-

Why is there no
anti-matter in our Universe ?

é : Additional source of violation of CP

(charge-parity) symmetry necessary.

M.J. Ramsev-Musolf

aAsymmelry

eEDM limit
==+ LHC Keach
- Reach for d_,l=4x 107 eem

1500 200 250 300 350 400 450 500
eV

EDM and LHC sensitivity to supersymmetric
baryogenesis in the minimal supersymmetric
standard model (MSSM). Dark bilue hatched bands
give regions of the supersymmetric mass,

and gaugino mass M1 parameter space leading to
observed value of the baryon asymmetry.



b
i Center for Neut d W R
: enter for Neutron an !
PS I Muon Sciences n2EDM e nEDM J*
P manma

Many systems where we can look for EDMs )
Theoretical challenge what “BSM” gives an EDM

Nuclei:
= - Different BSM models
'aanr?,Q? N predict different
dominating operators

He, Xe, Ra

Paramagnetic
atoms:
Tl, Cs

Different EDM systems
have different sensitivities

Molecules: to these operators pton-q p
YbF, PbO, HfF*
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History of neutron EDM searches 1 nzeow

and current goals

_ o Theory
Experimental limit expectation
g .1 ] L. 1 1 |
10 i:D 3 ORNL Harvard E current best limit
102 ] O  MIT, BNL |d,,|< 1.8x10-26 e-cm
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Ramsey's Technique 1§lnzeow (2 S
of oscillatory fields

Maximum sensitivity at A=0

“Spin up” — asymmetry 4 => steepest slope ='working points
neutron... ; 1.0 F
- | visibility |
: 0-5 o 2075
. . Cll_,_) A 0.0 l l
90° spin-flip —
pulse applied... — L d
— n
— 05 F
I Av=1 =1 .
-1.0 Y /T ASOS e working points

— 0 O=vy -V
e . Free -
3. k(b precession... — NT T Nsl/
- Asymmetry A =
Ny + Ny

Second 90°
spin-flip pulse

fspin flip — fTT)

~ —qcos|
< Av

hfrrary = 2(Up 0 £ dyE)

29 Hz @1uT 58 nHz @12 KV/cm
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PSI cosnesones Ramsey's Method in double chamber jj [n2EDM (i~ PSS
e

n2EDM@PSI as example for room-temperature in
vacuum double-chamber searches

@ _ 3 + 2 independent coils in
Precession volumes to produce BJ_ in X,y

& Cs Cells

UCNs ¢ |nduces current in Al

vacuum vessel

B E HV electrode

HERIamS « Same spin-flip pulse

Ground electrode for TOP and BOT
€ e J - chambers
S | e |
I, € RF coils

simultaneous comparison of both E directions



Ramsey measurement with _{ﬁﬂ

both spin-states of neutrons
Strong constraint on “top-bottom” field matching

hftr = 2(upB + dyE)

hfr, = 2(upB — dypE)

BTOP — RBOT

Z
Az

1.00-

0.75 1

0.50+

0.25 1

0.00

—0.25"

—0.501

—0.75"

—1.00 -

TOP

BOT

188
Af ~d, Wspinfip (rad/s)
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Maximum sensitivity at A=0
=> steepest slope ='working points'

“Analyzing power”

(d ) 7 . AZ —-1/2
o = ——
Y 2aET Ny + N, a?

“Visibility” Neutron statistics
. . C.Abel et al. Phys.Rev.Lett. 124 (2020) 081803
EIeCtrIC fleld TABLE I.  Summary of systematic effects in 1072® e.cm. The
first three effects are treated within the crossing-point fit and are
Stre ngth included in d,.. The additional effects below that are considered
separately.

Effect Shift Error

Error on (z) . 7

Higher-order gradients G 69 10

Goal for n2 E D M Iow 1 0-27 ecm Transverse field correction (B2) 0 5
Hg EDM (8] —0.1 0.1

Local dipole fields 4

Improve on every parameter Local dipole ficds ;
. . Quadratic v x E 0.1
a n d I n syste m atl Cs Uncompensated G drift ce 7.5
Mercury light shift 0.4

Inc. scattering '*?Hg . 7

TOTAL 69 18
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Worldwide efforts

pioneering
PNPI - 1980'ties

Magnetic field Top UCN 4 top magnetometers Side UCN Direct UCN

coils \ trap \ Valyes \ detect{:rs detectors
\
Magnetic \ J\ \
screens A\ [ AY

AnalyZEj

{—D,
/ | L Flipper
Polarizer / ll \\ N
l\ N
Grounded Rfcoils Bottom UCN  + High voltage 4 bottom
electrods trap electrode magnetometers

5%
n2EDM <. 7EDM
T @ psl

/7 EER P

TRIUMF-TUCAN

Coil systems
Vacuum vessel
Precession chambers

Hg & Cs Magnetometry




nEDM measurement needs essential large
machines to operate at the same time

- neutron production - the PSI proton accelerator
- the ultracold neutron source - UCN

- the experiment apparatus - n2EDM



) PSI s Time-scale of efforts at PSI jiLZEDM EDE

/m PR

UCN source Letter of intent Start UCN gEtDM Eirst nEDM
UCN source proposal source ata .
nEDM proposal operation  taking result published
1998 2000 2011 2015/16/17 2018 2020 2025
n2EDM m2EDM start

start construction  data taking



PSI Hligh-intensity proton accelerator HIPA

typically around 90% availability
June to December operating period

SINQ

)pion / muon production
Wi ets and secondary
beamlines -

== _

f/-.

\

Proton beam:
2.2 mA
8 s long pulse every 300 s




:._‘__‘_‘x_ \.\, i 1. HIPA beam on Pb spallation target (up to 8s)

g

ultracold neutrons
T~3mK
v=0-6m/s

E =0-300 neV
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300s
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production pulse

b) UCN delivery at beam port (
_N kﬁ

r .

-

S produces ~8 free neutrons per proton



PSI zeee= Ultracold Neutron Source - UCN n2EDM

§ Production pulse measured at West-1 beamport

normalized to 2.2mA
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UCN delivery to Experiments jj [n2EDM

Active Magnetic Shleldlng

V agga”; nie ded

\\/

Bernhard Lauss/2025



n2EDM "
PSI g ronan . h2EDM (o AEDM|
UCN chamber stack - 2x 60 liter volume Pre EF

currently: DLC + deuterated paraffin Sl

112 Cs magnetometer
modules

UCN guide

ground
electrodes

HV electrode UCN shutter

Hg polarization chamber

Bernhard Lauss/2025



Counting UCNs in n2EDM jj [n2EDM (o gEDMﬁ

filling storage counting
| |
104 ! |
- | |
| |
= ! !
-
@) ! |
D 103 !
sy |
| | = |
Q |
wn |
)
S 102 '
3 102 !
@) !
He3 + CF4 gas detector |
n+He3 »>p+t . : |
3-PMT coincidence readout 101 | : : : : I : : :
. . 0 50 100 150 200 250 300 350 400
Saturated (magnetized) Fe foil . )
used for spin-discrimination Arrival-time (S)

Sample time structure of one cycle as seen from UCN detectors (top + bottom)
PhD thesis A. Lejuez



PSI Center for Neutron and nZEDM l'&g; llqd;‘
uon Scioncos UCN chamber stack - 2x 60 liter volume | | in2EDM e DEDME
currently: DLC + Quartz 1B

- regular nEDM measurements with
full UCN system and Hg and Cs
magnetometer in Dec. 2024

- operated at a statistics of

25°000 UCN per chamber at

=0 t.0rc=180s in Dec.2024
| already improved in 2025

- UCN storage in top and bottom chamber 12/2024

[
o
w

TOP g’ .. :

104 \h“
_ ®

@ tshor‘t == 375, t|0ng = 2285
® tehort = 445, tiong = 290s

Integrated counts after storage

=
o
w

100 200 300 400 500 600
tstorage (S)

o

Bernhard Lauss/2025



' PSI g n2EDM  Commissioning

Coincident Ramsey measurement in top and bottom UCN chambers already
without B-field correction and highest asymmetry.
1.0
e e aB9T=0.90
e BOT e - ® a™©"=0.83
0.5 - :
—
5
e _ ®
& 0.0 - -
= FS
%) e .
< | N
— 0.5 24 o >
..-.‘ ::_. '-..‘-
o TOP ® ‘e T :
37.464 27.466 27.468 27.470 27.472 27.474
fr{/2 (H=z)

Bernhard Lauss/2025
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High Voltage
Full setup tested for the first time in 2024

Performance:
Stable (sparkless) operation at 150 kV (E= 12.5 kV/cm) : ready for data taking !

Up to 180 kV (design goal) tested but needs longer conditioning procedure.

200
—— Without He-flow
1751 —— With He-flow
150 A
3 200
~ 100
% e - 180 -
< 160 -
z
50 1 140
251 preliminary P00 1 22 23 2
t (h)
0 . . : T
0 5 10 15 20
t (h)

Master thesis R. Koch



Magnetic Environment
Active magnetic shield (AMS)
magnetically shielded room (MSR)

z
L 4 ‘[
\.\. - x

3+5 coils

* 8 independent coils

* 55 km of wires
Eur. Phys.).C83,1061(2023). https://doi.org/10.1140/epjc/s10052-023-12225-7

* kW heat dissipated
PhD thesis: M.Rawlik, S. Emenegger


https://doi.org/10.1140/epjc/s10052-023-12225-z

PSS cosens . .
The Magnetically Shielded Room (MSR)

* 6 permeable layers

Shielding factor 10° at
0.01 Hz (14T — 10pT)

Eur. Phys. ). C84,18 (2024). https://doi.org/10.1140/epjc/s10052-023-12351-8

Excitation coils to degauss permeable layers

Rev. Sci. Instrum. 1 September 2022; 93 (9): 095105. https://doi.org/10.1063/5.0101391



https://doi.org/10.1063/5.0101391
https://doi.org/10.1140/epjc/s10052-023-12351-8

Performance of active and passive k.
PSI e _ el oeom L%
magnetic shielding 1iL

EED EPB

Residual field inside AMS + MSR
MSR after degaussing
shielding factor versus frequency
400
[0 Optimized sequence T
350 1 1095
300 1 I
. 108%
O I
=250 3 I
o 2 107t
— 200 G g
1 8 2
D 350 ” 108
100 05
50 (I | L1l 1 1 I |
JCN chamber dimensio 0.01 fre 0.10 1
quency (Hz)
0 . . : .
20 40 60 80
|r] (cm)

Magnetic environment at or better than design values:
Design of the n2EDM experiment: EPJC 81 (2021) 512

Magnetically shielded room: Rev.Sci.Instr. 93 (2022) 095105
Active magnetic shielding: EPJC 83 (2023) 1061

Ultralow magnetic fields: EPJC 84 (2024) 18
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Coil system for homogeneous 1uT vertical field et

vertical B field

BO coi!

Trim coils

RF coils

Gradient coils

PhD thesis P.Flaux
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Remarkable field uniformity

! i in2EDM

40 nEDM
a(B,) =900 pT
1.0360
20
1.0355
5 o
g 1.0350
1.0345
—20-
1.0340
—4040 -20 0 20 40
x (cm)

x (cm)
PhD thesis T. Bouillaud



fn,— fo (MH2z)

PSI

0.4
03- 01 mHz — 10_23 e cm
0.2 1
011 TOP
*®e .00
0.0 ; .
¥ ..,... p ..""
—0.11 ."b -‘..D‘C".Q‘...‘.-A.._
L S
—0.2 1 I ‘.'..o.jo..o..o...‘.‘ Py
L )
BOT
—0.31
_qiin2EDM
_04 T T T

Center for Neutron and
Muon Sciences

Despite best efforts, still see magnetic-field drifts

.4
n2EDM |

when looking at neutron frequency

0 5] 10

Time (h)

15

-10

=1

(1d) gv

previous experiment

30.2230 { ﬁiﬂq&
302220+ -
= ol Thg
T v sraa
=30.22281{". %ﬂ%
ut Pl i 3
30.2227 1 j','sﬁ\-?
30.2226 1 F

0 —0+0-0+0=-0+0=004+0-=020

o 3.842445 4

I i,

:"_‘C ol ¢ i e+ N il g il :.'- i " 1 ‘|“ AT ‘

« 3.842450 [ PN R T U LT T o TR T
I T IS T Wl I

I il i e R

R 3.842455

200 300 400 500

Cycle number
C.Abel et al. Phys.Rev.Lett. 124 (2020) 081803

0 100



 PSI s n E p DE
Mercury Co-magnetometer Yhaow (22

« Hg spin polarized outside chamber with Hg polarization
circularly polarized 254nm light chamber with

« Inject Hg into chamber and perform /2 paraffine coating

spin-flip

» Probe free precession optically to extract

ng(B)

« online monitoring of top-bottom gradient

PhD Theses:
W.Chen, K.Michielsen, N.v.Schick



PSI cossesones n
Mercury Co-magnetometer gt
in same storage volume as neutrons

fug extracted by fitting or through demodulation analysis

signal
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Polarizing Hg spin Injection Spin flip Free precession

Hg co-magnetomer operational over weeks in 2024
T,(TOP)=50s;T,(BOT)=80s
Performance still to be improved but nearly at the design goal sensitivity

-> Operational for nEDM measurement PhD Theses:
W.Chen, K. Michielsen, N.v.Schick



Instead of just using neutrons, we can sample the
magnetic field with a 99Hg co-magnetometer (fT)

f U, 2F 941000
R = — + dn Hg ® Cs & UCN
ng HHg thg 940950 1 yAN— L 120
[} [ZEDH T T
940900
—~ F90
. — L
Ratio R ' 9408501 L <
€29000800000000908088568. \ W B By B g
3 940800 | <
Sl M l_l_dnETl m 00>
fr1 “Hg%Tl mh fi, 9407501 -
But neutrons and mercury 940700 .
do not see th.e same 940650 | | | i
magnetic field... 0 20 00 4S50 200

Cycle number
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Analysis: Frequency ratio R = f /f, JiLzEDM

Center of mass offset 6h

Non-adiabaticity -> U UeN

new systematic effects

motional (false) EDM *

Vg ~ 160 m/s VS. TUCN & 3 m/s
g D
(fueN)  ¥n ( 0B Wh (B?)) _ )
k= = 1 + ¥6 Y S
(ng> YHg 0z |By|  |Byl? Earth Hg-lightshift
\. J

Vo Ve R? , )
Ay, = ngczg (GTB +G3+Gs+-- ) :

[ Measure R as function of dB/dz ]
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n2EDM
Coil system for homogeneous 1uT vertical field
B fleld A R
1 (=

BO coil-| zn.‘ ﬁ% 240800
bl T
<. -;a's:- o A 'ﬁ‘ \“Lj—::j =% :m{)
RN R g

Trim coils N = {E;:“

~" 40 5
3 :
Flemy 40 g w0

5 An example of a magnetic ficld map of the field ge mmh,
h W2EDM | o Ern:mdrecardedby the e mapper. r. Each p
pd o the vertical projection of the magnetic field inside a ),Idl

RF coils o radivs 78 amand e ight 82 cm

* Expansion in harmonic modes :

C.Abel et al. PRA99 (2019)042112

B(x;}’; Z) - ZGlmHl,m(xlylz)
m T,

Gradient terms

PhD thesis P.Flaux

* Non uniformities (modes [ =
* Odd-modes result in an EDM-like signal

Legendre polynomials

Gyo : Uniform vertical magnetic field
G : vertical gradient
Gim | = 2: non uniformities

1) affect the frequency ratio R.

Specifications fT/cm Measured by...
Mode 1 of the magnetic field 6G, < 25 Hg, online V
Mode 3 of the magnetic field 6Gs < 20 Cs, online to do
Mode 5 of the magnetic field 6Gs < 20 Mapper, offline V

22
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PSI cosnesones . o2EDM X nEDH
Cesium Magnetometer 11L e

Online monitoring of field non uniformities - G, : systematic assessment

Two Cs units installed in 2024: steady operation over weeks

Cs magnetometer module _optical fiber
g S/

112 Cs magnetometer
modules
UCN guide

ground

electrodes beam splitters

UCN shutter

HV electrode

One Cs unit (4
cells)

1l ® Cell2 ® Cell5 ® Cel7
g41400 ® Cell3 ® Cellg ® Cells

e Celld R R
941200 -
E_ 941000 -
Cs magnetometry plan: =
g SR R R
2025: half of Cs setup installed (56 cells) o 940800 -

2026: full Cs setup installed (112 cells) ' ' [ 1 -
940600 1 EE:: '

T T T T

R R e T
9404001 ] . | .
0 50 100 150 200
Cycle number

PhD theses D.Pais, V. Kletzl, L.Segner, L. Sanchez-Real Zielniewicz
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S @psl LPSC
B EPB

fn
F1e

Observation of gravitational shift on R =

4
* Neutrons have a lower center of mass than Hg J{ "
atoms because of gravity £ B
! ® bottom chamber
— R slightly depends on the vertical gradients G5 )
3.84251
3.84250 - A Riop i X’ =878€15.53,14.47] Susceptibility to vertical gradient
A Ry % =9.44€[5.53,14.47]
3.84249 A
i dRT,B . < ZT B o
3:8424?- ﬁ* dGrp Y <B>
;% 3.84246 *i:.&,* i Result:
I B
o 384245 1 O . +
3.84244 - i%‘*}?;&:‘; < Zr>= —0161(4) cm
384243 ) <z >=—0.214(6) cm
3.84242 1 N:::-‘::;—,
3.84241 1 t Provides information of the energy @6
40 -20 0 20 40 spectrum of neutrons! ‘((\\(\
Grs (pT/cm) Q\\

\\
Q
PhD K. Michielsen



- PSI sizeonane Challenge for all parts:
magnetic contamination

magnetic dipoles cause frequency shift

It is crucial to check all parts which are in the central region of the 1T 10FT  100fT 1pT 10pT
apparatus = the innermost chamber of the MSR

for magnetic contaminants - searching vor magnetic dipoles
--- there is no apriori non-magnetic material

e.g. same batch of screws can be good or bad

we check small parts in new gradiometer at PSI to
~ 3pT noise level in 25mm distance (PhD V. Kletzl)
and large parts (electrodes, insulator rings, vacuum tank sides)
at BMSR2- PTB Berlin | !

80 cm

‘allowed' magnetic dipoles to reach a
3x 1028 ecm systematic uncertainty

z : 1 . . 10° nA m?2
I . contribution to false Hg EDM (160 1T © 5 cm)
2 10 nA m?
(16 nT @ 5 cm)

10° nA m?
(1.6 nT @ 5 cm)

100 nA m?
(160 pT @ 5 cm)

10 nA m?
(16 pT @ 5 cm)

1 nA m?
(1.6 pT @ 5 ¢m)

Design of the n2EDM experiment: EPJC 81 (2021) 512

Bernhard Lauss/2025 PhD Thesis V.Kletzl 2025
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| PSI conomposenes Challenge for all parts: _{i@ & g’igg

° ° ° S EEm EPB
magnehc confamination

magnetic dipoles cause frequency shift

It is crucial to check all parts which are in the central region of the 1T 10FT  100fT 1pT 10pT
apparatus = the innermost chamber of the MSR

for magnetic contaminants - searching vor magnetic dipoles
--- there is no apriori non-magnetic material

e.g. same batch of screws can be good or bad

we check small parts in new gradiometer at PSI to
~ 3pT noise level in 25mm distance (PhD V. Kletzl)
and large parts (electrodes, insulator rings, vacuum tank sides)
at BMSR2- PTB Berlin | !

80 cm

‘allowed' magnetic dipoles to reach a
3x 1028 ecm systematic uncertainty
contribution to false Hg EDM

10° nA m?
(160 nT @ 5 cm)

PhD Thesis V.Kletzl 2025

10 nA m?
(16 nT @ 5 cm)

— Data

[miet = (15.12 + 0.36) nAm?|

10° nA m?
(1.6 nT @ 5 cm)

AB (pT)

100 nA m?
(160 pT @ 5 cm)

10 nA m?
(16 pT @ 5 cm)
—200 —T00 0 100 200
Mot iti
otor position (mm) 1 nA m?

(1.6 pT @ 5 ¢m)

Design of the n2EDM experiment: EPJC 81 (2021) 512

Bernhard Lauss/2025 PhD Thesis V.Kletzl 2025



PSI s eenane jj [n2EDM ‘f:wgmj
“Dry” EDM run in n2EDM @FE = 130kV
working point stability

1.00+

1.00

0.751

¢ f=27.4687 4 f=27.4696 0.50
0.75 - -4+ Ff=27.4714 f=27.4723 0.25 y OP

<T 0.00
—0.251
0.50 12eR e kpery
' A2 - -0.501
Gk L

gy Feugeioge! .'.')'.'..0-.‘.‘."J —0.751
BOT

0.28 1 ~1.00;

188
Wapin flip (rad/s)

Asymmetry
o
o
o

Dec.2024

| | |

© o o
~l oun N
ul (] (9

—-1.00 - - - - - .
0 2 4 6 8 10 12 14 16 18
Time (h)

daily sensitivity ~ 4.5 1026 ecm



PSI coneceiyouronere n2EDM sensitivity
status & outlook

<30 days required to reach previous experiment sensitivity

L L L D L L D e e e
Components nEDM (2016) | n2EDM (2024) Design goal !
1E-26 4 -
Precession time (T) 180s 180 s 180 s . 1
£
Neutrons statistic (N) 15,000 64,000 * 120,000 g
High Voltage (E) + 11 KV/cm +12.5 KV/cm + 15 KV/cm ‘?
:'U;)‘
©
Polarisation () 0.75 0.82-0.85 0.80 %)
Daily sensitivity (o) 11.10%ecm | 4.510%ecm | 2.6 10%ecm Scenario 1
Scenario 2 el
---nEDM | [T
- Design goal
1Ee-2r4———/—1———— 777
0 50 100 150 200 250 300
2025: improved electrodes and insulator rings currently being installed measurement days

first nNEDM measurements soon to start

2025 2026 2027 2028 2029 2030 2031 2032 2033

IMPACT Shutdown ﬂlﬂl]lmml] Wmmwmn MMIIII] Wllm MIWI

HIPA & UCN Source - running
UCN source - renovation project
n2EDM data taking

n2EDMagic - commissioning
n2EDMagic - running

i x 102 ecm
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thanks for many plots and slides to all my
colleagues of the nEDM collaboration,
especially K. Michielsen, E.Segarra, W.Chen

anecs GUTENBERG
UNIVERSITAT e
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the nEDM Collaboration teo

/@ EFB

Z.D. Gruji¢,
UBel: Institute of Physics, Photonics Center, University of Belgr
P. Kriiger, A. Schnabel, J. Voigt
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