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Permanent EDM in a System with Spin
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Magnetic Dipole Moment (MDM) Electric Dipole Moment (EDM)

• Predicted EDMs for the nucleons and leptons 
from SM are frustratingly small.
o The current EDM upper limits are orders of 

magnitude higher. No EDM has been observed so far.

• EDM violates 𝑃 and 𝑇 symmetries.
o If it exists (>SM), a 𝐶𝑃-violating new physics exists 

(under 𝐶𝑃𝑇 assumption).

• Current (direct) nEDM limit ~𝒪 10!"# 	𝑒 ⋅ cm.
• Current (indirect) pEDM limit ~𝒪 10!"$  𝑒 ⋅ cm.
• Target pEDM sensitivity: 10!"% 𝑒 ⋅ cm. EDM Snowmass WP: 2203.08103

https://arxiv.org/abs/2203.08103
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Physics Reach of Storage Ring pEDM at 10!"#	𝑒 ⋅ cm
1. Competitive sensitivity to new physics up to 1000 TeV.

2. Three orders of magnitude improvement in 𝜃!"#.

3. Sensitive to specific Baryogenesis models: ≈ 10$%&	𝑒 ⋅ cm in MSSM.

4. Best probe of Higgs CPV.
• Two-loop Higgs coupling: tan𝜙!" ≈𝒪 10#$ .
• x30 more sensitive than electrons with the same EDM.

5. Direct axion-like dark matter or fifth force search.
• Best experimental sensitivity at ultra-low frequency.
• Also sensitive to dark energy or vector DM with a different experimental knob.

• First-ever “direct” measurement/constraint of 𝑑'.
o With 10% improvement from the best current 𝑑& limit.
o Complementary to atomic & molecular and optical (AMO) EDM experiments.

E.g., complementary with the eEDM to sort out possible CPV sources.
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Muon 𝑔 − 2 at FNAL: Overlap
• Both first (2021.4) and second (2023.8) results made headlines.

• Muon 𝑔 − 2 and pEDM have a lot in common.
o Storage ring spin precision measurement.
o Magic momentum (𝑝( = 3.09	GeV, 𝑝' = 0.7	GeV/c).
o Similar cost of the experiment.
o Many pEDM Snowmass WP coauthors are from the muon 𝑔 − 2.
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Snowmass 2021
• Storage Ring pEDM White Paper: 2205.00830.

• Many coauthors are from the Muon 𝑔 − 2.
• Snowmass talks:

o Snowmass Cincinnati (2022) talk by Yannis 
K. Semertzidis.

o Snowmass Seattle (2022) talk by On Kim.

• Snowmass 2021 encourages BNL and 
the srEDM collaboration to come up 
with a technically strong proposal.
o CDR is being written.

https://arxiv.org/abs/2205.00830
https://indico.fnal.gov/event/51844/contributions/240028/
https://indico.fnal.gov/event/22303/contributions/246040/
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Storage Ring pEDM Experiment in a nutshell
• The method proposed by Y. K. Semertzidis et al.: PRL 93. 052001.
• Frozen-spin method:

o Without EDM: the spin is “frozen” to the momentum.
o With EDM: the spin precesses vertically.

Spin precession frequency with respect to momentum (𝜔)).
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Electric ring (𝐵 = 0)

Magic momentum (𝑝' ≡ 𝑚/ 𝐺)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.93.052001
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Storage Ring pEDM Experiment in a nutshell
• Vertical polarization measurement by the polarimeter.

o Gradually hit the proton beam to the polarimeter target.
o Due to spin-dependent elastic scattering, the left-right asymmetry gives 

information on average vertical polarization. 
o Target sensitivity 𝑑' = 10$%*	𝑒 ⋅ cm corresponds to 1 nrad/s vertical 

precession rate.
o ~1 year of data accumulation to achieve the target statistics.

• As an ultra-high precision measurement,
understanding/controlling systematic uncertainties counts a lot.
o Field errors, beam distribution, geometrical phases, closed-orbit planarity, etc.

Left

Right
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Systematic Effects
• Vertical spin precession can arise from various systematic sources (false EDM).

𝛚6 = −
𝑞
𝑚

𝐺𝐁 − 𝐺 −
𝑚"

𝑝"
𝛃	×	𝐄 +

𝜂
2
𝐄 + 𝛃	×	𝐁

Any of

1. Radial magnetic field (𝐵+) : ~10	aT
2. Vertical electric field (𝐸,)  : ~1	nV/m

3. Vertical velocity (𝛽,)        : ~1	nm (vertical misalignment of magnetic quadrupoles)

can induce a false EDM signal of 1	nrad/s.

• The field/misalignment requirements are highly stringent and technically challenging.
• There are other systematic effects, but the above three are the dominant ones.

1 2, 3



Symmetries against systematic errors
• Clock-wise (CW) vs. Counter-Clock-Wise (CCW)

• Eliminates vertical Electric field background

• Hybrid lattice (electric bending, magnetic focusing)
• Shields against background magnetic fields

• Highly symmetric lattice (24 FODO systems)
• Eliminates vertical velocity background

• Positive and negative helicity
• Reduce polarimeter systematic errors 

• Flat ring to 0.1 mm, beams overlap within 0.01 mm
• Geometrical phases; High-order vertical E-field 8

From Yannis K. Semertzidis
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Counter-Rotating Beams: Killing 𝐸! Effect
• Some systematic false EDM signals tend to point in the same direction in the counter-

rotating (CR) beams.

• Vertical electric field effect is one of them and thus can be suppressed by CW & CCW 
beams.

d𝑆,
d𝑡 -#.

=
1
2
d𝑆,
d𝑡 "/

−
1
2
d𝑆,
d𝑡 ""/

• The lattice should be an electric ring to store the CR beams.
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Hybrid Lattice: Killing 𝐵" Effect
• The originally proposed lattice is an all-electric ring.
• One of the primary efforts to mitigate the radial magnetic 

field effect was to develop a beam position monitor (BPM) 
using a superconducting quantum interference device 
(SQUID): ~10	fT/ Hz sensitivity for a state-of-the-art 
SQUID-based BPM.

• Later, S. Hacıömeroğlu and Y. K. Semertzidis proposed a 
novel way of using natural shielding with magnetic focusing: 
PRAB 22, 034001 (2019).
o Alternative-gradient (a.k.a strong focusing) FODO cells to store the 

CR beams.

https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.22.034001
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Symmetric Lattice: Killing 𝛽! Effect

• Vertical velocity may not average out in bending regions 𝛽, 0123425 ≠ 0  if the quadrupoles are not 
perfectly aligned vertically.

• Vertical orbit corrugation exists unless we have flat closed-orbit planarity.

• The radial polarization (𝑠6 = 1) maximizes the effect. Symmetry is a key to suppressing it!
o Vertically misalign one quadrupole at a time by 100	µm. Z. Omarov et al., PRD 105, 032001 (2022)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.032001


On Kim (okim@olemiss.edu) Brookhaven Forum 2023 2023 Oct. 4th             12 

Combined Systematic Effects
• Symmetric-hybrid + CR beams suppress all the dominant systematic effects.

All systematic effects combined. Filtering out false EDM. Misalignment and the beam separation.

Z. Omarov et al., PRD 105, 032001 (2022)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.032001
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Storage Ring Probes of DM/DE
• Couplings with dark matter (DM) and dark energy (DE).

o ALP or vector DM gradient (𝑔)77∇𝑎 ⋅ W𝜎7) ⇒ anomalous longitudinal oscillating 𝐵 field.
o DE gradient ⇒ anomalous longitudinal 𝐵 field.

𝛚#.(𝑡) ∝ cos 𝑚)𝑡 𝛽̂, 𝛚#- ∝ 𝛽̂

o Projected sensitivity assuming the radial initial polarization.
DE gradient DM gradient

P. Graham and S. Rajendran, PRD 88, 035023 (2013)
P. Graham et al., PRD 103, 055010 (2021)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.035023
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.055010
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Storage Ring Probes of DM/DE
• Couplings with dark matter (DM) and dark energy (DE).

o ALP-EDM (𝑔)78𝑎 W𝜎7 ⋅ 𝐄) ⇒ oscillating EDM at 𝑚).
For the QCD axion: 𝑑7

!"# ≈ 10$9: cos 𝑚)𝑡 	𝑒 ⋅ cm.
𝛚;<=$-#. ∝ cos 𝑚)𝑡 W𝑥

P. Graham and S. Rajendran, PRD 88, 035023 (2013)
P. Graham et al., PRD 103, 055010 (2021)

ALP-EDM coupling

• Storage ring probes of axion-induced oscillating EDM.
S. Chang et al., PRD 99, 083002 (2019)

• Complementary method using an RF Wien filter.
On Kim and Y. Semertzidis, PRD 104, 096006 (2021)

• Parasitic measurement with pEDM experiment.
o Low frequency: Periodogram analysis.
o High frequency: Resonant RF Wien filter.

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.88.035023
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.055010
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.99.083002
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.104.096006
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Search for Axion Forces with pEDM
• Probe axion-mediated spin precession from nucleon sources.

P. Agrawal et al., PRD 108, 015017 (2023).
𝑔!
!𝑔"#

𝑎

Also look at 2210.14959 and 2105.03422 for references.

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.108.015017
https://arxiv.org/abs/2210.14959
https://arxiv.org/abs/2105.03422
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pEDM: Where It Stands
• BNL funded the cost estimate of the project at the AGS ($140-190M) to build and 

commission the experiment in the AGS tunnel. Its schedule is compatible with EIC.
AGS tunnel

J. Benante and W. Morse
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Riad Suleiman et al.

pEDM: Where It Stands
• BNL funded the cost estimate of the project at the AGS ($140-190M) to build and 

commission the experiment in the AGS tunnel. Its schedule is compatible with EIC.
• BNL approved a three-year LDRD on developing the electric field plates and supporting a 

study on stochastic cooling.

F. Caspers and D. Mohl, Eur. Phys. J. H 36, 601–632 (2011)
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pEDM: Where It Stands
• BNL funded the cost estimate of the project at the AGS ($140-190M) to build and 

commission the experiment in the AGS tunnel. Its schedule is compatible with EIC.
• BNL approved a three-year LDRD on developing the electric field plates and supporting a 

study on stochastic cooling.
• The project is part of the P5 deliberations, and we expect its prioritization announcement 

on Dec. 7th.



On Kim (okim@olemiss.edu) Brookhaven Forum 2023 2023 Oct. 4th             19 

Summary and Outlook
• Storage ring proton EDM at 10$%*	𝑒 ⋅ cm within the 

decade (BNL/AGS option). Great physics reach, 
including ultralight axion-like dark matter search.

• No need to develop new technologies. 

• Comprehensive systematic error studies with realistic 
experimental parameters were conducted. The R&D 
phase for the pEDM ring has been completed. 
Z. Omarov et al., PRD 105, 032001 (2022)

• After protons, a natural extension is to have deuterons, 
3He, and other particles with the inclusion of magnetic 
fields (further work required).

Technically driven schedule

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.032001


Backups
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Storage ring EDM
• Proton “magic” values PRD 105, 032001 (2022):

• EDM precession:

𝜔> =
𝑑
𝑠
𝐸 ≈ 1	nrad/s

𝑑
10$%*	𝑒 ⋅ cm

1/2
𝑠

𝐸
3.3	MV/m

• Statistical uncertainty PRD 104, 096006 (2021):

𝜎?! =
2.3

𝑃𝐴 𝑁@A@𝑓𝜏'𝑇BCB
≈ 1	nrad/s

0.8
𝑃

0.6
𝐴

4×10DE

𝑁@A@
1%
𝑓

2×109	s
𝜏'

1	year
𝑇BCB

𝑃    : Initial polarization.
𝐴 : Analyzing power (coefficient for LR asymmetry from polarimeter).
𝑁()(: Number of stored particles per cycle.
𝑓     : Detector efficiency.
𝜏*   : Spin coherence time (SCT).
𝑇+,+ : Total measurement time.
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Storage Ring Electric Dipole Moments exp. options
Fields Example EDM signal term Comments

Dipole magnetic field (B)
(Parasitic)

Muon g-2 Tilt of the spin precession plane.  
(Limited statistical sensitivity due to 
spin precession)

Eventually limited by geometrical alignment.  
Requires consecutive CW and CCW injection 
to eliminate systematic errors

Combination of electric & and 
magnetic fields (E, B)
(Combined lattice)

Deuteron, 3He, 
proton, muon, 
etc.

Mainly: High statistical sensitivity. 
Requires consecutive CW and CCW injection 
with main fields flipping sign to eliminate 
systematic errors

Radial Electric field (E) & 
Electric focusing (E)
(All electric lattice)

Proton, etc. Large ring, CW & CCW storage.  Requires 
demonstration of adequate sensitivity to 
radial B-field syst. error

Radial Electric field (E) & 
Magnetic focusing (B)
(Hybrid, symmetric lattice)

Proton, etc. Large ring, CW & CCW storage.  
Only lattice to achieve direct cancellation of 
main systematic error sources (its own “co-
magnetometer”).
GOLD STANDARD!

d!s
dt
=
!
d × !v ×

!
B( )

  
d!s
dt

=
!
d ×
!
E

  
d!s
dt

=
!
d ×
!
E
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Effect as a function of azimuthal harmonic N 

24

B-field
E-field
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Large Surface Area Electrodes

Parameter Tevatron pbar-p 
Separators

BNL K-pi 
Separators

pEDM
(low risk)

Length/unit 2.6m 4.5m 5×2.5m

Gap, 
E-field

5cm,
7.2 MV/m

10cm,
4 MV/m

4cm,
4.5 MV/m

Height 0.2m 0.4m 0.2m

Number 24 2 48

Max. HV ±(150-180)KV ±200KV ±90KV



Riad Suleiman et al.



Demonstration of SQUID-based BPM
• R&D work by Selcuk Haciomeroglu & Zhanibek Omarov.


