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g A nonzero neutron EDM A

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

\ J

— 2P so far only in weak
decays

— EXxcellent probe for physics
beyond the Standard
Model

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

— Sensitive to the 6-term in QCD
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(=== A Drief history of nEDM searches -+ & =
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(== [The measurement technigue ﬁg
= .-;.--mv

CW..

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

Ef

hdew=2d (E.. +E, )+2u,(B><B)

[ for d<102] o > |40 <60nHz]
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The

Ramsey technigue
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ps Ultracold neutrons (UCN) =g -4
. nED‘-‘i e
D e M
P ::W
1
o(d,)or ——
T IN % storable neutrons
(UCN)
RY. .
R gravity
[102 neV/m}
< - VF OCNbS:SSO neV
storage properties are 2 "i__x strong
material dependent R V,
350 neV ¢ 8 m/s © 500 A 3 mK
magnetic
E. Fermi, 1946 , Ya. B. Zeldovich + 60 neV/T

Sov. Phys. JETP 9, 1389 (1959)
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e e 2SI UCN source

_— UCN storage volume e

Neutron shutter N

Neutron guide to experiments
‘ UCN density: 1000/cm3 (design)

__— UCN convertor (solid D, @ 5K)

590 MeV D,O moderator

2.2 A Neutrons thermalized to 25 meV
Status:
Spallation target e Source operates since 2011
E ~Mel/ * Factor 30 missing to design

Philipp Schmidt-Wellenburg Mahabaleshwar, PCPV2013, 19-23.02.2013
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BS Competitors =,

g
&
_é}|._} 1:%"'
L ORNL TUM KEKJ
TRIUMF PSI
ILL |
In vacuum: In superfluid helium (cryo EDM):
TRIUMF, PSI, TUM, ILL, KEK ILL, ORNL
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== The spectrometer at PSI
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(= Apparatus overview AL
Four-layer Mu-metal shield ,»H -f;w/m

to shield the experiment from
external magnetic fields

Vacuum chamber

High voltage lead

‘ with a 1M resistance

Cesium magnetometer

Precession chamber
where neutron .DI‘ECESSJ'O:':
is induced and measured

Electrode (upper)
charged up to 150 kV
electric field = 10° \VWm

@& 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 Magﬂetlc field coils

are wound around the vacuum
I chamber to generate the holding 1T

Mercury lamp and compensating fields, as well

to polarize the mercury L T
~ ultraviolet (253.7 nm) \f!'} as the spin flipping fields

——— Switch
to distribute the UCNs to

-

different parts of the apparatus

|

5 tesla magnet ] -——[Spin analyzer] + Active surrounding

to spin polarize the UCNs

E—[Neutron detector] field compensation

Philipp Schmidt-Wellenburg Mahabaleshwar, PCPV2013, 19-23.02.2013
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PS UCN counts vs. time s
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Run 006310. 5

-105: - E . I I 1 i 7 N I
F 2 4
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10°} E

UCN counts per 0.5s

Segmented 6Li doped
glass scintillators + PMT

]
-1D i i 1 i i 1 i i i i 1 i i i i [ i i i i 1 i i M
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Time [s]
Precassion Precession Precession Precession Precession
chamber chaml:lncr chamber chamber chamber
] |
Source 1 Source Y 2 Source B Source B 4 Source [

B

Detector

E

. “spin down”

Detector

H uspln upn

Detector
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= Storage life time g
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== Iransversal depolanzaﬂon

nED‘-'i"P’-‘--‘*
S aa ™ LEUVEN
CW..
0.85 — 1
e BO
up
0.80 - = BO, "
] . —— P(t)=P, exp(-t/T) |
3 075- i
Z
+
z ™7 " | T,(Byl): 1158 + 94s
g [ | T,(Byt): 836 +63s
< 065- _
Z%
0.60 - i I
0.55 v T Y T v T v T v T v
0 50 100 150 200 250 300

Free precession time [s]

— Excellent magnetic field homogeneity
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(H= Statistical sensitivity ~— <=rgk

2 nED‘-‘i ‘ee
o
Expected sensitivity as function of free precession time T+ ==~
-25
15519 r h
" mET (N M
1.4r T A———As many as possible
Measured storage time
1.3 8.3 kv/cm
Measured T2
1.2
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—
T

Total sensitivity [ecm]
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(= NEDM data 2012 =R

Total recorded: ~ 3 weeks of nEDM data N
1

Parameters:
® Source:
3 sec pulses, every 360 sec

e £ =8.3kV/cm
® ——-O++++++0---

6200

B O B N®©OO

. 6208

~ 6215
6271
2 e 6282

e free precession time: 200s
e Gradient with trim coils 6292
0, +250, 500 UA T ey
O(10) pT/cm T

Sensitivity [1 0%%e cm]

Nov 18. Nov 25. Dec 02.
Time
After removing aata with no neutrons,
sultan ramps, poor Hg quality, ... [ Net sensitivity: 1.28 x 1025 ecm 1

Philipp Schmidt-Wellenburg Mahabaleshwar, PCPV2013, 19-23.02.2013
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==

Sensitivity comparison

e UCN density still factor 20-30 below design

e Apparatus has already better sensitivity than best runs of

RAL/Sussex/ILL: I
RAL/SX/ILL PSI_~| relative
E (kV/cm) 11 (8.33) 0.755
Neutrons | 14000 8000 0.76
T e (S) 130 200 1.54
Ty, (9) 240 360 0.82
0 0.453 0.68 1.56

S

G

1.85

Philipp Schmidt-Wellenburg
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(-5 Magnetic field stability “““";5 2
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Measure the difference of precession frequencies in
parallel/anti-parallel fields:

Ef E )
R | B A

hdw=2d(E, +E, )+ 2:“n[(BM _ BTL)J

Two possible scenarios:
¢ Magnetic field changes stochastically — decrease of sensitivity

¢ Magnetic field change is function of electric field reversal
— Systematic effects

Philipp Schmidt-Wellenburg Mahabaleshwar, PCPV2013, 19-23.02.2013
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(= Magnetic field stability "“%ﬁ"

el tpc
"~ e
e c

e Magnetic shield:
attenuation ~ 10000
2F-o
H,

AB < =160 fT

10°
integration time [s]
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A

a5 Apparatus el )
l_l-— p p "B o
= hEDM'®S
— '~ etne
Four-layer Mu-metal shield _ /s cshsw”
to shield the experiment from High voltage lead
external magnetic fields ) with a TMQ resistance

Vacuum chamber _
Cesium magnetnmetm}

Precession chamber
where neulron precession
is induced and measured

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

to read out the

o Mercury Iampr]
mercury polanizatio

0 detect the intensity modulation
of the mercury light

[ Photomultiplier tubﬂ
L

Magnetic field coils
are wound around the vacuum
[ I chamber to generate the holding

Mercury polarizing cell
where the mercury is polarized

Mercury lamp and compensating fields, as well

to polarize the mercury L’ " n fining fi
ultraviolet (25 3.?nmj ~— - as the spin flipping fields

—— Switch
to distribute the UCNSs to
different parts of the apparatus

.-"-'

S tesla magnet e—— Spin analyzer + Active surrounding
to spin polanize the UCNs field compensation
| e+—— Neutron detector P

Philipp Schmidt-Wellenburg Mahabaleshwar, PCPV2013, 19-23.02.2013



== SFC with response matrix <55 e

PTB '

'1 '
il

- _ LEUVEN

Use measured response of fluxgate on X omr
changes in coils currents for feedback.

M

nEDM
Coordinate
system

FG9 - FG8 FG

FG 6o |

Measure changes in magnetic field 48, —  Apply currents 4/, = -M;7 45, to each coil

Al frame

> 0
.
o
%)

Philipp Schmidt-Wellenburg Mahabaleshwar, PCPV2013, 19-23.02.2013
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(F= SFC performance .

Feedback with inverted & requiarized (6 x 12) Matrix; =~ =~
.e. twelve sensors close to shield are taken into account
(for x-direction shown below: sensors 0,, 3,, 6,, and 9, were used)
run 004345-0 SFC . edm
5 shielding factors (sorted by x,y.z)
10 S TR e R S B T T HHE HEHEHEHEE S R R THHEHE
2

shielding factor
3,

mm“ 10’ 100 100 \Q 10
integration time [s] FG 1)( and 5x:
former feedback
sensors, far away

Philipp Schmidt-Wellenburg Mahabaleshwar, PCPV2013, 19-23.02.2013
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R

BE Mercury co-magnetometer

[

@\

[

polarization cell \>

Philipp Schmidt-Wellenburg

Y4 wave plate
linear polarizer

Hg lamps %@ 1

'e

/\

HgO source

time (s}

e Average magnetic field
(volume and cycle)

o g, ~20-50fT
e 1> 100 s without HV
e 3/n ~ 2500 without HV

Mahabaleshwar, PCPV2013, 19-23.02.2013
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(F= Hg during n

DM runs <= rek

B e
oy SEay cuven
e Three weeks data e
'tak|ng Summary of run 6313-Live 000
(day and night) % - sovo). _05;1_3-?:03'&3-9,,\1 - 3286.0701
° 26 runs To 50 100 150 soggl/ \ i ‘
5 o 5 Y. ¥y
e 2470 cycles N it aonan ot IS B S
20, 50 100 150 3000} A &i

e Hg sensitivity: 1 - ~ - A

!
raw || 2000 ¢ \ / _ "-‘_. ,
1 .. -'-"'.'.-:.'.:,_-':-.':_-'_ - RO M M

o =45 f] -, 1000 Lty = 0.63764:0.0072, N, = 4117.609
cyc 0 50 100 150 30.038  30.04 30.042  30.044 30.046
3000 e
~ 50 6000 —
1 Z S & 4000 it oo e oo
20002 -
s/n ~ 2200 0
15
5
1}
£ b o ¢
05 - - . N
0 50 100 150 35 40 45 50
cycle Iy (fT)
JZ 30-Nov-2012 d

Philipp Schmidt-Wellenburg Mahabaleshwar, PCPV2013, 19-23.02.2013
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= Correcting for drifts & 5. E&Lf

50.0141 Run 6310
¢ HgM corrects ==
drifts of 30014F
magnetic o
field

e (Changes in
magnetic field
gradients can
not be corrected

e (Gradients give t0.0158
rise to important
systematic 30.0135
effects

30.0138

f [Hz]

=

30.0137

3[]01 34 1 1 1 1 1 ] 1
0 20 40 60 a0 100 120 140 160
cycle

Philipp Schmidt-Wellenburg Mahabaleshwar, PCPV2013, 19-23.02.2013
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Efle Uncompensated field drifts <= g

Measure online the free precession of polarized 9°Hg ’ e
atoms in the same volume at the same time as the UCN to correct for
magnetic field drifts.

BUT:

Hg

UCN
v=3m/s i <v> =200 m/s

Difference in the center of mass of UCN and Hg Ah = 2.4mm .
Any change in the vertical magnetic field gradient will not be compensated:

Philipp Schmidt-Wellenburg Mahabaleshwar, PCPV2013, 19-23.02.2013
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< Cesium magnetometers -‘*M’

FTB'

‘o™ LEUVEN

A {;l'

Monitoring of vertical magnetic gradients

e Six HV CsM Laser light input ___ Cs reservoir
e fenground [ H |

e Stabilized la

e PID phase I

Philipp Schmidt-Wellenburg Mahabaleshwar, PCPV2013, 19-23.02.2013



=== Uncompensated field drifts ;;;“.m’

-'_' (=1=1 } _ LEUVEN

/'ﬁ. GW

For gradients correlated with electric field changes
(e.g. create a magnetization with charging currents)

this would result in a EDM like signal!

Use Cs magnetometers to measure the gradient — check for this systematic

®  dnf1
® dnf2
a4 A dnf3
1.0x10™ -
* ¢ v dnf4
. A .
¢ L ] l | .
. v
25 L ]
5.0x10% 4 " og e u ¢ " v
. n
'E' v
o
£
E
b=
L7
@
o r
= 28 s P - u "l
-5.0x10™ Y . . . ¢ o
. L)
1 b4 -
B L v ]
]
24
-1.0x10 - - !
i ] v ] o I v I v I
0 50 100 150 200 250

# measurment
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-3 L7, S SIS
PE Systematic effects Rl
~ " nEDM'eS
S ey cuve
shsu
— Field mapping, Direct Effects | Goal Status
- Uncompensated B-Drifts | 0£0.9  2.9+8.6
— Online Cs-OPM Leakage Current | 0+0.1 0.00+0.05
measurement. VxEUCN | 0£0.1  0+0.1
— Combine online Electric Forces | 0+0.4 0+0.4
information and field - HgEDM 0.02+0.06
maps. Hg Direct Light Shift | 0+0.4 0+0.008
Material trol f Indirect Effects
— viaterial controt Tor Hg Light Shift 020.05
magnetic Impurities Quadrupole Difference | 0£0.6  1.3+2.4
with large squid array. Dipoles | 0+0.5
At the surface 0+0.4
Other Dipoles 0+3
Total | 0£1.3  4.2+9.4
x10-2"ecm

Philipp Schmidt-Wellenburg
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(5 Conclusion

] _- -.; E ..:"-

{pc
) LEUVEN |
cw’

e UCN performance of the apparatus is already
excellent
e HV will most probably be further improved to 12kV/cm
e Alpha might be further increased to 80%

¢ [t was shown that on a day to day comparison the
apparatus now has a higher statistical sensitivity
than any other experiment before

e Magnetic field stability meets statistical requirements
e Magnetometer operate at their best

e Systematic studies are ongoing and most effects
have been understood sufficient

Philipp Schmidt-Wellenburg Mahabaleshwar, PCPV2013, 19-23.02.2013
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e Measure 120 days in 2013
— 04< 2x1020 ecm
(without further improvement of source, etc.)

e Hope for gradual improvement of
UCN source for 2013-2016

— d. < 5x10%"ecm (95% C.L.)

¢ |n parallel the collaboration builds a new
experiment with an intrinsic 10 times higher
sensitivity
— Online 2016/2017

Philipp Schmidt-Wellenburg Mahabaleshwar, PCPV2013, 19-23.02.2013
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