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Physics Motivation _
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of elementary particles (as well aligned with spin)

EDM aligned with spin and well known
Magnetic Dipole Moment (MDM)
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[ Storage rings fOI direct CPEDM measurement diamagnetic atoms Wl leptons  #% indirect measurements

Direct measurement at rest requiring electric field

not possible for charged particles Measured upper bounds for EDMs

=> Measurement for particles in storage ring
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Measurement Principle —

Frozen Spin Rings

®m “Frozen spin” cpEDM ring
Initial longitudinal polarization of bunch maintained Polarimeter
for vanishing EDM (with well known Magnetic

Dipole Moment (MDM) only)

Identical angular frequencies w; and @, describing
rotation of spin and direction required

Finite EDM generates spin rotation around radial axis
=> very slow build-up of vertical spin component Sketch of a “frozen spin” CP-EDM Ring
(n describing EDM)

| Rlﬁg operated on Spiﬂ resonance

Semai .
“hsitivy ty of 10-29

Sensitivity to perturbations e.cm

Spin rotations due to imperfections (with MDM only) can be very chy

Ny : alleng;
misinterpreted as signature of EDM “Nging

® Spin (de-)coherence must be well understood and controlled

Frozen spin must be fulfilled for all particles with different longitudinal and transverse oscillation
amplitudes

Operation with bunched beam

Compensations using sextupoles mandatory for sufficient spin coherence times
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Measurement Principle —

Frozen Spin Rings

m Spin dynamics described by Thomas-BMT
equation extended for possible EDM

Polarimeter

ds S . AVt
— = B, XS = @y + &) x S VI neglece,
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Sketch of a “frozen spin” CP-EDM Ring

with G describing the well-known MDM and 7 the EDM (n describing EDM)
(e.g., for protons G = 1.792 .. and n = 1.9 - 107 for d = 1072% - cm)

m Frozen spin condition with electric and magnetic fields

_q (_ Ex) — _ 4 _1 \BEx
Wpy = ym( By +ﬁc) = WOmy = m(G +y+1) c
leads to
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By =5 oo Ex
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Measurement Principle —

Magic Energy Ring

Polarimeter .-

___________ - d EDM parallel
y : ’ E v, to spin S
m Concept of “magic energy _ _ Wg
Frozen spin ring with purely electric bends B “m = ,(:)p
by choos : frozen spin
y choosing appropriate beam energy
B, =¥l Sketch of a “mag ”
y J2pec etch of a “magic energy

~1/2 cp-EDM Ring

Leads to condition By ym = G with index “m” for

magic energy
Possible for particles with G > 0 (not possible, e.g., for deuterons with ¢ < 0)
E =232.79 MeV p, =700.74 MeV/c

m For protons with
Magic energy and momentum E,, = 232.79 MeV and p,, = 700.74 MeV/c

Requites a ring with a circumference of at least 500 m (average bending field 5.27 MV /m)

m EDM of d = 10 e.cm (sensitivity target often given) rotates spin around radial axis by 1.6 nrad/s
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Measurement Principle — OP E E
Variants of “magic Energy Rings”

m Purely electro-static machine with focusing by electric fields

Stray magnetic fields probably the most limiting systematic effect despite state-of-art shielding

Counter-rotating beams to control some systematic effects

Deflection by average radial magnetic field B, compensate by electric field Ey = —B,cB,
With Thomas-BMT angular frequency Wy, ,» = — %% B, (for B, = 9.3 aT gives @, , = 1.6 nrad/s)
m

Cannot be disentangled from EDM combining measurements with counter-rotating beams

Mitigation using vertical orbit differences by how many orders of magnitude?

m Hybrid cpEDM ring (pursued by team around BNL and KAIST (South Korea))

Focusing by magnetic quadrupoles - Radial magnetic stray field compensated by magnetic quad field
=> no spin rotation proportional to perturbation

Vertical electric field from bends generates spin rotations around radial axis
=> very fast, but can in principle be disentangled from EDM observing counter-rotating beams

High periodicity 800 m ring proposed, operation with different polarities

Separation of counter-rotating beams and unwanted electric gradients - mitigations proposed

m Possible limitation due to geometric phase effects and other higher order effects to be
understood for both variants
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Measurement principle —

Variant searching for oscillating cpEDM

Polarimeter Polarimeter

Half an oscillation period later
Spin and EDM antiparallel

Initial situation

Spin and EDM parallel

B Spin rotation w.r.t. particle direction with frequency equal to EDM oscillation
(Not frozen spin!)
Oscillating EDM means that ratio between EDM and spin oscillates A=/, +/sin (Waxiont + jo)
Resonance condition ‘Ws - Wp‘ =w_ !

Long-term build up of vertical spin component

Limited by agreement between frequencies for spin oscillation and rotation of spin in horizontal plane

Limitations due to statistics (need for runs with different possible spin oscillation frequencies)?

Many systematic effects strongly mitigated!
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Measurement Principle —

Another approach RF Wien Filter Methoid

m First direct cpEDM measurements done with COSY  Note: 1y,

s :
‘dICS. as spin feedback
€ Studies, €ssenti

nts j
S1in general o .

(1 “Frozen spin” operation not possible with existing dGCoherenc
magnetic ring Measureme

WASA
Polarimeter 100 keV
Electron Cooler

Siberian snake

_— RF solenoid :
- solenoid

2 MeV

JEPO Electron Cooler

Polarimeter
RF Wien filter

— Injector cyclotron

[1 RF Wien filter operated with suitable frequency and phase w.r.t. spin rotations
1 EDM generates vertical spin build-up over duration of store

1 First direct hadron cpEDM measurement result to come soon
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Measurement Principle —

Another approach RF Wien Filter Methoid E E

m Recent studies and results by COSY team
1 Upper bounds for oscillating EDMs (no Wien filter needed)
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1 Measurement campaign to for first storage ring deuteron EDM
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Vertical Offset of quad and horizontal

betatron Oscillations

®m Motivated by and first studied for y 4
hybrid ring with magnetic focusing

m Spin rotates faster than direction
in magnetic quads

m Horizontal betatron oscillations

and vertical quad offset result
in vertical spin build-up

m Additional effects to
be identified? 4

Entrance fringe field: Exit fringe field:

Positive longitudinal B Negative longitudinal B

& positive radial spin
=> Negative vertical spin

Inside Quadrupole

Spin rotates faster than direction & negative radial spin

. : > M . .
motion Negative vertical spin
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Vertical offset of quad and horizontal OP E E
betatron oscillations — hybrid ring

m Inside magnetic quadrupole and considering vertical component of angular frequencies for

. . 1

Spin rotation ws, = —%(G + ;) B, => Radial spin component: S, = (ws,y /wp,y)x’ = (yG + Dx'
rotation of particle direction w,,, = — a4 B, and S, —x' = yG x' (somewhat smaller for hybrid ring
with part of focusing from electric bendings?)

Upper (lower) sign for quad entrance (exit)
m Integrated longitudinal magnetic field region of

focusing magnet with strength k with x and Ay, j B, ds =+ mypc kx Ay,
the transverse coordinates
i G+1 ds _
Gen.erate-:s rotagon around Aa, = — q B, L = TG+ Dk x Ay,
longitudinal axis m y c

AS, = Aas(S, —x') = (G + DkAy., x(Sx — x')
~Fy G(G+ Dk Ay, x x'

m Gives vertical spin component

m Averaging x x" over .
betatron oscillations (xx'y = %f dp 2], By €os 2],/ By (sin pu — at cOs ) = —J,ay
with B, and a, the Twiss
parameters and J, the action variable

vy G(G + Dk

m Average spin buil-up rate yT T /(Bc) (AYco,ixi = BYeo,0@x0) Jx

with indices i and o for

(rather upper limit for hybrid ring - should

uadrupole entrance and exit : :
quadrupole ¢ be exact for structure without bendings)
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Spin vertical [rad]
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betatron oscillation 2, electric quads ——
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Vertical offset of quad and horizontal

betatron oscillations — electric quads

m Electric field E=k YB me” (—x,y) Trajectory of particle with y
, spin (almost) aligned
m Electric potential U = k YB ;nc £ ;y with momentum Aw
m Change of Lorentz factor ) ? _____ Ay
au 2 ¥2-x? < 13 )
Ay = —— 5 =kyp? —— “ —

mc? 2 X
m Offset of beam w.r.t quad Ay results in (replace y by Ay)

Direct spin rotation inside electric quad

q 1 B E BC BC . . . . . .
Aw, = — & (G . y2—1) Cy _ _ - k2(Ay? — x¥)Ay ~ - k2x2Ay From longitudinal into vertical direction
Neg;
1 2v A . / . AJ/ ( iecl‘ed ffect
Al = __aray Skipping higher orders o Ay3 ad ang .~ Pfopoy
2_1) " (v2=-1)2 . Oftect, Jonal ¢
Y (r ) Simy] 1s) Signif
Lay effect 1cantp
. . Ost]]atl' Cr al
B Factors Lgy,qq/C for averaging over circumference o b atr,
and replacing x* b 2y = ' Studjeq, 1
g y average (x*) = [, J, gives _ Lguaa B¢ .
for initial polarization parallel to movement Sy = —hwy = ——- ” —k?By)x Ay
m For hybrid ring lattice after replacing magnetic quads by electric ones with Ay = —0.1 mm,

Lyuga = 0.4m, C =800m, k = 0.0877 m™2, B, = 64 m and J, = &5 = 0.214 um $, = 0.757 prad/s

®m From simulations: & _ . ) . )
Sy = 0.788 urad/s showing good agreement with simulations...
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Design of a Protoype Ring as next Step OP E E
As Part of staged Approach

m All schemes for cpEDM measurements very challenging
m Design and construction of dedicated cpEDM ring as next step ruled out

B Agreement within community on staged approach
First direct cpEDM measurement (deuterons) and many basic studies with COSY

Next step: prototype ring to gain experience and better understand limitations and their mitigations

Stage 1 Stage 2 Stage 3

precursor experiment prototype ring dedicated storage ring

at COSY (FZ Julich)

/ — -l S ,’f’ - ' ‘;z‘
Ai";“'..-'in-f;' s V 45 O \
’\’ . —— ‘ ' / \\

THe ~ 150m :)+
(% /

X S ’,/ *

*® _—-_:_—_5. ‘x

+

e magnetic storage ring e electrostatic storage ring e magic momentum

e simultaneous © and O beams (701 MeV/c)
now 5 years 10 years
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Design of a Protoype Ring as next Step
Application for INFRADEYV Grant

ISTITUTO NAZIONALE DI FISICA NUCLEARE, ITALY
<. . . 651 HELMHOLTZZENTRUM FUR SCHWERIONENFORSCHUNG, GERMANY

[ | Slmllar apphcatlon almOSt SuCCCSSﬁ.ﬂ Y-\ ORGANISATION EUROPEEN POUR LA RECHERCHE NUCLEAIRE, SWITZERLAND
IAY-PLANCK-GESELLSCHAFT ZUR FORDERUNG DER WISSENSCHAFTEN EV, GERMANY

: RHEINISCH-WESTFALISCHE TECHNISCHE HOCHSCHULE AACHEN, GERMANY

(1 st Oon reserve hSt) THE UNIVERSITY OF LIVERPOOL, UNITED KINGDOM
UNIWERSYTET JAGIELLOFISKI, POLAND

IVANE JAVAKHISHVILI TBIISI STATE UNIVERSITY, GEORGIA

m Collaboration of 8 institutes with

different expertise

L : : Research Infrastructure Concept Development
B Aim is a protoype ring design to test:

et e N Pathfinder Facility for a new Class

electric fields

Study spin (de-)coherence and optimization  [RUNLEGIREN BN NI

if spin coherence time
Polarimetry

Magnetic fields in addition for “frozen
spin” operation and first storage ring
proton EDM measurement

Operation with low vertical tune and orbit
separation measurements to estimate stray

field

Improved understanding of systematic
effects?

Beam cooling?
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Design of a Protoype Ring as next Step
Application for INFRADEYV Grant

WP | WP title Lead Lead Person Start End
Number Participant | Participant | Months | month month
Number Short name
1 Project coordination 1 INFN 18 1 48
2 Ring design 3 CERN 48 1 42
3 Ring elements 5 RWTH 60 1 42
4 Beam diagnostics and instrumentation 2 GSI 24 1 42
5 Polarimetry and spin manipulation tools 6 LIV 84 1 42
6 Parameter control and expected performance 5 RWTH 90 1 42
7 Cost estimate 1 INFN 12 1 45
8 Dissemination and outreach 7 JAG 36 1 48
372
Participant | WP1 WP2 WP3 WP4 WP5 WP6 WP7 WP8 Total PM
number & participant
short name
1 INFN 18 6 12 12 12 60
2 GSI 12 12 12 36
3 CERN 24 18 12 6 60
4 MPG 24 12 36
5 RWTH 12 24 36
6 LIV 48 36
7JAG 24 24 48
8 TSU 24 24 48
18 48 60 36 84 90 12 36 372
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Summary QP

B cpEDM measurements

of high interest for physics ...

m CP violation (larger than compatible with SM) a possible hint to explain matter preponderance ..

... but as well very challenging (for all variants proposed)
m Systematic effects, spin (de-)coherence, beam life-time, spin manipulations, high precision
polarimetry

m Optimum scheme and achievable sensitivity to be determined

m Prototype ring PTR
Next step before construction on cpEDM ring can be envisaged
m Gain experience with operation of large-scale high field electric ring

m Assess main limitations and device mitigation strategies
First direct measurement of proton EDM 1n phase 2
Create base to define “magic energy” proton EDM ring

m Together with studies and simulations on limitations in parallel

m Collaboration concentrating on PTR design

Work packages and participating institutes defined
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