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What caused the Baryon asymmetry ?

" Qbseryed (Cobe + WMAP, 2003):  Andrei-Sakharov 1967%:

v B-violation
8T8 . (5,1£08) %1010, ~ C & CP-violation -

Y _ ey thermal non-equilibrium
SM expectation * . = «« +  [JETP Lett. 5 (1967)24]
Mo~ D8, - e
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EDMs and symmetries 1% -

!

- -

Thus a nonzero electric dipole
moment violates

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

Purcell and Ramsey, Phys. Rev. 78, 807 (1950)
Landau, Nucl. Phys. 3, 127 (1958)
Ramsey, Phys. Rev. 109, 225 (1958)
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Origin of EDMs

B o
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Energy

A

need CP-odd phases in

TeV ——

@ta] CP—odd phases

fundamental theory d ,f/
N

these values should

be deduced nuclear —|—

+ | nuclei and ions

S

0

c .C

g dg, w Jl

qge’ ™ qq l
N

S NN

neutron & proton EDMs

I (R

/

EDMs of

v | (deuteron, etc)

S

experimentally accessible

atomic —

EDMs of paramagnetic
atoms & molecules
Tl1,Cs..,YbF,
PbO,ThO,HfF*,\WC..

EDMs of
diamagnetic atoms
Hg, Xe, Ra, Rn ..

Adapted from:

A. Ritz, NIMA 611 (2009) 117-123
Martin Fertl BNL Particle Physics Seminar, 10/28/2010
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1E-19

bocn=0
Lacp = LE;,SBD )+62/(3272)0qcp GG

20

)

1E-21

dn ~ 10_1660m ' QQCD

1E-22

fqcp < 10719

1E24

Why is B4¢p S0 small?

Neutron EDM Upper Limit (e.cm
m
&

1E-25

1E-26

I . I T I T T r I
1850 1880 1870 1980 1930 2000

Year of Publication
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The SUSY CP problem 1"‘?%1

L AS

[Leuven LTy

&

Experiment

2
- 300GeV/c?\ . o
dnh~ 10 2360!77 / Sin (quUSY) h 1__%
Msysy *
1E-EC'—E|
- Tl n 'é‘ 1E-21—_|;
eA E 1E-22—§|'
T S
-0.2 = 1E-23'§
g E
L J
-4 Hg e S 1E-24 o
Yu = =
-0.1 0 0.1 Tc 5 ]
Pospelov, Ritz, Ann. Phys. 318(2005)119 for T
Mgysy = 500GeV, tan b = 3 ]
1E-2&1-:|_

Why is ®Pg,gy SO small?

1850

Ll T T ¥ ] ¥ T
1880 1870 1880 1990 2000
Year of Publication

Martin Fertl
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History of nNEDM searches  '~ia =

LPsC A

[Leuven LTy

Neutron EDM Upper Limit [ecm]

10-19 | D I I I I I I
107 o ORNL, Harvard
107 N e MIT, BNL
2 (] A LNPI
10 o v
10% 0 _
(m}
10 AA v -
1025 A vA A\ -
-y
107 o S

107 ] Supersymmetry predictions

1 | current best nEDM limit:
11d,<2.9:10% e cm (90% C.L.)

Sussex, RAL, ILL 7| | C.A.Baker et al., PRL 97, 131801 (2006)

Sensitivity goals at PSI
Intermediate:
d,<5x10%"ecm (95% C.L.)

1 Final:
10

10 Standardmodel including CKM

71d,<5x10%ecm(95% C.L.)

10-32 | T I T I T I T I T I T I
1950 1960 1970 1980 1990 2000 2010

Year of Publication

2020
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Ultracold neutrons

EREIn

ultracold neutrons (UCN) are storable neutrons: E, <330 neV, v <8 m/s,
A=500A, T=3 mK

Simulation of a neutron bottle with confining forces:
« Gravity: potential energy 100 neV/m

» Material optical potential: < 330 neV
E. Fermi, 1946 , Ya. B. Zeldovich Sov. Phys. JETP 9, 1389 (1959)

A Vn

»

Ve=mv2/2

>

—
—

« Magnetic field gradient: potential energy £ 60 neV/T

Martin Fertl BNL Particle Physics Seminar, 10/28/2010 12
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From cold to ultracold b

cold neutron

.

phonon

L
E
L
E
L
r
E
/ :

converter sketch adapted from

Chen-Yu Liu, University of Indiana
converter types:

« sD, (PSI, LANL, NCSU, FRM2,...)
. sfHe (CryoEDM, SNS, ILL, PNPI,...)

Martin Fertl BNL Particle Physics Seminar, 10/28/2010 13



The PSI UCN source

‘_’_ . - towards muon and plon beams ,l oy ¥

—m‘— Beam dump

U

OO 5 i |

* UCN Source commissioning started fall 2009

« Expect 1000 UCN/cm3 in typical experiments
(compare to currently 30 UCN/cm? at ILL)

e NEDM setting up since middle of 2009

Martin Fertl BNL Particle Physics Seminar, 10/2'8/2010 | 14



2 m3 volume
storage trap —

UCN guide ~ 1000 cm-3

Pexp

| compare with typical 30 cm-3 at ILL PF2

Hg The PS|

! UCN source

30 liters solid D,

—

p-beam
| 1.3 MW

=

* low duty cycle (1%)
* multi-user capability j




N Source um.

\ - December
TR i . 2009

Sept. 04, 2008 |

|

‘. o I et bottle
— E — F
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2mA |

0.5 mm AlMg3
0.02"

coolmg channels made by |
wire erosion ’_ 140

Ime (Mmin

2 x 1.5 mm AlMg4.5Mn
0.06”
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UCN vacuum tank
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'UCN storage volume
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Ramsey technique for nEDM Sy
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Martin Fertl BNL Particle Physics Seminar, 10/28/2010 20



Measurement principle iy

Ef El 4
""""""""" 'J"B dn "____,.-»—----"""" Q ,"’I’B \‘

try to detect a change of the Larmor precession frequency Av for
parallel and anti-parallel B (~1 uT) and E fields (~10 kV/cm)

n —_
2 (Ey + Ep))

statistical sensitivity only limited by the uncertainty principle:

a Visibility of resonance
o (ah) = L E Electric field
. n . .
20ETVN T Time of free precession
N Number of neutrons
Martin Fertl
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b flying nEDM experlment
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NEDM apparatus

Four-layer Mu-metal shield —— High volt ead
. ~— High voltage lea

Vacuum chamber .
.. — Cesium magnetometer

Precession chamber Electrode (upper)

& Mercury lamp
PMT ~

Magnetic field coils

Mercury polarizing chamber

Mercury lamp

UCN

5 tesla magnet u - Spin analyzer
K= Detector

Martin Fertl BNL Particle Physics Seminar, 10/28/2010 23



magnetic field requirements |

e E@*
] nEDH _3

[Lewven i

h&fx" — 2_,{.{-” (B” — BTl) h&j‘/

d, =
2(E,+E,) _ "TaE

dn=

only if

2E0 (d)

Hn

2;!,” (BH — BH) < hAv = 4Edn — T (&B} <

statistical sensitivity goal:

h
a =4-10"%¢
7 (0n) = 20ETVN

Z —1meQ

Visibility of resonance (0.75)
Electric field strength (12 kV/cm)
Time of free precession (150 s)
Number of neutrons (350000)

B field requirement: o(B)=100fT per one Ramsey cycle (~500s)

Martin Fertl BNL Particle Physics Seminar, 10/28/2010
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magnetometers and SFC %4

-
EEEnm

-~

two magnetometer systems:

Four-layer Mu-metal shield
High voltage lead

Vacuum chamber

« 199Hg comagnetometer

Precession chamber ——

- array of laser-driven optically

e K ©- Mercury lamp pumped Cs-magnetometers:

Mercufly polarizing chamber _Magnetic field coils — 4 HV - Compat|b|e Sensors

Mercury lamp

8 sensors on ground potential

et

e Spin analyzer

sla mag

IE Detector

6 current coils for active sourrounding field compensation (SFC)

Martin Fertl BNL Particle Physics Seminar, 10/28/2010 25



199Hg comagnetometer e

[Leuven LTy

#

« polarized 99Hg atoms sample magnetic field inside the UCN
precession chamber at the same time as the UCN (cohabiting)
 optical readout of free spin precession with light from 204Hg lamp

« performance: o(B) ~ 40 fT per 100 s run

A

N D T S = e
J . P ] >I;
é i e uncorrected frequency 30 pT
EJ- 209,997 [ Qe A corrected Hg comagnetometer.... gy ..o ¢
S
correct the UCN precession §
frequency with Hg 20.996
precession frequency
29.995

Martin Fertl BNL Particle Physics Seminar, 10/28/2010 26



SFC performance

I,

-

LPC N W
B i .
B et
.
B nEDM &

el ..':_1"-

[Leuven LTy

Allan STDEV, B[pT]

6 rectangular coils to actively stabilize the surrounding magnetic field

100

=]

0.1

measured/with Cs magnetometer array

SFC off

‘ \ work in progress

100 1000
averaging time [s]

10000

100000

—a— (08112009
day time

—#—05112009
night time
—i— 18112009
night time
19112009
day time
=3E=21112009
night time
=i—22112009
night time
=—-29042010
night time

—— 03052010
night time
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systematic error contributions & -

#

No. | Effect Shift (Ref. [26]) | o (Ref. [26]) | o (Phase I])

[107%"ecm] | [107*" ecm] | [107%7 ecm]
1. | Door cavity dipole -5.60 2.00 0.10
2. | Other dipole fields 0.00 6.00 0.40
3. | Quadrupole difference -1.30 2.00 0.60
4. | v x E translational 0.00 0.03 0.04
5. | v x E rotational 0.00 1.00 0.10
6. | Second-orderv x E 0.00 0.02 0.01
7. | vug light shift (geo phase) 3.50 0.80 0.40
8. | Vig light shift (direct) 0.00 0.20 0.20
9. | Uncompensated B drift 0.00 2.40 0.90
10. | Hgatom EDM -0.40 0.30 0.06
11. | Electric forces 0.00 0.40 0.40
12. | Leakage currents 0.00 0.10 0.10
13. | ac fields 0.00 0.01 0.01
Total -3.80 7.19 1.31

Martin Fertl BNL Particle Physics Seminar, 10/28/2010 28



Cs magnetometer array _a;%f*;%%

-l -
- un

4 HV and vacuum compatible
Cs magnetometer

Plexiglas
optical fiber gallows

o
2 E, 3
) : :
y 4 £
B

survey magnetic. fields related to the doors/shutters (“oor cévity dipole™ )

measure the “uncompensated B drift” (HV reversal related)

magnetic field gradients (geometric phase effect) }

Martin Fertl BNL Particle Physics Seminar, 10/28/2010 29



magnetic field requirements Il %

spatial magnetic field gradients — UCN depolarization (center of mass effect)
geometric phase effect

_ ggg—!a.;'.-' i I_;{:;_%: !ﬁ\l 1 \,‘ i i | J:_;: \_\ '"T
-_‘==.\\_ __. " ’__ﬁ —— _éa
(= i o0 —— ey
: = &l | i
- *——""__—,—","‘\ I T —"___—-’%
T —
f | \

33 individual trim coils outside the vacuum tank
to shape the magnetic field

Martin Fertl BNL Particle Physics Seminar, 10/28/2010 30



magnetic field mapping T3

p 7

-
T
30
Sy,
~—
S
e
=

o
.

NN,

(a) With magnetic nut.

(b) Without magnetic nut.

Figure 46: Magnetic field after degaussing at » = 40 cm circle (z

= () inside OILL without
vacuum tank. (a) A maximum of 59 nT is caused by a magnetic nut on the left inside the shield.
(b) Magnetic field after removal of the nut and degaussing again. The field is now about ten times
smaller. The scale is in nT.

Martin Fertl BNL Particle Physics Seminar, 10/28/2010
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magnetic field [nT]

[ [ [ mﬁ. w+ .
magnetic field mapping b 2
# TT”T.-I-
. | [
0.030
Cs 1
0.025 4 - Cs 2
0.020 Cs3 .1
CS 4 & g E 4 F © v AT
s S - N average deviation from
0.010 - « " VA . T . mean:
= " o, i ‘_‘ ‘ " - +
0.005 , 7+ a P A x Cs 1: 5+4pT
0000 A4 " Voo T e Cs 2 +14+4pT
\t\‘ : *1\ , ,.fﬁ . /\ :/ -QV‘ . Y
00054 F -/ \ /o K PO SRS /) Cs3: +2+4pT
N AN NI AT s
-0.010 . T . I s4: -11+%
III'|".I \F""'I ;‘F \ J.; A\ —7/, '|'1'— 7"/";" f."ll p
1 \ / \ f | f
-0.015 / \/ -'
B R FT - \ ==Y
'0.020 L] I Ll I \’l \'/ I ) I T I T I;I I ) I
0 50 100 150 200 250 300 350
angle [°]

Martin Fertl BNL Particle Physics Seminar, 10/28/2010 32



Map08092010_165612.txt and Map08092010_162655.txt : Diff of Cs#3 ‘ ‘ Map08092010_165612.txt and Map08092010 145826.txt : Diff of Cs#3

+90° HV feed through | _0‘? /\\

B [nT]
if

e[ 3:5&\“‘\
n,
ny 30 ; ol

25 50 angle [ded
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Magnetic screening

< EEmEmm

large pieces are magnetically screened with SQUID array at PTB Berlin BMSR2

g -

Cryostat containing SQUID array

Non-magnetic patient bed
used as support for
samples. Movable along
y-axis.

NEW: wooden table
movable along x-axis

Martin Fertl BNL Particle Physics Seminar, 10/28/2010 34



Magnetic screening

bottom electrode before degaussing
200 pTpp

isolines 2.'_'prp__--

Martin Fertl BNL Particle Physics Seminar, 10/28/2010 35



Magnetic screening L

- -
EE m

-~

gradiometer setup to magnetically screen small parts before implementation

Scope

=
= 1500

I ! ! T T ! ! ! ! ! ! ! ! ! !
340 360 350 400 420 440 460 450 2S00 320 5340 560 580 600 G20

position [mm]
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Further developments ke 8

several further improvements have been developed in the collaboration
and will be used in the new nEDM measurement:

. new high count rate UCN detectors (~10° cts/s each, 9 detectors)
. new spin analyzing foil (single crystal iron foil)

. thermal stabilization of Mu-metal shield

. new degaussing system for the Mu-metal shield

. new bipolar HV power supply

. replace massive metal pieces with metal coated plastics

Martin Fertl BNL Particle Physics Seminar, 10/28/2010 37



Summary and outlook o

=T
< EmEmm

« nEDM experiment successfully transferred to PSI

« PSI UCN source at the end of commissioning
— cool down in November 2010

« Design of n2EDM experiment has started to improve sensitivity to
5 x 1028 ecm (2012+).

Thank you!

Martin Fertl BNL Particle Physics Seminar, 10/28/2010 38



