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The Baryon Asymmetry of -
the Universe

Observed:* |
hg/n, =6 x 1010 ‘.

SM expectation:**
ng/n, ~ 10718

& o =
P R Wty i . 3
.Sakharov;1967: " i
B-violation i
C; CP- V|olat|on "+ WMAP data:

Astrophys. J. Supp. 170 377 (2007)
- ** Riotto and Trodden:

thermal hon- equilibriam., 2
. Ann. Rev. Nucl. Part. Sc. 49,35 (1999)

JETP Lett*5, 24 (1967)




Electric Dipole

(==
Moment
T.u
Non-zero, permanent EDM violates e
both parity P and time reversal T q ﬂu P ¢
d
— Violates CP +
= dT
— Understand mechanism of CP T ..
violation T —

[
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-19
10 - B ORNL, Harvard

= 10°%° ® MIT, BNL
S 0? A [ NPI
= % v Sussex, RAL, ILL
= 22
gD n
— 0% m
O m

- A
% 1024 A v‘
; 10 VA A
O 10® _v_
L] 7 Supersymmetry Predictions Current best limit:
5 10 d, < 2.9x102% ecm
= PRL 97, 131801 (2006)
O
Z 10°" ;Standardmodel Predictions

10 F——
1950 1960

| I | | 1
1970 1980 1990 2000 2010

Year of Publication
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== Measurement Principle

- 24 7 Universitat Zlrich
G

® An EDM couples to an electric
field as a MDM couples to a
magnetic field:

hy = Q,U,RB T anE

® Measure EDM from the
difference of precession
frequencies for parallel/anti-

parallel fields:
hAv
dn —
4F
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BS Ultracold Neutrons

@ Neutrons with kinetic energies of

~ 100 neV (~ 5 m/s) ollletiarial -

ey v - r
’
- s ‘(\_ g s
o o -
i

® Interactions:
Gravitational: Vg =100 neV/m
Magnetic: V., = 60 neV/T

Strong: Vi up to 350 neV ] ISR
Weak:n > p+e+vVv O[@@H@WZ@@ LGNS oo

S
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Four-layer u-metal shield High voltage lead
Quartz insulating L
cylinder N kg Magnetic field

COii

Storage cell Upper
electrode
Hg u.v. :
lamp ~.
PMT for
Hg light
Vacuum wall |
N |=
| Mercury
| prepolarizing
iR e cell
RF coil to flip spins ————H £
PP \ Hg u.v. lamp
Magnet 7 UCN guide
/ changeover
UCN polarizing foil
T Ultracold
| neutrons
------------ |—<— (UCN)

UCN detector

— Approx scale 1 m_

Andreas Knecht

nEDM Apparatus

Meutron Counts

) Universitat Zrich

® Room temperature experiment

® Ramsey technique of separated
oscillatory fields

® Mercury co-magnetometer to
monitor magnetic field

EATRY T ]

=TT f

20000 +

d

4

{4
18000 J
{

16000—-; |
_ ﬂ
121}00—- 531

14000 +

1000 —

Resonant frag. x = working points
T ' | ' T - T ' | '
28.8 2849 300 a0

Applied Frequency (Hz)
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[J____ N eed fo r N e u t ro n S ! 1, Universitét Zirich

Detected count rates:

107"
= om - n beam ORNL: ~102n/s
% n beam ORNL: ~10%n/s
% 107 Q. n beam ILL: ~108 n/s
E 107 u Incoming flux:
. 107 : .y UCN source PNPI: ~10* UCN/s
S 10-24% - ‘A vA UCN source ILL: ~ ~10°>UCN/s
:) = . ~ 7
= 107 ] vA A Y UCN source PSI: 107 UCN/s
O 4o M
LLI 3 - Q
c L, 1 Supersymmetry Predictions
8 10 i O
0 10
Z

10" ?Standardmodel Predictions

107 ; | ; | ; | ; | ' | ; | ; |
1950 1960 1970 1980 1990 2000 2010 2020

Year of Publication
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e Superthermal UCN
- Production

® Golub and Pendlebury, PLA 62, 337 (1977): superfluid “He
® Golub and Béning, ZPB 51, 95 (1983): solid D,

- 24 7 Universitat Zlrich
G

R fem) Tucn ]
PUCN = (DCN R TucN D, 10® 0.03...0.1
“He | 1.3 x10° | 10...1000

UCN

Detailed balance:
upscattering cross section =
exp(-AE/KT) x downscattering

CN

Cooling machine = phonon pump
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PS UCN sources

- 24 7 Universitat Zlrich
Gp

Existing:

o ILL, France liquid D,, turbine  p ~ 10 UCN/cm?

® LANL, USA solid D, p ~ 10 UCN/cm?

» Mainz, Germany  solid D, p~1UCN/cm3

@ NCSU, USA solid D, p ~ 10 UCN/cm3
2010:

o PSI, Switzerland  solid D, p ~ 1000 UCN/cm3
22010:

 ILL, France superfluid 4He p ~ 1000 UCN/cm3
® FRM-Il, Germany solid D, p ~ 3000 UCN/cm?3

[
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2 m3 volume
storage trap

30 liters solid D,

—

p-beam
1.3 MW

i P

8N 10 1]
T —c

UCN guide Pexp> 1000 cm3

e N Ll
ke | A

compare with typical 10 cm3 at ILL

The PSI
UCN source

commissioning started fall 2009

. hlgh power (1.3 MW)
* low duty cycle (1%)

« multi-user capability j
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— B

Proton accelerator

|—

590 MeV, 2.2 mA f |
. — f;" .'j
| | _ | . .J

Ultra Cold Neutron Source .i

! |

—————— | Area West

[
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“pel= UCN Source

Universitat Z{rich

== T
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First Proton Pulse on Target
(== December 15, 2009

¢ 1 & Universitat Zdrich

eE

® Signal distribution on oscilloscope monitoring fast neutrons
® 100 uA beam current /5 ms pulse length

before pulse start of

(background) pulse
during 2 s after
pulse pulse

B.Lauss / L.Goeltl Dec.15, 2009
I
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Current & Proposed e
[J__: nEDM Experiments x;‘ Universitat ZUrich

o CryoEDM experiment @ ILL (next slides, courtesy of P. Harris)
Sussex — Rutherford — Oxford — ILL — Kure

® SNS EDM @ SNS (next slides, courtesy of B. Filippone)

ASU — Berkeley — Brown — BU — Caltech — Duke — Indiana — Kentucky — LANL — Maryland — MIT —
NCSU — ORNL — HMI = SFU — Tenn. — UIUC — Miss.State — Yale

o NEDM experiment @ PSI (next slides)

PTB - LPC —JUC — HNI = JINR - FRAP — ECU - LPSC - BMZ - KUL — GUM - IKC — TUM - PSI -
ETHZ

@ NEDM experiment @ ILL/PNPI

PNPI — ILL
— currently running at ILL, needs new UCN source for

competitive result
® nEDM experiment @ TRIUMF

KEK — TIT — Osaka — RCNP — Winnipeg

— 22013, LOl/proposal for TRIUMF expected in 2010/2011

Andreas Knecht The New, the Rare and the Beautiful, 6. — 8. January 2010, Zirich 18
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CryoEDM overview

Neutron beam input

ransfer section

Cryogenic
Ramsey chamber




Status & Plans

h

205ET\/N

o(d,)=

100-fold improvement in sensitivity

« Neutron production and detection in LHe works well.

« Commissioning underway — key components shown to work (but need
improvement)

« Cryogenics are old and have caused numerous setbacks

« B shielding not yet optimal, and electric field needs to increase; but we
know how

 First results anticipated ~2011-2 at ~3x102” ecm level
« 2012-13: expt due to move to 6x brighter beamline

« Various upgrades proposed for implementation at that time — e.g. 4-cell
Ramsey chamber, improved materials

 Anticipated ultimate sensitivity ~few 1028 ecm
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(ASU - Berkeley - Brown - BU - Caltech - Duke - Indiana - Kentucky
- LANL - Maryland - MIT - NCSU - ORNL - HMI - SFU - Tenn. -

UIUC - Miss.State -:'ale) (AMO - HEP - NP - Low Temp expertise)

Superfluid He UCN
converter
with high E-field
~2 orders-of -magnitude
improvement possible

Concept:

Golub & Lamoreaux
PHYSICS REPORTS
237,1,1994.

\\\\\\\



* nEDM building at SNS recently completed

» Completing critical R&D

- High Voltage test at Low Temperature in LHe
* Project Design will be completed 2010

- Cost and Schedule also determined in 2010

» Construction time ~ 5 years
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B5 nEDM Strategy

» Phase I:
LL
Operate and improve Sussex-RAL- T
ILL apparatus at ILL n
R&D for n2EDM ~_¥
Move to PSI March 2009 P 2
d M ¢
ﬁ d
® Phase ll: m_._iJ
Operate Sussex-RAL-ILL apparatus — dT
at PSI (2009-2012) T "
Sensitivity goal: 5x1027 ecm S
Construction and setup of n2EDM
o Phase lll: %1

Operate n2EDM (2012-2015)
Sensitivity goal: 5x1028 ecm







Phase II: Sussex-RAL-ILL Apparatus at PSI

I -
|. , = Ii

: - SICRE | nEDM
apparatus
Climatization
— system
I
SC polarizer Compensation

coil system
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=)= Statistical Sensitivity v

o(d )=
() DOET N

a = 0.75 o(d, ) =4x10% ecm/ cycle
400 s
E = 12kV/cm =3 x 1026 ecm / day
— -27
T = 150 s =3 x 10" ecm /yearzoo nights
N = 350000

Obtain same figures with After 2 years, statistics only
aln same figures wi )
E-10kV/om, T=1308, 2008 cycle d, =0:|d,| <4 x 102 ecm (95% C.L.)
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= Systematics

o Universitat Z{rich

Effect Shift (see Ref.) o (see Ref.) o (at PSI)

[10-27 ecm] [10-27 ecm] [10-27 ecm]
Door cavity dipole -5.6 2.00 0.10
Other dipole fields 0.0 6.00 0.40
Quadrupole difference -1.3 2.00 0.60
vxE translational 0.0 0.03 0.04
vxE rotational 0.0 1.00 0.10
Second-order vxE 0.0 0.02 0.01
Vi light shift (geo phase) 3.5 0.80 0.40
viyg light shift (direct) 0.0 0.20 0.20
Uncompensated B drift 0.0 2.40 0.90
Hg atom EDM -0.4 0.30 0.06
Elastic forces 0.0 0.40 0.40
:?:f: currents After 2 years, statistics & systematics 2(1):)

d. =0:]d| <5x 1027 ecm (95% C.L.)

Total or,e.g.,d. =1.3x 1026 ecm (50) 137

PRL 97, 131801 (2006)
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(= Conclusions

© 2% Universitat Z{rich

Several new UCN sources are being built worldwide for
fundamental physics experiments

New sources will allow to push the statistical sensitivity In
NEDM experiments by two orders of magnitude

Improved results of various nEDM experiments can be
expected in the coming years

e
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PSI UCN Source
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Proton Accelerator Facility @ PSI ¢

/5 [ \"}%\
" 7 Universitat ZUrich

Proton accelerator =

[ 590MeV,2.2mA T *f!“ i)

1 [
1 !
= | l '|1
| | \
1
!
|
| 1
| b
# ™
. ey
:‘,;J..:’.:‘:] ..
R |
m n .
I

umu

UCN source

—gp I Proton therapy

Andreas Knecht
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)=  Storage Volume and Shutters | =
Ultra Cold Neutron Source

Andreas Knecht The New, the Rare and the Beautiful, 6. — 8. January 2010, Zirich 36
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6x107 -

Cross section [barn]

CN Energy Dependent

UCN Production

i . — . . 48
] i ]
271 : - 42
.F' T
1.8 ; 4 36
E -': 1 —
1.5 - o dag 3
= . =
T ’ L1} m 1
3 1]
= ] e (c) >
L . o
0.8 £ “raton’ J:d8n
" ] 2 O
0.6 - {QQ ’ g9 =
: & K
'f
0.3 . . 48
3 2. o ’ _
L . e (k)
0.0 4—=— . I I T o
0.0 0.5 1.0 1.5 2.0 2.5
q[A]

e s i,

e e

1 Energy [meV] 10

F. Atchison et al., PRL 99, 262502 (2007)

e
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NEDM Experiment
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BS Strong CP Problem

) Universitat Z{rich

CP violating term in the QCD Lagrangian (6-term):

a5 ~da a
Ly = — EG[JVG[JV l QCD Predictions
ORNL, Harvard
MIT, BNL

LNPI
Sussex, RAL, ILL

8_\
4renm

nEDM: |d | ~ 6-10-1% ecm

Current limitond,— 6 < 1010
107 vA A
10 4 Supersymmetry Predictions

Why so small?

Neutron EDM Upper Limit [ecm]
|
>

10 ?Standardmodel Predictions

107 4 - T y T - T - T y T y 1
1950 1960 1970 1980 1990 2000 2010

Year of Publication

I
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[J____ S U SY C P P ro b I e m 1, Universitét Zirich

Larger CP violation in supersymmetric models
than in the Standard Model

¢ x 107°* ecm

300GeV)?
— Simplified model: d;, ~ sin

Limits on different electric
dipole moments constrain
SUSY phases already now

Why (so) small?

O
8

7 .1 0 0.1
Ann. Phys. 318, 119 (2005)
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The Neutron EDM Collaboration
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Direct Measurement of w4
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Assuming the chamber is Hg tight, the decrease of as with time (Hg relaxation time) is due to the loss of polararization (wall collisions).
Amount of Hg (A) depends on both the temperature of the HgO source and of the length of the cycle.
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(= R&D during Phase |

Universitat Z{rich

 Addition of Cs magnetometers

o T

» Magnetic field diagnostics, field
stabilisation

« Development of a new insulating
UCN storage chamber: deuterated
PS coated PS

 Potential: 162 neV (Quartz: 95 neV)
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= R&D during Phase |

» Fluxgate scans revealed large
o087 magnetic inhomogeneities

) Universitat Z{rich

107s ° Sources located and removed

200
Apgle (deg)

-6 cg 100

» Capabilities to scan large parts at PTB
Berlin using a SQUID array and inside the
world’s best shielded room (106)

* Resolution: 10 pT

I
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(25 Phase lll: n2EDM

* Double chamber system,
vertical stack of cylindrical chambers

Universitat Z{rich

« Co-magnetometer (Hg, Xe?, He?)

» Cs magnetometer array (64, 128, ?)

2 large He-3 magnetometers with
He-3 read-out by CsM

 B-field and gradient stabilization by
CsM

5-layer mu-metal shield

UCN polarized by SC polarizer
UCN spin analysis above detector,
eventually simultaneous analysis

Flexible DAQ

Andreas Knecht The New, the Rare and the Beautiful, 6. — 8. January 2010, Zirich 49



PAUL SCHERRER INSTITUT

PS5 Example: B

drift

1 I I

f___

~— Changes in B proportional

to E will lead to false EDM
d; = 3x102° ecm AB/(10 fT)

Possible sources: sparks,
magnetisation of mumetal

—— Channel 2: fD = 3675.5061

05- — Channel 4: f[J = 3648.8913
§ spark
il l
m ".,_.r-. R i VR W
g_ i - e
© -05f T < ——i i
Ll e - HV-PS off, enter cabine, dis- -100 kY

. .0 charge, change cable, exit d d

%) escen

_1 2 it %]

0.3nT
S— v
_-] ‘5 | I | | I
0 100 200 300 400 500 600 700 800 900

Measurement Time [s]
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= Shutter Movement

0.015 | . - R R B
| “upto+-20nT | —— Channel 2: B, = 989.6555
0.01} up to +- 0.25 nT —) —Channel 3: B, = 1006.8094 | -
139s, n RF ——Channel 4: B{:j = 1000.3988
0.005

1 | |I iII |

« Change of shutter position —
change of B-field
* n and Hg RF visible

i W

—-0.005

-0.01

B—field - B, [nT]

T | l45s, Hg RF
| n fill 43s, Hg fill
41s,closeiUCN shutter

0 50 100 150 200 250 300 350
Measurement Time [s]

Andreas Knecht The New, the Rare and the Beautiful, 6. — 8. January 2010, Zirich 51

169s, 2|spin up

181s, cycle end




PAUL SCHERRER INSTITUT

®

)

@

BS B-field Sensitivity

1
V2T, TV/JTJ

Statistical sensitivity: gg =

Sussex (hnEDM NIMA, 2000): a=0.5, T=130s, N = 13000
— 0g=0.7 pT
We:a=0.3,T=150s, N =5000 (!)
— 0g=1.7pTor~1.7x10°
From data: < o(f)) >/< f, >= 10
< 0(fyg) >/< fyg>=7x 108 (~ 70 fT)
Normalising the neutron data with Hg reduces the deviations to
the level of statistical fluctuations!

The fluctuations seen are magnetic fluctuations, they are bigger
the further away from the center
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PAUL SCHERRER INSTITUT Cs Magnetometers

s 7‘7\"}"3,\ . HEX el
o : =4 % Universitat ZOrich
o o

— Mechanical and optics for 25 sensors

— Prototype preamps work

— Ultimate sensitivity 10 fT/sqrt(Hz)
— 240 cells made and tested

NEM histogram

Number of cells
- N W A
) O QO O 0

10 15 20 25 30 35 40
NEM (fT/VHz)

I
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(==

Laser

i

Cs Magnetometers

' Universitat ZUrich

I o o e

Andreas Knecht
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(==

7.635

7.634

~
o
o
&

7632

Hg frequency [Hz, 180s average|

Cs Magnetometers

T T | 1 LI L '| T [ I '| T [ 1 |' T [ T |' I [ T [ LI L T

- Heg frequency: unstabilized fields
.I

?MMW&

i o [7,=180s] = 10 pHz

1//% -
|

A | |
I IUa[Tp—IBOs] = 73 uHz :

 Hg frequency: Cs OPM stabilized field |

0 20 40 60 80 100 120 140

Sample number [180 s/measure, 223 s/cycle]

Andreas Knecht
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(==

Universitat Z{rich

Systematics
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PS Geometric Phase

Universitat Z{rich

® Quantum mechanical system
acquires additional phase due to
geometrical properties of
parameter space

®» Classical analogon:
Transport of vectors
along a sphere

[
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[J__: SySte m at i CS i, Universitat Zdrich

® Sources of magnetic inhomogeneities:
o r ., ExU
BUJr:y = _aB[}zi By =

2
C
» UCN moves around the trap with speed o,
— experiences oscillating fields

— shift of resonant frequency (Ramsey-Bloch-Siegert shift):

N
(’}’Bxy)
2(wo —wr)

w = wWo +

)

Expanding the square:
B2, = (B, + Boxy) :B&ﬁ 2Box, - By +\B\
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[J__: SySte m at i CS i, Universitat Zdrich

@ Averaging over possible paths for the two regimes w, < w,
(neutrons) and w, > w, (Mercury):

aZBOZ 2

32 ~-10"%' ecm

dfn
dfpg < 0zBozR” ~107%° ecm

® Mercury is used to correct for possible fluctuations of magnetic
field (ratios of resonant frequencies)
— false Hg-EDM is imparted onto the neutron measurement:

Yl
Y Hg

degn deg ~ D X 10_26 eCin
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Resulting false EDM [ecm]

PAUL SCHERRER INSTITUT

= Dipole fields

Universitat Z{rich

o _ - —An-13 1.3
. Main field By, = 1 uT/ Dipole strength ujm =10 = Tm Main field B = 1 uT / Dipole strength u m = 107 Tm®
10 T T T T T T T T T 10—27 z
— Averaged over volume with R =3.4 cm, h =4 cm — Averaged over volume with R = 3.4 cm, h =4 cm
----- Averaged over volume with R=235cm, h=12cm | § . == Averaged over volume with R = 23.5 cm, h = 12 cm
Y I N T
1 \ -
. 3 - -
LI Q e
e 1 ko) .-
Tl 2 107 1
26 27 Toee] o
¥ 1.3 %107 eem ~ 7 x 107" ecm %
1 é 10—30 o
107y ¥~ reduced dipole 1 3
o enhancement (1+R%/z?) 1 &
107k -
PRA73,014101 (2006).
10—33 .
Hg geo phase mduced B up/down - d|fferent Ra ShIfTS
34 . , . 107 X
1075 10 5 2 2 30 35 40 45 50 0 70 D15t 2fd | 2b | 3°| 35 %0 45 50
Distance of dipoie beiow voiume [cm]j istance of dipole below volume [om]

Reduce dipole contaminations to < 0.5 x 1074 Tm3/py > diyee < 5 x 1028 ecm

N
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7= Quadrupole fields =~ v

2n2
R = On VHg | _ | ﬂ o —B,,, Tiglds
’ 4B .
O)Hg YH 0 0-3'dBZ/d gradient
0.2r 1
Quadrupole difference matters! L :
0.1r 1
With transverse CsM, extract T L)
- = 0
changes in B,, down to - j
gR ~ 100 pT = dye <6 X 1028 ecm —0.1}
-0.2} / '
h
=0.3 quadr. q(-x,y)
e 02 0. 0z 04
x [m]

e
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o H= Uncompensated B-drift

- =4 2 Universitat Zirich

eE

Measure HV correlated gradients top-bottom with CsM

10 fT difference (6 x 1026 ecm)
will be detected in one day
and suppressed by a factor ~70
by normalizing with Hg
2 digee < 9 X 1028 ecm

T
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| - | — - 1 %) Universitat Zrich
— G

Neutron Lifetime
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(= Neutron Lifetime Puzzle

¢ Universitat Z{rich

wn
~
£

° beam experiments .
£ g © storage experiments New improved neutron
= lifetime experiments
S __ must be of high priority:
= o010 Aim at 0.1s precision !
3 _
C

Various projects in preparation,
emphasis on magnetic trapping
L * permanent magnetic traps
870 - J *superconducting traps

¥
-
i
i
H

H—s—

Ho—
e

890 - . L )
| T

PDG mean Arzumanov et al
885.7+0.8 =~ 885.4+1.0

Serebrov et al
850 - 878.5+0.8

Courtesy: R. Picker
‘ \ ‘ ‘ T ‘ T ‘ T ‘ T
1980 1984 1988 1992 1996 2000 2004

year

PDG: The most recent result, that of SEREBRQOV 05, is so far from other results

that it makes no sense to include it in the average. It is up to workers in

e Fiald +~ vnﬁr\l\rr\ +hiie 1ccin L+l +hic rvatmar Aicaaraamsand hrlr\
LNiS 7iei 1o resaive tnis issue. wiith Llll:! llldJUl UIdeICCIII\:lIL |:1 undac

our present average of 885.7 == 0.8 s must be suspect.
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