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e Eight countries
e 48 Members

e 11 PhD students
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(A Outline

* Why search for an nEDM?
 How do we search for it?

 The UCN source
« Statistical sensitivity

 Magnetometry
* Preliminary Results



g A non-zero particle EDM h

violates £, 7and, assuming
L CPT conservation, also CP. y




e PRenomMena Not explained by m"h*

andard Model
e Gravity
The Standard model does not explain
Gravity.

o Dark matter /Dark energy
Only about 4% of the Universe’s energy i
content are explained by the SM. 4

o Matter/Anti-matlter asymmetry
Observed asymmetry and SM expectation
disagree by a factor 108

o g-2 of muon and muonic hyadrogen
The g-2 value for muon disagrees by 3.30

The proton radius from muonic hydrogen
disagrees by 7o
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Baryon Asymmetry of the

=pP5l= -
Universe
-
. b
SM expeCtathn: . Observed*:
nB B nB_ - 10—18 nB —Ng . 10_10
"y ,
g
Sakharov criteria :
1. Baryon number violation
2. Cand .
3. Thermal non-equilibrium ’
"WMAP + COBE (2003)

]9]

(6.19+0.15) x 1010
[E. Komatsu et al. 2011 ApJS 192]



-
A nonzero neutron EDM

violates P, T and, assuming
CPT conservation, also CP.

-

— 2P so far only in weak
Interaction

— Excellent probe for physics
beyond the Standard
Model

— Might explain BAU
(matter/anti-matter problem)

— Sensitive to the 0-term in QCD
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(=== A Dbrief history of NEDM searches s , 4=
Pl . ="
E 10-19 o T T T s S
g 107 w
= 10% 5
.E 22 % |7 A
-— 10 :
- o . v
g 107 o m
% 10 A VA
; 107 vA A
< A 10% : ;
2 W = 3 Supersymmetry predictions
o I 10 Aimed at sensitivities at PSI:
el = 107 - 7 | Intermediate:
> -31 PR PR K '; g § - :
2 18_32§Standardmgdgg£§§§:¢'€3f§ amns EoE d,<5x10% e cm (95% C.L.)
19I50 19160 19170 19ISO 1990 20100 20110 2020 Final:
. . -28
Year of Publication d,<5x10“ e cm (95% C.L.)
First Last

Smith, Purcell, Ramsey RAL-Sussex-ILL
g<sxt0neon | IESONEEEIIP | o, <29x 10 ccm (00% L)
C.A.Baker et al., PRL 97 (2006) 131801

PR 108 (1957) 120
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(== [he measurement technique -~

. B
/ L BES

Measure the difference of precession frequencies In
parallel/anti-parallel fields:
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ndew=2d (E.. +E, )+2u, (B:><B)

[ for d<102 ] — > |40 <60nHz]




m
<
@
S

:—k
)
o5}
=
@

PAUL SCHERRER INSTITUT

(2=

- The Ramsey technique @m

sEs. Y

£ Electric field strength

Illll
LEUVEN |
Ruﬁ 8767
16000 I I T T T l
Spin “down” L e -
neutron... Yoo = =
£ = .
e e
' 10000} g”‘ T .
Apply /2 spin g .-
. 72 o= S ==
flio pulse... - - o
6000~ o ;x s y
. " b @
4000 - mm G 5 s fl
# . ==
2000 o
Free ) T 30.04 30.:)45 30%05 30,1)5‘5 Resovlﬁance 30106 30;)65 30?07 30.075
precession ~—'_4 By
i
artw
L o () = —
Sensitivity: of) =—7T7"""=
Second 7/2 2aTEVN
spin % 1 <~ o Visibility of resonance
1o pulse. 5 I Time of free precession
o0 7 N Number of neutrons
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- - Overview

* Why search for an nEDM?
 How do we search for it?

Status at PSI

* The UCN source
« Statistical sensitivity

 Magnetometry
* Preliminary Results
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1= The NEDM spectrometer@w

Em UNI

('.45
Xog oo =
Four-layer Mu-metal shield

to shield the experiment from
external magnetic fields

Vacuum chamber

High voltage lead

with a TMQ resistance

' Cesium magnetometer

Precession chamber
where neutron precession
is induced and measured

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

Mercury lamp
Photomultiplier tube to read out the
to detect the intensity modulation mercury polarization

of the mercury light

where the mercury is polarized ~— |

[ Mercury polarizing cell

Magnetic field coils
are wound around the vacuum

chamber to generate the holding

Mercury |amp and compensating fields, as well

to polarize the mercury -

ultraviolet (253.7 nm) 43 ihe Spin Hipping fieeas
 — J
‘ e—— Switch
: —" to distribute the UCNs to
different parts of the apparatus
5 tesla magnet o _ani
[ to spin polarize the UCNJ Spm analyzer

[ ++—— Neutron detector]




PAUL SCHERRER INSTITUT r— [ |
5 -illing UCN

e Optimize product avVN

| I I | I | I |
14000 - ) A
12000 - L - i
Run 7575
Q_l 10000 I 100 -
D
3 4
t S 8000 A
g) g a0 - o
@ < 1 o
5 6000 - al &
4000 - < o
= 70t
. kl:
2000 - £
] E B0 F ]
0 L I T 'I L 'I T [ L '| D_
0 5 10 15 20 2 s0 b
Filling time
! kb
o
3':' 1 1 l l
5 10 15 20 25

filling time ()
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BSIE Storage life time no-.—.

» -

.J]b

y Cmnma —_—
7’ L BESE

2 5”2% . o o T + e Chamber made
© _s00 - o . 200 580 of dPS insulator
s6000, | | | | ring and DLC
le"‘-. : 0 Et?t:aml*exp[-t#lr}+Ns‘ex p{_L-'tE‘ e | eCt I’O d eS
SN 30000\ - :
g \ e Two exp fit:
i 2 25000 : : . £ -30
5 E AN . . s~ OUS
g 20000 \ : 1 Z} ~180s
- N : :
5 150001 el 1 o Max no. UCN
E 10000} : ”‘9‘%&% 5 '\ measured after
| | D 180s storage:
10 500
DD EIEI 1 LiID 1 EID EI[IZHJ 250

Storagetime (s)




m
<
@
S

:—k
)
o5}
=
@

PAUL SCHERRER INSTITUT

(2=

uswﬁ v

Transversal depolarization -~ %=

0.05

Resid.

/N
down total

o

~

up
o
o)
a

~0.05—
0.8

0.75

0.6}

Data

AO."exp(-

X./T2)

0.55
0

50 100 150 200 250
Precession time [s]

300

350

400

NEDM uw
mm s
Best @ PSI

T,(Byl): 1158 + 94s
T,(B,1): 836+ 63s

2013:

— Excellent magnetic field homogeneity
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sEE. Y

HV performance Soe—

/ =

Current (UA)
o
o

0.3 |
0.2
0.1 poyen i

| [

2013-07-26 overnight run 7512
HV conditioning upto 160 kV

Plot by: zc L

19:00 20:00 21:00 22:.00 23:00 00:00 01:00 02:00 03:00 04:00 05:00 06:00 07:00
26/713 277713

Time (s)

« Best HV performance 144 kV. — 12.0kV/cm
« Average E-Field while data taking: 10.3kV/cm
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5 -illing UCN
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Neutron EDM sensitivity &

" .
o=
2aTENN
RAL/SILL* | PSI2012 PSI 2013
best avg best | avg best avg
E-field 88 | 83 |83 | 79 [ 12 ) 103
5 Neutrons 14.000 | 14000 | 9000 | 5400 | 10500 [ 6500 |
g Treo 180 | 130 | 200 | 200 | 200 | 180
’ Toy 240 | 240 | 360 | 360 | 340 | 340
A 0.6 | 0453 | 065 | 057 | 062 | 057
6/d(10%cm) | 23 | 30 | 23 | 35 | 15 | 28

2013 data taking: 3266 cycles
25 days
Stopped by switch break down
2013 accumulated sensitivity 6x10-26 e.cm

* Best nedm limit:
Il Baker et al., PRL97(2006)
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- - Overview

* Why search for an nEDM?
 How do we search for it?

* The UCN source
« Statistical sensitivity
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Neutron/mercury gyromagnetic ratio

* Magnetometry
* Preliminary Results
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== [he measurement technigue L

= (=) 2
R . =uves
’ L BESE

Measure the difference of precession frequencies In
parallel/anti-parallel fields:

Ef E |
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ndo=2d (E, +E,, )+2u, (BESEE

Statistical accuracy of a magnetometer correcting for a change in B should
be better than the neutron sensitivity per cycle:

~11uHz —2=* 5 §B~400fT

1
5 j—
J: 2raT \m
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Magnetic fields

B
Untnrrsity of Sesses |

((?;E]K m == A
s MEDM g

Earth's field

T

Screwdriver @ 5m

Environmental fields

BO\

Power lines 4|

Automobile at 50m ;'
B

=

Chip transistor @ 2m ——

Car @ 2 km —|

1073 B (tesla) -

: Microtesla 1?8:
-107 0-

Nanotesla 100~

- 10-

- 41N°9

~
LEUVEN QS

A e
Biomagnetic fields

/ Lung particles

Human heart

Skeletal muscles

Fetal heart

|\Human eye
Human brain :« activity
I—Human brain :evoked
responses
SQUID system
noise level

I—

Atomic magnetometer

SERF atomic
magnetometer
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(= Mercury co-magnetometer e, 4%

” - -

a0 Hg Precession signal {400s)

7= 140s

e\l - T

l || ] §3.3
— = -
m polarization cell FL” » — . . | | . . S
% U firne (s}
- (@)
% v |-
(0]

e Average magnetic field

Y, wave plate |
linear polarizer I
(volume and cycle)

Hg lamps %@ 1 ¢ 05 ~400TT
/\ e 7 >100s without HV

HgO source e 3/n ~ 500 without HV
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«== (Cesium gradiometer

Monitoring of vertical magnetic gradients

e Six HV CsM
e Ten ground CsM

e Stabilized laser
e PID phase locked DAQ

= 132kV
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= Frequency ratio

R = f/fyy o

as field monitor:

e Center of mass offset

e Non-adiabaticity

C )
YHg
2~ 8 Hz/uT
o /I ( )

(f UCN)

¥n

+ further sys.
(f

e There are two drawbacks using the HgM

 ~ 30 Hz/uT

dB| A

CsM - array

0z

(B°)|
|BU| |B, |2 + OEarth t OHg-lightshift

AN

Field maps




w ‘ k
Ulemnrrsany of Seses m

«-F=  Gradients from CsM  a-~S&

g Cmrm-

e Field parameterized by 9 parameters (next-to-linear)

B(zr,y,z)= BO“‘!/J‘-”"‘!/y.’/.(/:r;l’ (,-’)2_‘:2,)+S/yy(. !/2_-32 )+ 92y LY+ Grz T2+Gyz Yz
® [he parameters are adjusted to 12
magnetometers readings using least squares

e Residuals are about 30 pT
(500 pT using linear model)

e Jackknife procedure to estimate the error on
the gradient G

o1eq ‘WusAg

[AG:8pT/cm]
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5 Extracting R G

T

15,
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corrected number of counts

3000 f
Nyp=Ny [1—acos| K ( RF _ )
"Hg

Run 6043 "y
X2/dof = 1.3 j K=2n (T + ?) (f Hg)

| | | | | | | | | | | 1 1 I 1 | | 1 1 I |
3.842 3.8422 3.8424 3.8426 3 8428 3.843
fRFIng

2000—
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(2=

R vs gradient o=

t§° nEDM g

I 7’ - -
3.8426—
3.84255
3.8425—
3.84245— h = -0.235(5)cm

- Rl = 3.8424580(23)
38424 R. = 3.8424653(27)
3.84235

: IiIIIIiIIIIiIIIIiIIIIiIIIIiIIIIiI

200

R

150 100 -50 0 50 100 150 200
Cs extracted gradient / (pT/cm)

(fueh)  ¥n 0B AL (B?)) _
— e = YHg 1 +_o?‘/BO| + TAE + SEarth + OHg-lightshift
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1 Transversal fields -~

PB S
P ~Si
UCNs: A
Adiabatic reaime: .
fnox (|B|) =B +<B%>
\. n 0 QB[]

J
)

4 Mercury:

o1eq ‘WusAg

Non-adiabatic regime:

—

Jug < | (B) | = By

\_

e Mapping with fluxgate and 6
vector cesium magnetometer 0 Rrpansverse = (3 2 1) X 107

o -20<z<20, -10<r<30, Ap =5°
_ (fuen) _ ¥n ( 0B Ah (B3 )

R 1+ — + -5 +96 + Sprot; _
OY‘BO| |Mz Earth Hg-lightshift

- (fl-lg) - YHg
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e Earth rotation correction & o

- ‘\ . : \
T < ' \ 3.84246
o e ¢ B, down
Y '{ e N .
: (\ \ 842455
e 8 \
/'/- o~ e, - ."-

(f UCN) ¥Yn

A 5 )
1+ F & +6
(ng) }’Hg( QYBM |¥ th Hg-lightshift

;5]"8 e Em um
Z P 51 p
% 6Earth — $ yn fEarth + fEarth Sin (A)
yHg fn ng & L
_ T 6 -
=+5.3x10 3842478 m
i =
i S
_ QO\UD 3.84247 8
m - - o
& B B S
- =~ =
: ,.‘ 3.842465 T :
\ - 8
N B, up

-4
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o= Hg lightshift g
L

‘TT__"
-h..»_»-

¢ \While probing the precessing Hg—atoms
a change Iin frequency occurs proportional to
the intensity of the light beam.

? I -‘@ c : ' ?|’|

i ' os L = —0.21 £ 0.14 ppm s T = —0.34 +0.18 ppm L
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15 F

(B ---------

B An
(fig) }’Hg( E N Iy HV th+6”g¥“h'ﬁ) =

(nT)
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] Preliminary result &%=

o | ight shift not yet
iﬂClUded 29-165 PSI result with UCNs:

1,01, = 3-842459(2)

CAGNAC 1960

Y _29.164713(13) MHz/T
27
YHg /O

/.@//}77 '
GREENE 1979 //7(9

-
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‘:—f-
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Yn/yHe = 3.8424585(19).

vy I12n[Hz/ uT]

n

\YV
29 1645 |

e _ 75901130(9) MHz/T T 2n[Hz/uT 78
T g

Y199 H
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BS Conclusion coea

e The UCN source delivers sufficient
statistics for data taking, potential
improvements are being identified

e The nEDM experiment is taking data,
operational reliability has been improved
during shutdown 2014

e As a test of magnetic field control we have
measured the most precise gyromagnetic
ratio of mercury-199 and neutron.

¢ \Ve expect with 300 data-days until 2016 a
statistical sensitivity of o <1026 e-cm
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