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JULICH

Forschungszentrum

@ one of the largest
interdisciplinary research
centers in Europe

@ 6000 staff members (2000
scientists)

@ “Forschungszentrum Julich
works on key technologies
for the grand challenges
facing society in the fields of
information and the brain as
well as energy and
environment.”
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Outline

@ Introduction & Motivation
What are Electric Dipole Moments (EDMs)?, What do we know about EDMs?,
Why are EDMs interesting?

@ Experimental Methods
How to measure charged particle EDMs?

@ Towards a storage ring EDM measurement
How to manipulate and measure a polarization with high precision.
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Introduction & Motivation




Electric Dipoles

Classical definition:

=1

d=> aqf J
j
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Order of magnitude

atomic physics hadron physics

charges e
A — P 1 A=10"%cm
EDM

naive expectation 1078e.cm
observed water molecule

4.10 2% cm
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Order of magnitude

atomic physics hadron physics

charges e e

A — P 1 A= 108cm 1fm = 10~"cm
EDM

naive expectation 1078e.cm 10~ "%e-cm
observed water molecule  neutron

4.10 % cm <3.-10"%¢e.cm
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E (electric field)

EDM Operator

P odd

classical: d = er Podd Ilarge EDM possible, e.g. molecules with
H=-d-E P even degenerated ground states of different parity
spin d = ds/|5| P even
H=-d-E Podd EDM possible if P (and T) violated
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T and P violation of EDM

d: EDM H=—d-E—ji-B
ii: magnetic moment (MDM)
both || to spin §

§ = ,§ =
H = —u=-B—d= E
Fs ds
T: H = —uf-é—l—df E
P: H = _Mg.émf E

= EDM measurement tests violation of fundamental symmetries P and 7 (CQT CP) J
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Electric Dipole Moments (EDM)
Spin §

@ permanent separation of positive and
negative charge

@ fundamental property of particles (like
magnetic moment, mass, charge)

@ existence of EDM only possible via
violation of time reversal 7“2’ ¢P and
parity P symmetry

@ close connection to “matter-antimatter”
asymmetry

@ axion field leads to oscillating EDM
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CP—Violation & connection to EDMs

Standard Model

Weak interaction
CKM matrix — unobservably small EDMs
Strong interaction

faco — best limit from neutron EDM

beyond Standard Model

e.g. SUSY — accessible by EDM measurements

13/60



EDM in SM and SUSY

SM
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EDM in SM and SUSY

SM

W > W+m



EDM in SM and SUSY

SUSY

ymew
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EDM: Current Upper Limits

§
°
£
(5
<1)
e —— e oo ormommmmom o CP"I ......
e (ThO) u T n p (“°Hg) A
storage rings: EDMs of charged hadrons: p, d, He J
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Neutron,
Proton

Why Charged Particle EDMs?

Nuclei:
2H,3H,3He

Diamagnetic

Hg, Xe, Ra

Paramagnetic

A 4

—)[ quark EDM

]_

\
—)[ quark chromo-EDM ]__>

nuclear theory ]

Tl, Cs

Molecules:
YbF, ThO, HfF*

atomic theory ]

{ QCD (including B-term)

_>[ gluon chromo-EDM ]-——)

_)[ four-quark operators ]—>

Leptons:
muon

3 ‘{ lepton-quark operators ]—>

;{ lepton EDM

—

FUNDAMENTAL THEORY

J. de Vries
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Experimental Methods




Experimental Method: Generic Idea
For all EDM experiments (neutron, proton, atoms, .. .):
Interaction of d with electric field £
For charged particles: apply electric field in a storage ring:

ds > L 2,
d—?ocd(E—i—va)xs

build-up of vertical polarization s, o d, if Shor-||p (frozen spin) |
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Experimental Method: Generic Idea
For all EDM experiments (neutron, proton, atoms, .. .):
Interaction of d with electric field £
For charged particles: apply electric field in a storage ring:

3—‘? x d(E+VxB)x§

In general:

ds - .
G
dt X 8

build-up of vertical polarization s, o d, if Shor-||p (frozen spin) |
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Spin Precession: Thomas-BMT Equation

—

1 L =207 >
1>v><E+§(E x B)| x

electric dipole moment (EDM): d = 1 7:71 s

magnetic dipole moment (MDM):ji = 2(G + 1)%§

Note: n=2-10""° for d = 1072%ecm, G ~ 1.79 for protons
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Spin Precession: Thomas-BMT Equation

= =_ —49|~p 1 = =R -
= st_m[GB+(G 72_1>v><E+2(E+v><B) R E J

Omom = 0, frozen spin

. . ey 1
achievable with pure electric field if G = peET works only for G > 0, e.g. proton
N2 —

or with special combination of E, B fields and ~, i.e. momentum

23/60



Momentum and ring radius for proton in frozen spin condition

p/(GeV/c) /

o
100

0.08-

0.06-
£
[8a])
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e . .
combined ring
0.02
pgg slectric ring
wo— 0.
000 NN -

0 2 4 6 8 10
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Momentum and ring radius for proton in frozen spin condition
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Different Options

©

1.) pure electric ring no B field needed,
O, © beams simultaneously
2.) combined ring works for p, d, *He,

smaller ring radius

3.) pure magnetic ring existing (upgraded) COSY
ring can be used,

shorter time scale

S

works only for particles
with G > 0 (e.g. p)
both E and B

B field reversal for O, ©
required

lower sensitivity,
precession due to G,

i.e. no frozen spin
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Statistical Sensitivity

beam intensity N =4 .10 per fill
polarization P=028

spin coherence time 7=1000s
electric fields E =8MV/m

polarimeter analyzing power | A= 0.6

polarimeter efficiency f=0.005

2h
g N Y
SEN v NfTtPAE

challenge: get osys to the same level

= ogtgt(lyear) = 2.4 - 102 e.cm
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Systematic Sensitivity

signal: Qppym = % =24-10"%s " for d = 107®ecm

@ radial B-field of B, = 10~/ T:
g = %P _ 17 1005
m

r

@ geometric Phases (non-commutation of rotations), Biong, Byert = 10T
Qcp = (eGB>2 1 _37.1091
16m frev
@ General Relativity:

__ Y B9 4410785
¥4+1 ¢

Qgr =
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Systematic Sensitivity
Remedy:
O Qcw = Qepm + Q6p + Qcr + O3, ,
O Qcew = Qepm — Q6p — Qor + 23, -

Qgp + Qgr drops out in sum, Qcw + Qccw, effect of B, can be subtracted by
observing displacement of the two beams.

Conclusion:

Statistically one can reach sensitivity of ~ 1072°e cm, many systematic effects
can be controlled using © and O beams, needs further investigation
— staged approach
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Systematics
ekl

‘.~(2_ZEPQJ
e/UBT clock

J, —) wise ()
counter ‘
clock 1\
wise O evB
T 'S
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Systematics

eEU GP + GR
r
J.~(2.l§71)
EDM
B/UBT clock
counter (; J’ 1\ :‘ wise O
clock ‘P—
wise O
S —ev B,
———1mg "
2’y2—
mg
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Towards an storage ring EDM
measurement
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Staged approach

Stage 1 Stage 2 Stage 3
precursor experiment prototype ring dedicated storage ring
at Cooler Synchrotron COSY
+(( ~ 150 m [
><\ :;ﬁr /><
e magnetic storage ring e initially electrostatic storage ring e magic momentum
e simultaneous O and © beams (701 MeV/c)
now 5 years 10 years

O’EDA///(e~CIn)

| | | | | | | | | | | | |
1077 107" 107" 1072 1072' 10°2 102 102 102 10-% 102" 102 10 2°

33/60



Stage 1: Precursor Experiment

COSY circumference 183m

deuteron momentum 0.970 GeV/c

B(7) 0.459 (1.126) \ g)@“‘*@&?}*f%

magnetic anomaly G ~ —0.143 @g Bending magnet \\

revolution frequency f., 752543 Hz g} Electron come,}%@\

cycle length 100-1500 s \‘ -------- Focus magnet
nb. of stored particles/cycle | = 10 potarization mpasuring device COSY “%\
eventrateatt =0 50005~ RE Wien filter %\ g

34/60



Experimental Setup at COSY

@ Inject and accelerate vertically polarized deuterons to p ~ 1 GeV/c
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Experimental Setup at COSY
@ Inject and accelerate vertically polarized deuterons to p ~ 1 GeV/c
@ flip polarization with help of solenoid into horizontal plane,
precession starts
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Experimental Setup at COSY

@ Inject and accelerate vertically polarized deuterons to p ~ 1 GeV/c

@ flip polarization with help of solenoid into horizontal plane,
precession starts

@ Extract beam slowly (in ~ 100-1000s) on target

@ Measure asymmetry and determine spin precession
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Polarimeter
elastic deuteron-carbon scattering,
consists of four scintillator segments: left, right, up, down

asymmetry Ay, qown o< horizontal polarization — vs = vG
asymmetry Ajer right o< vertical polarization — d

L

4

ww o6€
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Aleft,right

Asymmetries
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envelope of

Left-Right-Asymmetry P,

Up-Down-Asymmetry [ P,

2

Polarization Flip

0.
0.1]

o

H‘H.H‘HH‘

-0.1
-0.2
-0.3

E#U\
=

FEE

1%* MW

it
Wittt
“W?&

by N it Lt
ooy |

+ (+ )cycle with initial polarization up (down) +

2

80

L P R P I R SR |
100 120 140 160 180 200
timeins

U

0.25]
0.2
0.15
0.1
0.05

o

-0.05]

-0.1

i Rt ﬂ*ﬁﬁ*ﬁ*w

.. HH
i RL #*i*ﬂ%

L
iy

" " - " " " - - " " " L
100 120 140 160 180 200
timeins

,,,’,)

0\

41/60



envelope of

Left-Right-Asymmetry P,

Up-Down-Asymmetry 0 P,

2

Polarization Flip

0.

o

H‘H.H‘HH‘

-0.1
-0.2
-0.3

E#U\
=

it
“W%V¢

FEE

1%* MW

+ (+ )cycle with initial polarization up (down) +

s A 4.h ’

2

80

L PR P
100 120 140 160 180 200
timeins

U

0.25]
0.2
0.15
0.1
0.05

o

e

-0.05]

-0.1

f

T

.

s

i+++#

Wﬁﬁﬁ "
R
il **f*t‘r**m [ b
(] gty WT‘ st
% ikl ‘:‘

Wt o T ‘
L

80

tt
" Il - " - " "
100 120 140 160 180 200
timeins

42/60



Long Spin Coherence Time (SCT)

Long Spin Coherence time > 1000 s reached

nb. of turns
o 0 200 400 600 800 1000  yqqf
AN T L T L B BN AL I O
3
D_ |-
8
c 08
R AN
5 L
< 06
s S~
—_ r \\\\‘\.
8_ 0.4
g, \|/
= 0.27
£
o 07\\ P IR AR IR AT VR A
c 0 200 400 600 800 100012001400

time/s
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Long Spin Coherence Time (SCT)

Long Spin Coherence time > 1000 s reached

nb. of turns
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Principle of EDM measurement at magnetic storage ring

Problem:
Due to precession caused by magnetic moment, 50% of time longitudinal
polarization component is || to momentum, 50% of the time it is anti-||.

E*=UxB

E* field in the particle rest frame tilts spin due
to EDM up and down = no net EDM effect
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Principle of EDM measurement at magnetic storage ring

Problem:

Due to precession caused by magnetic moment, 50% of time longitudinal

polarization component is || to momentum, 50% of the time it is anti-||.
E*=9x B

g
? E™ field in the particle rest frame tilts spin due

50% 8 = ® to EDM up and down = no net EDM effect

Use resonant “magic Wien-Filter” in ring
(Ew+VX éWZO)Z
Ey = 0 — part. trajectory is not affected but
w 7 0 — mag. mom. is influenced
= net EDM effect can be observed!

46/60



BPM
(Rogo 1)
Copper
electrodes

Vacuum vessel with
small angle rotator

_

Support structure
for electrodes

Vo

o 1

Clamps for the Ferrit cage

~1lm

Support for geodetics

Wien filter

Beam pipe (CF 100)

Ferrit cage

Belt drive for 90° rotation

o field:
2.7 -10~2Tmm for
1kW input power

@ frequency range:
100 kHz-2MHz
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O vertical polarization

Observation of polarization build-up

E |
POSE W off WF on /+
0.03F T4 E<sul
- + M 4 @ polarization
002 + build-u
3 s T P
0.02F i * Py proportional to
001k E” EDM... gnd many
3 l | 1 /T_ | perturbations
0.01F L] -
=T+ gt | @ perturbations are
0.005F za M EHE under
i TI! +¢ investigation
—o.oo5i
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Stage 2: Prototype Ring

@ operate electrostatic ring

@ store 10° — 10" particles for 1000 s

@ simultaneous © and © beams

@ frozen spin (only possible with additional magnetic bending)
@ develop and benchmark simulation tools

@ develop key technologies:

beam cooling, deflector, beam position monitors, shielding ...

@ perform EDM measurement
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Ring Lattice & Bending Element
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cw

Ring Lattice & Bending Element

F D F
Dy 2D
Sm—>»
. F - -
< 29 m Electric field
D electrodes
L F
N
D
F D F
ccw Magnetic coil

conductors
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Stage 3: Dedicated Ring

@ pure electric ring:
frozen spin (p = 701 MeV/c E,j,=233 MeV):

+ —

S
Xﬁ\\ﬁ
/// - \p\

Y N\
I N X
/ \

Il I 3 Ml +

(( ~ 150m
(% /
X N A
N 7
\\ ~N - //
* S
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Collaborations

@ Julich Electric Dipole Moment Investigations
activities at Cooler Synchrotron COSY in Jilich

e —

@ CPEDM collaboration (CERN,JEDI,Korea, ...)
prototype/dedicated ring

“lJd E DM

Document submitted to ESPP in Dec. 2018
http://arxiv.org/abs/1912.07881

Storage Ring to Search
for Electric Dipole Moments of Charged Particles

Feasibility Study

V2 [hep-ex] 18 Dec 2019

1912.0788

arXiv
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http://arxiv.org/abs/1912.07881

Activities
@ required for first EDM measurement:
@ maximize spin coherence time (SCT)
e precise measurement of spin precession (spin tune)
e polarisation feed back
o RF- Wien filter
@ to reduce systematic errors:
e development of high precision beam position monitors
e beam based alignment
@ Interpretation of results:
@ spin tracking simulation (measured polarisation — EDM)
o theory (obEDM, dEDM, eEDM, ... — underlying theory )
@ Design of dedicated storage ring:
e accelerator lattice
e polarimeter development
e development of electro static deflectors
@ other observables:
@ axion searches
(axions may lead to oscillating EDM)
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Principle of storage ring axion experiment

@ Axion field gives rise to
an effective
time-dependent #-term

@ This gives rise to an
oscillating electric dipole
moment EDM d.

d = dpc + dacsin(wat + va)

maC?
Wg = 71
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Axion Search

/2 s

Daxion

10° 107 10° 10° 107 10 100 10° 10"10°
T T

Projections

* proto type ring (single frequency)
I proto type ring IMHz window
[ proto type ring 1KHz window
[ proto type ring lmHz window (frozen spin)
% COSY proton (single frequency)
[ cosY proton
% COSY deuteron (single frequency)

[ cosY deuteron

1078

102!

102

1027

o -

102 102 10 10™ 107 10™ 10" 10™ 10°* 10°

http://arxiv.org/abs/1908.09678 ey
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http://arxiv.org/abs/1908.09678

Summary

@ EDMs are unique probe to search for new CP-violating interactions (and
contribute to axion searches)

@ charged particle EDMs can be measured in storage rings

@ staged approach:
precursor at COSY — prototype (100 m) — dedicated ring (500 m)

European

@Y C | Research

Council
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Spare




Excess of matter in the universe:

Connection to cosmology

observed

SCM* prediction

n

_NB—ng

ny

6x10°10

1018

Sakharov (1967): CP violation needed for baryogenesis

= New CP violating sources beyond SM needed to explain this discrepancy

They could show up in EDMs of elementary particles

* SCM: Standard Cosmological Model
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Momentum and ring radius for deuteron in frozen spin condition
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