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";.:;.:wal-so predict (neutron) EDMs
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= e Motivation: CP violation & nedm
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Ultra Cold Neutron Source

g A non-zero EDM b

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

\_ J

Sensitive to QCD -theta term

Would be first evidence of
flavor conserving CP-violation

as VPO ~a a -
L = Loy +02 "G, d, ~6-10 6. cm

-26 *
[dﬂ( 3.0 107 ecm J » { “unnaturally small” ]

*J.M. Pendlebury et al., PRD 92 (2015) 092003
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(= the neutron electric dipole moment ||| |
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nEDM — 50"' Year‘s per‘speC"’ive Ultra Cold Neutron Source

Ramsey's Neutron Beamline
at Oak Ridge National Lab.
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RAL-Sussex-ILL

d <29x10%ecm (90% C.L.)
C.A.Baker et al., PRL 97 (2006) 131801

improved systematics with PSI measurements:
J.M.Pendlebury et al. PRD 92 (2015) 092003

limit with different systematic approach:
A. Serebrov et al PRC 92 (2015) 055501, <5.5 106 ecm
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BS the neutron electric dipole moment |[] -
nEDM - 50+ years perspective

.
Nt

Ultra Cold Neutron Source
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PSI collaboration aims at sensitivities:
presently data taking apparatus: d, < low 10- e cm (95% C.L.)

next phase under construction: n2EDM d,, < low 10-*" e cm (95% C.L.)
stepwise improvement towards d,<5x10% e cm(95%C.L.)




- Ultracold neutrons (UCN)
can be stored and manipulated

- storage properties are material Gravity
dependent e.g. Ni, Ni%%. Be, DLC, steel 1
Ve = 150 - 300 neV
(neutron optical potential)

magnetic gravitation Material
<=
Vm = 'U'B Vg = mngh
| L |
60 neV T 100 neV m-' ]

Magnet
for polarized UCN
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Proton cyclotron for -
medical applicati
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High Intensity Proton Accelerator (HIPA) complex |

' - — ~:'
s I Ultra Cold Neutron Source
X . &

Proton Accelerator
590 MeV Cyclotron

o 2.2/2.4 mA beam current
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Sketch of the PSI UCN Source:
our strategy: check and understand every step

Ultra Cold Neutron Source

.
Nt

from neufron production o UCN detection

UCN guides towards
experimental areas

8.6m(S) / 6.9m(W)

cryo-pump

........

heavy water moderator ‘
— thermal neutrons 3.6m3 D,0

1
spallation target (Pb/Zr)

(~ 8 neutrons/proton)

DLC coated
UCN storage vessel
height 2.5 m, ~ 2 m3

7 m

g

cold UCN-converter
5 kg solid D, at 5 K

pulsed

1.3 MW p-beam
590 MeV, 2.2 mA,
1% duty cycle
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UCN monitoring over entire operating period with
nEDM detector - learned D2 conditioning in 2015

date in 2015 (month - day)

Ultra Cold Neutron Source

‘ .
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L___ UCN Operation in 2016 with UCN vyield |||
measured in the nEDM experiment v csinsic

solid D2 conditioning every day during week
test different parameters for 1 week

20000 —— , . .
\\ —
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increasing proton pulse length = time
%0 - averaged beam current ! 0 1
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BS In 2015 we performed a comparison IR
— Of G“ oper‘ating UCN sources Ultra Cold Neutron Source
28 -
m L
£ PF2 = EDM beamline at Institut Laue-
> 24 PSI Langevin, Grenoble, France
9 50 i PF2 e ' '
@ I SUN-2 - suprafluid He source at ILL
I 16
= - TRIGA - solid D2 source at Mainz
> 12 University reactor
c g SUN-2 ,
5 | Fd LANL - solid D2 source at Los Alamos
= LANL National Lab
O 4 - TRIGA
S 7 —F—
0 \ \ ! ! | ! ! \ \ PST - solid D2 source at PSI
20 30 40 50 60 70 80 90 100 110 120
Storage time constant (s)

Method publiShed ea Instruments and Methods in Ph ever‘y source has I'I'S

5 % Nuclear lnsfrﬁﬁ;;el;tsiar;lclki\df;‘thods in #:"én own benefl.rs

“ & WY Physics Research A o

An ultracold neutron storage bottle for UCN density measurements @cm,,,,k

G. Bison*, E. Burri®, M. Daum*, K. Kirch ™", J. Krempel ”, B. Lauss **, M. Meier *, D. Ries “"**

P. Schmidt-Wellenburg“, G. Zsigmond -
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(= The EDM measurement principle | || /|

Ultra Cold Neutron Source

Measurement of the difference of neutron precession
frequencies in parallel/anti-parallel E and B fields:

u, =60 neV/T d <3x10™ec

1 Hy d

B=1uT ’ E =11kV/em

v, =29Hz v, <160nHz
L2,

High-precision
measurements of

frequency and d = hlc (1/ —V )
magnetic field ‘E‘

necessary (towards fT level)
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The neutron electric dipole moment experiment UK‘E
the present 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

Mercury lamp )

to polarize the mercury -

ultraviolet (253.7 nm)
\ — J

a7

7

High voltage lead

with a TMQ resistance

' Cesium magnetometer

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

N

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

to distribute the UCNSs to
different parts of the apparatus
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SPs1T The experiment sensitivity
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Ultra Cold Neutron Source

o(f)=h/2aTEVN

o Visibility of resonance
T Time of free precession
N Number of neutrons
E Electric field strength
Ramsey Method
best results are still !
statistically limited e 3
optimize all parameters s |
and most importantly el
52500

UCN intensity !




amplitude (d.u.)
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BS Hg co-magnetometer Al
s MEDM g
ETH [0
¢ Hg Precession signal (400s) - -(;13)-

Pho’romul‘rlpller'
3.5 days -
2 w"
«F 30.205 .
30.2045 - ; k'/
30.204
30.2035
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302028700200 300 400 500 600 700 800 900
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1dool
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aS UK@ r
~“PE Analysis: Frequency ratio R = f /f,, @ ,mn %
PIB 4
ETH [T
< 3.5 days R / dJT-E[b
§30.205 'wl
Center of mass offset dh wnaf | L. ||
Non-adiabaticity -> :

new systematic effects

30.203

||||||||| v
. 20250 100 200 300 400 500 600 700 800 900

cycle number

vlHg =160 m/s VS. vJUCN =3 m/s
(
R=(fIUCN )/(fIHg )= viHg (1+0B/0zA%/|B0 [+(BT2 4L )/[BI0 |T2 -
.
4 N\

Measure R as function of dB/dz
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(-7} extracting the neutron frequency / ux “w™

LPSC
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=] o R-curve analysis / earth rotation uk =™

PSC

--------

Foucault's UCN pendulum 55 nEDM

Ji f. ETH BT
yn Earth Earth . S
6Earth =In + Sln(A) o -
yHg fn ng (14 B
_6 |
=1b.3x10 3.842475
3.84247— -
3.842465 —
3.84246
: By up B, down
3.842455 —

*S. Lamoreaux
PRL98(2007)149101
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[ o R-curve analysis / UK =

earth rotation effect = ,,%
ETH
Oarth = mLe Jearn + Joarn sin(2) checks B-field controf ==
yHg fn Hg o -
= 16.3x 10 3.842475— m
B 3
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i S
o BNBM
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|
3.84246
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3.842455:—

*S. Lamoreaux
PRL98(2007)149101
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(- Jm First blinded nEDM experiment

- no simple blinding possible

« Shift the central value by adding an unknown offset
EDM in the range of -1.5 to 1.5E-25 ecm to the data

7000

less than 1 neutron is moved 6000
from spin up to down in
each run 5000

4000

Counts Nup

3000

2000

» Keep un-blinded data
in a safe place

29.996 29.997 29.998 29.999 30 30.001 30.002 30.003 30.004

(encrypted) wl o
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w(I={}» Measurement-Sensitivity 9/2016
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o(f)=h/2aTEVN
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w(I-{}m» Sensitivity - Status Aug.26,2016

o(f)=h/2aTEVN
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"“””‘"”"1'%& First physics results
== n/Hg magnetic moment

I 1\| \ “ R www.alsevier.com/locate/physletb
29.1650 A measurement of the neutron to '%’Hg magnetic moment ratio @Cmm »
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Fig. 4. 1-sigma allowed regions in the y;,, yug plane. Our final value for the neutron
to mercury magnetic moment ratio (18) here labeled as “PSI 2012" forms the di-
agonal band. The horizontal band is the neutron magnetic moment (1) value from
Greene et al. and the vertical band is from the measurement of the mercury mag-
netic moment (2) by Cagnac.
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(= First physics results
o exotic force - Axion

Physics Letters B

&0 Y %}‘

F SEVIER www.elsevier.com/locate/physletb

Like Particles / ALPS

Constraining interactions mediated by axion-like particles with

mass m (eV) )
-3 -4 -5 d'ic'\g. ::(erl?lrch ab
01 001 10 10 10 ,B,iatlssb-*, '
. . - - T II..*Piegsa 3, G. Pignol ",
_ 1 2 }is'g, G. Wyszynski*€,

UCN GRS [Jenke et al PRL 2014N__
o cold/ neutrons
— UCN depolarizatiossSerebrov PLB680(2009)

UCN precession
=~ " e 199Hg & 133Cs

/
This work”
d

log |19sgpl
|
o

3 H e N M ﬁhu et al PRD87(2013)

_20l-possible
gain (Cu walls)/
~22—He depolarization
o 129%a & 131Xe— \
e eSS e
107° 1072 10~ 0.001 0.01

Zheng 6t al PRD85(2012)

@ CrossMark

interaction range A (m)
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Measurement of a false electric dipole moment signal
from 1°°Hg atoms exposed to an inhomogeneous magnetic field

S. Afach!:23, C.A. Baker?, G. Ban®, G. Bison2, K. Bodek®, Z. Chowdhuri2, M. Daum?, M. Fert]’-2:*, B. Franke!:2:®,
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G. Quéméner®, D. Rebreyend!':*, D. Ries?, S. Roccia'®, P. Schmidt-Wellenburg?, N. Sev

E. Wursten'®, G. Wyszynski'*®, J. Zejma®, J. Zenner'%, and G. Zsigmond?

in the presence of a BO gradient

v X E -> motional B field -> fr‘equency shift

- v*D? OB

0fL |: 3)27r = 0_,0 (non-adiabatic)
vz, OB

OfL L °F (adiabatic),

- A7 Bg 2 0z

systematic error for the nEDM results

€ C
S 1
L
e _
v30.5_—
‘O& :
o~
-0.51-
-1l
_I 1 1 1 1 I 1 1 L1
1000 -500

L
1000

g, (pT/cm)

Fig. 5. Motional false mercury EDM versus the vertical gradi-
ent g. for Bg (red up triangles) and B} (blue down triangles).

The solid lines correspond to a linear fit, and the dashed line=—

to the theory discussed in Section 2. The horizontal error bars

are smaller than the symbol size.
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Gravitational depolarization of ultracold neutrons: Comparison with data @ n Em uNI
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w1 = The nEDM collaboration

« 13 Institutions
7 Countries

« 48 Members

« 10 PhD students
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== Summary o Lrsc
PIB nEDN g
ETH [ERT
o o 7”7 -
- The UCN source at PSI is working well. T ——
>30 Mill UCN are provided regularly @ o BN
(every 300s) to the experiments. e,
. . . . 0
Further optimizations of operating parameters 0 -
are under way. Sy S oo swom 11
- The nEDM experiment at PSI has been
data taking continuously since summer 2015. —
- New result/limit expected with all 2016 data. \
& Pendlebury et al., PRD92 (2015) 092003 WU
< 1.165-26eh

Construction of next phase apparatus
- n2EDM -

double chamber setup - has started.
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Ultra Cold Neutron Source




