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Why are we here?
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t = Time (seconds, years)
E = Energy of photons (units GeV = 1.6 x 10719 joules) o™
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The concept for the above figure originated in a 1986 paper by Michael Turner. Pa rfic|e Data G roup, LBNL © 2015 SU pporfed by DO =
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E = Energy of photons (units GeV = 1@

Why are we here?

Big Bang

energy
¥
matter &
antimatter

symmetrie
between
matter &

antimatter

Early Universe

preference of
matter

Sakharov criteria:
* baryon number
violation
no thermic
equilibrium
C,CP violation

matter-antimatter annihilation
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Today

ratio

matter - antimatter

radiation

observed
(WMAP 2003)
(6.14 + 0.25)10710
galaxies, stars,
planets

|

Standard Model
10—18

lle m pty”
universe

Search for CP violation beyond

the Standard Model
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- 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

Mitglied der Helmholtz-Gemeinschaft
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Electric Dipole Moments (EDM)

Classical definition: cf =Y q;T;

( charge x distance )

Ql

Example: water molecule

\

- charge separation

<

electric dipole moment
. d=4x10°ecm y

Mitglied der Helmholtz-Gemeinschaft
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EDMs of elementary par’ucles

S spin
electric dipole moment S H P/ ,.

=

magnetic moment

Transformations w.r.t. P, T \
H=—ua-€—da-€ i T

P. H=—-uo-B+do-E

T H=—ué-B+dé-E

EDM measurements test violation of fundamental
symmetries P, Tand CP (via CPT)

Mitglied der Helmholtz-Gemeinschaft
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So what Is the difference?
elementary particle water molecule
EDM violates P, T EDM allowed
S fi

degenerated

defined parity! ” ground state

with mixed parity!

Mitglied der Helmholtz-Gemeinschaft
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How can that help?

Reminder: excess of matter in the universe

np —Np

~ 10718 6 x 10710
ny

Sakharov (1967): CP violation needed for baryogenesis

4

New sources of CP violation needed
to explain this mismatch

4

[ EDMs as a probe for CP violation beyond the SM J

September 7, 2016 V.Hejny, EDM at storage rings, HPSS 2016 9
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Symmetries in the Standard Model
ERFAENEN
magnetic
C v x v
P v x v
T/ CP v x (V)

C and P are maximally violated in weak interactions

(Lee, Yang, Wu)
CP violation discovered in kaon decays described by
CKM-matrix in Standard Model (Cronin,Fitch)

C?P violation allowed in strong interaction but corresponding
parameter 8ycp < 10710 (strong CP-problem)

Mitglied der Helmholtz-Gemeinschaft
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Sources of CP violation < JuLICH

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 ? accessible by EDM measurements

Different sources of CP violation result in
a different EDM for different particle types

September 7, 2016 V.Hejny, EDM at storage rings, HPSS 2016 11
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Disentangling C?2 violation ... < JuLicH

EDM
measurements

Neutron, I
Proton

)[ quark EDM

>[ quark chromo-EDM

2H, 3H,3He

Nuclei: I

Diamagnetic

nuclear theory ]
| QCD (including 8-term)

)[ gluon chromo-EDM

_)[ four-quark operators

Molecules: > ’} >[ lepton-quark operators
YbF, ThO, HfF*

atoms: —>
Hg, Xe, Ra

Paramagnetic
atoms: >
Tl, Cs

atomic theory

LLIT]

Leptons: )[ lepton EDM
muon

Graphics: J. de Vries
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£ 10" e
O it
3 e < < < L_Jpper
£ 10" < limits
g 10-21 ::
10-23 :: <.‘)
10% = gsusY %@b < * proton
107 no direct measurement
10% zc * deuteron
31
E b | nomeasurement
10% &
109
10 _e: | L L 1 | |
Iec,ro "’)‘:o,, ay ne‘”fo,, br, ton (,;L de‘”ero
b
s 7770) 9)

Here: EDMs of charged particles

September 7, 2016
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How to measure EDMs?

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

A

heutral
| > e
no spin

njwldk A A A
njwldk A

With spin:
— precession

For charged particles:

https://www.youtube.com/watch?v=gwM4enslA k
by Tales Of a Musing Gator

acceleration

ml A A A A

Mitglied der Helmholtz-Gemeinschaft
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How to measure EDMs of charged

particles?

Electric field accelerates particles
— use a storage ring

|deal case:

> o dB x §
— X
dt
. .\
Build-up of vertical
polarisation by

slow precession
sy« |d]

k J

September 7, 2016 V.Hejny, EDM at storage rings, HPSS 2016 15
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“Ad-hoc” boundary conditions

Very slow spin precession

Particle ensemble (N = 4 x 10° per fill)

Horizontal polarisation || momentum

Magnetic moment causes fake rotations

1
o ~
@6 INFTPAE

= 0ga¢(1 year) = 107%%ecm
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Long measurement times (t = 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)

All particles must act identically
All spins need to be aligned
(“spin coherence time”)

Control spin motion at high precision

High field quality

Magnetic shielding

Precise geometrical alignment
Fringe fields under control

Major challenge:
get systematic uncertainties
to the same level!
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Thomas-BMT equation:
magnetic moment

B x5 —IdeH-C GG+ (o) EXE
dt  my y+1 y?—1 c
mO - —y - - - - - -
0 — : X X S
+dze (E =BG -B) +cp B)
EDM
(): angular precession frequency d: electric dipole moment
(:: anomalous magnetic moment y: Lorentz factor
[ Storage rings: B vertical, E radial ]

September 7, 2016 V.Hejny, EDM at storage rings, HPSS 2016 17
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Storage rlngs: general Case FORSCHUNGSZENTRUM

magnetic moment EDM Lorentz force

—
}xS

+d—(E+c,B><B)

/o \

angular precession frequency
anomalous magnetic moment
electric dipole moment
Lorentz factor

magnetic moment causes
fast spin precession: sy  p

Mitglied der Helmholtz-Gemeinschaft
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Storage rings: electric ring

,frozen spin®

magnetic moment EDM
q 1 ,6_; X E
—— — G +d—(F
mo{ (yz —1 ) C th(
\ Y )
= (!

. precession vanishes at magic momentum

only possible for G > 0

; 1 m
— : —_— ——
e SN
[ Dedicated ring for protons ]

September 7, 2016
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Storage rings: combined ring
magnetic moment EDM

d§_ - 2 q\ - 1 Ex

_t_QXS__mO{GB-I_(]/Z—l_G) ; +d%(E+CﬁXB)}XS

\ )

,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 J

September 7, 2016 V.Hejny, EDM at storage rings, HPSS 2016 20
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Sto rag e ri n g S : m ag n eti C ri n g FORSCHUNGSZENTRUM
magnetic moment EDM

3 —0x5=-—1GF +d— (" +cfxB);xS§

dt my qhS C'B

COSY: pure magnetic ring, polarized protons and deuterons

access to EDM via motional electric field E x B

{ Ideal starting place for R&D and a proof-of-principle experiment ]

September 7, 2016 V.Hejny, EDM at storage rings, HPSS 2016 21
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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 - N

dS GB+dmOC —>X —>
dt B

8 J

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

September 7, 2016 V.Hejny, EDM at storage rings, HPSS 2016 22
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Resonant rf Wien filter

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

horizontal --_ ~ I S
precession ) < S S ’
=—=$ ®EF E* -— >
<« D - p
Without WF 50 % 50 %
Static WF 50 % 50 %
(precession just faster or slower)
Resonant rf WF speed up prec. slow down prec.
(resonant on precession frequency) <50 % >50%

N /

net EDM effect

September 7, 2016 V.Hejny, EDM at storage rings, HPSS 2016 23
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R&D at COSY

Thomas-BMT equation:

magnetic moment

s - . q R
— =0xS=—-—1{GB +
t mg
. Io1 =
study spin tune vy, = = = vG p
|wcycl|
— phase advance per turn
4 ™
R&D with deuterons

=1 GeV/c
=-0.14256177(72)
~-0.161 — f=120kHz

< oo

)

September 7, 2016 V.Hejny, EDM at storage rings, HPSS 2016
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neglect EDM
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(Some) Questions to be addressed

- Precise measurement of the precession frequency (spin tune)
— also time dependent within one cycle

- 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.

September 7, 2016 V.Hejny, EDM at storage rings, HPSS 2016 25
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Cooler Synchrotron COSY

electron
cooler

" rfExB
rf dipole
solenoid

stochastic
cooling
EDDA polarimeter

cyclotron

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

Mitglied der Helmholtz-Gemeinschaft
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Experimental setup

- ———

P

1. inject and accelerate NS
vertically polarized
deuterons to p = 1 GeV/c%

solenoi

2. bunch and (pre-)cool

~
______

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

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

4
1
precessmn '
-4~

_______

.l

spin tune:

[vs| = lvG| =

spin precessions _ fprec _ 120 kHz

particle turn - frev ~ 750 kHz

November 4-6, 2015 Beam Dynamics meets Diagnostics, Florence 27



. #) )OLICH
Polarimetry

- reaction: elastic d+C scattering
- up/down asymmetry &P, projection on x-axis
Ieft/rlght asymmetry <P, projection on y-axis

= | |
< 1 ~1GeV/c
= P! /
o I 27Mev
08—
: L/ | EDDA
0l I i 930 mm
y /o : | detector
<F ] i
- 1 1
0.2[— 1 1 —
C {” 20QMeVv < =
oF { loeaae ¢ -
Ee oo oty o Vs B NS b b Ly 8‘ § K-
1] 5 10 15 20 25 30 35 c .
© [degree] 4 . @
o 8
o 91 . E 3
'E o lh‘ | 3
& =) ]
sl 93 o ,,] ) |
§ 102 = X z | 10cm ‘\\
‘© o) P
g U
CD'I’ 10 @
2 1 n LIETR T DOWN RIGHT
i 10! 8
£ »
"g 1020 L

G)[ginegre«t)a]5
November 4-6, 2015 Beam Dynamics meets Diagnostics, Florence 28
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Asymmetry measurement

Detector signal
Nupdown =1 4 PAsin(27 - fyrect)
=14+ PAsin(2m - vs Neyrns)
P: polarisation, A: analysing power
Asymmetry
NUP — Ndown
€= Nupv + Ndown
Challenges

= PAsin(2m - s Neyrns)

- 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

November 4-6, 2015 Beam Dynamics meets Diagnostics, Florence 29
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Asymmetry measurement
single . . u
reference clock AN SEIRTEINE
COSY rf —> —> beam revolutions: counting turn number n

detector _ l'

—> assign turn number n — phase advance @, = 2nmv,n
events l,

for intervals of An = 10° turns: ¢, — ¢, mod 27
true v, a priori ‘1'
not known

0.4

0.2

scan Vg in some interval around v = yG

maximum
asymmetry

/g
%\M
amplitude A
(= <
g

Vs max

asymmertry €
(=]

-0.2

-0.4

see:

November 4-6,

o
N |

+ t : 0.15
| ‘|‘ _ 0.10

0.05

1
T

spin phase advance ¢ 4930965 0.160970 0.160975 0.160980 0.160985

Il]II\I!IIIIIIIII[IIIL]TI

I\%l_‘{.ﬂ._

assumed

“Measuring the polarization of a rapidly precessing deuteron beam”
Phys.Rev. STAB 17, 052803 (2014)

2015 Beam Dynamics meets Diagnostics, Florence 30
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Spin Coherence Time (SCT)

Ensemble of = 10° deuterons: coherent precession needed!

ldeal 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°
Ay , Ap _, Qv
Ap 7 = ? ~107% = >

Av ~107%.0.16 = 10~°

Ap = 2m-107°>-10°%s™1 ~ 60 rad/,
momentum p \

revolution frequency

September 7, 2016 V.Hejny, EDM at storage rings, HPSS 2016 31
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Spin Coherence Time (SCT)

A _ .
. unbunched beam: 7)/ ~ 107> = decoherence in < 1s

: . Ap .
 bunching: eliminate effects on ?p in1storder=>17 = 20 s

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

C 025 N _. . ] =Y EE L L A B R B
% # s ét ;{ Wk * i : % Lol Phys. Rev. Lett. 117, 054801 (2016)
= 0.2—# + N p _
g ¥ ++#+ + +M++ ++++++ +++++++*4+ Wﬁ % 5 osf ]
o + f % | g :
B 015 +++++ ++#+ +++ +++#+ + 5 0.6_ :
%J E +MKG=0.4Bm Ky * + ++ +++++++ %ﬂﬁﬁ .TEU 0.4_— -
I % " +MKG=1.05m'3 ++ ﬁw w % 0'2__ -

C W oo——+—+++ 1+ 4 |
re |® MxG=133m? #t# HM 0.04 | | | | | | -

0.05—

_ L | ! | L | L | L | L | L |
0 02 %0 a0 s 60T 0.040— 7300 300 600 800 1000 1200 1400

time [s] time [s]

Mitglied der Helmholtz-Gemeinsc
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Precise determination of spin tune

Monitoring phase of asymmetry (v, fixed):

NN e

[ ] t

phase

Vs =V ,true

phase ¢ [rad]

time

PN

Vs = Vs true T

-

(o)

Us

number of particle turns n [10°]

Mitglied der Helmholtz-Gemeinschaft

| e see: Phys.Rev.Lett. 115, 094801 (2015)
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Application: precise determination of vy = ©eemesm

Avg-10°

R S R

1 1 1 1 i 1 1 1 1 l 1 1 1 1 l l i i 1 1 1 1 - 1 1 1 1 1 1 1 I 1 1 1 1 l 1 :
0 10 20 30 40 50 60 70 0 500 1000 1500
number of particle turns [10°] time t [s]

* Spin tune vg can be determined to g, = 1078 in At = 2s

- average s in 1 cycle (= 100s) determined to o;,_ ~ 107"

haft

- tool for: study long term stability of the ring
dedicated online feedback systems
probing ring/field imperfections

Mitglied der Helmholtz-Gemeinsc

see: Phys.Rev.Lett. 115, 094801 (2015)
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Spin tune: feedback system

Challenges:

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

Test at COSY:

- control spin tune via COSY rf:
Avs _ Ay _ p2Ap _ B2AF
vs ¥ =F p 0 f
- control phase to external frequency
- by accelerating/decelerating

Spin precession
[ Success! ]

November 4-6, 2015 Beam Dynamics meets Diagnostics, Florence 35
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Spin tune: probing field imperfections

time [s]
0 20 40 60

,,-0.160972
> w
2 s 3
5 Av, = 3.01072(66):10 015 3
c -0.160974 a
.;.J- c%

0.160976

— 50— —— 2MeV solenoid |

= ——— compensation solenoid

= — _

t‘ 0 / . . . \

5 artificial

m . . f t. —
S—— ol Imperrection B

0 10 20 40 50 60

—
turn [10]
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Outlook: Polarimeter development

Status:

- EDDAis in operation since about 20 years crucial for
. acceptance limits polarimeter efficiency — | feedback system

1.
< % ! current
- 2
270MeV Ll‘mz_ range o - A
E 200MeV
S R T T T T B
25 30 as
© [degree] desired
_ range
ié F 270MeV 1 1
,_,1035— 10—
SEN: 2qomdv
e (I
200MeV 1 I
°E 11
a3 I
(I
10 I I
(I
IllillllzlsrllllaJﬁllll _||||5||||||||||||||||||||||||||||

© [degree] ’ o7 % erd :
data: PLB 549, 307 (2002) 0 [degree]
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Outlook: Polarimeter development

Range Hodoscope: Veto Hodoscope:
3 x 24 elements (10cm) 1 x 24 elements (20mm)
2 x 24 elements (15cm) vertical bars

° ) d ata b a S e “ m e a S u re m e ntS : pizza shaped double- 51dcd readout -

pC’ d C a n a |yZ i ng powe rs at Target position -
various beam momenta M’}l ]I -180
) A A ___-}-

using the WASA-at-COSY R | s R
forward detector d

Window Counter:

° development Of a dedicated 12)i:zﬁz2a4silaf;nsgnts(3mm)

Straw Tubes:

~
~

Trigger Hodoscope: S~ <
4 x 4 layers &8 ~

polarimeter for high precision L0 et
EDM measurements

Mitglied der Helmholtz-Gemeinschaft

November 4-6, 2015 Beam Dynamics meets Diagnostics, Florence 38



Mitglied der Helmholtz-Gemeinschaft

#) JULICH
Summary

- EDMs sensitive to new sources of CP 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:
proof of principle with lower sensitivity

- dedicated storage ring:
different option are currently under investigation
goal: conceptual design report

September 7, 2016 V.Hejny, EDM at storage rings, HPSS 2016 39
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Julich Electric Dipole Moment Investigations:

- = 100 members:
Aachen, Daejeon, Dubna, Ferrara, Grenoble, Indiana,
Ithaca, Jilich, Krakau, Michigan, Minsk, Novosibirsk,
St. Petersburg, Stockholm, Thilisi, ...

* See
http://collaborations.fz-juelich.de/ikp/jedi

Mitglied der Helmholtz-Gemeinschaft
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