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Search for permanent electric dipole moments 
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Unsolved Mysteries: Beyond the Standard Model

1. Why do we observe matter and almost no antimatter if 

we believe there is a symmetry between the two in the 

universe? 

2. What is this "dark matter" that we can't see that has 

visible gravitational effects in the cosmos?

3. Why can't the Standard Model predict a particle's mass?

4. Are quarks and leptons actually fundamental, or made up 

of even more fundamental particles? 

5. Why are there exactly three generations of quarks and 

leptons? How does gravity fit into all of this? 
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From http://particleadventure.org/beyond_start.html



Physics: Observed Baryon Asymmetry
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Carina Nebula: Largest-seen star-birth regions in the galaxy

ὲ ὲ Ⱦὲ

Observed φȢρρ πȢρω ρπ WMAP+COBE (2003)

SM exp. ρͯπ

Å Search for new physics beyond the standard model

Å Mystery of missing antimatter addresses the puzzle of our existence

Why this strange number? Why not zero?



Physics: Baryogenesis

Ingredients for baryogenesis: 3 Sakharov conditions
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(1967)
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Permanent EDMs violate both ╟and ╣symmetry.

Assuming ╒╟╣to hold, ╒╟violated also.

Not Charge symmetric

▀ (aligned with spin)

EDMs: Discrete Symmetries

m: MDM

▀: EDM
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EDMs: Naive estimate of the nucleon EDM scale

Å╒╟& ╟conserving magnetic moment nuclear magneton Ⱨ╝

‘
Ὡ

ςά
ρͯπ ÅÃÍ

ÅA non-zero EDM requires

Åὖviolation: the price to pay is ρπ , and

Åὅὖviolation (from K-decays): the price to pay is ρπ

Å In summary:

Å In SM (without—term): 
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Khriplovich & Lamoreux (1997); Nikolaev (2012)

ᵼRegion to search for BSM physics — π:

ἭἫἵ ▀╝ ἭἫἵ

▀╝ Ⱨ╝ ἭἫἵ

▀╝
ἡἙ ἭἫἵ



Search for Electric Dipole Moments (EDM) of fundamental particles

Adapted from: 

Nature, Vol 482 (2012)

Example: Neutron (nEDM)

EDMs: Precision Frontier
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Future goal



EDMs are tiny!

Present upper limit nEDMᴼ
separation diameter of a thin hair ( ρπ‘Í)

Nucleon          Earth 

1
 fm

EDMs: Precision Frontier

fm
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Measurement principle: Neutral particle EDM 
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Particle in ground state:▼

▀
m
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║ ╔

‫
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Ὤᵼ‫ ‫
τὨὉ

Ὤ

1. Reverse Ὁ

2. Keep ὄthe same

One challenge: Shield external sources of B to levels ὄ ρÎ4.



J.M. Pendlebury: ĂnEDM has killed more theories than any other single expótñ
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Physics Potential of EDMs

ᴺ▀ἸἺἷἼἷἶɇ

ᴺ▀ἭἴἭἫἼἺἷἶɇ

ᴺ▀ἶἭἽἼἺἷἶɇ



EDM searches: Up to now only upper limits (in ἭÖἫἵ) 
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Particle/Atom Current EDM Limit Future Goal

Electron ψȢχɇρπ

Muon ρȢψɇρπ

Neutron <σɇρπ ~ρπ

ἒἯ <σȢρɇρπ ~ρπ

ἦἭ <φɇρπ ~ρπ ɀρπ

Proton <χȢωɇρπ ~ρπ

Deuteron ? ~ρπ

Physics: Present limits of EDMs

Large effort on worldwide scale to improve limits and to find EDMs

ÅNo direct measurements of electron (4È/molecule) or proton ( (Ç) EDMs

ÅNo measurement at all of deuteron EDM



P. Harris, K. Kirch é A large worldwide effort

new

Physics: Ongoing/planned Searches
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Prospects of charged particle EDMs:
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ÅNo direct measurements of charged hadron EDMs

ÅPotentially higher sensitivity than neutrons

Åprotons/deuterons are stable

Åmore stored polarized protons/deuterons

Ålarger electric fields

ÅApproach complimentary to neutron EDM

ÅEDM of a single particle not sufficient to identifyὅὖὠsource

ÅὨ Ὠ Ὠ ᵼaccess to—

Charged particle EDM experiments potentially

provide a higher sensitivity than, e.g., nEDM

ȩ
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For transverse electric and magnetic fields in a ring, the

anomalous spin precession is described by Thomas-BMT equation: 

Magic condition: Spin along momentum vector

1. For any sign ofὋ, in a combined electric and magnetic machine

Ὁ Ὃὄὧ‍‎, where Ὁ ὉÒÁÄÉÁÌand ὄ ὄÖÅÒÔÉÃÁÌ

2. ForὋ π(protons) in an all electric ring

Ὃ πᵼὴ χππȢχτ-Å6ȾÃ (magic)

Concepts for srEDM: Frozen spin Method

­ Magic rings to measure EDMs of free charge particles
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Å Place particles in a storage ring

Å Align spin along momentum (Ăfreezeñ horizontal spin precession)

Å Search for time development of vertical polarization
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Concept: Rings for EDM searches

New Method to measure EDMs of charged particles:

Å Magic rings with spin frozen along momentum

Å Polarization buildup╟◐ ◄ͯ▀

‫ π

Ὠᴆί

Ὠὸ
ᴆὨ Ὁ



A magic storage ring for protons (electrostatic), deuterons, é
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particle ▬ἙἭἤȾἫ ╣ἙἭἤ ╔ἙἤȾἵ ║ ἢ

proton Ȣ Ȣ Ȣ

Concepts: Magic Storage ring

Possible to measure▬, ▀, ἒἭusing one machine with ὶͯ ςυm

B

deuteron Ȣ Ȣ Ȣ

ἒἭ 280.0 Ȣ Ȣ

‫ π

Ὠᴆί

Ὠὸ
ᴆὨ Ὁ



Goal: provide„ to the same level

ⱭἻἼἩἼ
╝ɇ█ɇⱲɇ╟ɇ═◐ɇ╔

ᵼⱭἻἼἩἼὁἭἩἺ ἭɇἫἵ

Å High precision, primarily electric storage ring

Åalignment, stability, field homogeneity, and shielding from

perturbing magnetic fields

Å High beam intensity (ὔ τɇρπÐÅÒÆÉÌÌ)

Å Stored polarized hadrons (ὖ πȢψ)

Å Large electric fields (Ὁ ρπ-6ȾÍ)

Å Long spin coherence time († ρπππÓ)

Å Efficient polarimetry (ÁÎÁÌÙÚÉÎÇÐÏ×ÅÒὃ πȢφȟὪ πȢππυ)
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Concept: Experimental requirements



Magnetic fields:

ÅRadial fieldὄ mimics EDM effect when‘ ὄ Ὠ Ὁ

ÅWithὨ ρπ ÅɇÃÍin a field ofὉ ρπ-6ȾÍ,

ὄ
ɇ

Ȣ ɇ Ⱦ
σȢρɇρπ 4

Å Solution: Use two beams simultanously, clockwise (CW) 

and counter-clockwise (CCW), the vertical separation of

the beam orbits is sensitive toὄ.  

f.rathmann@fz-juelich.de Search for permanent Electric Dipole Moments 19

Concept: Systematics

Use CW and CCW beams to tackle systematics



2 beams simultaneously rotating in an all electric ring (CW, CCW)
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Concepts:  Beat the systematics

CW CCW

Polarization ╟◑

EDM ▀ ╔

Sokolov-Ternov

Gravitation

CW & CCW beams cancel many systematic effects



ÅSplitting of beam orbits: ‏ώ ρɇρπ Í

Åὗ πȢρdenotes the vertical betatron tune

ÅModulateὗ ὗ ρ άÃÏÓ‫ ὸȟwith ά πȢρ

ÅSplitting corresponds toὄ πȢτɇρπ Æ4

Å In one year of measurement: ρπfills ofρπππÓeach

ᵼ „ πȢτɇρπÆ4per fill

f.rathmann@fz-juelich.de Search for permanent Electric Dipole Moments 21

Concept: Systematic Orbit splitting (Dave Kawall) 

Required sensitivity ϳρȢςυÆ4(Ú, achievable only with 

state-of-the-art SQUID magnetometers.



Recent Progress: Magnetic shielding

Next generation nEDM experiment under development at TUM (FRM II):

Å Goal: Improve present nEDM limit by factor ρππ.
Å Experiment shall use multi-layer shield.

Å Applied magnetic field: " ρɀςȢυ‘4.
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J. Appl. Phys. 117 (2015)

At mHz frequencies, damping of ὄ ρɇρπachieved



A

AS
C

one particle with 

magnetic moment 

ñspin tuneò

ñspin closed orbit vectoròCOnĔ

spn2
AS¡
C

ring

makes one turn

stable polarization
S
C

if    Ɛ      
COnĔ
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Insert: Spin closed orbit and spin tune

Spin closed orbit

ς“‎Ὃ

The number of spin precessions per turn is called spin tune ⱨ▼



Challenge: Spin coherence time (SCT)
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We usually donótworry about coherence of spins alongὲ

At injection all 

spin vectors aligned (coherent)  

After some time, spin vectors get out of

phase and fully populate the cone

Polarization along 

ὲ not affected!

Situation very different, when you deal with ᴆὛṶὲ machines with frozen spin.

At injection all spin vectors aligned Later, spin vectors are out of

phase in the horizontal plane

Longitudinal polarization

vanishes!

COnĔ

In a machine with frozen spins the buildup time 

to observe a polarization ὖ ὸ Ὠ is limited by † .



EDM at COSY: COoler SYnchrotron

Cooler and storage ring for (polarized) protons and deuterons

▬ ȢɀȢἑἭἤȾἫ

Phase space

cooled internal & 

extracted beams

Injector cyclotron

COSY

é thespin-physics machine

for hadron physics
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é an ideal starting point

for EDM search
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turn spin

free precession

polarimeter

Spin coherence time: Experimental investigation

1. Vertically polarized deuterons stored in COSY at ὴ ρ .

2. The polarization is flipped into horizontal plane with RF solenoid (takes ςππÍÓ). 

3. Beam slowly extracted on Carbon target with ramped bump or by heating the beam.

4. Horizontal (in-plane) polarization determined from Up-Do asymmetry in the detector.

Need to keep track of event time and revolution time from turn to turn




