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Motivation
Baryon Asymmetry Problem
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Pr econditi ons needed to explanit:

* Baryon number vidation
* C and CP violation
* Thermal non-equililkyvium inthe early Uniwe

Sakharov (1967)
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Motivation
Baryon Asymmetry Problem

» Electroweak sector (CKM matrix well established)
— First observation: 1964 - decay of the neutral K meson

» Strong Interactions (so called 6-term)
— Not observed experimentally yet (it is very small)
— Strong CP puzzle
!

Predictions orders of magnitude too small to explain the
observed matter-antimatter asymmetry!

New sources of CP violation Beyond Standard Model needed!

They can manifest in Electric Dipole Moments of particles
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Motivation
Electric Dipole Moment

Classically r
e Charge X displacement

In Quantum Mechanics
0
Operatord = qr

Only available quantization axis is the spin s = so
(there can be only one vector in a quantum system)

d =do
*d || 0 and p || o (magnetic moment)

M — magnetic dipole moment
d — electric dipole moment
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EDM - CP violation

The observabl e quantity:
* Energy of el ectricdipoleinel ectricfiel d
* Energy of magnetic dipol ein magneticfield

p—magn_etic_dipole moment H = HE + HM= - UO - B-do-E

d — electric dipole moment

T:H=-pyo-B+do-E
P-H=-pyo-B+do-E

H violates T and P symmetry
if d#0

T violation — CP violation (since CPT conserved)
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edm/eecm
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Measurement principle

Far charged partides:
— appy electric fieldina storage ring

S npl i fied case:

Bui | & up of verticd pal ari zation
by sl ow precessi on

Extremely small effects!

With edm ~ 10-*°e-cm
effect of the order of
pdeg/hour

“Frozen spin”
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Measurement principle

Thomas-BMT equation:

In storage rings (magnetic field — vertical, electric field - radial)

Magnetic moment causes fast spin precession in horizontal plane

Q: angular precession frequency d: electric dipole moment
G: anomalous magnetic moment y: Lorentz factor
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Measurement
Pure magnetic ring
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EDMs of charged hadrons: p, d

: Q
R&D with deuterons study spin tune v; = |a!cy|d| =yG
p =1GeVic — phase advance per turn
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Research and Development at COSY (" JEDI )

ED
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@ Measurement of fast precessing polarization
Phys. Rev. ST Accel. Beams 17, 052803 (2014)

@ Precise determination of spin tune
Phys. Rev. Lett. 115, 094801 (2015)

@ Spin coherence time
Phys. Rev. Lett. 117, 054801 (2016)

@ Phase lock of spin precession
Phys. Rev. Lett. 119, 014801 (2017)

@ Dedicated polarimetry — D. Shergelashvili (HK 36.6) and F. Miller (HK 36.7) talks
@ Beam instrumentation — F. Abusaif (HK 41.3) talk

@ Wien filter commissioning
@ Database for future polarimetry
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Measurement in COSY
Pure magnetic ring

Magnetic Dipole Moment Electric Dipole Moment
momentum”spin momentum"spin
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Measurement o >
RF Wien Filter method
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Wien Filter: introduces B and E field oscillating with radio frequency
Lorentz force vanishes: no effect on EDM rotation
Effect: Adds extra horizontal precession

1 et polarisation
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Wien Filter has to be always in phase with the horizontal spin precession!

Feedback system developed and tested: Phys. Rev. Lett., 119, 014801 (2017)
Resonant frequency controlled, precession of spin phase locked
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Wien Filter Commissioning
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Wien Filter Commissioning — 90° mode
Spin rotations with phase lock
@(t) = 2m v, fct

BWF(t) = BO Sil‘l(a)t + AQD)

Task: maintain w = 2m |k + vg|f
and fix Ag

- .
E p — Controlled via WF frequency
MDM precession
> n - 0.02F
o© 0.15 E - °
E - o 0.015F
> 01_— 8‘ =
w - — -
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Spin build-up as a function of phase ~ sinA@p — Feedback system works properly!
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Wien Filter Commissioning — 0° mode
Spin rotations with phase lock

— 4
LA 335 WF rotation
i *. e =
EDM Mode g of WF at +1° |
s “f
............ 5 1F
..... 7

L]
"oy

MDM precession :
COSY + WF

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

We see vertical polarization buildup — EDM-like signal

Two systematic contributions:
1. Residual, radial magnetic field from WF
— effect equivalent to WF rotation

2. Field imperfections in COSY
— transverse contribution: equivalent to WF rotation
— longitudinal contribution: equivalent to additional static solenoid field

The measurement shows the stability of COSY conditions within 24 hours
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Polarimetry — database experiment

Reaction: dC elastic scattering

Up/Down asymmetry « horizontal component of polarization P
Right/Left asy nmetry « vertical component of polarization Py

'X AY
DLeft aPol (0, ¢) = ao(0)[1 + 3 PA,(0)cos ¢ ]

_ o4(8)—c"(6)
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ﬂ Right
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Polarimetry — database experiment

Motivation: database to produce realistic < F
Monte Carlo simulations of detector responses
for a polarimeter designed for EDM

Goal: A, A ,do/dQ for
y Yy

— dC elastic scattering £ 70 ez
— main background reactions (deuteron breakup)

Beamtime in November 2016 (2 weeks)
d energies: 170, 200, 235, 270, RS B REERN GF
300, 340, 380 MeV |

Targets: C and CH,

nsor polarization

e

t

Beam polarization: 5 polarization states N /
(P P )= (O’O)’ (_%10)! (%’0)1 (%’ -1/2), (_11 1) i -I'. 0 .'I- !

y'yy

Setup: Modified WASA Forward Detector LT NATT T T
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Polarimetry — database experiment

— Full ¢p coverage
— Orange4°-17°

pizza shaped

Target position

Range Hodoscope:
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Trigger Hodoscope:
1 x 48 elements (5mm)
pizza shaped
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Polarimetry — database experiment

—— C by Y. Satou et al.
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Polarimetry — database experiment

0.7= dC Elastic 170 MeV
B dC Elastic 200 MeV
0.6 — dC Elastic 235 MeV
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— —— ChbyY. Satou et al.
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Conclusions

* EDMs of el ementary particl es key for understanding
sources of CP viol aion
— explanati on of matter — antimatter imbalance

* Princid e of experiments — measurements of spin
precession inmagnetic field
* EDM of charged particl es measured in storage rings

* COSY: ideal starting point for R&D and a pre-cursor
experime nt with Wi en Filter method
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Backup
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Fundamental D screte Symmetries

A physi cal model is sy mmetric under a certai noperati n
— if its properti es are invariant under this operatin

* T-symmetry: t — -t

* P-symmetry. r - -r

* C-sy mmetry: partid e-antipartid einterchange
* CPT conserved

Electric field E -E -E E E
Magnetic field B -B B -B -B
Momentum p p -p -p -p

Angular momentum | I I -l I
Charge density q -q q q -q
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EDM — Orders of magnitude

Neutron (udd)

Charge e
lr,—r,| 1fm =10 " cm
EDM
Naive expectation 10 P e -cm
Observed (upper limit) <3-10%e-cm
SM prediction ~10 3 e-cm

- Parity violation
- CP electroweak violation

NnEDM of 10 %°e - cm — separation of u from d quarks of ~5 - 10 %° cm
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Motivation
Electric Dipole Moment of proton and deuteron

No drect neasureme nt
Disentangle the fundamental source(s) of HMs

Experiment Where is the EDM? How do we understand it? Dream

E
| .
Neutron, > $ > quark EDM
Proton D
oo
=
5
Nuclei: > g 3 |——>| quark chromo-EDM ;
?H, *H,*He < £
5 18
" " 7] o
Diamagnetic -
atoms: N = o 3|  gluon chromo-EDM > =
: 2 o
Hg, Xe, Ra g‘ T
'—
Paramagnetic .ﬂ:J =
- 4)‘ four-quark operators > &
atoms: 5 9 =
w
T, Cs g s
& 3
Molecules: > >| lepton-quark operators > %
YbF, ThO, HfF* o
Leptons: l > lepton EDM >
muon
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Experimental requirements

High precision storage ring alignment, stability, field homogeneity

High intensity beams N =4 x 10" per fill

Polarized hadron beams P=0.8

Large electric fields E=10 MV/m

Long spin coherence time 1=1000s

Polarimetry analyzing power A= 0.6, acc. f = 0.005

Challenge: systematic uncertainties on the same level!

Even in Pure Electric Ring — lots of sources of syst. uncertainties
— Very small radial B field can mimic an EDM effect
uB ~ dE,
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Measurement
Pure electric ring

magnetic moment EDM

ds - . 1 3 X E mo ,— .
_=1x5=_if (e )2 vale o s

C qhS
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Storage rings: combined ring
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Polarimetry
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Polarimetry

AN oy 2N

T T o

Too few polarimeter events to Map many events to one cycle
resolve oscillation directly! Phys. Rev. ST Accel. Beams 17,
052803 (2014)
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Polarimetry

beam revolutions: counting turn number n

|

assign turn number n — phase advance @, = 2mv.n

|

for intervals of An = 10° turns: ¢, — ¢, mod 27

{

scan V. in some interval around v, = yG

maximum
asvmmetry
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Spin tune measurement

phase ¢ [rad]

28.02.2018

Monitoring phase of asymmetry with fixed spin tune
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Spin coherence time

At the beginning all spin vectors aligned After some time spin vectors all out of phase

Polarization vanishes — measurement time limited

—— ‘82? ~ 10—4 — — A(,O ~ 60 rad/s

A _ .
- unbunched beam:2X ~ 10™°5 = decoherence in < 1s

Y
: . Ap .
- bunching: eliminate effects on ?p in 1storder > 7 = 20 s

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

1.2 :
L0k Phys. Rev. Lett. 117, 054801 (2016)
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Controling spin direction

Feedback system

Goal: Maintain resonance frequency and phase between spin precession and Wien filter

— keep precession frequency stable

= 6F T+++
. . © = + (a)
— match frequency and phase to Wien filter = sE +++++ sasdbisck off
4.% 4 ;4'1“‘ ++++
Test at COSY: & 3E ., e
= ++
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L"S — G/‘}/ 1E +++ ¥
s | | * | 1 |
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COsY ! 01
i, T rf cavity e colenoidm—polarimeter g _[}_2%: :
0354
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PRL, 119, 014801 (2017)
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Wien Filter Commissioning
Detuned WF: residual Lorentz force

Tuned WF: Lorenz force vanishes

= R - . - —— - e ——

. BB cavity It loq‘kc.\-’ ;ibl'!“ & ;p:/-\" "'
Detuned WF: residual Lorentz force {/\&_ e T T w0 ™ORN
. Wien filter % &=
excites beam at WF frequency : | U, }
— Lock-in amplifier connected to BPMs R Lsuyor "oy ,_-. )
measures amplitude of beam oscillations " RFsolenoid S\
T A
S . 7!*
¥

Measurement

Simulation

— E' 2000
g N
= 0 . o
> =
S S 250
O L, 10 Z, (9 O 0 100 Z[Q
phase(E,B) [deg] phase(E,B) [deg]
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