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Outline

- Electric Dipole Moments
- What are those?
- How can they help?
- EDM measurements using storage rings
- Basic principles
- Options
- R&D and first measurements at COSY

Further information:
http://collaborations.fz-juelich.de/ikp/jedi
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Electric Dipole Moments (EDM)

Classical definition: d = Y. q;T;

d
( charge x distance ) v
0

Example: water molecule

-

charge separation B

2\

electric dipole moment
. d=4x10%°ecm |

@) JULICH
Mitglied der Helmholtz-Gemeinschaft September 26, 2018 4 J Forschungszentrum




EDMs of elementary particles

s spin
d electric dipole moment
g magnetic moment

Transformations w.r.t. P, T \
H=—-uo-B—do-E i T

P. H=-ué-B+dé-E

T. H=-ué-B+dé-E

EDM measurements test violation of fundamental
symmetries P, 7 and CP (via CP7)
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So what is the difference?

elementary particle water molecule
EDM violates P, T EDM allowed
S i

degenerated

defined parity! “ ground state

with mixed parity!
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How can that help?

Reminder: excess of matter in the universe

| Standard Modell

T 5 ~ 10-18 6 x 10-10

ny

Sakharov (1967): CP violation needed for baryogenesis

g

New sources of CP violation needed
to explain this mismatch

J

[ EDMs as a probe for CP violation beyond the ]
SM
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Sources of CP violation

Standard Model

weak interaction CKM matrix unobservably small EDMs

best limit from neutron EDM
strong interaction Oocp (S 10719)
“strong CP problem”

beyond Standard Model

e.g. SUSY 2 accessible by EDM
9 ' measurements

Different sources of CP violation result in
a difterent EDM for different particle types
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Disentangling C?P violation ...

EDM
measurements

Neutron, I

> quark EDM
Proton

-—)[ quark chromo-EDM ]_H

> gluon chromo-EDM  F—>1
atoms:

_)[ four-quark operators ]—)

Tl, Cs
Molecules: ~> ¢ )[ lepton-quark operators ]—)
YbF, ThO, HfF*

2H, 3H,%He

|
Nuclei: I
|

QCD (including 8-term)

Diamagnetic
atoms: —>
Hg, Xe, Ra

nuclear theory ]

Paramagnetic

atomic theory

FUNDAMENTAL THEORY

Leptons:
muon

)[ lepton EDM ]——)

Graphics: J. de Vries
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Current EDM limits
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— N - <> Upper
— limits

susY %@év * proton
no direct measurement
» deuteron
Nno measurement

Here: EDMs of charged particles J
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How to measure EDMs?

Common strategy for all EDM measurements:
— measure interaction of d with electric field E

« neutral <
) I T EE
< no spin «
E E
With spin:
— precession https://www.youtube.com/watch?v=qwM4ensIA_k

by Tales Of a Musing Gator

For charged particles:

- >
acceleration

n.]‘]/ A A A A
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How to measure EDMs of charged
particles?

Electric field accelerates particles
— Uuse a storage ring

Ideal case:

s X dE X §
dt
| )
Build-up of vertical
polarisation by

slow precession
sp & |d]

8 J
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“Ad-hoc” boundary conditions

Very slow spin precession Long measurement times (= 1000 s)
High electric fields (E = 10 MV/m)
High degree of polarization (P = 0.8)
Precise polarisation measurement
(analysing power A= 0.6, acc. f=

0.005)
Particle ensemble (N= 4 x 1079 per All particles must act identically
fill) All spins need to be aligned
(“spin coherence time”)
In-plane polarisation || momentum Control spin motion at high precision
Magnetic moment causes fake High field quality
rotations Magnetic shielding

Precise geometrical alignment
Fringe fields under control
Major challenge: ]
S

= 0gat(1 year) = 107%%ecm get systematic uncertaintie
to the same level!

1
o =~
ST INFrPAE
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Spin motion

Thomas-BMT equation:

magnetic moment

S S P S 7 00 N (R A VA
t  my y+1 ( ) y?—1 c
x §
Mo (F__Y _pep.B 2% B
+d e (E L=BB-B) +ch x B)
EDM
(): angular precession frequency d: electric dipole moment
(. anomalous magnetic moment y: Lorentz factor
[ Storage rings: B vertical, E radial ]
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Storage rings: general case

magnetic moment EDM Lorentz force

—> -
X E
d—(E+c[3><B)}><S

/7
2 — B
wm

angular precession frequency
anomalous magnetic moment
electric dipole moment
Lorentz factor
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magnetic moment causes J

fast spin precession: sy & p

T8RO
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Storage rings: electric ring

magnetic moment EDM
s - . q 1 ,§ x E N
t mo{ ‘(yz —1 )) c th( )
= (!

Jfrozen spin® : precession vanishes at magic momentum

c 1 m
= — ——pp——
-1 "G
only possible for G > 0
[ Dedicated ring for protons J
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Storage rings: combined ring

magnetic moment EDM

-

B xE
_G) - +qu(E+c,8><B)}><S

)

frozen spin“: proper combination of B, E and y
also for G < 0 (i.e. deuterons, 3He)

[ All-in-one ring for protons, deuterons, 3He ]

IJ JULICH
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Storage rings: magnetic ring
magnetic moment EDM

— —OxS=—-——1IGB +cf xB)x S
t my th( C’B )

COSY: pure magnetic ring, polarized protons and
deuterons

access to EDM via motional electric field ¢ x B

|deal starting place for R&D and a proof-of-principle
experiment

IJ JULICH
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Pure magnetic ring

Due to fast precession longitudinal polarization component is
50% of time parallel
50% of time anti-parallel

to momentum

- R
d§ .,
Ir (GB+dq%ﬁxB)xS
\ J

hﬁln&\l

E* field in the particle rest frame
tilts spin due to EDM
50% of time up and
50% of time down
— no net EDM effect
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Resonant rf Wien filter

Wien filter: Lorentz force vanishes — no effect on EDM rotation
Effect on horizontal precession:

Without WF
Static WF

(precession just faster or slower)

Resonant rf WF

50 %
50 %

speed up prec.

(resonant on precession frequency) <50 %

AN net EDM effect /

Mitglied der Helmholtz-Gemeinschaft
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950 %
90 %

slow down prec.
>50%
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The RF Wien filter

Waveguide design:
provides E X B by design

Support for geodetics

Inner support | Support structure
tube for electrodes

BPM
(Rogowski
coil)

Copper
electrodes

Beam pipe (CF 100)

.. Ferrit cage

Belt drive for 90° rotation

Vacuum vessel
with small
angle rotator

Clamps for the Ferrit cage

“im 9 JULICH

Mitglied der Helmholtz-Gemeinschaft September 26,2018 21 Forschungszentrum




Mitglied der Helmholtz-Gemeinschaft September 26, 2018 22

R&D at COSY

Thomas-BMT equation:

magnetic moment neglect EDM
—=O0XS5=——4GB + X S
dt my
. Q
spin tune vy, = _! | = vG
|“)cyc1|

— phase advance per turn 2mvq

r R&D with deuterons

p =1GeV/c
G =-0.14256177(72)
QS -0.161 — f=120 kHz

i

J
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(Some) Questions to be addressed

- Precise measurement of the precession frequency (spin tune)
— also continuous and online

- Maximizing the spin coherence time (goal: =1000 s)

- Maintaining the spin direction
— keep precession frequency stable
— match frequency and phase to Wien filter radio frequency

- Study effects of field misalignments, orbit distortions, etc.

9 JULICH
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Cooler Synchrotron COSY

i electron
rf WASA cooler
solenoid detector

stochastic
cooling

EDDA
detector

rf Wien filter

external experiment

areas \N .

cyclotron

COSY provides cooled & polarized protons and deuterons with
p=0.3-3.7GeV/c

Forschungszentrum
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Experimental setup

1. inject and accelerate .
vertically polarized
deuteronstop =1 GeV/c

WASA detector

solenoid
+

'EDDA detector
Y

2. bunch and (pre-)cool

——————

3. turn spin by means of a
RF solenoid into horizontal plane

\
beee

precession

4. extract beam slowly (within 100-1000 s) <
onto a carbon target, measure asymmetry
and precisely determine spin precession

spin tune:

ve| = |yG| = spin precessions _ fprec _ 120kHz _ 016
st= Wl = particleturn  frey 750 kHz

} IJ JULICH
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Polarimetry

. elastic deuteron-carbon scattering m

- spin-dependent cross section: ﬁ | Coam
o(p) = g, (1 + %PA sin (p) \\ﬁ/

o, =0a(90°) =a, (1 + %PA)

3 P: polarization
o =0(—90°) =a, (1 — EPA) A: analyzing power
asymmetry:
£ = &% _3py
o++o_ 2

- segmented detector
left — right asymmetry probes polarization along y
up — down asymmetry probes polarization along x

} IJ JULICH
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Detector installations

EDDA

. | detector

Range Hodoscope:

3 x 24 elements (10cm)
2 x 24 elements (15cm)

pizza shaped \

W 06

Veto Hodoscope:
1 x 24 elements (20mm)
vertical bars

double-sided readout

Mitglied der Helmholtz-Gemeinschaft

Window Counter:

Straw Tubes:

2 x 24 elements (3mm) /III l III
pizza shaped

WASA

] Trigger Hodoscope:
X & layers 1 x 48 elements (5mm)
detector 0°,90° 45,45 piza shaped
@) JULICH
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Spin precession

Time-dependent asymmetry

Ex = EPA sin(27vs * Nyrns)

Challenges

- precession frequency f,..= 120 kHz

- v, =-0.16 — 6 turns / precession

- event rate = 5000 s — 1 hit/ 25 precessions
— no direct fit of the rates

) IJ JULICH

Mitglied der Helmholtz-Gemeinschaft September 26, 2018 Forschungszentrum



Unfolding the spin precession

single

reference clock

COSY rf =—>

detector
events 2

true v a priori

,time stamping”

—> beam revolutions: counting turn number n

{

—> assign turn number n — phase advance @, = 2nv,n

|

for intervals of An = 10° turns: ¢, — @, mod 2

|

not known
scan V¢ in some interval around v = yG
0.4 . . . : & . :
L+ d 3 0.25)- 5. < 10—6 maximum
w 02 = - Vg ~ asvmmetry
> | | s 0.20—
E i = . Vs max
g + ] U.f.sz—
8 oo ‘I' ] 0.0}
I 1 1 | (}_05;
_0'40 %n . k.1 %‘.II 2n B
spin phase advance ¢, %0965 0.160970 0.160975 0.160980 0.160985

see: Phys.Rev.Lett. 115, 094801 (2015)
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Precise determination of the spin tune

Monitoring phase of asymmetry (v, fixed):

NN/

Javas

]
phase

f

V. =V

ue

Ar

phase

L

ue

time
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phase ¢ [rad]

time t [s]
O 20 4 60 80

number of particle turns n [10%]

see: Phys.Rev.Lett. 115, 094801 (2015)
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Spin tune: probing field imperfections

time [s]
) 20 40 60

,»-0.160972
> w
Q &)
3 Av, = 3.01072(86):10° 015 3
c -0.160974 =
£ %

o
—_
[o2]
o
[{e]
~
(o]

— 50— —— 2MeV solenoid _ |
& — compensation solenoid
= - B
=, / \
s \ artificial / )
— imperfection o
0 10 20 40 50 80

30
turn [10°]
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Spin Coherence Time (SCT)

Ensemble of = 10° deuterons: coherent precession needed!

Ideal case
- all particles have exactly the same momentum no
- all particles travel the same path (orbit) in the ring no
- all particles see the same fields no
0.2
Example / _~10°
A A Av
A _y — ﬂz _p ~ 10—4 -
71 p 14 p v
A Av =~ 107%-0.16 ~ 107° -
\\ ~ S revolution frequency

Ap = 2m-107°- 101 =~ 60rad/g
momentum p

IJ JULICH
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Spin Coherence Time (SCT)

A _ .
- unbunched beam: 7” ~ 10~°> = decoherence in < 1s

- bunching: eliminate effects on A?p in 1storder » 7 = 20's

- correcting higher order effects using sextupoles
and (pre-) cooling » 7 = 1000 s

€ o025 c L A L e
o} o L2+ -
= w 2 ® oL Phys. Rev. Lett. 117, 054801 (2016) |
5 ° + W &%* +++ HW m—-# w, S o8
qg- 0"5:_ + ++ ﬂ+++++++++#+#+ -g "o ]
o L ++#++++++ £ 02 -
T "L [#mxc-105m® " ++ + S - .
© C o
: ++W 2 oof—t—
0.05* MXG = 1.33m” + 0.04 - + -
Eg‘ - MxG - 152m° < 0-00_+ + +
0 10 2 3 40 50 6070 004500 200 600 ~ 800 1000 1200 1400
time [s] time [s]
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Spin tune: feedback system (phase lock)

Challenges:

- maintain resonance frequency and phase between
spin precession and Wien filter

Implementation at COSY:

3.5
£ :j online
cosY o
phqse . 2P
control determination \ S = | _feedback on,
| — 2F
L b
frequency | > stand-alone = -
. Iy
generator bAQ S I ST A By | HHJ[ 1
| ccU 0_55 T+|IITTJ[TJ[ HJFT J[HT
amplifier o} of
\ 4 05,0 oy
CoSsy = rf cavity Wien filter = polarimeter i 100 120 140 160 y
s

beam

IJ JULICH
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Measurements with the Wien filter

4
> measurement
© I
GEJ beam '\ feedback cycle
£ preparation A Y preparation
> 1\
] |
B AN I .
= s N [ S time In
o e AR  Wienfilter
> RF Solenoid I  poweron
fixed frequency I |
ramp fwr = fprec

Pre] = coOnst

T 4r
Build-up of vertical component caused by S b
* EDM effect 2 b
* field and alignment errors in the ring £ 1 -
8 f
Systematic study by controlled changes ‘§ OF s
of the device alighments and fields 7F
52|
e e T

relative phase: Wien filter rf / spin direction [rad]
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Summary

- EDMs sensitive to new sources of (P violation

- Mechanism for CP violation: EDMs of charged hadrons needed
- Observable: spin precession in electric fields in storage rings

- COSY: ideal starting point for R&D and a pre-cursor experiment

Outlook

- pre-cursor experiment at COSY:
first measurement with lower sensitivity on the way

- dedicated storage ring:
different options are currently under investigation
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