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One Motivation for EDM Searches

8" nEDIM

Baryon Asymmetry of the Universe (BAU) — today:

o . . J7 _
We live in a matter dominated Universe: — ~ 10~4
p M. Aguilar et al., PRL 117, 091103 (2016)

Sakharov: Three Conditions:

e Baryon number violation

o Violation of C and CP symmetries

; T,
3 ey %
A 2
1 2 ¢ 4

had

« Departure from thermodynamic equilibrium

A. Sakharov; JETP Lett, 5, 24 (1967) Andrei Sahkarov

Note: Standard EW baryogenesis assumes a 15t order phase transition,

but Higgs boson too heavy — need add’l EW-scale scalar field + strong
(Higgs) Yukawa couplings or other models .......

Leptogenesis?
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(5.8—-6.5)x 10710 (BBN)

n = (n” — n’5> S <@> =9 6.517x 1071 (WMAP CMB) ,
| (6.12 £ 0.04) x 10710 (Planck cmB) ]

Standard Model (CKM) estimate: ¢y, < 102V

A. Shindler, Eur. Phys. J. A (2021) 57:128
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Present Baryon Asymmetry of the Universe

baryon density parameter Qph?
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1He mass fraction

baryon-to-photon ratio n = n;/n,

R.L. Workman et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2022, 083CO1

(2022)
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C_i —>vector
D> d=0

O —axial-vector

Assuming CPT:
= d # O & CP violation, T violation
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Sensitivity to New Particles «/n\Eﬁ

Simple estimate of sensitivity to new physics (SUSY):

dimensional analysis, under SU(2). x U(1) gauge invariance:

o m,(MeV)

Quark EDM d ~e —- - SIN(QP-p )
“ T Ax AN(TeV?) o
/ AN \
AN \
loop factor CP breaking scale CP phase

Assuming sin(®cp) ~ 1:

de Rujula et al., Nucl. Phys. B 357, 311 (1991)
I. Chupp, S. Gardner, and Z._L., Project X, arxiv.org/pdf/1306.5009
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From Experiment to Theory

Energy
Fundamental
Q15 Phases
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History of Neutron EDM Searches
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' Electromagnetic

SUSY(¢p ~ 1)

' SUSY(¢ ~ alm)| . .

Left-Right

‘ Standard Model

J. M. Pendlebury:
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Photos: Physics Today 66 (2013), nobelprize.org

Most recent SM estimate for nEDM:
(1 —6)%x 10™%¢ - cm

C.-Y. Seng, Phys. Rev. C 91, 025502

“nEDM has killed more theories than any other single experiment.”
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General Idea of Modern EDM Searches

spin-polarized
particle
or

e Um~1= need small Bo

e de~0 = Eop very large

5 hov
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Sensitivity to EDMs «/n\Eﬁ

T'm = time for one measurement

AFE - AT =h
Fundamental (q.m.) limit: ~ AJ" =7 r Ay — 1
271,
AFE = h-2nAv
hA(0 h
de:h5v _ Ad = (V):
4EO 4E() 4EOTm
Al h It’s all about measuring
articles, m measurements & — —l- — o
N particles, t 4E0Tm\/mN 5¢ 51/ Tm

small phases

(o imperfections, inefficiencies, backgrounds)
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Where are we now? Best Limit on nEDM

o/ nE0m

e VOolume ~ 6.63 | pPucN ~ 2/cm3

e Trm =180 s (per cycle)
e N = 11.4 x 104 (per cycle) Ultra-cold Neutrons (UCN) in a
e Eo =11kV/cm storage cell (at T ~ 300 K):

Paul Scherrer Institute
(Villigen, Switzerland)

Four-layer Mu-metal shield

High-voltage lead : . : ..
5 5 domlnatlng systematlc uncertainties:

e higher order B-field gradients - 1.0x10-27 e - cm
e uncompensated B-field gradient drifts - 0.75x10-27 e - cm

Vacuum chamber

Precession chamber / ',/

Cesium magnetometer

(15 in total)

Electrode (HV)

U A\\\

UV light source @
g - T Photodetector d, = (OO + 1 1stat + O.sts)x’]O-QES e-cm
Mercury polarizing
cell Electrode (ground)
UV light source UCN shutter ‘dn‘ < 1.8x10%6 e -cm (90% CI_)
. \Y tic-field coil
EW/ Spin flipper 1 AENENETEN FO1s C. Abel et al., PRL 124, 081803 (2020)
T = Switch
W////////% T o Note: Previous best value: |dn| < 2.9x1026 e-cm (90% C.L.)
N
> T-magnet Spin analyzers incl spin flipper 2a,b C. A. Baker et al., PRL 97, 131801 (2006)

Neutron detectors |\ |\

It took 14 years to improve nEDM limit by ~40%!!

Next Generation Search of the Neutron EDM B Wolfgang Korsch, PIKIMO 13, Nov 12, 2022



How Can We Improve Limit on nEDM ? c/n\Eﬁ]

<+ more neutrons = produce “ultra-cold” neutrons in target

+ longer measuring times (limited by neutron lifetime: ~880 s)
+ higher electric fields
<+ more uniform and stable magnetic fields

<+ monitor magnetic field stability in target = co-magnetometer

Next Generation Search of the Neutron EDM 12 Wolfgang Korsch, PIKIMO 13, Nov 12, 2022
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Neutron Transport

Neutrons produced in spallation target
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8.9 A neutrons
from FNPB

model: J. Ramsey
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Beamline for Neutrons

Deposit (sputter) coatings e.g. float glass: “grow crystal” = “super-mirror”

100’s of Ni/Ti layers with varying thickness =» additional Bragg reflection

I Magnetic super-mirrors:

Q. [nm'1] .:
Material VF [neV] 1;-nnn 0.109 0.217 0.326 0.434 0.543 0.651 0.760 -,f Magneth pOtenUal:
. | I'.r 14 {{ regime of total reflection regime of supermirror g
N 58 335 ' 1.0 2 h2
08 RO
Ti 48 S Vi =—"—b=ub
§ 0.7
+~ ;
D .. { o .
= 5 Spin-dependent index of
= s { refraction:
: 70 )\2
a0 (From Swiss Neutronics ) n:|: — 1 27_‘_ (a' —

m=value

=> Polarize neutrons
(e.g. Fe/Ti coating)
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nEDM Magnetic Shielding Requirements /fﬁﬁ

Outer shielding: )
- Field compensation coils (not shown) L =P
- Magnetic shielding enclosure

Y
“\

)

e 41m x41m x6.1m (inner dim.) | ;IF“ .....
2 x 3 mm pu-metal layers, 40 cm ek | j | 3
separation ez = | R o
- residual field <10 nT i D
. gradient <2 nT/m in central T m3 ;
« SF 100 @ 0.01 Hz %
. ¢ 3
Inner shielding: =
. Superconducting Pb Q
« SF ~1000 ) %
o 2 layer u-metal magnetic shielding ~
enclosure . 0
e presently being assembled at . ~ \ >
IMEDCO _ N
SR
S =

w access door at the b =
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nEDM Outer Magnetic Shielding o/rm

External Coils for Shielding
Factor Measurement

Interior dimensions: 4. 1mx4.1mx6.1m

Field Measurements

%i Fluxgate 'q,spin
1 QUSpin B

N

. s
/‘_
A0\ AN
. v . g ‘. b

Exterior Interior
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Why 8.9 A Neutrons ? o/n\Eﬁ]

Interaction of neutrons with superfluid 4He:

4
8.9 A (at12K) P The < 217K The neutrons are now “ultra-cold”:
20: e E»~300neV
|t e V~4m/s

e A~500A

Elementary Excitations

Energy (e/kgin K)
S
|

e Gravitational Interaction: Ve=mn-g-h =103 neV/m -h
Magnetic Interaction: Vm=-un-B = 60 neV/T - B
L T Strong Interaction: scattering length > O for certain

Momentum Q (nm ') materials

- neutrons lose “all”
i inelastic collision)
I > one phonon excitation ®Tfinal < 1 MK
t  (“super-thermal process”)

|+ up-scattering strongly Boltzmann ;..
i suppressed: e12K/T e (for Tihe < 1K)

energy (completely é

UCNSs can be trapped gravitationally, in magnetic fields, or in
boxes.

R. Golub and J.M. Pendlebury; Phys. Lett. 53A, (1975), Phys; Lett. 62A (1977)
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The Central Experimental Region ./n\Eﬁ]

N AYERTE N\ W
2 ~1600 | of SF 4He at ~350 mK

Expected UCN production

N | Target Cells (7.5 cm x10 cm x 40 cm) )
N \ 3 \\ d-coated PMMA (Acrylic) rate:
: | Electric Field o Veell = 3,000 cms (each)

e 0B(t) < 8 nG per cycle
e (0B2/dz)< 50 nGauss/cm

at 30 mGauss
e E =75 kV/cm

e apply /2 pulse —

y A @
A V|
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Basic Concept of Experiment: Free Precession /@ﬁ]

Take advantage of the strong spin-dependent cross section: G. Greene: “The reason for the existence of helium is
* store polarized UCNs in a box and add polarized 3He to measure the neutron EDM”

* n+3He+t & p +t+764 keV
% detect scintillation light in SFLHe (*He>*)

Q —( - QSQUl

;pln ﬁecessnon Y 4
E-Field OR P

@j i{lf ‘of

@ $~¥ ¥

L 4

-modulated scintillation modulated scintillation
 [signal (d_+0) signal (d_=0)

N | e 10,

plltude [a.u.]

| Free precession

LUV -

3He SQUID S|qnal 1 |
002 008 006 005 01 012 014 016 018 0.2

B-Field

~
~
e B

modulation of scintillation
light: ~0.3 Hz/mG
spin dressing (wn = W3He)

Wrap outside w/ dielectric mirror
{100% hydrocarbon)
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... Or Use Critical Spin Dressing

New concept:
 Apply non-resonant magnetic RF field in x(or y) direction: B.(t) = B,;-

e 00Ok at time-averaged component of spin along Bo-direction:

< cos(0(1)) > = l Jdt : COS(;/(B,,f/ a),,) Sin(a),,ft)) = Jo(x), x = y(B,,f/ a),,f)

T " .
Critical Spin
Dressing
. Effective magnetic moment along Bo-direction: y¥/ = yJo(x) 1
« Applying this to polarized neutrons and SHe: — relative precession 3
frequency 2 X=Xo

_ (I _ el =
Wy = (yn 3He) BO 5

 Eliminate effect of magnetic field Bo if N

1 X = V- B/ wif ?

(yfge o rfff) — }/nJO(xn) _ 7/3H6JO(X3H€) =0
“Critical Spin Dressing” | @ Improved sensitivity to EDM
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o/ aE0m

Many known (and yet unknown) Systematic Effects
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Example of Important Systematic Effect: Geometric Phase .,/n\gﬁ

Induced false EDM due to magnetic field gradients and special relativity

E A A A
Bo E N -
j / / ny'
Vxy
Z| 'y . v v v
/ aB()Z ‘ W, ‘
(A¢TT — Aébu) = ¥R | B,, | 5 o~
/' aZ >\ (a)() o 60,,)
B-field with radial gradient 4 \

Geometric Phase

—false EDM signal

e Relativistic effect for particles with v ~ 4 m/s

e Effect doesn’t cancel for vxy & —vyy

e Effectis linear in E — causes false EDM signal

e Need uniform B-field (here |VB| < 3 ppm/cm (<100 nG/cm @ 30

mG)
Next Generation Search of the Neutron EDM 23 Wolfgang Korsch, PIKIMO 13, Nov 12, 2022



Next Ger

Systematics and Operational Studies (SOS) @ Pulstar

Perform systematic studies relevant for nNEDM@SNS at the
NCSU Pulstar reactor

« UCNs from Pulstar

« polarized 3He from MEOP source

- one measurement cell only

 no electric field

« smaller size than nEDM@SNS — faster thermal cycling
e study spin dressing

- study control of initial phase between n-3He spins
 study geometric phase

- characterize production measurement cells

2-stage
cryocooler

OVC

detachable

LN bath — thermal clamp
LHe main
bath LN cooled
shield
Charcoal
LHe cooled
pump (CP) shield
DR mixi
CP isolation Chanrﬂffé?g
valve
buffer volume
MC to

vestibule link

(vestibule is not
visible in this
cross-section)

measurement cell magnetic field coil package

24
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Systematics and Operational Studies (SOS) @ Pulstar ./H\Eﬁ]

NCSU Lab

Requirements:

» T2 at least 700 s

« 3He polarization =270%

« UCN density 1-10 n/cm3

.SQUID noise level 0.2-0.25 fT/vHz (3He concentration x=10-1,
SNR=20, 1run)

» Teell =300 mK (during operation)

- 10 ppm stability and noise on power supply for spin dressing

| slide credit: E. Korobkina ¢
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Events

Data Analysis and Simulations

nEDM = =(-2.9544+0.505)e-27 e*cm
Mock Data Challenge at full sensitivity

(input d, = -3.3¢-27 NEDM vs Run No

= o0af %2 / ndf 1.003e+04 / 9596
S - Prob 0.001023
= - p0 ; -J.954e-27 + 5.05e-28
8 02 :
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Preparing to handle non-uniform B-fields
M. Behzadipour, B. Plaster

Constant field
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700

800

Developing spin-manipulation techniques

(first test at PULSTAR). C. Swank

Jumps + driffs - no change in sen

X% /ndf =
Entries = 4
p0= 6859 +
pl= 393.2 4
p2= 672.26 1
p3= 1.18 + (|
p4= 9.8082155 + 0

900

Sitivity
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10880

11.2
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t+ 1.85

0026
0000015833

1000

/2 pulse shaped identified
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Stability of ¢q in the presence of AC field noise
(-60 dB needed, realistic amplifier -80 dB measured)

150

0.5

[ 60 dB noise
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Critical spin-dressing calculation with

pulse modulation. From PRA paper
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Learning to use GPUs for spin tracking

Neutrons Captured
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slide credit: V. Cianciolo
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o/ nE0m

Some Features of the nNEDM@SNS Experiment

Basic sensitivity equation:
e Large number of trapped UCNs

 down-scattering of 0.89 A neutrons via photons in SF4He
e store neutrons in LHe target cells
e Use two cells with E-fields in opposing directions
o two measurements at the same time — better systematics
e LHe as a HV insulator
o higher electric fields
e mu-metal magnetic shield enclosure + superconducting shield
e reduction of magnetic field variation
o Stable Bo field using superconducting magnet
o Use of 3He co-magnetometer
o correct for systematic effects due to changing B-fields
e Variation of LHe temperature to study v x E systematics
o study and minimize geometric phase
e Precession frequency measurements via two techniques
o Critical spin dressing
e free spin precession
o« compare methods — different systematic effects

« E — electric field
« Tm — time per cycle
-/ mN — # of cycles X # of neutrons per cycle

e N0 background
- stable B- and E-fields

Next Generation Search of the Neutron EDM 28 Wolfgang Korsch, PIKIMO 13, Nov 12, 2022



o/ aE0m

Working Parameters
Quantity Definition Value
Pucn UCN production rate 0.31 UCN/cc/s
No Number of UCNs in each cell at t=0 4.5x105
Veel Measurement cell volume 3000 cc
T3 UCN-3He absorption time 500 s
Tcell UCN-wall absorption time 2000 s
|E]| Electric field 75 kV/cm
Twm Measurement time 1000 s
Tt Cold neutron fill time 1000 s
J Dead time between cycles 400 s
Ps3 SHe initial polarization 0.98
Pn UCN initial polarization 0.98
TP 3He & UCN depolarization time 20,000
£3 Detection efficiency for UCN-3He capture 0.93
£p Detection efficiency for 3-decay 0.5
Re Non [3-decay background rate 5 Hz

Spin Dressing: |[dn| = 2.9 x 10-28 e-cm @ 90% C.L. (300 live-days)
Spin Dressing: |dn| = 5.7 x 10-28 e-cm @ 90% C.L. (300 live-days)

Next Generation Search of the Neutron EDM
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Human Readable Sensitivity of Next Generation EDM Searches/n\Eﬁ]

If dn =10-28 e - cm:

o Scale Neutron to size of Earth: charge separation: 40 nm
(human hair: ~ 40 um)

o Precession rate in E-field: 1rev. in 17.6 years (75 kV/cm)
or same precession in B-field: B~ 7.5-106 T (Bearth=5-105T)

o Energy splitting in E-field (75 kV/cm): 2.25 - 1023 eV

Next Generation Search of the Neutron EDM > Wolfgang Korsch, PIKIMO 13, Nov 12, 2022



o/ nE0m

Summary and Timeline

e Construction of subsystems is well under way
- New experimental hall (EB2) and neutron guide are “shovel ready” subsystems
all other subsystems are well into construction phase
«no known showstoppers yet

More details: J. Inst. , 14, P11017 (2019), “A new cryogenic apparatus to search for the neutron electric dipole moment”

e Timeline:
e Timeline is budget driven
e start date late 2027

o Other experiments:
e« PSI, ILL, TRIUMF, LANL, ...: =Ad, ~1027 e-cm

o start dates > 2025 (my guess)

Exciting times are ahead of us! Thanks.
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Backup Slides
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The HV System
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Goal: E-field: 75 kV/cm — ~635 kV !!

Three development stages:

- Small-Scale HV System (IU, LANL): study dielectric
strength of SF4He as a function of pressure and
temperature (finished)

- Medium-Scale HV System (LANL): electrode tests —
shape, surface, material (SS, PMMA), stability (finished)

- Half-Scale HV System (LANL): clectrode tests = size

(scalability), surface, stability, material (in construction)
e Full-Scale HV System

Wolfgang Korsch, PIKIMO 13, Nov 12, 2022



Cavallo HV Multiplier

Challenge: E > 75 kV/cm for a gap size of ~10 cm — ~635 kV!!

Cavallo high voltage multiplier

ol e <l e
Ab A __
Jx

- 4 g? =

a) Induce charge onto B b) Move charge c¢) Transfer charge to C

:XC

C-- -

- Achievable potential is limited by

1. Capacitance between C and B in initial position. Total charge loaded
onto B is

« QB0 =-Ca®Vs—Cpc? Ve
2. Stray capacitance to B when contacting C. Charge remaining on B is
« Qg7 =Cag" (Vc-V4) + Cgs’ V¢
Maximum possible V. potential is when Qg° = Qg*

1
ax CB\B _ CAB
C R 1 1 A
Cec+ Cus+ Cps
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Room temperature demonstrator

COMSOL geometry

o Measurement
— Calculation

Cryogenic test
in preparation

I
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slide credit: T. Ito

S.M.Clayton et al. JINST 13 PO5017 (2018)
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Measurement Cell Electrodes

Ultimate goal:
- Ecei> 75 kV/cm

Material requirements:

- Conductive coating on PMMA to match the CTE to the measurement cells and
to keep magnetic Johnson noise and eddy current heating low

- 100Q/O0 <0< 108 Q)/O
Current design:

- PMMA with ion implanted Cu or GeCu coating

« Challenge:
- Understanding how breakdown depends on various parameters, including: Ground
electrode surface condition, electrode area & gap size, LHe pressure & | d
temperature electrodes

- Finding suitable materials that meet all the requirements

Development status:

- Demonstrated stable E>85 kV/cm in the MSHV system with coated PMMA
electrodes (~1/5 scale)

- Data-based area scaling method developed, allowing us to predict the
performance of the full scale system

- Currently commissioning the HSHV system, to confirm the scaling and test the
electrode design and candidate materials with a 2 scale prototype

Risks:
- Coated PMMA electrode surfaces not performing as well as electropolished SS

- Coated PMMA electrode surface changing its properties for each thermal
cycling

PMMA electrode with Cu
implantation for MSHV.
35 E> 85 kV/cm achieved.

slide credit: T. Ito
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4 K LHe bath LN2 reservoir
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A half-scale electrode system is A
immersed in 40 liter LHe volume NP
cooled to 0.4 K. HV performance test 4 K shielo
will be performed with 200 kV direct 77 K shield
HV feed. The cryostat is currently
being commissioned.

' 1/2 scale measurement
Vacuum jacket cell electrodes
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Magnet Package n/n\Eﬁ]
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LN2 shield successfully cooled to 88K @ CIT slide credit: B. Filippone
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