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EDM = coupling between spin and E-field

E E

H=-do-E
>> PLAY >> << REWIND <<
If d # 0 the process and its time reversed Baryon asymmetry

Ng-ng/n, =6x107"°

C version are different. Observed:
Violation of T CPT Violation of CP SM expectation:
A S——N ~ -18
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EDM limits

Best limit from the nEDM experiment @PSI

j/ |dn| < 1.8 X 107%% e cm el etal prL(2020)

Nuclear
magneton

__eh

UN = Dty

In natural units |d,| <2 x 107 x uy/c

In comparison  pu,, = —1.9130427(5) uy


https://doi.org/10.1103/PhysRevLett.124.081803

The neutron EDM is quasi-forbidden

LSMEFT — LSM + £D=5 + LD=6 + ...

/

4 )

Contribution of weak interaction%

Leading order
for quark EDMs at 3 loops!
Frog diagram.

The neutron EDM is quasi-forbidden
For known reason (CKM)
And unknown reason (strong CP)

Negligible CKM prediction (v d,, ~ 10718 py /c
*The “long distance” contribution dominates over quark EDMs, still super-small.

- J

The SM QCD theta term

generates a potentially enormous neutron EDM : d,, ~ —0.02 X 8 uy/c

— 16| < 1071 > « Strong CP problem » 4



Strong CP problem

The SM QCD theta term

generates a potentially enormous neutron EDM : d,, ~ —0.02 X 8 uy /c
— 16| < 1071 - « Strong CP problem »

Some theories could explain why the strong interaction conserves CP

Massless quarks..
Spontaneous CP breaking...
Axion

—~>Peccei Quinn ... 0 = axion Field = 6 cancellation = no CPV
—>axion DM - Oscillating EDM

Following part by Guillaume Pignol
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higher-dimensional SMEFT 11 O eV
operators probed by selected

observables. From left to right:

proton decay, neutrino 21
oscillations, electron EDM, 1 1 0 eV
. — ey, kaon mixing, neutron

EDM, B-meson mixing,

electron anomalous magnetic 18
moment, beta decay, Higgs 1 0 eV
decay to tau leptons
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Figure A. Falkowski, Lectures on SMEFT EP]C (2023)

CP violation and EDM in the SMEFT

LSMEFT — LSM + £D=5 + LD=6 + ...

\

3045
Ca - (6)
pz %

a=1
New physics at high scale would
generate these new interactions,
many of which are CP-violating and
contribute to create EDMs.

Lp=¢ =

nEDM probes A = 10 PeV



Physics case to search for nEDM

1. Great puzzle with Great Sensitivity.
New sources of CPV required to explain baryogenesis (Sakarov).
A broad class of models “BSM electroweak baryogenesis” predict
new CPV physics at the ~TeV scale probes new CPV physics at the scale A = 10 PeV.

Next generation experiments will increase the reach by v 10.

2
Note: some concrete models predict iz ~ 924 M~1TeV & A~10 PeV
A (41)2 M2

2. Complementarity.
Importance of measuring the EDMs in different systems
(neutron, atoms, muons...) to cover the many different possible fundamental sources
of CP violation.

3. So far EDMs ~ ZERO -> Strong CP problem

Axions will clean up the problem of such asmall 0ind,, ~ —0.02 X 8 uy/c



Basics of NEDM measurement

Larmor frequency

/ ~30Hz@B = 1T

2d,,

Ifd, ~107%®ecmand E ~ 10 kV/cm

duration of one full turn ~ 1 year
To detect such a minuscule coupling:

* Long interaction time
* High intensity/statistics
 Control the magnetic field



Ramsey’s method to measure precession frequency

1.00

T =180s

0.75
0.50

0.25

0.00 -

—0.25 1

(Ny =N )Ny +N )

A

—0.75 1

_1.00 T T T T T T T T
30.216 30.218 30.220 30.222 30.224 30.226 30.228 30.230

applied pulse frequency / Hz

h
Statistical sensitivity: od,, = D @ BT




Ultracold neutrons

> & Thermal neutrons, E=25 meV
\

pE—

I ——

- —— ] C—
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UCN
Sorge neutron
5 Cold neutrons, E<25 meV volume S
- s - i
YN ~
sD2 vessel Heavy water

Ultracold neutrons E< 200 neV 7 tank

e Lead
spallation
Proton beam target

PSI UCN source, since 2011
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Vacuum
tank

Scheme of nEDM
D, flng at PSI during
data-taking
2015-2016

UCN
storage
heutron
volume :
guides
~
~
~Q Yoy
sD2 vessel Heavy water
tank

Lead
spallation

Proton beam target

PSI UCN source

11




4 D
° LOIlg Interaction time

 High intensity/statistics
| * Control the magnetic field —

Use Ultracold neutrons

Neutrons with velocity <5m/s can undergo total
reflection and be stored in material “bottles”

nEDM chamber storing
neutrons during 180 s

\

US@ blg magnztlc shlzldmg

+ Use quantum magnetometry
With mercury and cesium atoms

Abel et al, PRL (2020)
= (0.0 £ 1.1 = 0.25y5t) X 10726 ecm

J X

Limited by the Uniformity of

number of UCNs the B-field
(~500 million counts) 12



https://doi.org/10.1103/PhysRevLett.124.081803

NEDM data collected in 2015-2016 and Hg Co Mag

2015-2016

54,068 cycles recorded -
one cycle every 5 min,
grouped in 99 sequences,
alternating E field polarity
every 48 cycles

11,400 neutrons counted
per cycle.

Magnetic fluctuations
(random and correlated
with E) are corrected
for at each cycle with
the Hg magnetometer
by measuring

YH
ng = z_ngB
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Budget of systematic errors

TABLE 1. Summary of systematic effects in 1072% e.cm. The
first three effects are treated within the crossing-point fit and are
included 1n d,,. The additional effects below that are considered

separately.

Effect Shift Error
Error on (z) A 7
Higher-order gradients G 69 10
Transverse field correction (B%) 0 5
Hg EDM (8] —0.1 0.1
Local dipole fields 4
v X £ UCN net motion 2
Quadratic v x E 0.1
Uncompensated G drift 7.5
Mercury light shift 0.4
Inc. scattering 'Hg 7
TOTAL 69 18

Leading systematics
associated with
B-field uniformity

-1042
-1041
-1040

-1039

-1038

-1037

30 30

Field mapping, Quemener et al.
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PHYSICAL REVIEW LETTERS 124, 081803 (2020)
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We present the result of an experiment to measure the electric dipole moment (EDM) of the neutron at
the Paul Scherrer Institute using Ramsey’s method of separated oscillating magnetic fields with ultracold
neutrons. Our measurement stands in the long history of EDM experiments probing physics violating time-
reversal invariance. The salient features of this experiment were the use of a '*Hg comagnetometer and an
array of optically pumped cesium vapor magnetometers to cancel and correct for magnetic-field changes.
The statistical analysis was performed on blinded datasets by two separate groups, while the estimation of
systematic effects profited from an unprecedented knowledge of the magnetic field. The measured value of
the neutron EDM is d, = (0.0 £ 1.1, + 02,,) x 107 e.cm. 1 5
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Concept for the next generation nEDM

[Double-chamber UCN @room temperature

+ atomic co-magnetometry
in the UCN cells

+ External magnetometers
+ Complex BO coil
+ Magnetic Shield

- J
Place Neutron source Concept Stage/Readiness
TRIUMF  Spallation + double Ramsey chamber with Hg Source under construction,
superfluid He UCN source comagnetometers + Cs mag experiment under construction
LANL Spallation + double Ramsey chamber with Hg Source running,
sD2 UCN source comagnetometers + commertial OPMs experiment under construction
ILL Reactor + panEDM: double Ramsey chamber, no Source (supersun) commissionning
superfluid He UCN source comagnetometers + Hg&Cs mag experiment under construction
PSI Spallation + n2EDM: large double Ramsey chamber with Hg ~ Source running,
sD2 UCN source comagnetometers + Cs mag experiment almost running
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The Design of the n2EDM experiment

From the measurement of two frequencies (parallel and
antiparallel fields configurations) ! i in2EDM
T — Ramsey’s method: required polarized
dn = _2|E| (fnaTl* = fn,TT){ neutrons

MSR

UCN guides

UCN switch

UCN

Storage chambers where
neutron frequency

~L measurement Is

performed

Polarizing magnet

UCN detectors

Two main challenges

neutron statistic & magnetic field
uniformity and stability

18




Control of the magnetic field

Magnetically shielded Room (MSR): 6-layers mu-metal shield (suppression factor of 10° for

quasistatic field) . _ . !iin2EDM

.

iy | “ry ;-‘m Storage chambers in the
i ‘,‘,,,,,..,‘\$1|@/% i VT
— “ MSR in the thermo-
g\ house
Magnetic field generation: internal coils
system (64) Online measurements of the magnetic field:
- 1 main B, coil + 63 correcting coils - Hg comagnetometer (in situ): mag. field drift

- 112 Cs magnetometers : field non

~

112 Cs magnetometer
Trim coils ) modules
UCN guide

ground
electrodes
RF coils

HV electrode UCN shutter

Gradient coil (G10)

19



Expected Sensitivity

Gain with respect to the nEDM
experiment:

nEDM (2016) n2EDM
Chamber diameter 47 cm 80 ¢m
N(per cycle) 15,000 120,000
T 180 s 180 s
E 11 kV/cm 15 kV/cm
o 0.75 0.8

o(d,) per day

11 x 107% ¢ cm

2.6 x 1072 ¢ cm

Sensitivity
improvements:

Based on 2016 UCN source performances A

o(d,)

h
- 2aETVN

T: storage time

E: electric field
intensity

@: UCN polarization
N: number of UCN

Number of UCN (x8): storage volume (x3) + optimized* connection
source - apparatus

Electric field intensity (+35 %): HV electrode better insulated /nEDM

Final sensitivity of 1027 ecm — 500 days of data
taking (4 years)

Systematics: mostly induced by the magnetic field non
uniformities

Highly uniform and stable magnetic field (1 uT)

required

Field uniformity: 6(B,) < 170 pT in the
chambers
Field stability

: 30 fT /min

Systematic effect

(10=2% ¢ cm)

Uncompensated gradient drift
Quadratic v x E
Co-magnetometer accuracy
Phantom mode of order 3
Phantom mode of order 5
Dipoles contamination

) 1D M) e e

Total

*G. Zsigmond et al, Eur. Phys. J.A 56, 33 (2020).

[=))

! i in2EDM



Magnetic field characterization (2021-2022 :
- internal coils system simulated, built and installed
- field characterization

y (cm)

20

a0 nEDM B,(uT) 40,
- o(B;) =900 pT -
1.036
20 204
’ .
o g
1.035 D
>
-10 -101
-20 -20
-30 Field map B, coil sasy 36
horizontal cut z=0
%% 30 -20 -0 o 10 20 30 40 %% 30 -0 -0 o 10
x (cm) x (cm)
Required  w/o optim. w/ optim.
Statistical requirements
Vertical uniformity o(B;) (pT) < 170 49.1+1.5 347£15
Systematical requirements
dise (GyoITyg) (1072 ecm) <3 81.74+2.9 23+29
dise (GsoIsg) (1072 ecm) <3 9.24+0.7 0.7+0.7
di (Grolhg) (1072 ecm) <3 0.3+0.1 0.2+0.1

T. Bouillaud, P. Flaux, “An exceptionally uniform magnetic field for the n2EDM experiment” (LPC-LPSC);

internal review.

30

40

BO coil

Trim coils

RF coils

Performances are
excellent

Part of the systematics
already below
requirements




1.00
Neutron frequency measurement:
Ramsey oscillating field method: operational ! 0.751 "'ﬁ
neutron polarization, transport, storage and detection: OK ! < 0.50 1
2 025 '
Final polarization larger than in design goal (> 0.8) !! 2 0.00
=
E -0.25
Components Operational Performances -0.50 ] ,
Neutrons statistic \/ 24,000 -0.75 arop = 0.80
QpoT = 0.84
ic fi = - ' -1.00 1~ . : , . .
Magneticiicl v 0(B,) = 35 pT; systematics 27.460 27.465 27.470 27.475 27.480 27.485
High Voltage Vv +15 KV/cm far2 (HZ)
Ramsey meas. V o>0.8 2024 goal: first
Hg Comagnetometer vV T,=355s—100s nEDM data
Cs magnetometers

Current performances:
N (per cycle) | T E o}
06/2024 24,000 180 s | 10 - 12,5 kV /em | 0.80 - 0.84

= 15 kV reached

Sensitivity already better
than in nEDM (1.9

22



Phasing n2EDM

Towards a final sensitivity of 10/ e cm: two steps approach

2024 2027 2030

| 2025 2026 | 2028 [ 2029
\ PSI shut ‘ |
\ down

--—+— .
UCN UCN UCN UCN Source UCN UCN UCN
repair (x3)

A 4

51027 e cm > 1027 e cm

First phase (2024-2026):

Sensitivity already improved / nEDM (x1.9): new result is guaranteed UCN source (PSI)
final sensitivity will depend on new chambers storage properties

Systematics : part of the systematics already under control (magnetic commissioning)

Second phase (2028-2030):

UCN source repair/upgrade (x3): D, container and UCN shutter exchanged, proton beam intensity, D, solid
prod.

final sensitivity will depend on UCN source performances (missing 2.2)

New operation mode: suppress the main systematic effect (false motional EDM) with magic BO field (10 uT)
Beyond 2030: nEDM measurement in superfluid Helium (SNS prototype move to Europe) ?

G. Pignol, A magic magnetic field to measure the neutron electric dipole moment, Phys. Lett. B, 793, 440 (2019)

23






NEDM by-products: search for ALPs

4 N
'9:5' 1) A new light particle of mass m, mediates a fifth force
L]
: * The interaction is spin-dependent
- . . : L. Dedicated talk
J 9, Range of the interaction=A1 = hc/m, Sl iy
\. " y
4 p
2) Formation of a classical oscillating field = DM candidate with p, = %mﬁa%
a(t) = agcosmg,t
R EEERES e 2 GRS ?
J




Possible frequencies of an ALPs DM field

Classical field limit of large

The de Broglie wavelength h/m,v number gf particles inside the
must be larger than the size of volume 4° :m,; < 0.1 eV

Dwarf Galaxies (1 kpc) For m, > 0.1 eV it behaves as
10~ %%eV < m, independent particles and hot

Dark Matter

\ Mass m, (eV/c?)

1024 1021 10-18 10715 10712 107° 107° 1073 1 103
21 decades in frequency to scan
107° 10~° 1073 1 103 10° 10° 1012 1015 1018

Oscillation frequency f = m,/h (Hz)

o % & N V 4 N ) '
& A N V4 G & B [\
A Y y "
& N 65 N ’ \
& X & Y & | |
( oo ) ceeseess (o | eoosssssm 40
& . &5 & - g e =
& X & |\ & « |
& S & LY & \ } \ /
g @ V4 R & \ /
4 ?r?‘.»} o Vg \ v )



Non-gravitational interactions of ALPs

L—Cyaa}" f“v+CGaS ag Q‘“’—ziaaﬁ“ F
fa BT Y fa 8T Y = 2fa pAETETS
Q. i
. A 0.
< G
V\
Coupling to photons Coupling to gluons Coupling to fermions

axion-photon conversion Oscillating EDM “Axion wind”

26



Oscillating neutron EDM

L by @ 7 Fuv 4|6 s GGV —= Ca Fyty.F
= a a aFytys
Uv Uv
fa 8T fa 8T Zfa
Coupling to gluons
Oscillating EDM
s 1072%%eV 101eGeV
d,(t) =6X107°% e cm X X X cosmgt
ma fa
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NEDM data, with mercury correction

30.2230 ﬁ.‘i“'hﬁ.;m
. “:ﬁ ﬂ..-.]:#.-' 71,300 x 10726 ecm
30.2229 - . gy "
~ P '-"f:.-.‘ é %
-~ _}r"‘g. :3pT ol i
= 30.22281 " - H e ﬂ“‘“J.,,_‘""
Magnetic fluctuati =
agnetic fluctuations | Y
are corrected for at 30.2227 ;ﬁf?"?ﬂnﬁ
each cycle with the Hg S "
magnetometer by 30.22261
measuring
fug = 2225 3.842435 - -
> 3.842440 - 300 X 10726 ¢
Yo
WZ 3.842445- » + *
s 3.842450 W%W w * ﬂ n
w3 MM PR MW W& % i
kit @” M
3.842455 A +
0 300 500

28 Cycle number



Search for an oscillating signal

The 2015-2016 PSI dataset consists in 100 data sequence of R = f,, / fyg measured with alternating E-field polarity

Least Square Spectral Analysis

* For each data sequence we fit

R(t;)) = Ry £ Acos2nft; + Bsin2nft;

with trial frequencies 1077Hz < f < 107 2Hz

* The set of fitted amplitudes VA2 + B2 is
an estimator of the periodogram

* False alarm thresholds are estimated by
Monte-Carlo

* Found no signal (after correcting for
magnetic gradient drifts)

oscillation amplitude (10726 ecm)

= R array periodogram, ETTB

—— pericdogram without gradient-drift correction
mems mean of MC periodograms
] ..., 50 false-alarm thresho|ds

...-50uHz 1/300 Hz

LIM

104 1073

o 10
frequency (Hz)

29



Limits on the NEDM oscillation amplitude

100 o
= : 95% C.L. limits
E 60 - We also re-analysed the
© g data collected with !
Y 40- nEDM@ILL in 1998-2002 nEDM@PSI 2015-2016
o ~1 nEDM datapoint per d ~1 data cycle every 5 min
—  30-
=
S 20-
=
a .
= 10 long time-base
s _
= | short time-base
T 67
.G 7
L 41 inverse year =) inverse day -
3 ! LA L

10° 10® 107 10° 10— 107% 107
frequency (Hz) 30



Limits on the nEDM

31

oscillation
amplitude

Search for Axionlike Dark Matter
through Nuclear Spin Precession in

Electric and Magnetic Fields
Abel et al, PRX (2017)

106 103 100 103

Oscillation frequency (Hz)

10°

10°

Supernova energy-loss

Big Bang

109 nucleosynthesis

T
? 10712
e
W oA
< 1070
O
1018
Y ] \ short time-base L Super-Planckian {
10 | long time-base axion decay constant
xies |
10—24 | I :

10724 1072 10718 10715 10712
Axion mass (eV)

1072

10'—6



https://doi.org/10.1103/PhysRevX.7.041034
https://doi.org/10.1103/PhysRevX.7.041034

AXxion wind

4 )

=22 g, Fu g L85 o r =9, aFytysF
— aJuy +fa8n_aguvg o Zfa ary=vys

Couplmg to fermions
2 “Axion wind”

F

J

Nonrelativistic limit for F
Classical limit for a

—~ CF N y - CFma
H=-""0 -Va(t) =%5- ao sin(m,t) v_’]
2fa 2 fa¥ ’ ! !

Axion wind
associated to the

Oscillating velocity of Earth
pseudo- in the DM halo
magnetic field v, =~ 1073
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Axion wind limits, low frequency

Oscillation frequencr (Hz)
1077 10-° 1073 10~ 1073 1072

1072 gt Limit from the 2015-16 nEDM data,
. Laboratory searches for based on the analysis of the
10 new spin-dependent forces R = fu/fug timeseries.
1074 -
= 1075
> 5
) ]
9 107°
"{: 10-7 ! Subernova enerav-loss We get one R value every 5 min.
™ g & - Insensitive to frequencies
10-8 | higher than 1/(5 min)
1072 -
] Search for Axionlike Dark Matter
1071 through Nuclear Spin Precession in

10_22. . ”]'_6'—21' . ..i.[.).,_m. . ”]'_bll—l':"lr : ”ib“-lﬂl . "1'6'-1?' . ”]'_6'-15

. Electric and Magnetic Fields
Axion mass (eV) 5

Abel et al, PRX (2017) 33
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Ja\
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Hq \GMP S \ UCN+ Ha atowa
POLARI2ATN \.(?
ceLlt ™
6.4
Temps (s)
90.0 90.2 904 906 90.8 91.0
6_2_ 1 L I L I
NI I
~ 6.0 3 2
Jc? _w %‘E 04
4
§ 5.8- oE
a n
© -1
015'6_
w
_g 5.4
Q
S 52~
= ] = Bruit de la lampe
%5_0_ —— Entrée du *°Hg
< ] —— Pulse /2
4.8 —— Précession libre
1 Sortie du 1°°Hg
L O e e T e B I A ) B A S S N B
-20 O 20 40 60 80 100 120 140 160 180 200 220 240 260 280

Temps (s)

quantum
magnetometry
with 1%°Hg

The magnetic field is extracted from
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Use mercury signal to search for Axion Wind

Oscillation signal modifies to:

t 1010
Pry(t) = P cos (th +U a sin a)at’dtD
0
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2017 with nEDM@PSI

35

10

15

1
20

1 1
25 30
Frequency / Hz

1
35

40

45

50



AXiOn Wind Iimit59 Axion mass /eV

hg f 10—16 10—'15 10—'14 10—13
igh frequency I
=
£ ©
- L
| 3
e Z
107 R\
S .
©
Q
Zz 10° _ NASDUCK
Search for ultralight axion dark i '
matter in a side-band analysis of a I
199Hg free-spin precession signal P [
Abel et al, SciPost Phys (2023) 107F ’
[ SI%HQB?';IE'{1
10_1[} [ 1 1 1
10" 10° 10" 102

36 Axion Compton frequency / Hz


https://doi.org/10.1103/PhysRevX.7.041034

Summary of results and prospects
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