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Physics case

Addressed issues

@ Preponderance of matter over antimatter
@ Nature of Dark Matter (DM)

Experimental approach

@ Measurements of static Electric Dipole Moments (EDM) of fundamental particles.

@ Searches for axion-like particles as DM candidates through oscillating EDM

Symmetries and Symmetry-Breaking
Peccei-Quinn (PQ)

t—cpr—t

Axion (= axion-like particles (ALPs))

| Standard Model (... CKM) + 65c, + BSM | [ BSM |
) ()
Baryon
Asymmetric Dark Matter
Universe (DM)
(BAU)

: .
| Oscillating EDM

Time development of the spin direction of a beam
of polarized charged particles (p,d) in precision storage rings:
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Electric Dipole Moments

Spin §

@ Permanent separation of + and - charge

@ EDM meas. test violation of P and T symmetries (CQTCP)

@ CP - violation = one Sacharov’s condition to explain Matter dominance
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Static EDM upper limits

— = SUSY (D) _|

e (ThO) H T n p (CHg) A

Direct EDM measurements missing
@ No direct measurements of electron: limit obtained from (ThO molecule).
@ No direct measurements of proton: limit obtained from §3° Hg.
@ No measurement yet of deuteron EDM.

Theory:

@ EDM of single particle not suffcient to identify CP violating source
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Axion Dark Matter search with Storage Ring EDM method
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@ Experimental limits for axion-gluon coupled oscillating EDM measurements
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Spin-precession of particles with MDM and EDM

Equation of motion for spin vector 73)
@ In the rest frame of the particle

—zﬁx?:ﬁxﬁ—i—gxﬁ

@ Spin-precession relative to the direction of flight

[(6MDM+6EDM) - chc,] =-9G GB + < > 7 x E+ (E LT x B)

=Qumpm —Qcycl
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Spin-precession of particles with MDM and EDM

Equation of motion for spin vector ?
@ In the rest frame of the particle

—zﬁx?:ﬁxﬁ—i—gxﬁ

@ Spin-precession relative to the direction of flight

[(6MDM +§>EDM) - ?{cyc,] =-9G GB + < > 7 x E+ (E LT x E)
=Qepy

=Qumpm —Qcycl

Frozen spin

o 3MDM — S_fcyc, = 0 = frozen spin (momentum and spin stay aligned)
Achievable with pure electric field for proton (G > 0): G = 721_1

Requires special combination of E, B fields and ~ for d, 3He (G < 0)
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Search for static EDM in storage rings
Measurement concept

@ Inject beam of polarized particles in storage ring
@ Align spin along momentum (— freeze horiz. spin-precession)
© Search for time development of vertical polarization
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Search for static EDM in storage rings
Measurement concept

@ |Inject beam of polarized particles in storage ring
@ Align spin along momentum (— freeze horiz. spin-precession)
© Search for time development of vertical polarization

Storage ring method to measure EDM of charged particle

@ Magic rings with spin frozen along momentum of particle.
@ Polarization buildup py(t) o d.
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Developments at COSY

Technological achievements and new methodologies
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The COSY storage ring at FZ-Julich (Germany)

COoler SYnchrotron COSY
@ Cooler and storage ring for (pol.) protons and deuterons.
@ Momenta p= 0.3-3.7 GeV/c

@ Phase-space cooled internal and extracted beams

wasA
Polarimeter 100 keV
Electron Cooler

Siberian snake
solenoid

JEPO
Polarimeter /
RF Wien filter

Previously used as spin-physics machine for hadron physics:
@ [deal starting point for srEDM related R&D

@ Dedicated and unique experimental effort worldwide
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Experiment preparation

@ Inject and accelerate vertically pol. deut. to p ~ 1 GeV/c
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Experiment preparation

@ Inject and accelerate vertically pol. deut. to p ~ 1 GeV/c
@ Flip spin with solenoid into horizontal plane
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Experiment preparation

@ |Inject and accelerate vertically pol. deut. to p ~ 1 GeV/c
@ Flip spin with solenoid into horizontal plane

© Extract beam slowly (100 s) on Carbon target

© Measure asymmetry and determine spin precession
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Optimization of spin-coherence time

@ Invariant spin axis and spin-coherence time

Mo

At injection all spin vectors alighed Aftersome time, the spin
vectors are all out of phase
and in the horizontal plane
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Optimization of spin-coherence time

Normalized Polarization

Ee o o o o
B2 Lo & > =

@ Invariant spin axis and spin-coherence time
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After some time, the spin

vectors are all out of phase

nb. turns/10®

and in the horizontal plane

| major achievement

[Phys. Rev. Lett. 117 (2016) 054801]

@ 7507 = (782 + 117)3

@ Previously: 7sc7(VEPP) ~ 0.5 s

(= 107 spin revolutions)

@ SCT of crucial importance, since

o x
STAT X = —
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Precise determination of the spin-tune

a_ 2myG

B
Spin-tune v;
_ __ __nb.spin—rotations
Vs = 7G " nb.particle— revolutions
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Precise determination of the spin-tune

time ¢ [s]
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o)
£
e
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Vs = 'YG " nb.particle— revolutions J 4 . . L A . L ]
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number of particle turns n [10°]

Il major achievement [Phys. Rev. Lett. 115 (2015) 094801]

@ Interpolated spin tune in 100 s:

@ |us| = (16097540628.3 +9.7) x 10" (Avs/vs ~ 107'0)
@ Angle precision: 27 x 107'° = 0.6 nrad

@ Previous best: 3 x 1078 per year (g-2 experiment)

@ — new tool to study systematic effects in storage rings
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Phase locking spin precession in machine to device RF

Spin-feedback system maintains:

T 3FM - feedbackoff et
@ resonance frequency 3L e
L1 *y
&
q . s E (RN WS ST T
@ phase between spin-precession and | § oFi== et
device RF & E: feedback on
ZEa =
3L . -
¥ E
cosy phase S 03F % 2 |requer!cy
control determination Bo2f corrections
4 < oaf
frequency | ... , stand-alone 0 £ \JHJ ! “TU = L u” "HILh‘U" Ll H
generator DAQ —01f H U ‘
- -02F
—— Bl , , P
amplifier 90 100 110 120 130 140 150 160 170 180
time after injection [s]
COSsy = ffcavity Wien filter 1po|arime\er —

beam

Il major achievement [Phys. Rev. Lett. 119 (2017) 014801]:
Error of phase-lock o4 = 0.21 rad
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Phase locking spin precession in machine to device RF

Spin-feedback system maintains:

T 3FM - feedbackoff et
@ resonance frequency & 2f e paao
& 15 T, N *e
@ phase between spin-precession and | § o ittt s
device RF & B ‘“»X feedback on
2k -
s 5“‘. e
phase i} 0.3 ; x2 |requer!cy
control determination § 0.2 ; corrections
4 < oaf ] I . L |
frequency | ... » stand-alone o R “Tu = s hu" !
generator DAQ _o1 ; H U ‘
. ) 02 ) ) e )
amplifier I 790 100 110 120 130 140 150 160 170 180
time after injection [s]
COSsy = ffcavity —,%en%‘—}polarimeter—»
beam
Il major achievement [Phys. Rev. Lett. 119 (2017) 014801]:
Error of phase-lock o4 = 0.21 rad J

At COSY freezing of spin precession not possible
— phase-locking required to achieve precision for EDM J
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Developments at COSY

Research achievements
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Measurement of EDM in a magnetic ring
First-ever direct EDM measurement using this method

@ If external E fields = 0 spin motion is driven by radial field ? = cﬁ X B induced
by relativistic motion in the vertical ? field, so that % o 7 X

@ But this yields only small oscillation of vertical component p, due to EDM.
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Measurement of EDM in a magnetic ring
First-ever direct EDM measurement using this method
@ If external E fields = 0 spin motion is driven by radial field ? = CF X B induced
by relativistic motion in the vertical ? field, so that % o 7 X
@ But this yields only small oscillation of vertical component p, due to EDM.

Problem

@ Momentum 1 1 spin
spin = spin kicked up

@ Momentum 1 | spin
= spin kicked down A Bobaaton win amprnade or 0%

@ = no accumulation of vert. asymmetry

Lenisa (Ferrara) EDM SEARCH HADRON2023 16/29



Measurement of EDM in a magnetic ring
First-ever direct EDM measurement using this method

@ If external E fields = 0 spin motion is driven by radial field ? = CF X B induced
by relativistic motion in the vertical §> field, so that % o 7 X
@ But this yields only small oscillation of vertical component p, due to EDM.

Problem
@ Momentum 1 1 spin
spin = spin kicked up
@ Momentum 1 | spin =
= Spin kicked down A tiny oscillations of vertical

polarization with amplitude of 104

@ = no accumulation of vert. asymmetry

phase lock between spin

Solution . RF-Wien fllter precession and RF Wien filter
LL

polarization build-up

@ Lorentz force: ?L = q(? +V x 3) =0
@ B=(0,B,,0)and E = (E, 0, 0)

polarization build up

vertical polarization
I »

- -

Lenisa (Ferrara) EDM SEARCH HADRON2023 16/29



Strength of EDM resonance

EDM induced polarization oscillation BB g, wsrosr

e A ——
@ Described by: py(t) = a sin(Q” t + ¢rF) %§ ¢ fa e
@ EDM resonance strength: ratio of Q” to *“‘/%\ \“2«,
orbital ang. frequency Q'®": 5PM — 2% R 5
\W@?@M?g

Lenisa (Ferrara) EDM SEARCH HADRON2023 17/29



Strength of EDM resonance

EDM induced polarization oscillation B BTG, W

i ./ P
@ Described by: py(t) = a sin(Q”t + ¢rr) £ Fa e
@ EDM resonance strength: ratio of ” to ‘?zs S,
orbital ang. frequency Q'®": 5PM — 2% B - Y
s e p

Methodology of EDM measurement
Two features simultaneously applied in the ring:
@ RF Wien-filter rotated by a small angle — generates small radial magnetic
RF-field — affects the spin evolution.
© In addition: longitudinal magnetic field in ring opposite to Wien-flter, about which
spins rotate as well

Concept of EDM measurement
@ Determination of the invariant spin axis
@ Deduce upper limit for deuteron EDM

o
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Effect of EDM and misalignments on invariant spin axis

EDM absence EDM effect Magnetic misalignm.

EDM tilts the invariant spin axis

@ Presence of EDM — £gpy > 0
— spin precess around the ¢ axis
— oscill. vert. polarization py(t)
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Measurement of EDM resonance strength using pilot bunch
RF Wien filter mapping
IV major achievement

@ Observation of p, (t) with two stored bunches: Signal and pilot bunch (PB)

Pilot bunch shielded from Wien-fillter RF by fast RF switches
— unperturbed spin precession — RF Wien-filter on resonance
Signal bunch contains EDM signal

@ Pilot bunch

°
2

°
8

8

Vertical Polarization

froad ot TVTATEI 'MW&“
i A
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Time /s

15

@ Signal bunch

g 01 i,
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P it N

~ \ N b, o MM:
% -01 e pr g R
5
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Time /s

e

Vertical Polarizati
°
s

@ No oscillations in pilot bunch.
@ Decoherence visible in signal bunch.
@ Determine oscillation frequencies 2 — Wien filter map 2V = 2
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Results from dEDM precursor experiment

EDM resonance strength map for 2V
@ Includes tilts of invariant spin axis due to EDM and magnetic ring imperfections. J

Preliminary result on static EDM
@ Determination of minimum via fit with
theoretical surface function yields:

WF (mrad) = - 2.05 +0.02
ngol (mrad) =+ 4.32 £0.06
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Results from dEDM precursor experiment

EDM resonance strength map for 2V
@ Includes tilts of invariant spin axis due to EDM and magnetic ring imperfections. J

Preliminary result on static EDM
@ Determination of minimum via fit with
theoretical surface function yields:

YWF (mrad) = - 2.05 +0.02
ngI (mrad) = + 4.32 +0.06

Extraction of EDM

@ Minimum determines spin rotation axis (3-vector) at RF WF, including EDM
© Spin tracking in COSY lattice — orientation of stable spin axis w/o EDM
© EDM s obtained from the difference of 1. and 2.

EDM analysis presently focused on systematics

@ Data analysis close to final & EDM results in preparation.
@ Goal: Describe observed tilts of stable spin axis by spin tracking

v
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Measurement of axion-like particle in storage ring
First-ever search for axion-like particles using this method

Axions and oscillating EDM
@ Axion: candidates for light dark matter (m, < 107% eV)
. . . : - 2 Aas
@ Axion interaction with ordinary matter: %F,WF,“,, %GWGW, {WV“%\U
() %GW GW — coupling to gluons with same structure as QCD-6 term
@ Generation of an oscillating EDM with freq. related to mass: fiw, = m,c?

Lenisa (Ferrara) EDM SEARCH HADRON2023

21/29



Measurement of axion-like particle in storage ring
First-ever search for axion-like particles using this method

Axions and oscillating EDM
@ Axion: candidates for light dark matter (m, < 107% eV)
. . . : - 2 Aas
@ Axion interaction with ordinary matter: %F,WF,“,, %G,WG,W, {ny“'yslll
() %GW GW — coupling to gluons with same structure as QCD-6 term
@ Generation of an oscillating EDM with freq. related to mass: fiw, = m,c?

Experimental approach

@ Mag. dipole moment (MDM) — spin prec. in B field — nullifies static EDM effect

@ Osc. EDM resonant condition (wa = ws) — buildup of out-of-plane spin rotation

rd
dr
oscillating EDM
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Experiment at COSY
Momentum ramps (f.,) searching for polarization changes

Expectation:

frev [hz)
1
I 505
RF .

30s
1355 constant | H
30s Srequeicy ramp! frequency Eeesissoiiy L T 7
constant 5 0 20 25
frequency ime [s]

Vertical polarizatior

@ Organization of frequency ramps. @ Jump of vertical polarization when
resonance is crossed, for wa = ws

Cover different oscillating EDM phases using multiple bunches

example plot

o004

oosft 1
~0%2H [
= 2 <
Zoot S |
B |

AR /AA

002]
003

spin refative to oodf
radial direction ) 5 7 3 + 5 3
varying

@ ¢, not known — use perpendicular @ LR asymmetry for one cycle and four
beam polarization with 4 bunches. bunches simultaneously orbiting.
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Bound on oscillating EDM of deuteron

m, [neV/c?]
0.497 0.498 0.499 0.500 0.501 0.502

|dgc] [x10723e - cm]

2 —— Ap=0.112 [MeV/c]
—— Ap=0.138 [MeV/c]

0+ T T T T T T T
120.0 120.2 120.4 120.6 120.8 121.0 121.2 121.4
fac [kHz]
Observed oscillation amplitudes from 4 bunches

@ 90 % CL upper limit on the ALPs induced oscillating EDM
@ Average of individual measured points dac < 6.4 x 1072 e cm
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Bound on ALP-EDM coupling

jkr[Hﬂ

104 102 10° 10 10 10° 108 100 102

JEDI|gaa, |

nEDM

1072+ T — T T — T
1072 107 107% 0% 1072 1070 10 10 107t 1072

m, [eV/c
Coupling of ALP to deuteron EDM

@ Obtained limit of gy < 1.7 x 10~7 GeV? during few days of data taking
@ Accepted for publication on Phys. Rev. X
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Next steps J
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Strategy: staged approach to a storage ring for precision physics

On the basis of the preparedness of the required technological developments )
Stage 1 Stage 2 Stage 3
precursor experiment prototype ring dedicated storage ring

at COSY (FZ Jilich)

e magnetic storage ring e electrostatic storage ring e magic momentum
e simultaneous O and ) beams (701 MeV/c)
now 5 years 10 years
oepm/(€ - cm)

| | | | | | | | | | | | |
10517 1078 10510 1072 1021 10722 10" 1ol 19l 19i% 1077 10" 10"

Project stages and time frame )
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Next step: Stage 2: Prototype EDM storage ring (PSR)

Build demonstrator for charged particle EDM

@ Project prepared by CPEDM working group (CERN+JEDI)
@ P.B.C. process (CERN) & European Strategy for Particle Physics Update

100 m circumference
@ p at 30 MeV all-electric CW-CCW beams operation
@ Frozen spin including additional vertical magnetic fields

ooF

- g m=»
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Next step: Stage 2: Prototype EDM storage ring (PSR)

Build demonstrator for charged particle EDM
@ Project prepared by CPEDM working group (CERN+JEDI)
@ PB.C. process (CERN) & European Strategy for Particle Physics Update

100 m circumference
@ p at 30 MeV all-electric CW-CCW beams operation
@ Frozen spin including additional vertical magnetic fields

o P 5 Challenges - open issues

-— gm=>

All electric & E-B combined deflection

Storage and spin-coher. time in elec. machine
CW-CCW operation

Orbit control

Polarimetry

Magnetic moment effects

Stochastic cooling

v

Primary purpose of PSR
@ Study open issues and perform first direct proton EDM measurement.

)
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Summary

EDM searches in Storage Rings
@ Outstaning science: high discovery potential in fundam. phys. and cosmology
@ Important developments in accelerator technology
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Summary

EDM searches in Storage Rings
@ Outstaning science: high discovery potential in fundam. phys. and cosmology
@ Important developments in accelerator technology

Technological achievements and new methodologies
@ > 1000 s spin-coherence time
@ Precise determination of spin-tune
@ Phase locking of spin-precession
@ Pilot bunch method

Research achievements

@ First ever measurement of deuteron EDM using a storage ring
@ First-ever search for axion-like particles using a storage ring
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Summary

EDM searches in Storage Rings
@ Outstaning science: high discovery potential in fundam. phys. and cosmology
@ Important developments in accelerator technology

Technological achievements and new methodologies
@ > 1000 s spin-coherence time
@ Precise determination of spin-tune
@ Phase locking of spin-precession
@ Pilot bunch method

Research achievements

@ First ever measurement of deuteron EDM using a storage ring
@ First-ever search for axion-like particles using a storage ring

Staged approach to face challenges in accelerator technology

@ Design of a small-scale prototype ring
@ ERC-AJG submitted on 23.05.23
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