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Outline

@ Motivation
EDMs and their relation to CP violation and Matter- Antimatter - asymmetry in
the universe

@ Experimental Method
Spin Motion in Storage Rings
@ Experimental Results & Plans
activities at Cooler Synchrotron COSY, EDM prototype storage ring
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Motivation




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 T cET CP and
parity P symmetry

@ close connection to matter-antimatter
asymmetry

@ axion field leads to oscillating EDM
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Proton EDM

Citation: P.A. Zyla et al. (Particle Data Group), Prog. Theor. Exp. Phys. 2020, 083C01 (2020) and 2021 update

N BARYONS
(5=0, I=1/2)

p, Nt = uud, n, NO = udd

7] 10P) = 33%)

Mass m = 1.00727646663 + 0.00000000009 u (S = 2.9)

Mass m = 938.272081 =+ 0.000006 MeV [l

[mp = mp|/m, < 7x 10710, CL = 90% 1]

|,‘,’,—i\ /(:,—‘;) = 1.00000000000 = 0.00000000007

|gp +ap|/e < 7x 10710, CL = 90% 1]

lgp +qe|/e < 1x 10721 [d

Magnetic moment ;i = 2.7928473446 + 0.0000000008 1z
o a —6

p P

e 0+ fm3

Magnetic polarizability § = (2.5 + 0.4) x 107% fm3 (S = 1.2)
Charge radius, pp Lamb shift = 0.84087 + 0.00039 fm 1d]

Charge radius = 0.8409 + 0.0004 fm (9]

Magnetic radius = 0.851 & 0.026 fm [€]

Mean life 7 > 3.6 x 1029 years, CL = 90% [l (p — invisible mode)
Mean life 7 > 103! to 1033 years [fl  (mode dependent)
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EDM: Current 90% Upper Limits

o
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storage rings: EDMs of charged hadrons: p, d, 3He, goal: 1072°e cm precision )
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Sources of CP Violation
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Experimental Method




Experimental Method: Generic Idea

build-up of vertical polarization s, o< d, if Shorz||p (frozen spin) ]
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Experimental Method: Generic Idea

In general:

ds - ~ -
a- (2vpm + QeDM) X S J

build-up of vertical polarization s, o< d, if Shorz||p (frozen spin) J

10/43



Spin Precession: Thomas-BMT Equation

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

= OvpMm =

electric dipole moment (EDM): d= n 7:: s,

magnetic dipole moment (MDM):ji = 2(G + 1)q—h§

2m

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

— = ::Ez - _ 1 - = Zz = — = —
7 st—m[GB-l—(G 72_1>v><E+2(E+v><B) X S

Qmpm = 0, frozen spin = Qrpm

frozen spin achievable with pure electric field if G = 21 r
/'Y —

works only for G > 0, e.g. proton

or with special combination of E, B fields and ~, i.e. momentum
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Momentum and ring radius for proton in frozen spin condition

0.05-

*  prototype ring .

® pure electric rin Two options:
0.04- —— momentum/(MeV/c)

——radius/m
e Pure electric ring:

p = 701MeV, bending radiusx 50 m at
E=8 MV/m

0.03-

|ByI/T

0.02-

* combined prototype ring:

0.01-
50 700 p = 300MeV, bending radius~ 9 m at
0.00 \%& o~ E=7MV/m
. O 2 4 6 8 IO

|EF|/(MV/m)
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Different Options

©

3.) pure electric ring no B field needed,
O, © beams simultaneously
2.) combined ring works for e, p, d, 3He,

smaller ring radius

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

running now

S

works only for particles
with G > 0 (e.g. e, 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

o
o A —
stat = " /Nfr PAE

challenge: get osys to the same level

= ogtgt(lyear) =24 - 10~ e.cm
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Systematic Sensitivity

signal: Qepm = % =24-10%s""ford = 10~2°ecm J

@ radial B-field of B, = 10~/ T:
0p = %98 _ 17 10795

@ geometric Phases (non-commutation of rotations), Biong, Byert = 10T
eGB\? 1 9 1
QGP = — =3.7-10"7s

16m ) fey
@ General Relativity:
v Bg _8. .1
Qgr = — —= =-44-1
GR 241 c 0™ ®s

16/43



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
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Systematics
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Staged approach

precursor experiment prototype ring

at Cooler Synchrotron COSY

dedicated storage ring

+W ~ 150m ¥
* ? x
* magnetic storage ring « initially electrostatic storage ring * magic momentum
 simultaneous © and © beams (701 MeV/c)

UEDM/(e-CHQ

| | | | | | | |
10722 10°2 1072 102 102 1077 10"28 10"

| | | |
10517 10-8 1010 10-2 10-2
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Results & Plans




Precursor Experiment

COSY circumference 183 m
deuteron momentum 0.970 GeV/c
B(y) 0.459 (1.126)
magnetic anomaly G ~ —0.143
revolution frequency fe.y 752543 Hz
cycle length 100-1500 s
nb. of stored particles/cycle | ~ 10 roleteny

( JEDI/ 

JEDI collaboration, =

w(’
N P I Pre-accelerator
§%%%;2§5> .
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O vertical polarization
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Observation of polarization build-up
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9]
T

1 1
240
t/sec

@ radio-frequency
Wien filter (WF)
provides partially
frozen spin

@ polarization
build-up
proportional to
EDM ...and many
perturbations

@ perturbations are
under
investigation

Poster: V. Shmakova,
M. Vitz
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Precursor Experiment at COSY

Tools developed to manipulate and measure beam polarization:
@ reaching > 1000 s spin coherence time
@ measure 120 kHz spin tune precession in horizontal plane to 1071 in 100s
@ development of polarization feed back system
@ = Single bunch spin manipulation

3 PRLs
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Principle of storage ring axion/ALP experiment

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

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

d = dpc + dac sin(wat + ¢a)

2
— ’773(3
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First Results

asymmetry LR
o
o
o N
T I T | T TT 1T

Qupm x Ma

L4

! ! I
o o o
o o o
> & N

| T

oo Lo b b b b b b b Ly o 1
100 120 140 160 180 200 220 240 260 280
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@ Momentum scan — Qupu
scan — axion mass scan

@ mass range covered:
4.96 —5.02-10"10 gV

@ axion would show up as
jump in vertical
polarisation

@ allows to search at a given
mass
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dac [x10723e- cm]

Axion Analysis: dac

m, [neV]
0.497 0.498 0.499 0.500 0.501 0.502

@ Result from many scans
from previous page
@ afew days of beam time
1 mac?
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Axion Analysis: axion anomalous coupling to gluons gan-
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@ blue “needle” could be

longer (and thinner) if we
had spent the
measurment time on a
single frequency.

For couplings to fermions,
effect at storage rings

(v = c) creatly enhanced
compared to NMR or cold
neutrons (v = 0)

(A. Silenko https://arxiv.org/abs/2109.05576

K. Nikolaev https://arxiv.org/abs/2204.13448)

28/43


https://arxiv.org/abs/2109.05576
https://arxiv.org/abs/2204.13448

Plans for a dedicated EDM ring |




Prototype Ring: Lattice & Bending Element
l i

(

3

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 and
axion/ALP search

Poster: R. Shankar, S Siddique )
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Prototype Ring: Lattice & Bending Element
f %\ N ‘,‘ ;\

// ‘\\ Electric field
) electrodes

Magnetic coil

_/ conductors

Research Infrastructure Concept Development:

Pathfinder Facility for a new Class of Precision Physics Storage Rings (PRESTO)
proposal submitted to EU

Partner: INFN, GSI/FZJ, CERN, MPG, RWTH, LIV, JAG, TSU

31/43



Summary
@ EDMs are unique probe to search for new CP-violating interactions and
contribute to axion/ALP searches
@ charged particle EDMs can be measured in storage rings
@ First steps done at Cooler Synchrotron COSY at Forschungszentrum Jiilich,
Germany
@ Next step:

Construct a new type of accelerator in the MeV momentum range to answer
fundamental questions of particle physics and cosmology.
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Summary
@ EDMs are unique probe to search for new CP-violating interactions and
contribute to axion/ALP searches
@ charged particle EDMs can be measured in storage rings
@ First steps done at Cooler Synchrotron COSY at Forschungszentrum Jiilich,

Germany
@ Next step:
Construct a new type of accelerator in the MeV momentum range to answer
fundamental questionsyﬂ)article physics affd cosmology. J
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Axion Searches at storage rings
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https://doi.org/10.1140/epjc/s10052-020-7664-9

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

*  COSY deuteron (single frequency)

[ cosY deuteron
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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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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

39/43



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!
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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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