Measurement of the deuteron static and oscillating electric
dipole moment at the COoler SYnchrotron COSY

J. Pretz
RWTH Aachen & FZ Jilich
on behalf of the JEDI collaboration

RWTHAACHEN U
UNIVERSITY 9 JuLicH

Forschungszentrum

SSP2025, Nara, Japan, Sep 2025

1/55



5 ;
o std?age ring‘at Forschungszentru

'Iich
...-m,Qermany . ¥

'- Pﬁrar'zed'p@m%deuteron beam upt,_. e
ﬁlomen’tum of 3.7 GeVic. '

"n..‘r

o JEDI (Jiilich Electric Dipole morggnt N
InvestLgdf?)ns collaboration™ ."‘"2

w T sto\Bped operation in 2023 \I' Ega

e
.



| SSP 2018 ’Aachen, Ger?manv — SSP 2025 Nara

5

T8 s

st

Aachen Cathedral Todai-ji temple

both conference venues in walking distance from UNESCO world heritage site,
built at the same time
construction started in: 796 738

both cities where the capital and seat of the emporor at this time
3/55



Motivation

Standard Model of Particle Physics successful but . ..
@ Fails to explain matter-antimatter asymmetry in the universe
@ Why is CP-violation in the strong sector not present (although allowed)?
@ What does Dark Matter consists of?
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H=-d-E-ji-B

source:M. De Leo, Wikipedia
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Outline

@ Introduction:
Electric Dipole Moments and connection to axions/ALPs
@ Experimental Methods for charged particles
Observing and controlling spin precession
@ Experiments & Results:
on permanent & oscillating electric dipole moments
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Introduction




T and P violation of EDM

o H=-d-E—-ji B H=+d-E—ji-B
d: EDM
i

: magnetic moment (MDM) P
both || to spin §

§ . § -
H = —u°5.B-dS. E
'uS dS
T: H = —uf-é—l—df E
P H = —u°.Bydd . E
S H

= EDM measurement tests violation of fundamental symmetries P and 7 (CET CP) J
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Spin §

Electric Dipole Moments (EDM)

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
d = dpc + dac cos(wat + ¢a)

I77a(f2 — fhx}a

8/55



Axions/Axion Like Particles (ALPs)

hypothetical pseudo-scalar elementary particle postulated by
Peccei,Quinn,Wilczek,Weinberg to resolve the strong CP problem

axion are also Dark Matter candidates

axion like particles (ALP): similar properties as axions, (but ALPs don’t solve
the strong QCD problem)

huge experimental effort to search for axion/ALPs (haloscopes, helioscopes,
light shining through the wall, mainly coupling to photons)

in storage rings with polarized beams axion-gluon/nucleon coupling can be
studied
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Axion Coupling

-fﬁﬁ Eurv f%@ b 3b,uv flﬁ U ~HA~D
Y 9 f
oscillating
Electric Dipole Moment (0EDM) axion wind term

For low axion masses, if axions saturate dark matter they can be described by
, . ) 1
classical field: a(t) = ap cos(wat + a), MmMac? = hws, Coupling o £ ¢ Ma [1]
a
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studied by many
experiments
[1]

Axion Coupling

f%@ b b,y flﬂ U ~HAD
8r f aGWG A auaw,c’)/ Wy
[¢] f
oscillating
Electric Dipole Moment (0EDM) axion wind term

accessible in storage ring experiments
with spin polarized beams
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Experimental Methods



Experimental Method

Observe Spin Precession in electric and magnetic

fields: B B
L 1 )
. —dE— 4B oL S S
Q= —qu = s=Qxs =
S| 3
Order of magnitude:
Neutron in earth B-field: Qmpm ~ 9000s~! 4

)

Qi = Qupy + Qepyr Qi = Qupa — Qepar

dy=1x10"%%e.cm
in electric field E = 10’V/m:  Qgpm ~ 3 x 10785~

Even more complicated for charged particles: J

13/55



Experimental Method for charged particle: Storage Ring

build-up of vertical polarization s, o< d, if Shorz||p (frozen spin) |
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Experimental Method for charged particle: Storage Ring

In general:

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

build-up of vertical polarization s, o< d, if Shorz||p (frozen spin) |
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Spin Precession: Thomas-BMT Equation
ds <~ . —-ql.=

72 —1

= OvpMm = Qpp

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

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

Note: n=2-10""° for d = 1072%ecm, G ~ 1.79 (—0.14) for protons (deuterons)
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Spin Precession: Thomas-BMT Equation
ds

¥ — 2c

_&oz_ 9|,z 1 S DR -
dt—QXS—m[GB-l—(G z 1)V><E-|— (E+vxB)| x8

Owmpm = 0, frozen spin = dEDM
1

frozen spin achievable with pure electric field if G =

-1
works only for G > 0, e.g. proton

or with special combination of E, B fields and ~, i.e. momentum
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Spin Precession: Thomas-BMT Equation

s _ = —-q n o B

— & x B A B

at = | EF 2cl"VxB)
ZQMDM :QEDM

In COSY, only B-field available:
= spin precession due to MDM cannot be (completely) suppressed
= no macroscopic build-up of vertical polarisation component
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Spin Precession

@ Without EDM spin rotates around
y. B vertical y-axis

19/55



Spin Precession

@ Without EDM spin rotates around

vertical y-axis
EDM causes a tilt of invaraint spin

axis in radial x-direction of £ ~ %
This resluts in an oscillation of the

vertical polarisation component

0.2

0.1

120 kHz

vertical pol.
o
o

0 20 40 60 80 100
time in cycle/s
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Spin Precession

@ Without EDM spin rotates around
vertical y-axis

@ EDM causes a tilt of invaraint spin
axis in radial x-direction of £ ~ %

@ This resluts in an oscillation of the
vertical polarisation component

@ With an resonant spin kick
(provided by a rf Wien filter) a
macroscopic bulid-up of a vertical

polarisation can be achieved

0.3

vertical pol.
o o
N

o
o

o

20 40 60 80 100
time in cycle/s 21/55



Spin Precession

@ Without EDM spin rotates around
vertical y-axis

@ EDM causes a tilt of invaraint spin

ns

o . fen 1B
axis in radial x-direction of ¢ 5G

@ This resluts in an oscillation of the
vertical polarisation component

@ With an resonant spin kick
(provided by a rf Wien filter) a
macroscopic bulid-up of a vertical
polarisation can be achieved

@ Misalignments, ...lead to

additional tilt in precession plane in
x and z-direction
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Experiments & Results



Experiments at COSY

COSY circumference 183 m

deuteron momentum 0.970 GeV/c

B(v) 0.459 (1.126)

magnetic anomaly G ~ —0.143

revolution frequency fe.y 752543 Hz

cycle length 100-1500s | w0 W o
nb. of stored particles/cycle | ~ 10 releteny

JEDI collaboration,
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COler SYnchrotron 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
@ radio frequency Wien filter

@ (single bunch spin manipulation [3], Beam Position Monitors (BPMs) [4],
deflector [5], polarimeter [6], ...)

Results on:
@ permanent deuteron EDM
@ oscillating deuteron EDM
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Long Spin Coherence Time (SCT)

Long Spin Coherence time > 1000 s reached

nb. of turns
o 0. 200 400 600 BOO 1000 e
L 5 T B B B
3
D_ |-
8
g 0.8
N \\
5 L
< 06
s S~
— r \\.
8_ 0.4
g, \|/
JSaupyt = VG frev % 027
(b) £
(@] 07‘”H“HH\H\\HH\H
c 0 200 400 600 800 100012001400
time/s

[7] 26/55



Long Spin Coherence Time (SCT)

Long Spin Coherence time > 1000 s reached

nb. of turns
o 0., 200 400 600 800 1000
T [ L T T [ T '
8 1 f 4in=120 KHz precession
%— [ spin tune: Vs = Fepielrev
€ o4l o(v) =107 in100s
R 1 A\ 9
= Q=wr=10
£ 06 .
£ T
— \l\\'
E /
= 02
o
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time/s
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Spin Tune vs

phase ¢ [rad]

Av, [109]

Q
MDM ~~G

Spin tune vs = Q
rev

o(vs =vG) ~107"%in 100s
o(vs =vG)~10"8in2s
[8]

time t [s]

2630 a0 80
number of particle turns n [10%]

L
60

70
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Controlling 120kHz precession, ¢: phase between spin precession and rf-device

© B +
g g *-,. feedback off T
— = +4
3 2. "'+ +++-0-
= Eiw ., 4+
° = +e g0
E %
o = + 4 + VY IR,
@ 0 = 4‘.;:.-‘.‘0;’- ¢:'40! .‘9-;'; :;m::'w'o%'r‘o“'u‘ﬁm BEO 1,;0;”#*{;”* -”h -+#*
= = +, s
-1En -~ . feedback on
2 = o s
?I‘:’ +‘*
_3 :—:- ' .-0 ¥
E .E
= 03 E] frequency
I = corrections
802
=
oF
0.1
-0.2F

Polarisation feedback
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Radio frequency Wien filter

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

@ frequency range:
100 kHz-2MHz

o F=e(E+VxB)=0
= no incluence on
orbit, but on spin

i
Cutel

port for geodetics
I
3 4

101
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Towards deuteron EDM measurement

Observable: Build-up of vertical polarisation

da _ (nﬁ

dt = 2G + fsyst) Vo frev cos(@rel)

P , , , N
@ a= P—V , ratio of vertical to horizontal polarisation
H

@ WV,: amplitude of Wien filter spin kick per turn

@ ¢ = phase between WF and spin precession
-~ qh

e d= n—2mcs

@ - due to misalignments, field imperfections, . ..
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Slopes as a function of

@ Measured amplitude
would correspond to EDM

/ rad / turn

da

U frow dt

1

of ddeuteron of
1.6~ 10 "ecmorto e.q.
magnet misalignments of
O(mrad)

@ Result dominated by

' systematics. = EDM limit

SR

o 95% CL for deuteron of
o/ rad ~3-10"""ecm
(preliminary)

5
vl
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Comparison to other direct EDM measurements

Only other direct measurment of charged particle exists for muon

d G
BNL muon 95% CL 1.9%x10"%cm | ~ % — 0.001
JEDI deuteron EDM 95% CL | ~3 x 10~ cm ~0.14

e d
Note, sensitivity G

Deuteron result obtained with conventional storage ring, not designed for precision
measurments
= Dedicated storage ring (electric bending elements, © & © beams) needed

[11]
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Axion Searches |
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Back to Spin Motion in Storage Ring

ds = = = -
vl (QvpM + QEpM + Quwing) X S
vertical
~ . ;| longitudinal
MDM = —%GB, A
QEDM: _ﬁdch é, radial
Guina = —= 2 (noa(t)) A T
wind Sh of 0 )

d = dbc + dac cos(wat + o)
ocsillating EDM: dac = @ygaay x Cq
axion field: a(t) = ag cos(wat + ¥o)
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Principle of storage ring axion experiment

@ Axion field gives rise to
an effective
time-dependent 6-QCD
term

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

d = dpc + dac sin(wat + ¢a)

maCc?
Wg = 7i
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Properties of Method

@ AC measurement (i.e. systematics are under control)
@ axion wind effect enhanced in storage rings (Vparticle =~ C)

. 1 Cun S
med = _ﬁ Zifa (haoa(t)) 5
@ One can look for ALPs at a given mass given by Qypwm Or scan a certain mass

range by varying Qumpm
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Limits on Oscillating EDM dac, 90% CL

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

g @ a few days of beam time

gm QMDM 1 I”naC2

|o [+ ] = = — = f vV
2 or T 0T gry =Gk
%’

@ oscillating EDM < 6 x 10~23ecm

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

0 T T T T
120.0 120.2 120.4 120.6 120.8 121.0 121.2 121.4

fAC [kHz]
= Qmpm/(27)

published in PRX: [15]
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Axion Coupling to EDM operator gaq, (€.90. AxioryGIuon Coupling))
AC

("] = —
gad'y a
[Hz _ 3
10~ 102 100 wzfA( [10/w] 100 108 1010 1012 ao - 055 GeV/C“l

(Dark Matter is saturated

w0 JEDING. | by ALPs)
w7 ~ SN~ © assume no axion wind
°|'> o e Planck+BAO effect
3 @ yellow lines (parallel to
— 0 QCD axion lines): models
S with light QCD axion
o | @ JEDI limit comparable or
even better compared to
102 other experiments

070 1075 1079 104 1002 1000 105 100 107 102 o
mg [eV/c @ Limits from SN1987A,
Planck+BAO have strong

model dependence
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|Cn/ fal [GeV]

Axion Wind Effect: Coupling to Nucleons Cy/f,

Ac [Hz :
mf [ ]10* 107 1010

SIN(O]

Neutron star cooling

SNty @ storage ring experiments
particularly sensitive to
o & axion wind effect
| (B=0(1)
4P
10714 Q@@\@ -
10717 T T T T T T
10 10 1071 10 101 107 10

mq [eV/c
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Figure 90.
of Ciaran O’Hare [61], includes data from refs. [40,42,206,245255).
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2023 PDG:

90. Axions and Other Similar Particles
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Exclusion plot for ALP-neutron coupling as de:

t. Figure courtesy
The hadronic axion model

prediction is given in Eq. (90.11) with vanishing quark couplings, while the DFSZ model prediction
depends on tan 3 as is found in Eq. (90.12), giving the shaded yellow region above. Note that for
a fine-tuned value of tan 8 gan can be taken to zero. On the other hand, the neutron star cooling
constraints [254] also probe the axion-proton coupling g, at a comparable level (not shown), and
both g, and g, cannot simultancously be taken to zero in the DFSZ model.
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Next Steps




Towards a dedicated storage ring for EDM measurements

Momentum and ring radius for proton in frozen spin condition

0.05-

*  prototype ring .

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

——radius/m
e Pure electric ring:

p = 707MeV, bending radius~ 50 m at
E=8 MV/m

0.03-

By|/T

0.02-

* combined prototype ring:

0.01-
50 100 p = 300MeV, bending radius~ 9 m at

0.00 %50/ E=7 MV/m

o 2 4 6 8 10

|Er|/(MV/m)
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Different Options

©

1.) pure magnetic ring existing (upgraded) COSY

ring can be used,

2.) combined ring works for e, p, d, *He,

smaller ring radius

3.) pure electric ring no B field needed,

O, © beams simultaneously

S

lower sensitivity,
precession due to G,
i.e. no frozen spin
both £ and B

B field reversal for &, O
required

works only for particles

with G > 0 (e.g. e, p)
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Prototype Ring: Lattice & Bending Element

— @ operate electrostatic ring
f -\\“ @ store 10° — 100 particles for 1000 s
// \\ @ simultaneous © and © beams
- [ @ frozen spin (only possible with additional
<30m magnetic bending)

@ develop key technologies:
y" beam cooling, deflector, beam position
monitors, shielding ...
@ perform EDM measurement and
axion/ALP search

[16]

// @ develop and benchmark simulation tools
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Prototype Ring: Lattice & Bending Element

Electric field
electrodes

Magnetic coil
conductors
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Summary & Outlook



Summary & Outlook

Achievements at Cooler Synchrotron COSY at Forschungszentrum Jilich:

@ large spin coherence time — observing 120kHz spin precession — feedback
system on polarisation — build-up of vertical polarisation observed

@ first measurement of deuteron EDM
@ first search for axion-like particle in storage ring

@ precision limited because of magnetic storage ring
@ future: Dedicated storage ring needed
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EDM limits

Experimental Limit 1 SM(9ocp =0) mmm SUSY (@cp > a/n)

10—16

prel |ﬂn

10—20
1024
L ]

N 10—32

10—36

10740

10—44 |
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