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Reguirements for the Sakharov Process

The process must violate Baryon Number Conservation

There must be a period of Non-Thermal Equilibrium y

There must be a process that violates

Time Reversal Nonh-lnvariance --- “T-violation” =y .
A. Sakharov



Generating a Matter-Antimatiter Asymmetry
- A D Sakharev, JETF Lett. 5, 24 719871,

Very early in the Big Bang (t<10° s), matter and antimatter (i.e. p & p ) were
in thermal equilibrium (T>>1 GeV/). There was exact balance between
matter and antimatter.

At some point, there was a symmetry breaking process that led to a small
imbalance between the number of Baryons and Anti-Baryons...l.e a few more
Baryons.

When the Universe cooled to below T~1GeV, All the anti-baryons annihilated
leaving a few baryons and lots of high-energy annihilation photons.

The photons are still around! They have been highly red shifted by subsequent
expansion and are now microwaves as the Cosmic Microwave Background.

In this scenario, the total "apparent” matter-antimatter asymmetry
is really very tiny... given by ratio of Baryons to CMB photons:

! EE&'?]'GH ~ IO_M
1, 4




Theories of CP-violation to experiment

Fundamental CP violating | |Nucleon-nucleon| |  Nuclear Atomic &
Theory interactions & nucleon- structure molecular
electron structure

Interactions
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The current limit d, < 1.6 x 10-?" e«cm has already
discounted many variants of Supersymmetry



bapuoHHas aCUMMETpPHUS

[Mpn Temnepatype 5-1012 K 3akoH4nnace cmadusi pekombuHayuu:
MOYTU BCE NPOTOHbI N HENTPOHbI AHHUTNMNIMPOBAnW, NPEBPAaTUBLLUCH
B (POTOHbI; OCTaANNCb TOMbKO Te, AN KOTOPbIX HE XBATUIIO
aHTnyacTuy,. Kak nokasanu HabntogeHus, Ha oamH 6apuoH
npuxoamTca NoYTKU munnmapg dOTOHOB — NPOAYKTOB aHHUTNAALUN.
3HauunT, NnepBoHa4anbHbIN N30bITOK YACTUL, MO CPABHEHUIO C
aHTM4acTuLamMm CoctaBnseT ogHy MUNNUMapaHyto OT UX Yucna.
IMEHHO N3 3TOro «M30bITOYHOIrO» BEelecTBa U COCTOUT B OCHOBHOM
BeLlecTBO Habnaaemon BeceneHHow.
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EDM limits: the first 50 years
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General method to detect an EDM
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Method of Separated Oscillatory Fields

MN.F Ramzey, Phys Rev, 76, 200 (1040)
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Ramsey method of
Separated Oscillating Fields

1 Spin up
' neutron...

Apply 2
spin
flip pulse...

Free
precession.

Second 712
spin
flip pulse. ‘ :







The neutron EDM experiment at PNPI (1970-1995)

Neutron EDM experimental limit (e cm)
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NEDM apparatus

Four-layer mu-metal shield \ High voltage lead
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Experimental setup




Hg co-magnetometer

Polarised Hg atoms

Digitised voltage (bits)
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PMT output:
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d, = (-0.31 + 1.54 + 1.00) x 1026 e.cm

New limit:
|d, | < 3.1x1026e.cm (90% CL)

University '.ll

@ NEUTRONS
of Sussex < CCLRC PR



Neatron EDM Upper Limit { ecm)

Comparison With theory
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Multi-chamber EDM Spectrometer. Status 2005

E. Aleksandrov®, M. Balabas*. Yu. Borisov?!, S. Dmitriev3, N. Dovator3, O. Dymshits®: V. Ezhowv!,

A. Fomin!, P. Geltenbort?, P. laydjiev®, A. lvanov4, S. lvanov?, V. Kartoshkin®, M. Karuzin®,
A. Kharitonov?!, A. Khusainov?, E. Koshurnikovi, I. Kotinal, I. Krasnoshekoval, V. Kulyasov#,
M. Lasakovi, O. Lodkinal, V. Marchenkov?!, A. Murashkin!, A. Pazgalev*, A. Pikalev’, A. Pustovoit?,
T. Savelieval, M. Sazhinl, S. Sbitnev?, A. Serebrov?, A. Shashkin®, G. Shmelev}, |. Shokal,
E. Siberl, V. Soloveil, M. Svinin’, R. TaldaeV}, |. Tokmakov’, V. Varlamov?, A. Vasilievi, A. Zhilin®

IPNPI, St. Petersburg Nuclear Physics Institute, Gatchina, Russia

2]LL, Institut Laue-Langevin, Grenoble, France

3loffe Physical Technical Institute, Russ. Acad. Sc., St. Petersburg, Russia

“Vavilov State Optical Institute, St. Petersburg, Russia

SScientific Research Institute of Optical Materials Technology, St. Petersburg, Russia
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* In connection with that some part of participants left collaboration we are publishing new present list of
participants. We are thankful to our colleagues for useful discussions and wish them further success



The scheme of the multichamber nEDM spectrometer

12 13

1’ - UCN detectors

1
2. - polarization analyzer foll

3. - UCN switch

4. - four-layer magnetic shield
5. - electrode with zero potential
6

7

8

9

1

.- channel for Cs magnetometers
.- oscillating field coils
. - BeO-coated insulator
. - HV electrodes
0. - vacuum chamber with magnetic
field coll
11. - superconducting polarizer with a
membrane to separate the vacuum
of the UCN source from the vacuum
of the EDM spectrometer
12. - UCN storage chamber
(1 out of 13)
13. - UCN shutter
7 14.- UCN guide
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Multichamber nEDM spectrometer and its advantages
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Data analysis with a multichamber EDM spectrometer
EDM and magnetic fluctuations

-1 _ neutron EDM indication
-1 =§{[(F2'F3)'(F5'F6 )]'[(Fs'F9)'(F11'F12 )]} (ASF)L '(ASF)R =D (from HV-traps only!) B

- 1 fluctuations with terms
2. |1 =§{[(F2_F3)_(FS_F6):] +[(F8'F9)'(F11'F12)]} (ASF)L +(A6F)R of 2nd, 4‘fh, etc. orders

— 1 fluctuations with terms
3.1 =§{[(F2'F3)+(F5'F6)] +[(F8'F9)+(F11'F12)]} oF of 1%, 3", etc. orders
1 fluctuations of uniform
4. | 111 =§{[(F2+F3)+(F5+F6)]+[(F8+F9)+(FH+F12):|} F m?jgnetic field, 2", etc.
orders

Magnetic field distribution

-1 magnetic field terms
VI =2{[(B,78,)-(Bo-B,) |-[(By-B,)-(By-B.) [} | (49B),-(A0B), | 5"sw etc orders

VI 1 magnetic field terms
— =§{[(B B,)-(B-B,)|+[(B,-B,)-(B,-B,) [} | (40B), +(45B), of 2%“, 4" etc. orders

-

oB magnetic field terms
{[(B 2+ (Bo-B,) [ +[ (B,-B,) +(B, - ‘2)]} of 1!, 3", etc. orders

‘ <

average value of the
—{[(B +B,)+(B,+B,) |+[ (Bs+B,)+(B,,+B,,) |} B deviation from the
resonance

—

m

EDM(n)=D-D,




unnormalized density of distribution

Compensation of magnetic field fluctuations by means of
multichamber nEDM spectrometer and requirement for

stability ot magnetic il m—

The effect of compensation The requirement
1000 B (ASF) - (ASF) fluctuation Version I Version |
- n =
10| Moo . (ASE) + (ASF) type final EDM mini EDM
Fluctuations with magnetic : ] SF - :
1| field gradient of order 0123 _ F . 1pT 35pT
0: 0=2510"pT ' - o . >
0,841 1: =25 pT/m S T ]
2: 0=510" pT/m’ 5=758107 e-cm o1, 10 pT/m 35 pT/m
4| 3: 6=510"pTim’ ;
Q\l I I
06 : : , ¥ c,, 1 pT/m? 3.5 pT/m?
, : : B |
6=5.28-10% e-cm o3, 0.1 pT/m?3 0.35 pT/m3
/ [
0,4~ 5 | : 5=8.5210” e-cm
0,2 1
0,0 == N

| | | |
2m10% -15¢10% -1x10%* -50x10° 00  50x10%° 1.0x10* 15x10* 20x10*
d, e-cm
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Housing of neutron guide system and vacuum chamber




Quartz ceramic frame for magnetic field solenoid



Cs-magnetometers
Preparation of 16 Cs-magnetometers at IPTI and VSOI

The scheme of
16 Cs-magnetometers




Project accuracy of measurement < 1026 e-cm / 100 days

Scheme of allocation of multi-chamber EDM spectrometer at PF2 UCN facility



Next generation
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Theoretical
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Fig. 4.1. Historical development of the neutron EDM experimental limit along
with some theoretical predictions
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Physics model

|del

Standard Model

~104 e-cm

Left-right symmetric

1026-1028 e-cm

Lepton flavor-changing

1026-102° e-cm

Multi-Higgs 10-27-108 e-cm
Technicolor ~102° e-cm
Supersymmetry <102 e-cm

B. Regan, E. Commins, C. Schmidst,
D. DeMille, PRL 88, 071805 (2002)




n Shiff theorem: In atoms and molecules an electric field on e~ and on nuclear Z.* is
equal to zero.

| Non zero electric field appears due to magnetic (relativistic) effects.

F.=F +|frna = —eE, . e\/xB 0

L RelatiVicc.c coicce iciccce o, ., { cococ e o

Je more than external.

X r

r.2

GO\
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EDM enhancement factor

Energy shift for external electric field polarized paramagnetic atom or molecule:

‘r,,.,uw. =

AE; ~ 2(¥,|d, 2% =5 r‘P>{<Tjer EXtLqud «Z%% = oP
r’ E, —E, a;

Polarizatio_ is spherical)

P ~ E¢/Ry~103

Polarization of molecule

P ~ Eg/E,,, of Eq/Ep~1

For diamagnetic molecule (electric field at nuclear)



Physics model

|del

Standard Model

~104 e-cm

Left-right symmetric

1026-1028 e-cm

Lepton flavor-changing

1026-102° e-cm

Multi-Higgs 10-27-108 e-cm
Technicolor ~102° e-cm
Supersymmetry <102 e-cm

B. Regan, E. Commins, C. Schmidst,
D. DeMille, PRL 88, 071805 (2002)




Experimental Limit on d, (e-cm)

Best experimental limits on d, versus time:

10-20 —1
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1022 —
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N Cs
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102 —
YbF, PbO, PbF -

. projects
LOFE <5 | | l ™

1960 1970 1980 1990 2000

Date Theories
S. M. Barr, Int. J. Mod. Phys. A 8,209 (1993



Problems

Choose of molecule

Calculation of internal electric field.
Producing of molecular radicals
Cooling of molecules, population
Deceleration of molecules, line width
Quadratic Stark effect

Polarization



Calculation of the enhancement factor
IN molecules

YbF — 8.3:102% e:cm/Hz
Mosyagin N.S., Kozlov M.G., Titov A.V. J.Phys.B, 1998, v.31, L767.
Kozlov M.G. J.Phys.B, 1997, v.30, L607.

Titov A.V.,Mosyagin N.S.,Ezhov V.F Phys. Rev. Lett. v.77,5346 (1996)
Kozlov M.G., Ezhov \V/ E Phue Rav A v 40 ARN?2(1004)

PbO — 1.6 Choose of molecule

Kozlov M.G., DeMill . : . .
T e pn Calculation of internal electric field.

PbF — 7.1:10%6 e*cm/Hz
Dmitriev Yu.Yu. et.al.Phys.Lett.A, 1992, v.167, p.280
TIF — 3.2'10%ecm/Hz

~ Petrov A.N., Mosyagin N.S., Isaev T.A., Titov A.V., Ezhov V.F. Phys.Rev.Lett.,
2002, v.88, 073001.



http://nrd.pnpi.spb.ru/cgi/bibl.cgi?lang=ru&sort=date&get=title&author=Mosyagin+N.S.
http://nrd.pnpi.spb.ru/cgi/bibl.cgi?lang=ru&sort=date&get=title&author=Kozlov+M.G.
http://nrd.pnpi.spb.ru/cgi/bibl.cgi?lang=ru&sort=date&get=title&author=Titov+A.V.
http://nrd.pnpi.spb.ru/cgi/bibl.cgi?lang=ru&sort=date&get=title&author=Kozlov+M.G.
http://nrd.pnpi.spb.ru/cgi/bibl.cgi?lang=ru&sort=date&get=title&author=Kozlov+M.G.
http://nrd.pnpi.spb.ru/cgi/bibl.cgi?lang=ru&sort=date&get=title&author=Petrov+A.N.

EDMe enhancement in atoms and

molecules
TIF YbF PbF PbO’ Tl
Applied field (kvV/icm)| 15 25 15 15-103 | 100
Internal field E; 30 100 30 0.06
(GV/cm)
Beam | Beam Trap Cell Beam
Coherence time 3-30 3-30 | >1000 0.1 3
T (MS)
shift E -
. o BTN
Sensitivity: resolution  (1/T)YS/N)™




Stability of magnetic field

For EDM equalto 102’e-cm

PbF (X?I1y,,

.10)-2
)12 F=1) 5102 Hz 8.8 pT
n 1.6-10" Hz 0.005 pT
shift . E __ET \/N

resolution ~ (L/T)S/N)



Nomber of molecules

(k)

Diffusion source

Maxwell distributions
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YbF molecular beam source

(Imperial College UK, PNPI)
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J Phys B, 35, (2002) 5013,
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Optical cooling and deceleration of atoms

Absorption of M photons Emission of N photons

w8 e
N mm
.ﬁ“g%

{Apy=0 [

Ap = Nik z

ﬂﬂﬂﬂﬂﬂﬂ
hhhhh
———

l:l ----------
S a):a)o(liv%) ; . -

,a-"l‘:c points in
S, L« the-zdirection
2 2 - 2 2 . "|||"|
4 -2 0 . 4

The acceleration of the atom depends on the number of photons per second
absorbed and then re-emitted via spontaneous emission.

The maximum value of the acceleration is a,,,, = hkl'/(2m)
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DECELERATION OF LIGHTER, LESS ENERGETIC
MOLECULES HAS BEEN ACHIEVED WITH A TRAVELING
POTENTIAL WELL

G

@?D Figure from Meljer and coworkers,
Q PRL 84, 5744 (2000.)

S
O m()—h
O

N
= O

>
Timed pulse sequence gives

decelerating trap potential.

W(z)
E I

A
\

Stark energy

I >
— v, t-ati/?2
Itwas be done for light molecules — CO !



YDbF decelerator

(Imperial College UK, PNPI)
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Experimental Setup

A-B
T™P 300 I/s
2 N\N\\\7///
’ ﬂ o ~107 mbar

I =8 00" b Mass
A i B

Tmm
N
Gas Inlet pumping stages R
— 10°-10" mbar 2
VP 500 U
- "\ ~107 mbar 3 =
Channel louce= 50 €M




Dry aerosol

Plasma gas
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Injection
torch

Plasma
torch
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High-temperature side Cryogenic side .

< > 4
Interface —
gate valve Lig |\ I |
Liquid nitrogen ~ 107 mbar
fapdthronohe r
Plasma gas —510" mb
B

Differential

puMping stages

A

Z

Dry aerosol N g TMP 500 /s
NN
N
Areca accessible
by probe beam
Injection Plasma ‘ <<<< i
h
torc torch 0 turbo pump \
and ion gauge =3 To turbo pump
/ 1
X Charcoal shields \ Front cover Pumping baffles

Schematic view of the apparatus. Diameter of the oven orifice is 3.9 mm.
Diameter of the orifice in the cell front cover was varied between 0 and 3 mm.

Distance between oven orifice and cell orifice is 25 cm.



Measuring the Electron’s Electric
Dipole Moment using trapped PbF

molecules

The University of Oklahoma
Neil Shafer-Ray
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Marcis Auzinsch Physics Institute
Victor Ezhov
Mikhail Kozlov




EDM limits: the first 50 years
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One dimensional Harmonic oscillator Hamiltonian for magnetic
moment in the gradient of magnetic field

Z 2
—Ed ! —I—LIUHW X—Z—EJUZO

m dx’ o,
ZZJﬁw 2
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For the gradient~2 T/mm > E_= 5.16-10-31 Joule
The value of transversal velocity of neutron that equal to

distances between energy levels must be about:
V. = 0.0248 m/s

trans

In case of two dimensional potential well

V :ng(x2+y2)

We receive two sets of quantum levels
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E =5.16 - 103 Joule =3.22 peV =0.00322 neV =5.33 - 10°T



Main experimental features of two-dimensional potential well
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Typical set of experimental data

N (UCN for 200 s)
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To exclude the linear
growth of background
the differentiation of
experimental data is
used.



Figure 3: Intensity graphs (left) and images (night) of a vertical step function (top), and of the same step
function smoothed with a Gaussian (nuddle), and with a pillbox function (bottom). Gaussian and pillbox
have the same support and the same ntegral.




Vicnonb3oBaHue NPON3BOAHbLIX HETHOIO
NOoPAAOKa ONA pa3pelleHNA NMNKOB

« AMNNUTyAa N-ol NPoOn3BOAHOW (YETHOW) NMKa nponopunoHanbHa
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Edge 1s Where Change Occurs: 1-D

* Change 1s measured by derivative 1 1D
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Second Dertvative

* Biggest change, derivative has maximum magnitude
* Or 2nd derrvative 15 zero.
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Second derivative (4 left and 4 right smoothing of data)
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Period of second derivative corresponds to the step in the initial data



Fitting of experimental data

Fitting function  ¥=0.481+0.232*cos(n*( x-1.301)/0.02672)+0.232*cos(n *( x -1.308)/0.0361) 2 =0.01
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Equation

Adj. R-Square

0.4 -

I I T I I T

0.2 -

0.0 -

-0.2 -

0.4 -

y=Al*cos(pi*(x-xc1)/0.
0266)+A2*cos(pi*x/(w2
-w1*(x-1.2))-xc2/w2)

0.52883
Value
xcl 1.29896
Xc2 0.24664
0.0092
0.04828
0.13813
0.12871

Standard Error
0.00119
0.02201
1.41613E-4
2.24101E-4
0.01872
0.03175
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