Pushing the limits of room temperature neutron
electric dipole moment measurements with n2EDM
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: : np —Np
e Baryonic asymmetry of the Universe (BAU): n=
n
Y
TlheO(er y Measurements B
w/ SM alrea nown
W/ ! n=6.1%33x 10710 CMB

symmetry violations) Abundance of light

elements produced in
primordial nucleosynthesisj

Many orders of magnitude!

77 S 10—18 5,1 X 10_10 < T] < 6.7 X 10_10

Particle with non-zero permanent Electric Dipole Moment (EDM):
* PandT violation
e CPviolation (assuming CPT conservation)

Sakharov conditions:
1. Bviolation
2. Cand CPviolation
3. Departure from thermal eq.
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Introduction

INTENSITY

frontier ..

Beyond the Standard Model (BSM) physics are required to explain observed BAU

More CP-violation €mmmm) larger EDM

05/11/2018

. <g(meas) Neutron EDM best limits:
. . -26 Baker et al, Phys Rev Lett 97, 131801 (2006)
. SM-0 - Direct: 3.0 X 10 €.CM  pendiebury et al, Phys Rev D 92, 092003 (2015)
= SM-CKM
- Derived from 19°Hg (sole source assumption): 1.6 X 1072° e.cm
arXiv:1601.04339v4 |physics.atom-ph] 17 Aug 2017
) W
2 I e’ A
e\, /Jct
ﬂ.+ --4 ‘
Do | ,d = ,d . .
A S Strong discovery potential!
SM background (CKM) ~1073% e.cm
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Ramsey method of time separated oscillating fields e
* Larmor frequency of a neutron in a parallel (TT) /  Neutron EDM is extracted from the differential

anti-parallel (T!) B and E field configuration: measurement between the two frequencies vyy and vqy:
hvyy = =2(unByy + dnEpy) @_ h(vy) —vyr) — 2un(Byy — Byy)

hvy, = —2(unBp| — doEy)) 2(Etr + Eqy)

Spin “down” - p—
neutron... 4500 o8 o -
Boy - ! "'3; “ A
. — ° e
Apply /2 spin P t 4000[— oo “ 3 .5 >
flip pulse... R — - ¢ | .‘2 :. *e
n 3 X s
By, +B 35000 3 s o
1 rf ~ o ® ]
= s ) 'K S
g [ $e 3 4 %
Free N T 53000 . 1 4 .
precession V S - y ‘ L .
atey B gL ~ 4" .~ %
01 52500 A e
. ® ™ Qo
Second /2 - T ®, :
spin T t 2000kt it e e e e ey
) RS — 30.02 30.022 30.024 30.026 30.028 30.03 30.032 30.034 30.036
flip pulse. B +B o,
ot rf
e “155"'1
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Ultracold neutrons

frontier ..
Statistical sensitivity: T 107 e S
(&)
ﬂ! _ ;i \éi- -19 |
(J-( I]) - S 10 ¢
2a|E\T VN a
T : . b f W02} o] :
Visibility = (final polarization) x Number o S o
(analyzing power) counted neutrons 5 . -
- o s 0 | e ﬂ
Electric field Free precession time - o
ﬂ o
S 10%} ®" e o 4
'g; o [ _
% 10_27 - -
Hardest challenges: Number of neutrons and control of the B field! o
> -29
10 - | S T T T T T T S N T 1

1950 1960 1970 1980 1990 2000 2010 2020
Ultracold neutron (UCN)
* <300 neV (~3.5 mK)

* Total reflection from surfaces of different materials * Difficult to produce in large quantity still
e Can be trapped in appropriate material volume for * Produced from cold neutrons (Mechanical turbine,
very long time (100+ sec.) Superfluid He, Solid D2)
e ~1neV/cm * Source extraction is difficult
* 60neV/T
PP
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Worldwide competition!
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UltraCold Neutron sources and neutron EDM experiments around the world

TRI U M F(Canada)

He source under construction
RT experiment under construction

D250
n
7" I L L (France)
Turbine sour i

and

LA N L (USI%)

n
RT experiment R&D

S N S (USA)

cryo experiment in He under construction

. Operational UCN sources

P S I (Switzerland)

D2 source o perating
RT Experiment data taking

e running
RT experiment (PNPI) setup \

He source protatypagunninz

He source under construction
RT experiment planned (Ship from ILL)

TU M (Germany)

D2 sourceunder construction
RT experiment under construction

RCNP gapons

He sourcetested - ship to TRIUMF
RT experiment R&D - shipto TRIUMF

J-PARC yapery

D2 source planned
RT experiment planned

O Neutron EDM experiment (in development)

Current limit:

Sussex-RAL-ILL collaboration
dn<3x10%°ecm (90% C.L.)

Baker et al, Phys Rev Lett 97, 131801 (2006)
Pendlebury et al, Phys Rev D 92, 092003 (2015)

Trapped UCN with Ny = 0.5
UCN/cm3

|[E| =5 - 10 kV/cm

100 sec storage time

L2SC
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The n(2)EDM collaboration

05/11/2018 Grens
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g & Around 50 people, 15 institutions, 7 countries.

Experiment(s) located at the
Paul Scherrer Institute (PSI),

g Switzerland
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From nEDM to n2EDM @ PSI... bl

* Spectrometer from the Sussex-RAL-
ILL collaboration moved to PSI

stem
m%{:\z tema’c\cs
pM
atah next steP n2e

e Dismounting the nEDM experiment

* First data taking with n2EDM
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From nEDM to n2EDM @ PSI...

* Spectrometer from the Sussex-RAL-
ILL collaboration moved to PSI

_ stem
dmi\’i\; rernalics
ng
W

e Dismounting the nEDM experiment

* First data taking with n2EDM
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Acc. sensitivity (16) (1E-26 ecm)
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<3‘775. °

{Pendlebury et al PRDQ2 2015) 092003

frontier r.mlm
| PSI 2016 | ILL 2006

a 0.75 0.58
T (s) 180 130
E (kV/cm) 11 7
N 15°000 14’000
Neyeles (cycles/day) 288 400

D, o (d™*) (ecmperday) | 1.1 1072 | 2.6 1075
%%ioj

)

00000

{” Analysis of bllnded data in progress

/.

End of measurements|

1 10

—
100

1 000

Days (since 01.08.15 without annual shutdown)

e 2-levels data blinding

e 2 data analysis groups

* Final result should be ready in a few months
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And now n2EDM @ PSI! INTENSITY

frontier ...
Dual big precession chambers setup! Thermally MSR Vacuum Coils 12
stabilized ™ \ 5 tank 8 (B, + trim coils)
room \ ,/
Strong magnetic field requirements: . \ /
« B stability on minutes timescale: 0.03 pT Switch {
« Vertical uniformity dBz/0z: 0.7 pT/cm ) =
» Horizontal uniformity dBz/ox, y: 8 pT/Icm  Superconducting \ - GIE 1
polarizer magnet 2 - ] 11 e '_':::::::::::::é
& “ .;f%; _
\ 1 PV §H 1188 ﬁ —)
UCNs [ [ o
Huge Magnetically Shielded Room (MSR) #5:
* 6 xpu-metal layers + 1 x 8mm Al RF shield layer Spin /] \_“1\0
* |nnermostroom:1.9x1.9x1.5m Flippers |
e Expected shielding factor —— g — JV
» @ 0.01 Hz >80000 7
» @ 75 Hz >1 000000

10

yKﬁ"”:Lc!r’
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Double precession chambers and their magnetometers INTENSITY g

frontier ..

Cs magn. Hg polarization MSR Vacuum Coils 12

chamber ~ \ 5 tank( 8 (B, +}rim coils)

Dual precession chambers #3: _ _ _ _
* 12 cm height - CNshutter o = °7
* Baseline diameter: 80 cm . : '
* Final diameter: 100 cm

Hg shutter

UCN
top €=
chamber

Il '_f_'_f'_f'_'_l'_Il'_'

HY [ |
. bottom r_;ElE] 1
X8 times more neutron (/nEDM) chambor V] \“4\0
~ 120 000 UCN/cycle (300 sec) L —
\ '8 HV
Detectors 7
guides
Magnetometry #8 & 9:
1. Hg co-magnetometer: 2. Array of Cs magnetometer:
- 199Hg atoms explore the same volume as the UCN  ~100 Cs magnetometers above and below the
* Very efficient correction of the neutron frequency eIectroo!e stacl.< _
due to magnetic field drifts . Magnetlca-lly./ S|.Ient (all optlcali) | |
« But adds some effects to correct for e Used to minimize the magnetic field gradients
L2SC

GDR InF- Arles, Nov. 5th-7th 2018 11
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The challenge of the magnetic field generation...
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frontier ...
Magnetic field generation: Thermall MSR Vacuum _ Coils 12
« B, field of ~1 T, uniformity better than 10~% in the chambers P 5 " Bo jrim cotl
* Many trim coils:
» correct small imperfections of the field
» test different magnetic field gradients

Superconducting
polarizer magnet

\1

Spin/

flippers

UCNs s

RTINS 1
02 04 06 08 1 0
x [m]
: o : ekl !K,T
05/11/2018 Gronole (b) By uniformity in the XZ plane in pT. ? nEDM g

C

European
Research
Council

12




INTENSITY

frontier

... anhd its measurement!

Field mapper robot: ) z = -2.000000 cm, p =22.000000 cm, EiZ depending on ¢
* Completely non-magnetic x10°

* Moving low-noise 3-axis fluxgate 5 1400 = ......................... ......................... ..............

« Mapping campaign each year: o - Boup = 1uT
> Character|zat|on Of the mag. Conflgurat|ons 1200 ......................... ......................... ......................... .........................
» Remnant field measurement

1000 [ ......................... ......................... ......................... .........................

(in NEDM)

8OO ?mmmﬁ _________________________ ; 2 = -2.000000 om, p =22.000000 cm, B depending on ¢
i - x10°
- : 5 L~ -

(510 0) P——— e % B

L _._ z=-2.ﬁ0-DOU-D cm, p; @ 1040 _ ......................... ........................ ...................... ..................... .....
400} ......................... ' ' ' ' ' ' '

210] 0] E——— .........................

0 L1 11 | L 111 | | I | | 1039 ....................... ........................ ...................... ........................ .....
0 50 100 18

1038.5

1038 W z=-2000000 cm, p =22.000000 cm, B, depending on g [+ G

0 50 100 150 200 250 300 350
¢ (degree)

o
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From nEDM to n2EDM @ PSI... NTENSITY

frontier ...

| PSI2016 | ILL 2006

g @ 0.75 0.58
8 T (s) 180 130
* Spectrometer from the Sussex-RAL- S o E Ve 0 ;
ILL collaboration moved to PSI = o N 15°000 | 147000
B 104 o Neyeles (cycles/day) 288 400
= ] ch o (d™*) (ecmperday) | 1.1 1072 | 2.6 1075
gt\’\ syste Z - " Il
n CS = DO @ <p i 3
rad the Stemat\ g 7 (R %:f 3 §
ta ep n2EDM Installation of the n2EDM MSR
S ! | ~. S W 4 I T VU ey T e T,
the next |/ N S ey S
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Conclusion
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n2EDM schedule:
Spring/summer 2019:

* Installation of the inner part of the MSR

e Coils assembly and commissioning (with the upgraded field mapper)

 Vacuum tank installation

End of 2019:
* Installation of the detectors
* Installation of the magnetometers

2020:
* Precession chambers and High Voltage

~2021: First data taking!

nEDM 2016 n2EDM baseline
diameter (cm) 47 80
a 0.75 0.8
E (kV/cm) 11 15
T (s) 180 180
N (per cycle) 157000 1217000

o (dy) (per day)
o (d,) (total)

11 x 10726 ¢ cm

9.8x 1072 e cm

2.6x 10720 ¢ cm

1.1 x10% ecm

/

500 data days

L2SC

1
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Laboratoire de Physique
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Thanks for your attention!
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nEDM at the Paul Scherrer Institute (PSI) INTENSITY

: @
frontier ..

Four-layer Mu-metal shield
to shield the experiment from
external magnetic fields

Vacuum chamber

High voltage lead

with a 1MQ resistance

Cesium magnetometer

Precession chamber
where neutron precession
is induced and measured

Electrode (upper)
charged up fo 150 kV
electric field = 10° VW/m

& Mercury lamp
to read out the
mercury polarization

Photomultiplier tube
to detect the intensity modulation
of the mercury light

Mercury polarizing cell
where the mercury is polarized \

Magnetic field coils

are wound around the vacuum
chamber to generate the holding

MEI'CLJW Iamp and compensating fields, as well

to polarize the mercury 1 T
— as the spin flipping fields
~ ultraviolet (253.7 nm) ~) pin fipping T

*—— Switch
fo distribute the UCNs to
different parts of the apparatus

5 tesla magnet Spi
in analyzer
fo spin polarize the UCNs P y

T

Neutron detector

L2SC

Grensule

Laboratoire de Physique
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Magnetic field drifts corrections using '’ug

INTENSITY

frontier -
Hg co-magnetometer:
« 199Hg atoms explore the same volume as the UCN
* Very efficient correction of the neutron frequency due to magnetic field drifts
* But adds some effects to correct for (see next slides)
¥ [ Use of the frequency ratio R:
> s P
5 N ' s+ corrected Hg comagnetomeler Vn Yn (Z)G E
8 B - Single cell: R = - - (1 + B )+ s dy
E . ~o £ £ g
S 20008
2 i
29.997 |— | I l ’
- ; . 2E . G
20996 | Double cells: ®T _ @B — d, + Yn ()T = (z)B)—
. : hvyg YHg By
29.995: | | | | | t |
0 10 20 30 40 50 60 70 80 90
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