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Find new sources of CP viol

Electric Dipole Moment d
Charge separation along the spin

Similar as magnetic moment p

S= Spin
u=u.S and d=o6.5

H=-(u.B+ d.E)=-(u B+ E)S
dis Podd and T odd

Assuming CPT
—>d is CP odd

SEARCH for new source of CP violation

Flavour 2022, Quy Nhon,

ation

Purcell and Ramsey, PR78(1950)807
3

uuuuuuu
uuuuuuu

! i in2EDM



uuuuuuu
uuuuuuu

Can be measure with any particle

Lines of attack towards an EDM
Free Particles l neutron Hg Xe Atoms I

muon Tl

particle EDM profon Cs: &b
F : e R deuteron Ra Rn
unique informationyy .
TR N\ bare nuclei ? 3
new insights

new techniques

Neutron
ﬁ'ﬁﬁfﬁ:ﬁ'ggﬁ' Electrons, Protons, Particles
enhancements MOIeCUIes
" lecmolony  ALOMS...
Moment All of them are part
electronEDM  \ = comeeee- electron EDM

4 strong enhancements\ oo oe op + suongennance. OF the solution

new techniques ments

Electric
Dipole

m challenging

technology

YbF

= poor spectroscopic Qarnets

N, ™ systematics

data PbO i Different techniques...
s olidHe? | Laser, Storage rings
Molecules {:,f\p’;fzp ;,-(;,I,,-d ;e Condensed State ! g g !

Bottles...

K Jungmann Annalen der Physik 2013, 525, 8-9
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Why looking for EDMs and CPV ?

Observed:

Baryon Asymmetry n.-n-/n.=6x 101
B ''B Y~

A. Sakharov 1967:

SM expectation:

. . ng-ng/n, ~ 107
CP-Violation is one of three conditions to enable

a universe containing initially equal amounts of 4——___
matter and antimatter to evolve into a matter- P16 BANG scus

» X

. . . AT MMETR LA
dominated universe, which we see today.... L P P

— 4

Other requirements B violation, non equilibrium

Other motivations, strong CP, ...BSM

ANY sM extension will be tested by EDMs
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Theories
Y o The QCD contribution —6 G“"ff;,
CKM contribution to the quark 8m
W {\'\m%hf EDM vanishes at two loops... Generates a potentially enormous EDM
> Lo,he 0 Prediction: d,, ~ 10733e cm d, ~ 60 x107® ecm
| ..... Kobayashi-Maskawa -6 <1071
giton background negligible « Strong CP problem »
y
N MSSM contains ~40 CP violating imaginary parameters...
/J( A - ~
9. '3’ g
U v*\ 2
/{ q a m 1 TeV
- _ " d, = e— zq ~ X 1072 e cm

Fig. 2. One-loop diagram which may contribute todp ina 41 MCPV Mepy
softly broken susy model.
Ellis, Ferrara, Nanopoulos, PLB 114 (1982). « SUSY CP problem »
EDM induced by soft mass terms for squarks \ /
and gluinos 6/30

Courtesy G Pignol
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Neutron EDM Experimental Limit (¢ cm)

Theories exp tests

10 —

i K Beams
0
10 -30

i } i i

X 3He - UCN —» -
UCN .

e

1950 1960 1970 1980
Year
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Frequency shift between parallel and anti parallel =
EDM

At the present d  limit 60 nHz difference at ~30 Hz
M one turn in 3ms EDM one turn in ~1 year

—>Control over B and E
) !iin2EDM
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Ramsey Method of separated oscillatory Fields =~ e

"Spin upn
Measure frequency shift with

heutron... .
field inversion
Apply /2 spin-  ——
flip pulse C;
Start Clock — I l I I

The two precession frequency are
obtained by scanning
the frequency

¥< D Free

precession...

And measuring the neutron spins
Counts

Second 1t/2 Sam—
spin-flip pulse Q: Ramsey pattern—> frequency
Stop Clock <_2>

Flavour 2022, Quy Nhon, 9 ! i in2EDM
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Black:
uncorrected
neutron
frequency

Green: corrected
with the mercury
co-magnetometer,
compensates for
the residual
magnetic field
fluctuations
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Sensitivity and limits

Highest E field (~12 kV/cm)
d )= h Longest precession time T (>100 s)
G( n) T

Large neutron number (few 10/cm?3
20ET/N 8 (few 10/cm’)

Large polarisation o (90%)

Theoretical

e " And Systematics...

20 | ~4—Electro-

10 magnetic < —

PNPI —Milliweak
o ILL\
0 s A e
199 Hg Comagnetometer /\'t?\\ {Supersymmetry

3 He - UCN —> 4—Cosmology
—Superweak

Neutron EDM Experimental Limit (e cm)

10 30 KO Beams I UCN

—Standard
. . . . , Model

1950 1960 1970 1980 1990
Year

~~ SM ~1031 e.cm Unreachable
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Ultra Cold neutrons or UCNs

To have the longest precession (observation) time we use
ultra cold neutrons UCNs

Energy : En~ 107 eV~100neV, v=4-6 m/s

1 m jump in the earth gravity field
Can be stored in material bottles (Fermi potential 250 neV)
Or magnetic bottle (60 neV~1T)

Production from fast neutrons with fission (HFR@ILL) or spallation
(PSI, LANL) through ultra cold moderators (5 K) e.g. Solid D,
or conversion of VCN to UCN in Superfluid He (SNS, ILL)

Flavour 2022, Quy Nhon, | i in2EDM
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Around the world

Place Neutron source Concept Stage/Readiness

SNS Spallation + Cryogenic double chamber with helium  « large scale integration » phase
UCN production in situ comagnetometers

PSI Spallation + n2EDM: double Ramsey chamber with Source running,
sD2 UCN source mercury comagnetometers experiment under construction

LANL Spallation + double Ramsey chamber with mercury  Source running,
sD2 UCN source comagnetometers experiment in design phase

TRIUMF  Spallation + double Ramsey chamber Source under construction, experiment
superfluid He UCN source in conceptual phase

ILL Reactor + panEDM: double Ramsey chamber, no Source and experiment under
superfluid He UCN source comagnetometers construction

PNPI WWR-M reactor + Getting a really high density of UCNs Source under construction
inpile superfluid He UCN source

ESS Spallation + 100m double beam + time of flight Demonstration phase, small prototype

Cold neutron beam

operational @ ILL

e
#

Flavour 2022, Quy Nhon,
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nEDM (n2EDM) collaboration 16 Institutions ~ 50 scientists
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PAUL SCHERRER INSTITUT

Protons & Muons & Neutrons
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Spallation Source

A
~2.3 mA protons@600 MeV on lead target
Commissioning at end of 2010
_ UCN storage volume Improving constantly since
a little off the prediction...
25000 — e
~6 m s ® average after 180s
B eie % best after 180s
20000 L
*
heavy water moderator g 15000 J x , i
UCN converter 8 *
zZ
i * _
‘ 8 10000 N . u
__spallation target .
| (Lead) 5000 u B
0 T T T T T T T T T T T
2011 2012 2013 2014 2015 2016 2017
UCN density measured at West1 Year

22 UCN/cm3
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Steady improvements and understanding...

PHYSICAL REVIEW C 95, (455032010 N ope¢ "hysical J na volume 54 - number 9 - september - 2018
Comparison of ultracold neutron sources for fundamental physics measureme A
1 ' i ' 1 * T ' | '

28 | @ Recognized by European Physical Society
T Hadrons and Nuclei
g 24 PSI
= -
®, PF2
220 C < {

w
~N
N 16
H -
212 1
£ |
S sl SUN-2
© o
= r ]
S ar TRIGA 1
L i 4
0 ! ! ! !
20 30 40 50 60 70 80 90 100 110 120

Storage time constant (s)

+ New source @LANL

Global effort...
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~2m

e

Four-layer Mu-metal shield

High-voltage lead

Vacuum chamber

Cesium magnetometer

LZ N\ et
[ ([femdeXy
\N
X

Precession chamber

UV light source —— Photodetector

Mercury polarizing

cell Electrode (ground)

UV light source UCN shutter

Magnetic-field coils
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L—‘E_E g:L Switch
” ’ SIS, . ‘ . I
>T-magnet Spin analyzers incl spin flipper 2a,b
Neutron detectors
B Field control and monitoring at the pT level
Flavour 2022, Quy Nhon, 19
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Limit and Systematics
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dy = (0.0 £ 11500t + 0.24y5) x107% e-cm.
dn] < 1.8x107%%e-cm (90% C.L.)

Effect shift error
Error on (z) - 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 Y UCN net motion - 2
Quadratic v x E - 0.1
Uncompensated G drift - 7.5
Mercury light shift - 04
Inc. scattering '9Hg - 7
TOTAL 69 18
In 1028 ecm

Flavour 2022, Quy Nhon,
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Stats..

Systematics improved x5
B field
Gradients

C. Abel et al. PRL 124081803 (2020)

21
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Other result
Ultra light Axions in lab...

Oscillation frequency (Hz)
nHz  15-6 703 100 103 100 GHz
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10
Supernova energy-loss

el cxcluded

Big Bang

10—

10—12

10-15

Cglf; (GeV™?)

10—18

i Super-Planckian {
axion decay constant

10—21

e -

0—24

1024 10-2' 10-'® 1075 10°'2 10~° 1Q-6

Axion mass [eV]
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n2EDM MGk

! i in2EDM

. The design of the «Same techniques but every

f N2EDM EXPERIMENT component is new and upgraded

- New shielding

o New guides

5 New vaccum vessel

g Double chamber

o~ , \ PR o

;\:: . g\-ﬁ'\\ (X X N ]

= “fe— N.Ayres et al. Eur. Phys. J. C 81: 512 (2021)

The nEDM o
Collaboration o

Flavour 2022, Quy Nhon, 23 ! i in2EDM
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B field requirements

Stringent requirements to the magnetic field homogeneity and its measurement

Related to statistical errors

(B-gen) Top-Bottom resonance matching condition -0.6pT/em < Gy <0.6pT/cm
(B-gen) Field uniformity oB. =\/((B5)?) < 170pT
(B-gen) Field stability on minutes timescale 30 fT

(B-meas) Precision Hg co-magnetometer, per cycle, per chamber 30 fT

Related to systematical errors
(B-gen) Gradient stability on the timescale of minutes 50 fT/cm
(B-meas) Accuracy mercury co-magnetometer per chamber 100 fT
B-meas) Accuracy on cubic mode (Cs magnetometers) 6G39=4x10"°pT/cm®
B-gen) Reproducibility of the order 5 mode 0G50 =2x10"3pT/em®

K

B-meas) Accuracy of the order 5 mode (field mapper) 6Gx0=2x 107" pT/cm?”

(
(
(
(

B-gen) Dipoles close to the electrode 20 pT at 5 cm

@ Flavour 2022, Quy Nhon, 25 ! i in2EDM
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n2EDM Room temperature spectrometer
Double chamber, Larger volume

Hg polarization
B == call

Hg laser
path

UCN

\\\] top
o chamber
)]I I bottom

chamber

Cs spheres

Z
) | ‘-l_- 3 Y

@ Flavour 2022, Quy Nhon, 26 ! i in2EDM
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Expected Statistical sensitivity
/ nEDM 2016 A n2EDM
chamber DLC & dPS DLC & dPS
diameter D 47 cm 80 cm
N (per cycle) 157000 1217000
T 180 s 180 s
E 11 kV/cm 15 kV/cm
o 0.75 0.8
o( f,) per cycle 9.6 uHz 3.2uHz
500 days data taki
o(d,)perday | 11 x 100 ecm | 2.6 x 107%° ecm ays Gata taxing
o(d,) (final) 9.5x 107% ecm l 1.1x107% ecm
Obtained

Flavour 2022, Quy Nhon, 27 ! i in2EDM
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L SAVA A | ),
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A
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nEDM
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Magnetic Shielding Room and vacuum chamber

\1.. ———

&

sy T

—

,,,,
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n2edm -2 commissioning 2021-22

Room temperature spectrometer
Double chamber, Larger volume

Detector

* Detection UCN Fast detectors (Gas Scintillation)
e CS HV magnetometers (pT)
* Laser Hg co magnetometry
* Double spin analysis

* Coil design...

CS vector magnetometer . :
Spin analysis

Flavour 2022, Quy Nhon, 30 ! i in2EDM
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UCN detectors

Fast UCN detectros (up to 10 ® UCN/s)
Gas scintillation with CF4 and 3He

t\‘] 5 T T T
= PcF, (mbar)
! ’ 200 ]
x4 400 —
1 500 —
£ 3 \ | 600 1
2 | 800
g 2 1000 — |
7
2 1F k
)
=
8 0 1 I
0 1 2 3 4

QDCgroup % 10° (channel)




uuuuuuu
uuuuuuu

UCN Switch

Fill up the neutron
Keep them in the precession chamber
Detect them

9
Very complicated piece of engineering

@ Flavour 2022, Quy Nhon, 32 ! i in2EDM
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Magnetometry CS and Hg Magnetometer
2017, 1 uT, 2018, 1 uT, 2018, 10 uT
standard Cs array optimized Cs array optimized Cs array
Cs accuracy requirement <1.3pT <5.2pT approx. 150 pT
Cs accuracy goal 2pT approx. 60 pT
Cs position accuracy 0.5 mm
BO stability goal 30 ppb 30 ppb
BO homogeneity requirem. 170 ppm 170 ppm
MR pulse generation 30 Hz 30 Hz
baseline upgrade
g
] —
F6000|
3
5000/
¢ -
34000
ssoooj
32000 :—
31000 :—
30000 :—
3302 304 306 308 i ai2 a4 aie 318

Cs magnetometer PSI

Flavour 2022, Quy Nhon,

Hg precession with laser

Grenoble
33
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Double chamber + Cs Array
UCN shutter 112 Cs magnetometer

modules

UCN guide

ground electrodes /ﬁim&;:
7 4 E

gl > AN

N
=

ground cage HV electrode Hg polarization chamber
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Conclusion

EDM are a powerful probe to search for BSM CPV source
It might explain Baryon asymmetry
Present limit <1.8 102 e.cm (2020)

All new spectrometer under completion
neutrons by the end of 2022

Goal a non zero EDM or a limit 102’ e.cm in ~2027

Flavour 2022, Quy Nhon, | i in2EDM
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THANK YOU
For Your ATTENTION !!
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