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The EDM landscape

Adrian SIGNER

| will discuss why we theorists always knew that you wouldn't find a non-
vanishing nEDM. Just in case you will measure one, it will also be discussed,
why we theorists always knew that you would eventually find a non-
vanishing nEDM.

SM — “only” an effective theory valid up to some scale Ayv
® in case you won't find one:
of course not, Ayy > 1 TeV (complete absence of 'new’ physics) and ¢ = 0

® in case you will find one:
of course, CP violation in BSM is unaviodable, and it has to show up in nEDM
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The EDM landscape

SM predictions (strong sector)
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The EDM landscape

Neutrons

Nuclei:

quark EDM

p, d,3He

Schiff mo
Diamagnetic >
atoms: Hg, Xe, Ra

Paramagnetic
atoms: Tl, Cs

Molecules:

atomic theory ]

ment

nuclear theory

(quark chromo-EDM

FUNDAMENTAL THEORY

YbF, PbO, HfF *

Leptons

»(Iepton EDM)

C. R. Physique 13 168 (2012)

in ® = 0 SM: d,, ~ 10~32 e cm with considerable uncertainties

playing devils advocate d,, < 10739 e cm

if d,, > 1073 e ecm is found it is not clear whether this is BSM or strong CPV ( 4 # 0)

but it would be the beginning of a new era

— heed further EDM'’s to disentangle origin of d,,

— G
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The EDM landscape

SUSY, the nEDM and the LHC

SUSY CP problem ..., = 500 Gev Msysy = 2 TeV
[ ] 1
0.2t 02l
oy Il 2 ooy

1st gen squarks
excluded by direct 027

searches at ~1 TeV
-04¢ ~0.4}

0.1

o1 01 01

5= of
|*.:% S H

A. Ritz, talk at the PSI 2013 workshop.

The recent LHC results have shown that no superpartner exists below 1 TeV pushing the SUSY scale
to higher energy. This relaxed the constraints brought by the EDM bounds on SUSY CP violating
phases as shown in the right panel of

—
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The nEDM search —7—

Neutrons reflected for all Interactions
incidence angles: UCNs Kinetic Energy Energy Fermi B decay
energy 1T 1m potential
100 neV | 100 neV | 100 neV | 100 neV | 886 s
2
®
z . 3
----- \Y M =4
QT[I< A, =800 A; E
Ve Vz < Veritique v, =5 m/s; E
— ‘,' m
8 '-., T,=2mK; 3
0 : Can be stored ! O
g;g’gé oooooooooo gfooocouuoog X En =~ 130 neV g

;i Vz > Veritique

A>>2A:
Neutrons see the Fermi potential




The nEDM search

UCN source

bottle for

experiment ™

© ¢ 0 © ©
© O 0 ¢ ©

© 0 0 © ©

Q O
Q 0O
o O
o O
Q Q
J o
Q
( Q
Q0
o\i)/ »)
" neutron evaporation
% from

spallation product

neutron temperature

% uen

o 3 mK

Q
cold

o 20KD,0

o (D)
thermal
300 K
D,0

»)

few 101°K '

Inelastic down scattering of
cold neutrons (CN) into the
UCN regime by one
excitation of phonons and
suppression of the up
scattering by cooling the
converter
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The nEDM search

The PSI-UCN source

em

Original design goal:

PSI proton beam, up to 8s pulses

. spallation target (Pb)

D>0O vessel
30 dm?3 solid D moderator

~2 m?3 source UCN storage vessel,
coating: diamond-like carbon (DLC)

. source UCN storage vessel shutter
. UCN guides towards experiments

- ~8m long
- coated with NiMo (85/15)

. He and D> supply lines

. thermal shield
. vacuum tank

typical external storage volume.

1000UCN/cm3 in a
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The nEDM search

Two concepts

Room temperature

* Proven technics
* Known systematic effects
* High sensitivity magnetometers

nEDM@PSI

n2EDM@PSI
NnEDM@FRM2
NEDN@KEK-RCNP-Osaka
NEDM@TRIUMF
nNEDM@ILL

NEDM@ Gatchina

VS

In helium

e Production of UCNs within the
apparatus

* Use of 3He co-magnetometer

* Liquid He as insulator

e Supraconducting shield

NEDM@SNS
cryoEDM

— T
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The nEDM search —11-

Two concepts

VS

Room temperature In helium %
5
* Proven technics * Production of UCNs within the =
 Known systematic effects apparatus g
* High sensitivity magnetometers e Use of 3He co-magnetometer £
* Liquid He as insulator ®
e Supraconducting shield r;n
<
NnEDM@LANL NEDM@SNS
NnEDM@PSI cryoEDM
n2EDM@PSI
NnEDM@FRM2

NEDN@KEK-RCNP-Osaka
NEDM@TRIUMF
nNEDM@ILL

NEDM@ Gatchina
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A nEDM apparatus

News from the nEDM




A nEDM apparatus

The Ramsey’s method of separated oscillating fields

Av
on) = N

Polarized UCN External clock
0 =
= L
34500 '] bt | 0.0 [T
© Hik .~ - - ® . P HL i . 0gd
BU _E : o | .'.‘ ;: : . '8"-‘ ';“' .. - . "
o | - .’ - .y - ol 4 a8 Wy
w L t 3 - S, L - by R st
f, =, ooy iR A RS
| f— BD B _-i::"
3000 -
: . - .”
: - ..' ."- ‘=.
2500 .ia.e'f .: ..:
B ro» e e [ ome
0 2000_\ 1 1 1 1 | | 1 | 1 1 | 1 1 | | 1 1 1 1 | | 1 | 1 I
30.07022 30.024 30.026 30.028 30.03 30.032 30.034 30.036
Av

INQ3JU 2y} Wou} SMaN




A nEDM apparatus

First limitation ..... Magnetic field fluctuations
h £, (1) _ 2 i, B(1T) + 2 d,.E(11)
h fn (T1) = 2 fin. BT - 2dy.E(T])

h(f, (11)- fo (11)) = 2@.4B(7) - B(11) - 2d..(E(1T) + E(1]))

High voltage

Quartz insulating

Mumetal shield £ cylinder
Electrodes ..' A \\\‘\‘ Aokl 1l Mercury co-magnetometer (1998)
. .3 | fn YnBn Yn
/«a —— R = - ="
PMT ng YHgBH, YHg
Hg UV lamp
—
= ; polarizing cell

—
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A nEDM apparatus

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

Vacuum chamber

Precession chamber
where neutron precession
is induced and measured

Photomultiplier tube
to detect the intensity modulation
of the mercury light

[ Mercury polarizing cell

where the mercury is polarized ~— |
_J

<
Mercury lamp

to polarize the mercury —
ultraviolet (253.7 nm)

y,

High voltage lead

with a 1MC2 resistance

Cesium magnetometer]

Electrode (upper)
charged up to 150 kV
electric field = 10° V/m

Mercury lamp
to read out the
mercury polarization

Magnetic field coils

are wound around the vacuum
chamber to generate the holding
and compensating fields, as well
as the spin flipping fields

— Switch

‘ ) —

——

5 tesla magnet
to spin polarize the UCN:

to distribute the UCNs fo
different parts of the apparatus

Spin analyzer

Neutron detector

—
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A nEDM apparatus

Magnetic stability

SFC static

T
sensor 2z
5100

5000

B(nT)

4900 -

4800 -

4700 |

a)

1034.52 -

~~
|_
c
SN
00 1034.50

Cs 16

b)

1034.48 T
0 200

400 600
time (s)

800

Afach et al., J. Appl. Phys. 116, 084510 (2014)

SFC dynamic
> . . !
sensor 2z c)
L 5900
5800
5700+ S)-
|
5600
uncompensated
5500 - —— measured |
1033.16 .
d)
1033.14
1033.12
Cs 16
0 500 1000 1500 2000 2500
time (s)

cylindrical
shield

Active compensation

Improved degaussing procedure
Temperature stabilization

New current source

— -
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A nEDM apparatus

Magnetic stability

Neutron frequency [Hz]

30.1586

30.1584

30.1582

30.158

30.1578

30.1576

30.1574

30.1572

30.157

30.1568

30.1566

— Raw neutron frequency

- Corrected frequency :

- o m'-'a“-".‘(r;'.

- Fral . "’

n | | | | | ‘ | | | | | | | | | | | | | | | | | | | ‘ | | | | |
0 100 200 300 400 500 600

Cycle

d,B, [pT/cm]

=]
>
I‘\III‘\III‘IIII‘IIII|IIII‘IIII|IIII|III\

Vertical gradient
~ 2 pT/cm daily variation

18-02h
Time

18-14h

65 pT

12 pT
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A nEDM apparatus | -

Top CsM Precession

~ chamber

A non perfect Co-magnetometer

12 cm 1/V amplifier

e Gravitational shift

PMT:
photomultiplier
tube

Hg polarization 2

chamber m

5

In the precession chamber R — Au -+

ng (@]

UcNs |} PSI 2012 =

g & =

3.8427 -2

- BO up . BOdown ®

- e

3.8426_— (@)

B <
_ 9B Ah 3.8425[
R:(fUCN): Yn <1+a_B N > :
<ng> YHg z |Bo 3.8424]
Ah =2,7 mm
3.8423_—

3.8422:T T N |

1 | 11 1 1 11 1 1 1 1 11 1 1 11 1 1 i 1 1
-300 -200 -100 0 100 200 300
Cs extracted gradient / (pT/cm)




A nEDM apparatus

A non perfect Co-magnetometer

e Gravitational shift
* Adiabatic vs Non-adiabatic field sampling

4 )
UCNs: Adiabatic regime

. (B7)
Bl) = By +

\fn X < | | ) 0 2B, J
p N
19Hg: Non-adiabatic regime

fig x| (B) | = By

\.

R

(o o (20 00, (%)
(ng> YHg 0z |Byl ~ |Bol?

Ah =2,7 mm

Field map using fluxgate

— B
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Some results

Gravitational enhanced depolarization and
R Jn  associated frequency shift

ng P. G. Harris et al., Phys. Rev. D 89, 016011, (2014)
i Gh »
R(G) = Ry (1 + 20 c(ﬁ)

x - i i i i N
Seazif-. 7

3.8426 o
o
3.8425 Bo down Bo up_
(R 3.8424731(20) | 3.8424619(18)
- h [em] | -0.275(13) 0.268(13)
3.8424 - x?/dof | 9.6/6 5.7/8

3.8423

38422 mll | | L1 11 | L1 11 | L1 11 | L1 11 | L1 11 | L1 11 | L1
-300 -200 -100 0 100 200 300
Cs extracted gradient / (pT/cm)

2 2 2 2 i
B(r.y.z) = BU—’_QII—’_gny{?I.’C(I —Z J‘|’£}'yy(y — )‘|’y$y;11'y+§fz17:‘|’£}'yzy:
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Some results

29.1650

vy /2n/(MHz/T)

n

29.1645

PSI result with UCNs:

V17, = 3:842457(3)

GREENE 1979

CAGNAC 1960

Effect

By T

By |

Counting statistics
Gravitational shift
(3.84 X dGrav)

+0.3x 10°°

+0.5x 10°

(-8.9+23)x 107 | (~1.8+2.7)x 10°°

Intermediate Ry

3.8424580(23)

3.8424653(27)

Transverse shift
(3.84 x o71)
Light shift
(384 X 6Light)
Earth rotation
(384 X 6Eanh)

(3.7+0.8)x107°

(1.3+0.7)x10°°

-53x107°

(3.0+1.2)x 10°°
0.8+ 0.6) x 107

+5.3x 107

Corrected value

3.8424583(26)

3.8424562(30)

Combined final v, /yn,
\

7.5900
Y'] 99 H

L/ 2m/ (MHz/T)

7.5902

3.8424574(30)

A measurement of the neutron to '*’Hg magnetic moment ratio

S. Afach®®, C. A. Baker®, G. Ban®, G. Bison®, K. Bodek®, M. Burghoft’, Z. Chowdhuri®, M. Daum®, M. FertI*®!, B. Franke®"?,

P. Geltenbort®, K. Green®?, M. G. D. van der Grinten®?, P. G. Harris", V. Hélaine™d, W. Heill, R. Henneck?, M. Horras®®?,

P. laydjiev®?. S. N. Ivanov®*, M. Kasprzak!. Y. Kermaidic®. K. Kirch®®, A. Knecht®. J. Krempel?, M. Kuzniak®¢3, B. Lauss®.
T. Lefortd, Y. Lemiered, A. Mtchedlishvili®. O. Naviliat-Cuncic®°, J. M. Pendlebury”, M. Perkowski®, F. M. Piegsa?, G. Pignol*,

P. N. Prashanth', G. Quéménerd, D. Rebreyend®, D. Ries®, S. Roccia™, P. Schmidt-Wellenburg®, A. Schnabel’, N. Severijns',

D. Shiers", K. E. Smith™, J. Voigt", A. Weis', G. Wyszynski*®, J. Zejma®, J. Zenner®™", G. Zsigmond®
S. Afach et al., PLB 739, 128 (2014)

—_—D] -
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Some results —22-

Submitted version available on arxiv

Searching for axion-like particles with ultracold neutrons

S. Afach®P<, G. BanY, G. Bison®, K. Bodek®, M. Daum®, M. Fertl*®! B. Franke®"2, V. Hélaine™, Y. Kermaidic', K. Kirch®®, P,
Knowles®?, H.-C. Koch#", S. Komposch®”, A. Kozela', J. Krempel?, B. Lauss®, T. Lefort?, Y. Lemiere?, O. Naviliat-Cuncic®*,
F. M. Piegsa®, G. Pignol’, P. N. Prashanth!, G. Quéméner’, D. Rebreyend', D. Ries", S. Roccia®, P. Schmidt-Wellenburg®,

N. Severijns', A. Weis?, G. Wyszynski®®, J. Zejma®, J. Zenner", G. Zsigmond®

mass m (eV) -
0.1 001 0001 107 107° :
(%}
=
Z A g
& -+
5 N t D
’ =
g o N O
<

b

RV =1v (1 —)
YHe * By

10°° 10°° 104 0001  0.01
interaction range A (m) f

_ztH)2 _ —z+H/2
Phbottom bbottom e ' - Prop btop e 4 dZ



Some results |

10—
E 4 % Bdown w 2013 data
5 %2/ ndf 6.535/6
- h 7T g } ________ o 1.802 + 1.122
o
= 'F I
e e
S
T E ! 4 % above the expected =
X, 0 . sensitivity s
< ET  dy,=(—050£0.83) x 10" c.cm P
15— =
- o]
: B ug A 3
20— 2/ ndi b
: pl + =-
51 ()
73_r | | | | | | ‘ | | | | | | | | | | | | | | | | | | | |
6 4 2 0 2 4 6 rsn
R;L'l [ppln] U
<

2013 data taking: 2867 cycles
25 days
2013 accumulated sensitivity 8.0*102° e.cm



Some results

Statistical sensitivity

o(d,) =

h

20ET/ N

RAL-Sussex-ILL PSI 2012 PSI 2013
Best Mean Best | Mean || Best | Mean
E (kV/cm) 8.8 8.3 8.3 7.9 12 10.3
UCNs per cycle || 14000 | 14000 || 9000 | 5400 || 10500 | 6500
T precession (s) 130 130 200 | 200 200 180
Visibility « 0.6 0.45 0.65 | 0.57 0.62 0.57
Sensitivity per
cycle (1072° e-cm) 43 57 32 50 22 39
Cycles per day 360 360 200 200 200 200
Sensitivity per
day (107*e-cm) || 2.3 3.0 2.3 | 35 1.5 2.8

— R
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Towards n2EDM | 28

INQ3U 3y} Wolj SMaN

« Two UCN precession chambers with opposite electric field directions

 Improved magnetometry Hg - laser read out of Hg-FID to avoid light shift
Cs —vectorial
3He -free from geometrical phase shift




Towards n2EDM

h
O'(a'n ): - work on improving (a,E,T,N) parameters
20ET /N
Neutrons number N 5 Better adapt-atlon to the source (x 3)
Two precession chambers (x 1.5)
Electric field E 1.3 New electrodes geometry
Visibility o 1.25 Larger T2 (field homogeneity)

Precession time T ? Coating investigation (Diamond)

Anticipated sensitivity
4.10%°e.cm / day

2.10% e.cm / 4 years
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Summary

71\( Magnetic field

* Cs and Hg magnetometers are complementary
* Coherent picture for the magnetic field

* Improved control on systematics effects

* By-product: measurement of Hg and neutron gyromagnetic ratios

S nEDM

* We are taking data with a high sensitivity
* We expect with 300 data-days until 2016 :

statistical sensitivity of 0<5102°e-cm
* N2EDM in R&D phase towards 2.10?” e.cm

Thanks
Merci

_—) ] =
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The nEDM@PSI collaboration

Caen

Orsay

> S
Lo
Leuven: @

7

Fﬁm%

I 5
Grenoble \(

5
S Mainz
R

S e
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The dual magnetometry concept

A non perfect Co-magnetometer

e Gravitational shift
* Adiabatic vs Non-adiabatic field sampling
 Geometrical phase shift

Motional (transverse) field Magnetic transverse field

By z

v —ExV + | 1TR
ce i

\

—> Frequency shift correlated with electric field
False EDM for Mercury (fast regime of GPE)

dFalse - hr}/Hg D2 0B —_ dEalse _ ,}/’”» dFalse
32¢? 9z VHe

Pendlebury et al, PRA 70 032102 (2004)

—
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The measurement strategy

The analysis strategy (RAL/Sussex/ILL like) and associated systematic errors

Geometrical phase shift: frequency shift for particles in traps (large for the Hg atoms)

EDM dFalse h’ 2 a_B
no T 3ge2 WHe &g
B down
~~o ”,4
~~~~~~ _ a,#’ R:(fUCN):)’_n< _O_BA_h_I_(BZL)
~~‘~~-{’ -~ <fPE> YHg 0z |Bol  |Bol?
-
a”" T ~~~~s
-=" “~~<._ Bup
a"’ _")/n ~o

And any shift of the neutron and/or Hg precession frequency linear with the E-field

— Direct systematic effect

)

—30=-
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The measurement strategy | —31-

The analysis strategy (RAL/Sussex/ILL like) and associated systematic errors

Geometrical phase shift: frequency shift for particles in traps (large for the Hg atoms)

— YnTH
32¢2 "8 o
B down
~q - -
~~~‘~~ ,4”” _{fuew) _ ¥n < _0B Ah  (B?)) ) L
~ - p=dov _tn (220, ) O
~s~ ’¢’ (f[—g) VHg 0z |By| Byl g
N-{
a”’ S~ @
" T Sso O
-~ =~ B up &
- Tn = b
- — ~ o
f}/Hg 9
®
In the case of an inhomogeneous B-field =
dFalse__i < B. + B> . .
no T T2 InTHg \T e T YDy Indirect systematic
" - effect due to local
drelse — 253 T D? = At 1%t order in gradients | dipoles

Pignol et al, PRA 85 042105 (2012)



The measurement strategy

The analysis strategy (RAL/Sussex/ILL like) and associated systematic errors

Geometrical phase shift: frequency shift for particles in traps (large for the Hg atoms)

o _ o) _ (1_03 s ((BZ) )

“ (e rHg\ | 0z1Bsl (1B
A

Residual systematic effect
if different for B up and down - Indirect systematic effect

B down

—
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The error budget

The analysis strategy (RAL/Sussex/ILL like) and associated systematic errors

Effects | Goal | Status (Dec. 2012) | Status (Nov. 2014)
Direct Effects
Uncompensated B-Drifts | 0 £0.9 2.0 +R8.6 —0.2+0.4
Leakage Current | 0+ 0.1 0.00 4+ 0.05 0.00 4+ 0.05
V x EUCN | 0+£0.1 0+0.1 0+0.1
Electric Forces | 0 £0.4 0+0.4 0+0.0
Hg EDM 0.02 £ 0.06 0.02 4+ 0.06
Hg Direct Light Shift | 0 £0.4 0 + 0.008 0 £ 0.008
Indirect Effects
Hg Light Shift 0+ 0.05 0+ 0.05
Quadrupole Difference | 0 + 0.6 1.3+2.4 1.3 ﬂ:
Dipoles | 0+ 0.5
At the surface 0+04 0+04
Other Dipoles 0+3 0 {?D
Total | 0 +1.3 4.2 +9.4 0.2 +4.0

Status of the constrain on systematic effects in units of 10727¢ - cm.

— 3
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The error budget

Period Result (10727 e-cm)
2010 29+£86 T
Sept. 2011 —1.8+3.9

Dec. 2011 BO 1
Dec. 2011 BO |

The uncompensated B-Drift

—7.5%3.7 | Search for Uncompensated
B-drift due to charging current

—0.7£1.0

Dec. 2012 BO 1 0.2=+0.6
Dec. 2012 BO | —0.7+1.1 |
Sept. 2013 —0.1+0.7—>
Weighted avg. —0.2+04
Chi? /v 0.92

Search for Uncompensated
B-drift due to sparks

2.0x10™

1.0x10" &

o
o
]

-1.0x10™ %

-2.0x10™ -

Change in magnetic field gradient (nT/cm)

-4 2.0x10%

H 1.0x10%

o
o
False EDM (e.cm)

B 1.0x107

' A Il
17 5 'ii 4 -2.0x10%
l

I ¥ | ’ I v
1000 2000 3000 4000
E-field polarity changes
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The R-curve ...

and the nEDM indirect systematic effects

(14

3.842475

3.84247

3.842465

3.84246

3.842455

—35-
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The R-curve ... and the nEDM indirect systematic effects | —36-

(fuw)  7n _0B Ah  (B%*)) _
k= (ng> - YHg 1+ 9z |B,| + ERE + OEarth + OHg-lightshift
x [
3.842475 m
B = S
-~ — 3 g
fn — | — éi By = fEarth b'ill(/\) 3.34247__ g_ g
il | O @
| = =
ng = ‘ éﬁg BD T fEarth ?‘:Qill()\) 3842465__ g |O
- = S
- S 3
3.84246|— rsb
i B, up B, down =
3.342455:—
- 8 Earth Earth )
SRpartn, = FT— (f 4 JEar ) sin(A)
THg fn fI—Ig

— 5.3 x107°



The R-curve ... and the nEDM indirect systematic effects

False EDM in the crossing point analysis

h’Yn'YHgDQ 2 2
alse — B - B
dpal 1282 By AR ((B1); —(B1)1)

Using the 2010 fluxgate maps
(B7), — (B7)+ = (0.3 £0.5) nT?
dpaise = (1.3 £2.4) X 107*" e cm

Using the 2012 R curves alone
(B7), — (B7)y = (0.3 £2.8) nT*
diaise = (1.3 £7.2) x 107*" ecm

A unique consistency check and demonstration of the quality
of the magnetic field control
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The statistical sensitivity

2014 preview

135

15
10

Precession
chamber

Vertical
guide

UCN trajectory
& —Spin flipper

«— Analyser

s
UCN detector

Y

Spin flippers 7\ ’

135 U shape

0% [%] Ntot Nwest-1
USSA 63.4(18) | 3791(14) | 1.878(5) x10°
Sequential | 59.7(22) | 2692(15) | 1.651(16) x10°
Ratio 1.062(49) | 1.239(10)

— 3
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The statistical sensitivity

2014 preview

( Simultaneous spin analysis: )

Increase in sensitivity on the nEDM

18.2+6.1%
\_ J
« [%] Ntot NWest—l
“:@\\; USSA 63.4(18) | 3791(14) | 1.878(5) x10Y
»e"°&'“ Sequential | 59.7(22) | 2692(15) | 1.651(16) x10°
e Ratio | 1.062(49) | 1.239(10)

—38E
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Towards n2EDM

Laser based Hg co-magnetometer Sensitivity improvement
from ~400fT — <100fT rer
sch pOS
- _Kompo
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