If Baryon Asymmetry of the Universe (multiverse?) is due to CP violation

6 x 107-28 e-cm <dn <2 x 107-25 e-cm

BUT

Standard Model (without theta problem)
A 107-33 e-cm < dn < 107-31 e-cm

Theta problem: edm is very large prop to unkown parameter ‘theta’ which
must be set to ~10/(-10).
To avoid this Axions were invented => small industry of Axion searches

Edm searches are the best way to look for
physics beyound the standard model
—because the expected standard model
background is so small




1950 Purcell and Ramsey notice lack of experimental evidence for
Parity conservation. Dirac monopole cited as a posssible source of
P violation. Perform experimental search for neuron edm

1956 Lee and Yang suggest Parity is not conserved. At the time the
nedm result was best experimental limit on P violation

1957 Smith, Purcell and Ramsey publish their experimental limit
for the neutron edm.

Landau points out that a non-zero particle edm would violate T
(CP) as well as P.

Madame Wu reports the direct observation of P violation

1958 Ramsey states that T violation is also an experimental
guestion

1964 Discovery of CP violation in Ko decay



TABLE I: Some experimental limits on EDMs.

Physical System Value, Error (e- cm) Reference
"Hg atom (—1.06 + 0.49 4+ 0.40) x 107 | [3]
electron (0.69 £0.74) x 10727 4]
neutron (—1.0 £3.6) x 107%° 5]
muon (3.7+£3.4) x 107+ 6]




Comparison of electric dipole moments and
the Large Hadron Collider for probing
CP violation in triple boson vertices

Sunghoon Jung?, James D. Wells"
*Michigan Center for Theoretical Physics (MCTP)
University of Michigan, Ann Arbor, MT {8109-1120, US4
PCERN, Theory Division, CH-1211 Geneva 23, Switzerland
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An EDM Violates Pand T e

Landau

—ir s

IMHS’”E’HC dipole =—f1-B=-uG-B H plectric dipole = - d-E=-do-E
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CPT theorem = T-violation = CP-violation
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Table 3. Comparison of neutron EDM experimental sensitivities, where the systematic limit
represents the control required to attain the full fundamental shot noise sensitivity.

Technique E Fi f Sys. Lim. ETVI
[kV /cm] 5] [n/s]
Bragg reflection 1%10% 2107 104 fpp < 1074 2% 104

Pendellisung 2x10% 2%x107%  2x10° @gp< 1077 2 x 107
(a-quartz)




Lflli | I

Jg'1'11 — x E. (8)

R

For a typical cold neutron velocity of v = 1000 m/s in an electrie field of 100
kV/em, B,, = 1 mG. Now consider an experiment where there is a large
applied magnetic field By and an EDM is sought by measuring the shift in
Larmor precession frequency on reversal of a electrie field E, as implied by

(6).
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Fig. 2. . Geometrical picture of the ¥ x E effective magnetic field.

If E and B, are nearly parallel as shown in Fig. 2, and B,, < B, the
effective magnetic field strength is given by the magnitude of B = By + B,

1B
m (g}

B:BU—‘_EEBBI“_‘_%B{}‘




Beam experiments became less attractive because of
E x V and increased sensitivity of UCN

Beginning of a series of room temperature UCN experiments



Ultra-Cold Neutrons (UCN)

e E<Vc critical energy for total refelction
 UCN totally reflected for all angles of incidence

E ~10%nev A~ 5()();1 T~1mK h~1m (mgh~E)
B~2 Tesla (uB~E)

V

x Material

Wave fn penetrates material -> wall losses limit storage time




Leningrad 1986, UCN experiment

Two chambers, plagued by leakage currents,
field fluctuations

MEASUREMENT OF THE NEUTRON ELECTRIC DIPCLE MOMENT 2056

Figure 7.17 The neutron EpM apparatus used at the Leningrad reactor: 1,
magnetic shields; 2, vacnum chamber; 3, Helmholtz coils for producing the static
magnetic field; 4, ven polarizer; 5, ground electrodes; 6, high voltage electrode;
7, entrance shutters; 8, exit shutters; 9, analysers; 10, spin flippers; 11, caesium
magnetometers; 12, frequency divider; 13, control for oscillating field pulses; 14,
coils for producing oscillating field; 15, caesinm magnetometer; D labels the ucn
detectors with B and H specifying upper and lower chambers, 1 and 2 specifies the
two polarizations (Altarev et al 1986b).



Sussex, RAL, ILL experiment
Single cell, co-magnetometer.
Plagued by field fluctuations and geometrice phase
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Fig. 9. Schematic of the ILL UCN EDM experiment incorporating a *9Hg comagne-
tometer



Need for a co-magnetometer

Neutron EDM Ezperiments 17

By

Current Loop Neutron Storage
Cell

Fig. 3. The external magnetometer problem. Leakage currents associated with the ap-
plication of a high voltage to the measurement cell can How in a loop (or some fraction
thereof) around the cell, creating a magnetic field that is correlated with the direction of
the electric field. Depending on the location of a magnetometer, the field from the loop
can add or subtract to the applied static field By.



Based on these results we decided to go for a
Superconducting shield (cryogenic experiment)
And a co-magnetometer



Current projects

Exp UCN source cell Measurement
techniques
Superfluid “He 4He Ramsey technique for
Superconducting Shield External SQUID magnetometers
No co-magnetometer
PNPI-1ILL ILL turbine Vac. Ramsey technique for @
PNPI/Solid D, E=0 cell for magnetometer
ILL Crystal Cold n Beam Crystal Diffraction
Solid D, Vac. Ramsey technique for o
External Cs & 3He magnetometers
Hg co-mag for P1, Xe for P2?
Superfluid “He 4He 3He capture for o
Superconducting Shield °He comagnetometer
SQUIDS & Dressed spins
TRIUMF/JPARC Superfluid “He Vac. Under Development

Superconducting Shield?




~ZOmM— 0T
Zom OzZon

~ZOmMO<XTO
NZOMO<XTO
NZOM— 0T

A via accumulated phase in n polarization

Aw via light oscillation in SHe capture

Co-magnetometer

Superconducting B-shield

Dressed Spin Technique

Horizontal B-field

Multiple EDM cells

Note that red vs green does not . - included
3 necessarily signify good vs bad

But understanding systematics = not included
requires mix of red & green




What IF?

The Sussex-ILL experiment had no co-
magnetometer

Non-zero edm,
Great sensation

Dozens of wrong theories calculating their
number



Munich, most comprehensive attempt at a room
temperature experiment..Temp controlled high efficiency
shields, complex field stabilization




What is Unique About Our Experiment 8
= Production of ultracold neutrons (UCN) within the apparatus m
— higher UCN density and longer storage times

= Use of liquid as a high voltage insulator
— higher electric fields

= Use of a 3He co-magnetometer and superconducting shield
— better control of magnetic field systematics

= Employ two different measurement techniques
— oscillation of scintillation rate and dressed spin techniques

Tackling unknown systematic effects requires unique
handles in the experiment that can be varied.

Xk
.% L

Mondav. Jube 25 2011



Polarized He3 as:

-Polarizer (partial..beam is polarized
-Magnetometer

-Analyzer

-Detector



Dilution refrigerator

He3 polarizer
< Stern Gerlach

He3 injection volume

Magnetic shield

house \

i, ] I'“I.'“
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High voltage amplifier

NEUTRON
BEAM

Measuuurement cells
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Key Experimental Concepts

= Ultracold Neutrons/Superthermal Production
= 3He Co-Magnetometry

= Charge Particle Detection in Liquid Helium

, -
¥ ,j
LI

P



Superthermal Production of UCN r%

= 8.9 A (12K or 0.95 meV)
neutrons can scatter in liquid
helium to near rest by emission
of a single phonon.

Golub and Pendlebury

ucn

n

Superfluid Helium phgnon

Elementary Excitations
in Liguid Helium

Energy (£/kgin K)
=
|

= Upscattering (by 12 K phono
absorption)

~ Population of 12 K phonons ok L 1
~ a—12 K/Tpath v 10 20
e ? Momentum Q) (nm -1y

' IR

F L -

Mondaw. Jube 25 2011



Co-Magnetometry r%

Neutron 3He
BE BE
L | fz =3B
fa=yaB 2 diE v3="1.1vn

= Look for a difference in precession frequency
fn-f;} = (";fn-\{:a) B+?2 dr,lE - (01 Yn) B2 dnE

= Detect precession of *He magnetization by SQUIDS which

serves as a direct magnetometer (dsqe << dhn)
ks

":Il‘
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Neutrons inside the superfluid helium can be detected via

the energetic charged particles which are produced in the
beta decay:

N —» p+e +V+783keV

or with a dilute solation of °*He inside the *He volume:

nilHe —» piiH+764igV
IR ——_

Travelling through the helium these charged particles loose

their kinetic energy which is partially converted into
scintillation light.

— Scintillations with highest intensity in vacuum
ultraviolet region (VUV) of the optical spectrum.

Using a fluorescent wavelength shifter the VUV scintillation
light is converted into visible light which can easily be
detected by a photomultiplier.
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Neutron absorption by He3

experimentally 0_21 01%.03
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Scintillation Rate

:@z(l—PH -sz(l—%]@cosﬁw(t)j

—1.1 Factor of 10 reduction in
73 n Field sensitivity
a)eﬁ‘ — - lj/nBo



Dressed Neutron

L RCED ..

®,..=yB(t)=0(t) 6’=7/ L cosw,t
@,
:l B, _ yB, | _
<cos@> Tjdtcos{ o, cosa)dt} _JOL o, j—JO ()C)—}/eﬁr

X=dressing parameter _ yB,
@y,

- B(t)=B,sinw,t



Critical dressing.

 The gyromagnetic ratio’s can effectively be
made equal by applying a RF field to achieve
critical dressing.

) 1 ' Br 3 Y BT‘ ’
<{jr(}:%_~:(9)>T — / dt cos [( ’ f) cos(wy ff)] Jo ( i |
T T ubj f :"":“"jf"f

* To solve for the critical dressing set
Yndo(Tn) — v3do(zs) = 0,
ri = ;B /wry

z, 2 L8, Ja(ze)= 0.65.




Principle of Dressed Spin

y'=wWo(¥By @)
rs = 1.1y,
7/n':7/3' when 7/nB"f/a)'”le'l
We want B,;>> B, (1-10 mG) so Bis around 1 G, o, /2% near 3 kHz
RF field must be homogeneous at the 0.1-1% level
Heating and gradients due to eddy currents present design challenges

Eliminates need for SQUID magnetometers and might increase
the sensitivity of the experiment
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Edm apply electric field

£ 4 ;7
=
ed I
w =y .B +—2""J (x)
n yeﬁ‘ 0 h
0, = ed, b Shows up in scintillation
" h

rate



Wi
S,] paraIIeI.
Absortpion =0

Modulate x
x(t)=x, +€ecosw,t

yw = ecosw tthkd E

00 = tkd Et

(66,)

o



Scintillation rate

—
 &.

oS
00 ,

= (0= Second harmonic oc(59)2

56 = 66, (w, 1)+ kd, Ei

(59)2 oc 56, (a)mt)ka’nEt First harmonic growing
with time -2 edm!

Second harmonic for calibration



False nEDM effects measured at ILL
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Magnetic field _
Perpendiculat to v

s
v o Rotates with v BLOCH-SIEGERT
—x< F
c Frequency shift ~ EA2
However I B’” ~r 2
then (Br +v><E) oc
. oB
Important systematic effect oW ~—=VE
0z

Discovered by Cummins...molecular beam edm experiment



FIG. 1. Showing the shape of the B; field lines, when there 15 a
positive gradient €8, &, shown 1n relation 10 an outhine of the trap
used to store '“Hg atoms and UCN for the neutron EDM
measurements at the ILL. If another field 1s supernmposed having
lines that both enter and leave through the sidewalls, like the one on
the nght hand side, it will be shown later that it does not affect the
false EDM signals that are generated.



FIG 3 A view of the xy-plane of the wap bounded by the cixc-
wlar scdewall. Part of an orbit is shown projecied onto the x)-plane
for 2 parucle undergomng specular reflecnon The orbit 15 charac-
tenised by the angle @ Vecrors E and B, pomnr towards the reader
and 88, '&c 1s positive.
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N.F. Ramsey ( PR 100 (1955) 1191 ) : @ # @,
: &maslm,l
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Motion of Spins

WP [, @[, — ), p(O)]

dt )
=T'p(t)
Or
Bloch equation d M — M x Z)(f)
dt

w (1) = ax + by,

a)y(t): ay_bvx



sin @, t

cos a,t o t @,
rd

O

v

CREATE

0=o, (t)sinw,t — o, (t)cos a,t

0= j dr' [a)x (#')sin o', (#')cos a)ot']
0



Once @ Buildsup

it produces a change in 0,

sin @, t
)

SlIlG)l‘

;5 = H(t)[a)x COS W,t + @, sin a)ot]

~ )tj dt'w cos @, tcosa,t'



Wy = ',VB 6: wx.}-'('r) - '}’B:l(f)

The Hamiltonian 1s thus

Wy W,

W,
H=-—0.—— .\'__2._@1‘:H0+Hl(f)-

2 72
Defining
2b=w,tiw, 26" =w, - iw,,
the perturbing Hamiltonian can be rewritten as

H(t)= bo.+ho_,

The time evolution of the density matrix is

dp
0 =—i[Hy+H,(1),p].

dt 0

(7)

1 t
&U(f) - Ef {CUS (UOT[&}A.(.")MT(I - T) o m.\'(if - T) [d}.(f)]
0

(

9)

(11)

d_ j A, (0. [H, - 7).p0] = Tpl).  (15)

where I' is the “relaxation matrix,” the real parts of which
describe decays of coherence and the imaginary parts of the

off-diagonal elements describe frequency shifts.

T i 1 4 a A 1 il

i

+sin wor] w(Nw (1= 1) + (o, (1= 7)]}dT.

(73)



Now w,=ax+bv,, w,=ay—bv, where

B YJB.
2 dz

a

E
b=vy—,
C

S =— %j dr(cos wy){(w, (1) cqr(f— 7)) — (o, (t- T)“’_r(f))}

0

= (;—b d1{cos wy7)R(7), (26)

R(7)= (y(r)v}:(f— 7) +x(v (1= 7) = p(t - T)U}.(f)
—x(t=1)v,(1)) (27)

is the net correlation function, where (:*+) represents an en-
semble and time average.



0w = %b j drcosw R(r)
0

- - — -

RQ):<Aﬁov@—r}—Mf~ﬂov@»

F0)=[arvie)

R(z)=2h(z)

h(T) - J.dt' <V(t). v(t N T)> :j dt'W(f) Velocity autocorrelation function
0 0

BLOCH SIEGERT

(again)




-

h(7) —j dxihlx), w(x) = Velocity autocorrelation function
0

-

o (05— )

! ” sin ”
5m—ablj dTcos mOTJ o) wT{fm], &u——abj 'f(w) —dw.
0 ~o0 @

Bloch-Siegert again



EXAMPLE
Circular orbit

W(T) = v> ., COS @, T

yw(w)=v>us(w— w,)

abvy, g
= > 5~ 1 Bloch Siegert |
@, — @, | result |

Short correlation times —> high frequencies

a)02 [1 + l/a)orc]



Long correlation times = low frequencies

Diffusion
limit......bounded
diffusion

G(r, t) = S(q.a))

2

‘//(a)) = lqigg 2%5(% a)) Egelstaff, de Gennes
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FIG. 1. The position-velocity correlation function R(7)=2/(7)
as a function of cell radius R parametrized in terms of the mean free
path A\ for different degrees of specularity as parametrized by the
angular spread of the final angle compared to the incident angle.
The plots for a given R are for angular spreads on reflection of 0°,
45°, 90°, and 180°, with the latter representing diffuse reflection.
Increased angular spread causes the correlation function to decay
more rapidly in all cases. For R=2.5\, there was practically no
effect due to the degree of specularity, as expected.



S. K. LAMOREAUX AND R. GOLUB

5w /[abR?]

- 1 1=5R

- 2 Solid: Diffuse wall collisions

i\ Dashed: Specular wall collisicns

e

0 0.5 1 1.5 2 2.5 3 35 4

w, /[v/R]

FIG. 3. Results of numerically applying Eq. (37) to numerica
calculations of the correlation function, for varying A with R fixed



1F /’\ Solid: Diffuse wall collisions
/ \ Dashed: Specular wall collisions

0.8 S e 2=5R

0.6

0.4

0.2

o /[abR?]

oh I[VvIR]

Figure 1: Note the curves are for a single fixed velocity. The velocity dependence
is contained in the normalization of the frequency scale, w, = v/R.



Linear electric field frequency shift (important
for next generation electric dipole moment
searches ) induced in confined gases hy a

magnetic field gradient.
AL Barabanovl#: R. Golub™ and S.K. Lamoreaux®

ab | . , N U
dw = 7 lim f R (t) cos(wot )dt, R(r)=(rL(t) - vi(t—7)—7i(t—7)-vo(t).
0

T—Q

According to [11] the correlation function R(r) is determined by the velocity
autocorrelation function,

U(t) = (VL (t) - v.(0)), s

namely.

Figure 2: Trajectory of a particle in a eylindrical cell.



As a result, for the time [- 7, <t < ([+1)-7, ({=0,1,2...) the function
f is given by

cos(2(l+1)a), O0<a<v(t—1 1),

fl@,0,t) = { cos(2la), v(t—1-7,) <z <2Rsina, (14)

Then performing the averaging (13) the autocorrelation function takes the form:

. t .
-Il.j_l(a, t’]' = 'L‘Q(fh + BE,.-_) (lE))
where
Ar=(1+1)cos(2a) —lcos(2(l + 1)), (16)
B; = cos(2(l + 1)a) — cos(2la). (17)
Spectrum of the velocity correlation function
. * U(a,w)
we find
2 D
. v sin” avsin 26
“Avla)=(—) ab[1 - 26
@) (wo) ‘ ( i 20, sin (6, — o) sin (6, + aj) (26)

This formula was originally derived in [10], (equ. 78) by direct solution of
the classical Bloch equations and the result shows the equivalence of the two
methods.



2.2.3 Combined influence of gas and specular wall collisions

The velocity autocorrelation function in the absence of collisions is given by the
sum of the motions of a group of harmonic oscillators (28). In the presence
of gas collisions the individual oscillators 1= (a t) will obey the equation for a
damped harmonic oscillator which is the combination of (31) and (29), i.e.

dQ?.-‘*-n (ﬂ i d'i;i'-’n (t)
dt? 7. dt

with the initial condition:

+wiu(t) =0, (32)

v (a,0) = v (33)

T



o 1 (w,;‘}? _ (ﬂﬂ‘ﬁm)g)
—Aw (o) = R%absin® a Z -

—3 o2
m=—00 (Q T ﬂ-m’) ((W-’OQ _ _Q_(QTH”? ) + w‘é??"g)

1

12)

that is we go from the collision free case to the case of gas collisions by replacing

1
0 gy
jt’l (u.; ) - (WH'Q fa—rm)g)

I R
o s1n° Qv

in (25) by the square bracket in (42) or by replacing f, (w') by fa (wf’ 1+ 3?:‘;-)

and taking the real part. Since we have evaluated the summation (25) we obtain
the frequency shift by making the equivalent transformation to (26)

1 T

Wolc

~Aw (o) = R%absin”® a Re {Fp(a. § =0, \’l T )} (43)

where

9 . '
sin” asin 26 1
pla.d) ( ’ 26sin (6 —a)sin (6 + a))

52
(remember §, = w,7,,/2). For a fixed velocity we average over a, according to
(10):

m/2
Aw:f daP (o) Aw (a) (44)
0



Figure 3: MNormalized frequency shift for a constant wveloecity as a function of

normalized applied frequency, w’ = w, R /v, for different values of the damping
parameter v, = R /A Solid curves - results of the analyvtic function, equations
(43) and (44). Dotted lines numerical simulations from ref. [11]. red - r, = .2,

green - rp, = .5, cvan - r, = 1, bhlack r, = 2, blue - r, = 4, magenta - r, = 10.
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Figure 4: Normalized velocity averaged frequency shift vs. reduced frequency
w*=w,R /3 (T) for various temperatures using the temperature-dependent mean
free path for He® in He*.
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Figure 5: Normalized velocity-averaged frequency shift, ¥ (w*,T) vs. tempera-
ture, T, for various reduced frequencies w*=w,R/3(T) using the temperature-
dependent mean free path for He® in He*



where we recognize that the correlation function R+ (7) is an even function
of 7. A measurement of T} will thus yield the function S, (w). Now

2 = d’
WSy (W) = — R—— (7)) — (coswT) dT
@ == [ Rer (1) g (cosr
* d?R== (1),
- _ / [';"; ) (coswrT)dr
— / Ro+ (7) (coswT)dr
where we used R—— (7) = —d>*R—— (7) /d7? [16] for the velocity correlation
function. Then e
R (T) = — w?S, (w) cos wrdr
- 2w :

— D



