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Neutron EDM
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In the Standard Model (SM) all observations of CP and T violation in the K
and B decays can be explained perfectly well. The SM prediction for the
neutron EDM is at the level, less than 10~ 3! e-cm, which is below of the
current experimental limit by six orders of magnitude.

However the SM cannot explain the baryon asymmetry of the Universe.
It appears at the level 10-% in SM, while observations give the value 10-1°,

Only theories beyond the SM suggesting new channels for CP violation as
well as violation of the baryon number (A.D.Sakharov) necessary to explain
the baryon asymmetry in the Universe.

In such theories (unification, supersymmetry) the predicted value of the
neutron EDM is raised by up to seven orders of magnitude.

Hence, measurements of the neutron EDM could provide a significant
argument for these extensions to the SM. For the last two decades some
stagnation in the experimental sensitivity to neutron EDM is observed (The
sensitivity was improved only about 3 times during the last 20 years),
therefore the development of principally new methods is extremely
necessary.
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Evolution of neutron EDM
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Sensitivity to neutron EDM
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Advantages of diffraction method
of the nEDM search

Strong electric field (up to10° V/ecm), acts on neutron moving
close to diffraction condition in a crystal without center of
symmetry. It leads to spin rotation effects. (In lab only field
~10% V/cm is available)

Direction of this field is perpendicular to crystallographic plane

Feasibility of controlled changing the sign and the value of the
electric field acting on neutron in crystal.

The feasibility to use the assembling of a few different crystals
to increase the interaction time
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Essence of experiment

The neutrons with ﬂBZZdO SN 95 reflect from crystal
if Oy~ 12 — Ag ~2d, [1-(7/2-6,)°]

only the neutrons with 4 > ;I'B and A < ﬂ'B can pass

through crystal and they will move in electric field —E and
+E correspondingly (110)

Changing A (or —»
d) one can =

: neutron :
control electric  beam ™= = r
field acting on - =) 00

R=50%
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Nuclear and electric crystal potentials.
Reciprocal lattice vectors

One can represent the crystal potential either as a sum of
atomic potentials or as a sum of plane potentials. The last is
called the reciprocal lattice vectors expansion

J LV (x)=V(x+d)
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Periodic (along any g direction, x axis) potential of the some
plane system can be expanded to Fourier series:

V,(r)=2V,exp 27721 nx | =2V, explig,x)
n Zn

g,=27z n/d. Each harmonic can transfer only certain momentum hg,,

so one can say that any harmonic describes its own plane system (..
So we can consider the n order diffraction as the diffraction of the 1-st order

but at the plane system with the interplanar distance d ,=d/n.

VFE)=D V. (F=F)=) Ve =V,+> 2v, cos(gr +¢,)
o g g
Vg — V_*g Because V/(r) is real Vg =V, eXp(i¢g)
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-Essence of the phenomena..

We can write VE (r) _ 2VgE COS( gr) _

the electric
potential in

the sameway =/ * exp(igr) + V" exp(—igr)

The
electromagnetic E(r)=—grad V*(r) =

neutron

interaction = ingE exp(igr) —ig VgE exp(—igr) =
contains
electric field = 2VgE gsin(gr)

(not a potential)

So electromagnetic EM
scattering amplitude is V (r) =ED + H
imaginary U

Exv
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_Essence of the phenomena..

Harmonic amplitudes V, are determined by
structure amplitudes (sell scattering amplitude):

27h?
V, = - N F,,
F, = Ze_W"g f.(g)e ™.

l

fr@=-2r,

Zi _fic (g) |

2
K
Nuclear amplitudes Electric amplitude determine
determine nuclear potential electric potential
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Essence of the phenomena

In the non-centrosymmetric crystal  p"(r)= 2VgEcos (§T+A¢g)
the positions of the “nuclear planes” N N .
are shifted from that of electric ones N V(r)=2V, cos (8T)

Neutrons are concentrated ‘ -
on the “nuclear planes” or Y ‘

between them (on the
maxima or oh the minima of
the nuclear potential).

[max |”W(1)|2] [max |’W (2)|2]
In the non-centrosymmetric crystal neutrons
turn out to be under a strong electric field

E(r)=-gradV*(r)=2,gsin@r+4¢,)

EE=(W= TE(T) y™) =y TE(T)[ ' !>=9Vﬁsin4‘¢ﬁ
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Neutron optics in the crystal
without center of symmetry

One can write the neutron wave function in crystal, using the perturbation theory
for directions and energies far from the Bragq ones, in the following form

. V .
. iKr g i(K+g)r
y =e" "+ e =
g EK _ EK+g
:ezKr[l_z i zgr):eiKr[l_Zi ezgr}
g Ag g Wg
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Depending on the signh of the deviation parameter from the
Bragg condition 2A,=|K+g|2- K2, the neutrons concentrate on
the nuclear planes or between them (on the maxima of nuclear

potential (A <O, red colour), or on its minima (A>0, blue colour)

VN (r) = ZVgeigr = 2|V, |cos(gr).

|y =1-

For noncentrosymmetrlc crystal _ |
“electric planes” are shifted ko S _ P
relatively to the “nuclear” ones

I

. - __
14 (r):ZVge :§2|Vg|cos(gr+A¢g). Kol <K
Kp+gl =K
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A spin rotation angle
due to Shwinger interaction

A =%yc-[Esum><V]

2 N
\% e Eo. o
E,,. = Z —V,0SINA®, For AML=510"72
> A
g
For a.-quartz Esum"‘105 V/cm — A(DS ~10™* rad/cm
For PbTiO, E,~10°V/icm = Agg~10~° rad/cm
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Result: Spectral dependence of
a spin rotation angle
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Spectral dependence of
a spin rotation angle
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Simple Bragg diffraction case

Hectricfidd
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Parameters of some NCS crystals

Crystal | Symmetr | Hkl |d, (A) = T, E, Ta
y group 103V/cm | ms | (kV-s/cm)

a-quartz 32(DS,) 111 2.236 23 1 230
(SO) 110 2.457 2.0 200
123 433 1.75 4.3 4 1720
312 2.72 2.2 880
Bi,Si:0y -43m 242 2.10 4.6 2 920
132 2.75 3.2 640
PbO Pca?2l 002 2.94 104 1 1040
004 1.47 10 1000
BeO 6mm 011 2.06 54 7 3700
201 1.13 6.5 4500

Il We should looking for new NCS crystal !l
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Changing d of analyzer we can select the neutrons
passed the crystal under given electric field

(110)
plane
=Tyt
=T, / \\:1 TotAT
nej?o +E -E i .
w
Y A beam r

2dotgd)  .--o7T . N v

Detector
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AT=1°C

!

AMA= 10 =AAg/A

For /2 reflection

E|| v, and

TC/2 Bragg angle

UCN-2009, Saint Petersburg HS~[E X Vn]zO
June 8-14,2009




Experimental test
Two crystal line (AT)
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We can control the deviation parameter by

the temperature of crystal.
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Two crystal line (angular)

For Bragg angle ~ 45° the Bragg width ~ 0.0005°

L

0,2

0,0 .
-1, 1,0  -05 0,0 0,5 1,0 1,5

e0
We can increase the EDM effect by
using a series of the crystals.
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1/2 reflection==“zero” Schwinger

EDM effect doesn't depend 0 - E-d -L .
- " .
on a Bragg angle " hv, NS
——
V, =—=const : Op
For /2 reflection vV, / 2m :
Ell v,and I E /2
H,~[E x v,]=0 B == TR
I
9
Schwinger effect can be CEvweul E-uL
decreased down to zero s = chv  Ch cig () Og—ml2 " 0

for the Bragg angle close to /2
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Electric field
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Scheme of the experiment
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Main elements CRYOPAD and
position sensitive detector

Inner and outer
Meissner shield

Current accuracy
Outgoing coil Quartz  |ncident coil of.spm o
orientation is

~10-2 rad for
routine experiment

~10-3 rad can be
reached for special
cases

Outgoing nutator Zero field chamber  Incident nutator

F. Tasset, P.J. Brown, E. Lelie’ vre-Berna, T. Roberts, S. Pujol, J. Allibon, E. Bourgeat-Lami,
Physica B, 267-268 (1999) 69-74
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3-D spin analysis allows to select different
contributions

X time of the neutron stay in
Ti (= the crystal for + E

v At=(r,—1)/2 7, =(7,+7.)/2

P, =M,P,

0 -H, O 0 0 H, 0 -H, H,
M,-M. =AM =g zJ||H, 0 o4 0 0 -H_|tAclk, H 0 -H.

Hoot &)t @ ~ ~_
EDM Schwinger  Residual magnetic
g, =1.8-10" [1/6s/s] field
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Measurement of Schwinger effect

The dependence of angular of neutron spin 1 1012 T I T=T,

. rotation on a sample Trientation I‘ _7
0,02 j j | j ’%
| | j | 9sample

1. Schwinger effect
is zero for 65=90°

002 %/ii 1. E~ 0.7 108 V/icm

AQ,, rad

-0,8 -0,4 0,0 0,4 0,8
0
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Spatial distribution of Schwinger effect in position
sensitive detector
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v AP=P(AT,)-P(AT)

We should observe the same
dependence for Pxy and Pyx components
responsible for nEDM
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NEDM effect spatial distribution
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NnEDM measurement
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Statistical sensitivity (1)
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Statistical sensitivity (2)

®=10n/(cm? A s) (A=5 A, PF1B of ILL reactor)
S=6x12cm?, P=1/10, K,,,=1/8 N=2.1 10% n/s

- .

c,=13:10% e-cm per day |{=m

Current sensitivity

to nEDM in UCN
method

~ 6 10-2°e-cm/day

quartz SiO,
E,~ 108 V/cm
t,~1 ms

—

oy~1 072 e ecm per day <=

[Gd ~107%7 e em per day ] -
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Summary of the experimental scheme

* Possibility to reverse of the electric field.

» "Zero" Schwinger effect.

* Possibility to control and suppress the systematic.

* Low influence of crystal quality. (For w,>> A8 the effects ~ AB/ w,,
Intensity ~ w,,). =) New kinds of NSC crystals

* One can increase the effect by using a series of crystals

For quartz crystal,

for thickness L .=50 cm ‘ o, ~ 1.3-10%° e-cm
100 day
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Summary of the systematic

Residual magnetic field

VG'Ue H i — 10—4 GS

Time stability AH ~10°Gs/ hour

3D analysis of polarization 5y ~103%rad

The crystals alignment | —(0 ()20

The AT control | ~0.01°C
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Photo of quartz
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It turns out to be new method of testing
the crystal quality in volume

¢ One can test the quartz samples up to 50 cm thickness
(limited by absorption length).

< Precision Ad/d ~10-7

(J

Zd crystal
plane — 400 +
T-T.} T=T#AT | ;
: W
—— s 30" 1 7{
neutron ~¢_ dq _ AT
beam : PG ;dz 200 C/]
R=50
o AT y~Ad _ :
detector : 100 +— : . .
u' -4 -2 0 2

_— Ad/d, 10°
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Tests of the series of crystals
from Aleksandrov factory

Crystals No. 3 and 9 tuned to

be not sutable the last ones

=42.10°

had Ad/d
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Quartz test
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