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Baryon to Photon Ratio:

𝜼 =
𝒏𝑩 − 𝒏ഥ𝑩

𝒏𝜸
≈ 𝟓 ⋅ 𝟏𝟎−𝟏𝟎

𝒏𝜸 ≈ 𝟎. 𝟒/𝒎𝒎𝟑

𝒏𝑩 ≈ 𝟎. 𝟐/𝒎𝟑

𝒏ഥ𝑩 ≈ 𝟎

Achim Stahl. May 22nd, 2019



6Achim Stahl. May 22nd, 2019



• The Fate of antimatter – Introduction

• EDM: Experimental Method

• Electrostatic Storage Rings

• Experimental Strategy and Goals
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annihilated
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a tiny fraction of matter survived
(approx. 1 particle in 109)
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our universe
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1. Baryon-Number Violation

2. CP-Violation

3. Thermal Non-Equilibrium

A.D. Sakharov, „Violation of CP invariance, C asymmetry, and baryon 
asymmetry of the universe”, Journal of Exp. and Theo. Physics Letters 
5 (1967) 24 – 27.

Necessary condition for any model
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B, L

Vacuum-
energy

≈ 7 Te𝑉

Standard Model !

Electroweak phase transition: 𝑇 ≈ 100 Ge𝑉
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𝐾0-System 𝐵-System

But: 𝜼 =
𝒏𝑩−𝒏ഥ𝑩
𝒏𝜸

too small !

Standard Model !
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In equilibrium:

ҧ𝐴 ⟺ 𝐵
antimatter ⟺ matter      .

CPT ensures equal rates

Out-of equilibrium:

new phase

old phase

𝒏𝑩 = 𝒏ഥ𝑩
(sphalerons)

ҧ𝐴

𝐴

Matter excess created in the walls between the phases
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1. Baryon-Number Violation

2. CP-Violation

3. Thermal Non-Equilibrium

theoretical ideas

several solutions

not enough !

A.D. Sakharov, „Violation of CP invariance, C asymmetry, and baryon 
asymmetry of the universe”, Journal of Exp. and Theo. Physics Letters 
5 (1967) 24 – 27.

More CP-violation needed !
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Leptogenesis

Process started with leptons

Baryogenesis

Process started with baryons

More CP-violation needed

here ? here ?

hint for leptogenesis hint for baryogenesis
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Leptogenesis

Process started with leptons

Baryogenesis

Process started with baryons

Neutrino-Oscillations

Experimental search for new sources of CP-violation

Electric
Dipole Moments
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Ԧ𝑆 ⋅ Ԧ𝑑 ⟺ − Ԧ𝑆 ⋅ Ԧ𝑑
T

Spin EDM

T
+
−

+
−

Spin:  Ԧ𝑆

EDM: Ԧ𝑑

EDM violates T
CPT  violates CP
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T-Violation in QCD: Prefer one over the other

T
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T
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g
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• Field exerts a 
torque on the spin
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• Field exerts a 
torque on the spin

• Spin precesses
around the field
direction
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Problem: Magnetic effect much larger !

eliminate magnetic fields
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𝐹𝑒𝑙 = 𝐹𝑍

+

−



𝜔 =
𝑒

𝑚𝑝
𝑎𝑃𝐵 +

𝛾2

1 − 𝛾
− 𝑎𝑝 Ԧ𝛽 ×

𝐸

𝑐
+
𝑑

2
Ԧ𝛽 × 𝐵 +

𝑑

2

𝐸

𝑐
𝑎𝑃 =

𝑔𝑃 − 2

2

Thomas BMT-Equation:

For protons: 700.7 MeV/c

negligible

If zero: magic momentum
frozen spin
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EDM  0 B  0 EDM

Counter-rotating beams: Identifies false signal from B-field
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Beam-separation through B-field
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Perfect Dipole:

𝐸 = 𝐸0 Ƹ𝑒𝑟
𝜑 𝑟 = 𝜑0 𝑟 − 𝑟0

Nominal field: 10 MV/m

(+/- 200 kV over 4 cm)

𝑟
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Finite Element Analysis

+𝑈0 −𝑈0

0 V

Poisson‘s equation: ∆𝜑 𝑥, 𝑦 =
𝜌

𝜀0

Plates:  metallic surfaces with
const. potential
(boundary condition)
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Finite Element Analysis

+𝑈0 +𝑈0

0 V

Poisson‘s equation: ∆𝜑 𝑥, 𝑦 =
𝜌

𝜀0

Plates:  metallic surfaces with
const. potential
(boundary condition)

𝜑 𝑥, 𝑦
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Finite Element Analysis

−𝑈0 +𝑈0

0 V

Poisson‘s equation: ∆𝜑 𝑥, 𝑦 =
𝜌

𝜀0

Plates:  metallic surfaces with
const. potential
(boundary condition)

𝐸𝑥 𝑥, 𝑦 𝐸𝑦 𝑥, 𝑦

𝐸 = −𝛻𝜑

0…15 MV/m -15…+15 MV/m
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Simple Capacitor Field Cage

𝜑 𝑥, 𝑦 𝜑 𝑥, 𝑦
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𝜑𝑄 Ԧ𝑟 = 2𝑈𝑄
𝑥2 − 𝑦2

𝑑2

𝐸𝑄 Ԧ𝑟 =
4𝑈𝑄
𝑑2

−𝑥, 𝑦, 0
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Electric field fixed by potential:

𝐸 = −𝛻𝜑 Ԧ𝑟

Potential can be fixed by metal strips
𝜑 Ԧ𝑟𝑖 = 𝑈𝑖

Advantage:
• Arbitrary shape of field cage

Disadvantage:
• Need many different voltages
• Finite granularity of field strips
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𝜑 𝑥, 𝑦
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𝐸𝑥 𝑥, 𝑦 𝐸𝑦 𝑥, 𝑦
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𝐸𝑥 𝑥 𝐸𝑦 𝑦

−5mm −5mm5mm 5mm

180 kV/m

−180 kV/m −180 kV/m

180 kV/m
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Poisson‘s equation is linear: 𝛻 ⋅ 𝐸 =
𝜌

𝜖0

 potential and electric fields super-impose

Combined Function: 𝐸𝑐.𝑓. = 𝐸Dipole + 𝐸Quadrupole + ⋯

 strips:   𝑈𝑠𝑡𝑟𝑖𝑝 = 𝑈𝐷𝑖𝑝𝑜𝑙𝑒 + 𝑈𝑄𝑢𝑎𝑑𝑟𝑢𝑝𝑜𝑙𝑒+…
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Combined Function: 𝐸𝑐.𝑓. = 𝐸Dipole + 𝐸Quadrupole + ⋯

 strips:   𝑈𝑠𝑡𝑟𝑖𝑝 = 𝑈𝐷𝑖𝑝𝑜𝑙𝑒 + 𝑈𝑄𝑢𝑎𝑑𝑟𝑢𝑝𝑜𝑙𝑒+…
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𝜑 𝑥, 𝑦

𝑈𝐷𝑖𝑝𝑜𝑙𝑒 = 2 𝑥 157.5 𝑘𝑉

𝑈𝑄𝑢𝑎𝑑𝑟𝑢𝑝𝑜𝑙𝑒 = 2 𝑥 50 𝑘𝑉



Dipole

Quadrupole
Quadrupole

fringe fields !

Achim Stahl. May 22nd, 2019 50

Dipole



Dipole

Quadrupole

Achim Stahl. May 22nd, 2019 51

Combined Function



Dipole

Quadrupole
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Combined Function

Quadru
pole



Achim Stahl. May 22nd, 2019 53



Achim Stahl. May 22nd, 2019 54



Precursor @ COSY 

Forschungszentrum Jülich

Ongoing

 Magnetic storage ring

 Limited E-field in RF Wien filter

Prototype Ring 

Forschungszentrum Jülich

Could start soon

 Electrostatic storage ring

 𝑝 ≈ 35 MeV/c (non-magic)

 Counterrotating beams
or

frozen spin

Magic Ring 

Open Site

Final step

 Electrostatic storage ring

 Magic momentum

 Counterrotating beams
and frozen spin
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Scientific Motivation

• Fate of Antimatter

• 𝜃-puzzle of QCD

−𝜃
𝑛𝑓𝑔

2

32𝜋2
𝐺𝜇𝜈
𝑎 ෨𝐺𝑎,𝜇𝜈 𝜃 < 10−10 ?

• Dark Matter:
Oscillation EDMs from
axion fields
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−𝜃
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COSY
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COoler SYnchrotron (COSY) at 

Forschungszentrum Jülich (Germany)
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 Cyclotron as injector

 45 MeV H-, 76 MeV D- via stripping 

injection

 ~1011 protons/deuterons per injection

 Polarized (p,d) beams up to 3.7 GeV/c
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 100 keV and 2 MeV electron cooler

 Stochastic cooling

 RF spin manipulation

 Internal and external target places

at COSY and injector cyclotron

 Worldwide unique facility for spin physics
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𝜏𝑆𝐶𝑇 = 782 ± 117 s
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RF-solenoid
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Data: Nov./Dec. 2018
work in progress!



Achim Stahl. May 22nd, 2019 69

Outlook

• First limit on d-EDM (10−20 𝑒 ⋅ 𝑐𝑚 ?)

• First measurement of oscillating EDM

• Work with protons
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 Small ring (~ 100 m circumference)

 All-electric ring

 Counter-rotating beams

 Frozen spin

 Measurement of p-EDM

E + B

𝐸𝑘𝑖𝑛 = 45 MeV
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 Small ring (~ 100 m circumference)

 All-electric ring

 Counter-rotating beams

 Frozen spin

 Measurement of p-EDM

𝐸𝑘𝑖𝑛 = 30 MeV

E 
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Cyclotron

COSY
30 MeV all-electric p ring

 Storage time
 CW/CCW operation
 Spin coherence time
 Polarimetry
 Phase space cooling
 mp effects

Option: add B-field, 45 MeV

 pEDM measurement
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 Magic momentum:

𝑝 = 701 MeV/c 𝐸𝑘𝑖𝑛 = 233 MeV

 All-electric

 Counter-rotating beams

 Frozen spin

 Measurement of p-EDM

(static and oscillating)

• Design in progress
(systematic limitations!)

• Many new ideas

• Site-open studies

• Ultimate sensitivity !
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Thanks
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• EDM: Window to CP-Violation

• Proton: longterm improvents

• Interesting experimental challenges

New collaborators welcome
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glass plate
1mm

inner strip
2mm x 200m

outer strip
2mm x 1mm

+157.5 kV -157.5 kV

𝟏𝟔

𝟏𝟓
𝑼𝒅

𝟏𝟒

𝟏𝟓
𝑼𝒅 −

𝟏𝟔

𝟏𝟓
𝑼𝒅… … …
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A. 𝟎. 𝟏𝐦𝐦 left

B. 𝟎. 𝟐𝐦𝐦 up

C. voltage -0.1%

D. −𝟏𝟓𝟎 𝑽

D. −𝟏𝟓𝟎 𝑽𝚫𝐄𝐱
/𝐄𝐱 𝟎, 𝟎

𝚫𝐄𝐱 𝟓𝒎𝒎 /𝑬𝒙 𝑬𝒚/𝑬𝒙
(5mm, 5mm)

nom 0.000 % -0.024 % -5500 V/m

A 0.058 % -0.045 % -7000 V/m

B 0.001 % -0.022 % + 6500 V/m

C -0.045% -0.028 % -5700 V/m

D 0.003 % -0.020 % +6800 V/m

Impact of imperfections on the field

Mechanical percision: better than 0.1 mm
Voltages better than 10−3



Achim Stahl. May 22nd, 2019 80

𝐸𝑥(x)

−5mm +5mm

−66,3 kV/m

−68,1 kV/m

nominal field:
10.5 MV/m

Δ𝐸

𝐸
= 10−4

−3mm +3mm

𝑦 = 0 mm
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𝐸𝑥(x)

−5mm +5mm

−62,4 kV/m

−66,4 kV/m

nominal field:
10.5 MV/m

Δ𝐸

𝐸
= 10−4

−3mm +3mm

𝑦 = 5 mm

𝐸𝑥(𝑥 = 0)
𝑦 = 0 mm −66.3 kV/m

𝑦 = 5 mm −62.0 kV/m
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𝐸𝑦(x)

−5mm +5mm

4.5 kV/m

−4.5 kV/m

nominal field: 0

𝐸𝑦

𝐸𝑥
= +2 ⋅ 10−4

−3mm +3mm

𝑦 = 5 mm

𝐸𝑦

𝐸𝑥
= −2 ⋅ 10−4
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Steel disks every 10 cm (?)
electrodes glued into stiff plates
might need stiffeners inside plates



Achim Stahl. May 22nd, 2019 85

ground mesh

electronics
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Piezo-Actuators ?
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Not to scale

Laser alignment system used for example in CMS (Stefan Schael)
• IR-Laser (amplitude modulated)
• Si-strip detectors detect beam
• Metal layers removed for transmission of IR-beam

2 systems: above & below deflector
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Beam pipe
• Steel pipe
• ID 15 cm
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Beam pipe
• Steel pipe
• ID 15 cm
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High Temperature
Superconductor
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Polyurethane foam
15 cm shown

(LNG cargo uses 25 cm)
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FINEMET
Nanocrystaline

Soft Magnetic Material
𝜇𝑟 = 30000…100000



Systematics
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