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| - Context

What is an Electric Dipole Moment?

* Spins couple to magnetic fields.
Magnetic moment is the coupling u

 Spins couple to electric fields.
EDM is the coupling d

4 p
Non-relativistic limit of the fermion-photon interaction:
H=—-uoB —dodE
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Larmor precession of a spin in a magnetic field Larmor precession of a spin in an electric field
at frequency f = i—]:l at frequency f = % 2




| - Context

An EDM violates Time reversal (T) symmetry

Observable = magnetic moment u

u>0 u>0
[ T-invariant }

Observable = EDM d

d>0 d<0

[ not T-invariant]

CPT symmetry < Lorentz invariance & causality of the SM.
T violation < CP violation




| - Context

Why measure the neutron EDM?

From the Standard Model we expect d, = 1073%ecm + 6 -10"®ecm +

weak interaction strong interaction new physics?
[ dp = (0.0 + L1 + 0.25y5 ) X 10726 cm }
|d,| < 1,8 x 107%° e cm (90% CL) [1] ol % R =
i; European Strategy, S " .
- 1 N m <
& x T
o . . . < = 3 C% . —
e Constrains the CP violation in the strong 105k 5 £ ¢ o 3 3 T E
sector O < 10710 “strong CP problem” z S I I 5| mi3rev
Peccei-Quinn, axion?, also a good candidate for 1000f — o L T
dark matter. -
10

* sensitive probe to new physics.
The better the sensitivity, the higher the mass
scale (SMEFT). Probes mass scales of >13 PeV.

Physics Briefing Book: Input for the 2026 update of the European
Strategy for Particle Physics

[1] Measurement of the Permanent Electric Dipole Moment of the Neutron, nEDM collaboration, 2020



https://inspirehep.net/literature/3070637

[l —n2EDM overview

|- How do we measure the
NnEDM at g PSI

L
feld ;
rae‘e éaﬂk |
s T
erisal
5 Appenzeﬁ

B = GUTENBERG 9
UNIVERSITAT Wt

n2EDM o NEDM &

uuuuuuuuuuuuuuuuuuuu




Il —n2EDM overview

NEDM Figure of Merit ”W/‘“r Fm

Larmor precession frequency of neutrons, £, Fnpynp

: - L h h
in a controlled magnetic field and strong electric field. " "

If |d,,] =2 X 107%® e cm, electric/magnetic term = 10~°

1. Ramsey method of separated oscillatory fields (NMR method).
1
0(fn) X VN’

(~100 neV, storable!)

1. Mercury co-magnetometry to monitor B.
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Il —n2EDM overview

1. Ramsey method to measure f;; (NMR technique)

5 . Neutron spin asymmetry:
Ny — N, — A — oS (T[(fRF _ fn))
Ny+N,  ° Av
P a visibility = total spin depolarization
Polarisation | r/2 spin flip at fgp : 7 = 25| Free precession : T = 180 | /2 spin flip at fas: 7 = 2s | Count Av = (ZT + %) fringe width, known
frr,T parameters of the spin flip, known
Run 7446 : UCN Asymmetry VS fre T =180 s precession time
0.2 unknown parameters,
ol 4 working points frequencies, repeated
N i TOP :
T -0z a=-08164) fo ~ 30 Hz
=|= ; T f,=27.4619096(5)Hz
2 oa X? =1.046148 o(f,) = ——— ~ 0.5 uHz
| 2T\ N
-0.6
-0.8 :

27.4605 27.4610 27.4615 27.4620 27.4625 27.4630 27.4635
fre (Hz)



[l —n2EDM overview

1. Ramsey method to measure f;; (NMR technique)

Run 7982, 09-10 Dec 2025, TOP chamber

§ 27.45435- " }H L L HHH*I|H* " hH” |}||||hHH I*NH*} " }m th}}i}}l
{ L LA T J l* i

27.45430 -

neutron frequency (Hz)

27.45420 ~—

0 25 50 75 100 125 150 175 200
“— cycle
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[l —n2EDM overview B

VHg
2. Mercury co-magnetometer 0@ fag =75, b

199 : : : : : : . ~ 7 Hz in n2EDM
Hg : only diamagnetic (nuclear spin %) atomic vapour with optical transition. -

Precision: a(ng) <200nHz & o(B) <30fT

Run 7982, 09-10 Dec 2025, TOP chamber
R 27.45435- }H H H | b
> " ¢| iy A mﬂfh;mw#
: i T R o 1 i LAY h
52?.45430- L II”} n”'f H} hﬂ ITlHH‘pH'fr i }hﬂhtuh}’ }H,’* rlﬂh} }ll } rﬁ
LE 27.45425 - ' *

O neutron
- | 2 pT t scaled Hg
274542075 25 50 75 100 125 150 175 200
«—> cycle

1 hour
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Reduced limit on the permanent electric dipole moment of Hg 199. Graner, Brent, et al. PRL (2016) Hg EDM |dy 4| < 7,4 1073% e cm




[l —n2EDM overview ]B

VHg
2. Mercury co-magnetometer  lg_<X) g =5

199 : : : : : . . ~ 7 Hz in n2EDM
Hg : only diamagnetic (nuclear spin %) atomic vapour with optical transition. -

Precision: a(ng) <200nHz & o(B) <30fT

Run 7982, 09-10 Dec 2025, TOP chamber

27.45435

27.45430 - ﬁ +#++H WHHH#} W h}m mwwﬂ h++++HH+H++H ﬁ#‘l H}W} #Hﬂh{ﬁ #ﬂ# W}ﬁ# #+ #WH}W |-H+} M’m

t  neutron

corrected neutron frequency (Hz)

{  scaled Hg
27.45425 1
2 pT + reduced y? = 0.98
lo interval [0.90,1.10]
27.45420 1 — . . . . . . . .
0 25 50 75 100 125 150 175 200
“ cycle
1 hour
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Reduced limit on the permanent electric dipole moment of Hg 199. Graner, Brent, et al. PRL (2016) Hg EDM |dy 4| < 7,4 1073% e cm
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UCNs: fBO0T=£2gBOT 4 “np

| Mercury: BEgT,

vertical magnetic gradient Gtg.
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[1l- n2EDM results

[1l- n2EDM early results

1. The Earth rotates!!
2. Ultracold neutrons are lazy...
3. Status and outlook



l1I- n2EDM results

0 =42 deg
1. The earth rotates!
—
* Laboratory referential is not inertial : Earth rotation | B inthe
* Magnetic momentum of neutron and mercury have opposite sign (i, < 0). lab at PSI.

Depending on B one frequency is enhanced, the other is diminished.

N\

e f]::lg B lﬂ#:g (L Bearen) Earth rotation
1 1
Oearth = —feartn €0SO | — +——
e m N | H H’ ” H H (fn ng>
Magnetic field down } ~ } } ’ H } } ' H | I
33.842460' H W’ ” } } } H }” } ’ _|| JQLLI l»
%3.342455- 2Ry 0eqren  1ppm!l  — %0:0:7:: z::z::)::ij Preliminary result:
Rotation period
Magnetic field up 3 842450 ’ H }’ } } } w } ’ ”H ’ } ’ } ' H H’} ~ | 24h O9(12%Statmin
| i H! H i N}“ it |

cycle https://ch.geoview.info/villigen_psi_west,10385716



[1I- n2EDM results gl

B + GTBZ
Ultracold neutrons are lazy... 1
0‘ s 1 (zrop)
* UCNs have a lower center of mass (CM) than
Hg atoms (room temperature) because of l MeraryCM ()
. 0 7
gravity | } Gror
3.84251
3.84250 - A Riop:x*=8.78€[5.53,14.47] Susceptibility to vertical gradient
A A Ry x?=9.44€[5.53,14.47]
3.84249 -
3.84248 - { dRTOP/BOT — R < ZTOP,BOT >
| = R,
3.84247 1 | - I“\\ dGTB < B>
< - TR Result:
¥ e O,
) 3.84244 - ﬁt;* (ZTop) = —0.161(4) cm
3.84243 - ‘\‘\ <ZBOT> = _0.214(6) cm
3.84242 \:::::I:\
3.84241 - # Provides information on the energy
a0 0 ] " e spectrum of neutrons!

Grs (pT/cm) 16



[1I- n2EDM results

Status and outlook

e EDM data-set December 2025:

Niot = 66000 neutrons per cycle
a(ng) ~ 300 nHz per cycle
Electric field |E| = 110kV/12cm
atOf = 0,83 aB9T = 0,89
T =180s

200 cycles/day

U(dn) —

Aa E TA/N

nts per cycle

total UCN cou
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40000 - ‘ T : / / ‘.
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0: = T 1 " %] | | | | | | 1 | | | i | | -
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300k-- - = o e—- e — —
250; /
r Hg laser unlocked .
E 200 - '
5 T .
& 1501
T : ]
i iRy *ﬁ L
Soiaﬁ% W‘mﬁ” ?g «&"' Lk P
M* M'«m m 4WV &V “,M;..‘:x:\: e
| | | | | | | ]
o Dec 01 Dec 08 Dec 15 Dec 22

n2EDM Progress report 2025 [internal PSl]

= 90 X 107%% e cm per cycle
6 X 107%% e cm per day

(2.3 times larger than design)

o(dn)

n2EDM data-taking (blinded) starts in 08/2026, until HIPA long shutdown

08/2027. Restart in 2030-2033.
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Additional slides



Example: how to determine the nEDM

3.842455

TOP R-ratio

3.842440
3.842455

BOT R-ratio

3.842440

3.8424501 M

3.842445

R =3.84245038(6)
corrected R = 3.84245049(6)

Tl

R = 3.84245029(7)
corrected R = 3.84245041(7)

3.842450

3.842445

AL L L

I | “

R = 3.84244978(6)
corrected R = 3.84244988(6)

R = 3.84244985(6)
corrected R = 3.84244997(6)

50 100 150 200 0

cycles of run 8007

50 100 150 200

cycles of run 8001
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Current most sensitive measurement: nEDM

at PSI

Measurement of the Permanent Electric Dipole
Moment of the Neutron, nEDM collaboration, 2020

dn = (0.0 £ 1154, + 0.25,5) X 10726 e cm
" N

Number of neutrons Homogeneity of B

In n2EDM:

* Increase statistics in larger volume with a better
controlled magnetic field: simultaneous measure is
two chambers for both electric polarities.

* Same principle of co-magnetometry: Hg and Cs.

21



Il — Mercury precession

Nn2EDM experiment: overview

Hg reservoir

- e :“; &;_‘?L‘y&_—", ; N - o .
PRITETD 9 B 2 B B BDad. T ‘

Hg polarisation chamber

___________________

UV pump IightI

Top polarisation

UCN guide chamber
N

Bottom polarisation
chamber

L oo b

By

chambers

shutters

Precession E
UCN guide '

Z Hg reservoir
Front view | X
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Il — Mercury precession

Hg- comagnetometer overview

! Optical fibir :

Polarisation cells

Optical fiber | i 3
Monitor : . ; ~
photo-diode; | _ E | . o P G
i . Precession chambers ! Analysing p polarisation q
| ! .
| | optics transmitted Linearly polarised probe.
T | ¢
UV probe light ' i o Two signals per chamber.
inear . i : 3
polarisation | — D Cancels common noise.
. | | !
Optical tower i E 's polarisatio g
| E i reflected ~
Optical fibers E |
: Vacuum vessel ! Probe

_____________________________

. photo-diodes
circular

polarisation
. UV pump light

Optical f|b/

Side view | Magneticshield . ___ i

UV laser
254 nm

o=
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1.75 1

corrected PD voltages, V
N
o
o

1.50 1

1.25 4

Hg Precession :

SO e —O'Ln(t)(l—p(t))

Vapour spin polarisation

Hg density

along light propagation axis

p oscillates at Larmor frequency, so does the transmitted power.

Hg in the polarization chamber

Precession

Emptying

ﬁ”Hg spin during precession\

Excited (2] (L2 ]
states

AN hy
spin 1

Ground (a2 ] (w2 ]
states

\_ N,

NV

Zoomed in

80 100

120

140

Zoomed in
24



n2EDM Magnetic field specifications

* Expansion in harmonic modes : B(x,y,z) = Z Gl (x, Y, 2)
lmy \
Gradient terms Legendre polynomials

* Gpo : Uniform vertical magnetic field
* (o : vertical gradient
* Gin L = 2:non uniformities

* Non uniformities (modes [ = 1) affect the frequency ratio R.
* Odd-modes result in an EDM-like signal

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

The design of the n2EDM experiment. nEDM Collaboration, EPJ C, 2021




Il —n2EDM overview 1.

Nup _ Ndown
Nup + Ndown

1. Neutron Spin Analyzer: measure

Simultaneous detection of both spin components in gaseous detector:
* Analyzing foil: spin down transmitted (spin up reflected).
 Two arms: - one with a spin flipper: detects spin up neutrons

»;\K l J ! m\lo
I spin o i ,
| del’zéction | spin T

e

detection

26



Why measure the neutron EDM?

Matter predominance is observed by cosmological probes:
np—npg

Baryon asymmetry 7 = = (6,1 +0,2) x 1071 (BBN, Planck)

ny

Charge Parity (CP) violation is one of the Sakharov condition for
baryogenesis.

1. All EDMs violate CP,
2. Electron EDM and EDM probe BSM physics at scales > 10 PeV.

is defining the strong CP problem |6 < 10710



| - Context

What is the magnetic moment?

* Spins couple to magnetic fields.
Magnetic moment is the coupling

strength 1 -
— 1)
Non-relativistic limit of the fermion-photon interaction: |
. hw = 2uB
: 1)
“torque” on the spin, resulting in Larmor precession
ds ,
B — =YySXB

- .Q k dt /

Larmor precession of a spin in a magnetic field

_ KB
at frequency f = — s



