
The status and Future of the 
storage ring proton EDM 

experiment
Yannis K. Semertzidis, IBS/CAPP & KAIST

Workshop on Future Accelerators
Mon Repos, Corfu, May 19-26, 2024

• Statistics for better than 10-29 e-cm for pEDM, ~103 TeV New-Physics reach
• Matching systematic error levels, greatly reduced using symmetries
• Getting ready to go (technically), need more community support to build



Outline

• Motivation

• Status of EDMs

• Systematics with hybrid and hybrid-symmetric lattices

• Status of our srEDM project, conclusions

2



Yuri F. Orlov (1924-2020)
• First complete analysis of storage-ring EDM systematic 

errors in 1996 and with a contribution to AGS-2000 
workshop. He set us on the right path.

• Non-linear analysis of beam and spin dynamics
• Spin coherence time (SCT) estimation including three independent 

parameters (hor., vert., and longitudinal oscillations)
• In electric rings with RF set the correct analysis of conserved 

parameters-verified by benchmarked simulations

• Geometrical phases, establishing superiority over neutron 
EDM case due to special geometry
• Wien-filter with partially frozen spin method
• Resonance EDM method for the deuteron case
• Comprehensive study of gravitational effects
• Invaluable contributions to muon g-2, pEDM exps. 3
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ЮРИЙ ФЕДОРОВИЧ ОРЛОВ (1924-2020) 
 

C тяжелым сердцем восприняли мы печальную 
новость о том, что 27 сентября 2020 года в возрасте 96 
лет в г.Итака, штат Нью-Йорк, США, скончался 
выдающийся советский и американский физик Юрий 
Федорович Орлов.   
 

Юрий Федорович Орлов родился 13 августа 
1924 года в Москве. Его детство прошло в 
подмосковной деревне, потом он учился в школе в 
Москве. В войну работал на танковом заводе,  
выпускавшем Т-34, затем служил артиллерийским 
офицером, вступил в партию. После войны работал 
кочегаром и закончил экстерном среднюю школу в 
Москве. Поступив в 1947 году  на физико-
технический факультет МГУ, он изучал физику у Берестецкого, Будкера, Капицы, Ландау 
и Ландсбергаю После окончания МГУ в 1952 году он стал сотрудником Теоретического 
отдела Института теоретической и экспериментальной физики (тогда – Теплотехническая 
лаборатория АН СССР), где работал в 1953-1956 гг над проектом протонного-синхротрона 
ИТЭФа, создавая теорию нелинейных бетатронных колебаний - впервые используя 
гамильтонов подход в этой области. 
 

В 1956 году, после критического выступления на партсобрании в ИТЭФ, где 
обсуждались решения XX съезда КПСС, Орлов был исключен из партии и уволен из 
института. В том же году он начал 16-летнее сотрудничество с Ереванским физическим 
институтом в Армении, где он спроектировал Ереванский электронный синхротрон с 
энергией 6 ГэВ, опубликовал статьи по квантовому затуханию и возбуждению излучения 
(включая т.н. “теорему о сумме декрементов”, совместно с Е.К.Тарасовым из ИТЭФ), по 
спиновым резонансам и спиновой деполяризации, и стал начальником лаборатории 
электромагнитных взаимодействий. В 1963-64 Юрий Федорович, по приглашению 
Г.И.Будкера, параллельно работал в Институте Ядерной Физики СО АН в Новосибирске, 
где открыл, совместно с В.Н.Байером, эффект квантовой деполяризации, а в 1967 году 
выдвинул идею создания электрон-позитронного коллайдера с энергией 100 ГэВ x 100 ГэВ, 
которая в то время не была реализована. Он защитил кандидатскую диссертацию в Ереване 
(1958 г.) и докторскую в Новосибирске (1963 г.), стал профессором, был избран членом-
корреспондентом Армянской академии наук (1968, исключен 1979 году из-за 
правозащитной деятельности). 
 

Вскоре после возвращения в Москву в 1972 году Юрий Федорович присоединился к 
диссидентскому движению, стал членом первого состава советской секции Международной 
Амнистии, написал письмо генеральному секретарю ЦК КПСС Л.И,Брежневу в поддержку 
А.Д.Сахарова и выступал за гласность и экономические реформы. Несмотря на 
международную репутацию и авторство более 50 научных статей,  он был уволен с 
должности научного сотрудника в Институте земного магнетизма и распространения 
радиоволн и  зарабатывал внештатной работой автора и редактора научных диафильмов и 

Cornell University



Motivation of pEDM at 10-29 e-cm

• Probe New Physics, at ~103 TeV mass scale, Higgs CPV

• Improve sensitivity to 𝛳QCD by three orders of magnitude

• Direct search for axion dark matter (axion-gluon coupling)
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A Permanent EDM Violates both T & P Symmetries:
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T-Violation                                                  CP-Violation
CPT

Andrei Sakharov 1967:

CP-Violation is one of three conditions to 
enable a universe containing initially equal 
amounts of matter and antimatter to evolve 
into a matter-dominated universe, which we 
see today….
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Yuri F. Orlov in 4th Vernon 
W. Hughes Memorial 
Lecture, Brookhaven 
National Laboratory, 2009.
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A. SAKHAROV (1921-1989) 

 

1968 was also the year of Sakharov's famous "Reflections on 

Progress, Peaceful Coexistence and Intellectual Freedom," arguing 

the necessary convergence of the opposite sides of the Cold War.  

 

The Red Square demonstration and Sakharov's pamphlet had a 

tremendous impact on me. I, too, wanted to make a stand in 

opposition to the regime. But I wanted it to be an essential one, since 

it would inevitably lead to arrest. The relative backwater of Armenia 

was not exactly the place for a significant gesture, and I was 

forbidden to work at ITEP and Moscow University. So I continued 

work as before in Armenia, and waited.  

In 1973, Orlov wrote a letter to 
Brezhnev in defense of Sakharov and 
lost his job… Moved to Armenia and 
started work on storage rings and on 
ideas related to muon g-2 experiment.



Why is there so much matter after the Big Bang:

€ 

nB
nγ

≈ 6.08 ± 0.14( ) ×10−10

€ 

nB
nγ

≈10−18

We see:

From the SM:
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Purcell and Ramsey:
“The question of the possible existence of an electric 
dipole moment of a nucleus or of an elementary 
particle…becomes a purely experimental matter”

Phys. Rev. 78 (1950)



Bill Marciano
Snowmass Workshop, 
September 15, 2020

Proton edm SR goal: dp~10-29e-cm
Improvement by more than 4 orders!

Sensitivity similar to de<10-30e-cm

In a renormalizable quantum field theory, at
lowest order dp=0  (No dim. 5 operators)

dp∼em/ΛNP
2sinφNP  quantum loop induced

ΛNP scale of �new physics�
φNP = Complex CP violation phase of New Physics

phase misalignment with mp

∼10-22(1TeV/ΛNP)2sinφNPe-cm

If φNP is of O(1), ΛNP~3000TeV Probed!  (very roughly)
If ΛNP~O(1TeV), φNP~10-6 Probed! 5
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Bill Marciano
Snowmass Workshop, 
September 15, 2020

11

af vs df (very roughly)
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Snowmass paper on EDMs, 
why many EDMs:
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EDM timelines, from Snowmass 2021 (2022).

Blum, Winter et al.

pEDM ready to go



Snowmass paper on EDMs

Neutron EDM



Snowmass paper on EDMs

Electron EDM

Effective E-field with polar molecules: order GV/cm



Circumference: 800m
Max E-field: 4.5MV/m

Storage ring EDM experiment 
• Snowmass white paper: next steps - CDR, proposal, TDR
• 10-29 e-cm; fits in BNL AGS tunnel

• World-class, high intensity polarized sources for protons, deuterons, 3He, other nuclei
• ring design PRD105:032001 (2022), storage ring experiment Rev.Sci.Instrum.87:115116 (2016)

• Possible interesting results within a decade (compatible with EIC schedule) 
• Competitive EDM sensitivity: 

• New-Physics reach ~103 TeV.
• Best probe on Higgs CPV, Marciano 

• proton is better than Hà 𝛾𝛾
• 30x better than electron with same EDM.

• Three orders of magnitude improvement in 𝜃QCD sensitivity.
• Direct axion dark matter reach (best exp. sensitivity at very low frequencies).

https://arxiv.org/abs/2205.00830
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.105.032001
https://aip.scitation.org/doi/full/10.1063/1.4967465


The Electric Dipole Moment precesses in an Electric field

ds d E
dt

= ´
  

+

-

d
 The EDM vector d is induced by the particle spin
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Important attributes of an EDM Experiment
1. Polarization: state preparation, intensity of beams (statistics)

2. Interaction with an E-field: the higher the better (statistics)

3. Analyzer: high efficiency analyzer (statistics)

4. Symmetry tools: combat systematic errors, critical!

5. Scientific Interpretation of Result!  Easier for the simpler systems
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Measuring an EDM of Neutral Particles
H = -(d E + μ B) ● I/I

mI = 1/2

mI = -1/2
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d = 10-28 e cm
E = 20 kV/cm

δw = 10-8 rad/sÞ
20



3He Co-magnetometer

Data:	ILL	nEDM	experiment	with	199Hg	co-magnetometer

EDM	of	199Hg	<	10-28	e-cm	(measured);	atomic	EDM	~	Z2→	3He	EDM	<<	10-30 e-cm

If	nEDM	=	10-26 e×cm,

10	kV/cm	® 0.1	µHz	shift

@ B	field	of	2	´ 10	-15 T.

Co-magnetometer	:

Uniformly	samples	the	B	Field	
faster	than	the	relaxation	time.

Under	gravity,	the	center	of	mass	of	He-3	is	higher	than	UCN	by	Dh	» 0.13	cm,	
sets	DB	=	30	pGauss	(1	nA	of	leakage	current).		DB/B=10-3.
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The next level in EDMs

• Neutrons still suffer from statistics
• Hg, Xe, etc. suffer from electron shielding of nucleus
• Ra is developing as a promising method
• ThO is successful in making progress in eEDM, smaller mass than quarks, no 

direct access to 𝛉QCD

• Storage-ring proton EDM with a hybrid, symmetric ring lattice is the only one 
that can

• Have high statistics for better than 10-29 e-cm
• Eliminates primary systematic error sources at design level with present technology
• A number of symmetry tools are available to combat all known systematic error sources22



Storage Ring EDM experiments
(or how to create a Dirac-like particle in 
a storage ring)

23

Electric bending, w/
“magic” momentum



Yannis Semertzidis, IBS-CAPP & KAIST

The sensitivity to EDM is optimum when the spin 
vector is kept aligned to the momentum vector

0=aw


Momentum
vector

Spin vector

  
d!s
dt

=
!
d ×
!
E

E

E E

E
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Yannis Semertzidis, IBS-CAPP & KAIST

The spin precession relative to momentum in the 
plane is kept near zero.  A vert. spin precession vs. 
time is an indication of an EDM (d) signal.

0=aw
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E E
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Yannis Semertzidis, IBS-CAPP & KAIST

The spin precession relative to momentum in the 
plane is kept near zero.  A vert. spin precession vs. 
time is an indication of an EDM (d) signal.

0=aw
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Freezing the horizontal spin precession

• The spin precession is zero at “magic” momentum  
(0.7 GeV/c for protons, 3.1GeV/c for muons,…)

• The “magic” momentum concept was first used in the 
last muon g-2 experiment at CERN, at BNL & FNAL.
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Proton Statistical Error (230MeV): 10-29 e-cm

tp : 103s    Polarization Lifetime (Spin Coherence Time)
A : 0.6      Left/right asymmetry observed by the polarimeter
P : 0.8      Beam polarization
Nc : 4´1010p/cycle Total number of stored particles per cycle (103s)
TTot: 107s               Total running time per year
f : 1%                 Useful event rate fraction (efficiency for EDM)
ER : 4.5 MV/m       Radial electric field strength

  

� 

σ d = 2!
ERPA Nc fτ pTtot
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Hybrid, symmetric lattice storage ring. Great for systematic error reduction.

Sensitivity of radially polarized beams (sensitive to V. Dark Matter/Dark Energy,         
P. Graham et al., PRD, 055 010, 2021), most sensitive to vertical velocity problem

Z. Omarov et al.,

EDM is probed with longitudinally polarized beams, less sensitive to this effect by >103 
Use radially polarized beams to align the ring (spin based alignment) and monitor background



Vertical velocity and geometrical phase effects:

30

Magnetic quadrupoles 0.2T/m, positioning accuracy dominates background B-fields 
Mitigation by flipping quad polarity in ~105 separate beam injections

Large effect!
After combination



Hybrid, symmetric lattice storage ring

Sensitivity goal
10-29e-cm
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Low risk

Strong focusing



Input to hadronic EDM

• Theta-QCD (part of the SM)

• CP-violation sources beyond the SM

A number of alternative simple systems could provide 
invaluable complementary information (e.g. neutron, 
proton, deuteron,…).  

• At 10-29e�cm pEDM is at least an order of magnitude 
more sensitive than the current nEDM plans
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Strong CP-problem and neutron EDM

The QCD Lagrangian contains a theta-term violating both P-
parity and T-time reversal symmetries. 

LQCD,θ =θ g 2

32π 2 Gµν
a !Gaµν



Strong CP-problem and neutron EDM

( ) ( ) 163.6 10  e cmn pd dq q q-» - » ´ ×

Dimensional analysis (naïve) estimation of the neutron EDM:

( ) ( )17*
*~ ~ 6 10 e cm,   u d

n
n QCD u d

m mmed m
m m m

q q q -× ´ × =
L +

M. Pospelov,
A. Ritz, Ann. Phys.
318 (2005) 119.

~1fm

In simple terms:  the theory of strong interactions demands a large 
neutron EDM.  Experiments show it is at least ~9-10 orders of 
magnitude less!  WHY?

€ 

Exp.:  dn < 3 ×10−26e⋅ cm →θ <10−10

LQCD,θ =θ g 2

32π 2 Gµν
a !Gaµν



Strong CP-problem: the neutron EDM is too small…

• Peccei-Quinn: θQCD is a dynamical variable 
(1977), a(x)/fa.  It goes to zero naturally.

• Weinberg and Wilczek pointed out that a 
new particle must exist, axion.

LQCD,θ = θ −
a x( )
fa

⎛

⎝
⎜

⎞

⎠
⎟
g 2

32π 2 Gµν
a !Gaµν
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Axions here solve the
Strong CP-problem

ALPs:
Axion
Like
Particles

A unique feature: There’s a
 bottom line

Axion coupling vs. axion mass



Axion Couplings

• Gauge fields: 
• Electromagnetic fields
•
• Gluon Fields (Oscillating EDM,…)

� Fermions (coupling with axion field gradient, 
pseudomagnetic field)

Lint = −
gaγγ
4
aF µν !Fµν = gaγγ a

!
E ⋅
!
B

Lint =
a
fa
Gµν
!Gµν

Lint =
∂µa
fa

Ψ fγ
µγ 5Ψ f



Dark Matter and  Isaac Newton (1642-1726)

38

Isaac Newton unified the Physics phenomena:
falling of an apple with the planet, moon, star, 
sattelite, comet motions, under Gravity!

He clarified the view of Heavens for Humanity!

He also gave us the ability to see what cannot be seen with ordinary methods. Looking 
from deviations from his rules we are able to sense the presence of Dark Matter. 



Newton’s laws: “observing” the unseen
• Gravitational law applied to the planets: by measuring the planet 

velocity and its distance from the center, we can estimate the 
enclosed mass.

39

1846, Adams and Le Verrier suggested the existence of Neptune: First 
discovery of “Dark Matter”. Frank Wilczek in “A Beautiful Question”

1915, Einstein’s General Relativity
Resolved the issue with Mercury’s precession 
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Vera Rubin
• Her findings were cross checked and found to be correct. 
• More galaxies were checked, most of them found to be part of extended halos
• Vera Rubin started a field in Astronomy that firmly established the idea of DM. 
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A Galaxy without Dark Matter, effectively 
confirming Dark Matter!



Eric Charles, Fermi-LAT collaboration
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Dark matter candidates



Axion Dark Matter: a Cosmic MASER

46

“Field” Dark Matter
DM at long deBroglie wavelength 

useful to picture as a “coherent” field:

signal frequency = DM mass = m

⇠ mv2spread by DM kinetic energy

galactic virial velocity                   ➜ line widthv ⇠ 10�3 ⇠ 10�6m

➜ coherence time,                periodsQ ⇠ 106

particle DM

𝜆 ≈ 300m×
1µeV
𝑚!

De Broglie wavelength of axions



World map of current experiments on wavy dark matter
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Axion Couplings

• Gauge fields: 
• Electromagnetic fields
•
• Gluon Fields (Oscillating EDM,…)

� Fermions (coupling with axion field gradient, 
pseudomagnetic field)

Lint = −
gaγγ
4
aF µν !Fµν = gaγγ a

!
E ⋅
!
B

Lint =
a
fa
Gµν
!Gµν

Lint =
∂µa
fa

Ψ fγ
µγ 5Ψ f

Cavity experiments at
IBS-CAPP, Korea



Institute for Basic Science, South Korea 
2011: Major Investment in Basic Sciences

• IBS-CAPP is scanning at DFSZ sensitivity for 
axions over 1 GHz. (It seemed impossible at 
CAPP’s establishment time, October 2013.)

• IBS-CAPP with its many innovations including its 
HTS-cavities (Q>107 at 8T) is currently on top of 
its field internationally in less than ten years
since its establishment!

• IBS-CAPP can be a leader in scanning the 1-8 GHz 
range for axions with DFSZ sensitivity. Even if 
axions are only 10% of the local dark matter 
density.

FDSS
Fhqwhu#iru

D{lrq#dqg#Suhflvlrq
Sk|vlfv#Uhvhdufk



IBS-CAPP at DFSZ sensitivity, scanning 1-8 GHz
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Dark Matter Radio, 2203.11246



Actively planned axion exps.
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Irastorza, Redondo 1801.08127v2



Axion Couplings

• Gauge fields: 
• Electromagnetic fields
•
• Gluon Fields (Oscillating EDM,…)

� Fermions (coupling with axion field gradient, 
pseudomagnetic field)

Lint = −
gaγγ
4
aF µν !Fµν = gaγγ a

!
E ⋅
!
B

Lint =
a
fa
Gµν
!Gµν

Lint =
∂µa
fa

Ψ fγ
µγ 5Ψ f

Storage ring pEDM
experiment at BNL
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Storage ring probes of DM/DE
• Couplings with dark matter (DM) and dark energy (DE)

o ALP DM-EDM (𝑔!"#𝑎 #𝜎" ⋅ 𝐄) ⇒ oscillating EDM at 𝑚!. For the QCD axion: 𝑑"
$%& ≈ 10'() cos 𝑚!𝑡 𝑒 ⋅ cm.

o ALP or vector DM wind (𝑔!""∇𝑎 ⋅ #𝜎") ⇒ anomalous longitudinal oscillating 𝐵 field.
o DE wind ⇒ anomalous longitudinal 𝐵 field.

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

𝑝
𝛚67 ∝ #𝛽

𝛚89:;<=76> ∝ cos 𝑚?𝑡 *𝑥 𝛚6> ∝ cos 𝑚?𝑡 #𝛽

These are spin angular frequency vectors.
Spin precesses around the net 𝛚 vector.
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Storage ring probes of DM/DE
• Couplings with dark matter (DM) and dark energy (DE)

o ALP DM-EDM (𝑔!"#𝑎 #𝜎" ⋅ 𝐄) ⇒ oscillating EDM at 𝑚!. For the QCD axion: 𝑑"
$%& ≈ 10'() cos 𝑚!𝑡 𝑒 ⋅ cm.

o ALP or vector DM wind (𝑔!""∇𝑎 ⋅ #𝜎") ⇒ anomalous longitudinal oscillating 𝐵 field.
o DE wind ⇒ anomalous longitudinal 𝐵 field.

𝑝
𝛚67 ∝ #𝛽
𝛚6> ∝ cos 𝑚?𝑡 #𝛽

DM wind

Storage ring is an optimal probe for wind coupling since 𝛽 is large!

P. Graham and S. Rajendran, PRD 88, 035023 (2013)
P. Graham et al., PRD 103, 055010 (2021)
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Storage ring probes of DM/DE
• Couplings with dark matter (DM) and dark energy (DE)

o ALP DM-EDM (𝑔!"#𝑎 #𝜎" ⋅ 𝐄) ⇒ oscillating EDM at 𝑚!. For the QCD axion: 𝑑"
$%& ≈ 10'() cos 𝑚!𝑡 𝑒 ⋅ cm.

𝑝

𝛚89:;<=76> ∝ cos 𝑚?𝑡 *𝑥

• 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.

ALP-EDM coupling

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

First experimental application at COSY 2019-2022



Axion dark matter search in storage rings
• First experimental application at 

COSY/Juelich 2019-2022, JEDI coll., 
Phys. Rev. X13, 031004 (2023)

57

When the particle g-2 frequency is 
in resonance with the axion dark 
matter frequency, then the spin 
precesses in the vertical direction



Muon g-2 experiment
• Muon g-2 results at Fermilab, confirmed 

and improved BNL results.

• The collaboration developed several new 
tools for systematic error probing. 

• High-precision numerical integrators for 
beam/spin dynamics simulations,…

• Bill Morse and Lee Roberts are the 
recipients of the APS 2023 Panofsky Prize.

Bk and Bq.—Two fast transients induced by the dynam-
ics of charging the ESQ system and firing the SR kicker
magnet slightly influence the actual average field seen by
the beam compared to its NMR-measured value as
described above and in Ref. [61]. An eddy current induced
locally in the vacuum chamber structures by the kicker
system produces a transient magnetic field in the storage
volume. A Faraday magnetometer installed between the
kicker plates measured the rotation of polarized light in a
terbium-gallium-garnet crystal from the transient field to
determine the correction Bk.

The second transient arises from charging the ESQs,
where the Lorentz forces induce mechanical vibrations in
the plates that generate magnetic perturbations. The ampli-
tudes and sign of the perturbations vary over the two
sequences of eight distinct fills that occur in each 1.4 s
accelerator supercycle. Customized NMR probes measured
these transient fields at several positions within one ESQ
and at the center of each of the other ESQs to determine
the average field throughout the quadrupole volumes.
Weighting the temporal behavior of the transient fields
by the muon decay rate, and correcting for the azimuthal
fractions of the ring coverage, 8.5% and 43% respectively,
each transient provides final corrections Bk and Bq to aμ as
listed in Table II.

V. COMPUTING aμ AND CONCLUSIONS

Table I lists the individual measurements of ωa and ω̃0
p,

inclusive of all correction terms in Eq. (4), for the four run
groups, as well as their ratios, R0

μ (the latter multiplied by
1000). The measurements are largely uncorrelated because
the run-group uncertainties are dominated by the statistical
uncertainty on ωa. However, most systematic uncertainties
for both ωa and ω̃0

p measurements, and hence for the ratios
R0

μ, are fully correlated across run groups. The net computed
uncertainties (and corrections) are listed in Table II. The fit
of the four run-group results has a χ2=n:d:f: ¼ 6.8=3,
corresponding to Pðχ2Þ ¼ 7.8%; we consider the Pðχ2Þ to
be a plausible statistical outcome and not indicative of
incorrectly estimated uncertainties. The weighted-average
value isR0

μ ¼ 0.003 707 300 3ð16Þð6Þ, where the first error
is statistical and the second is systematic [82]. From Eq. (2),
we arrive at a determination of the muon anomaly

aμðFNALÞ ¼ 116 592 040ð54Þ × 10−11 ð0.46 ppmÞ;

where the statistical, systematic, and fundamental constant
uncertainties that are listed in Table II are combined in
quadrature. Our result differs from the SMvalue by 3.3σ and
agrees with the BNL E821 result. The combined exper-
imental (Exp) average [83] is

aμðExpÞ ¼ 116 592 061ð41Þ × 10−11 ð0.35 ppmÞ:

The difference, aμðExpÞ − aμðSMÞ ¼ ð251$ 59Þ × 10−11,
has a significance of 4.2σ. These results are displayed
in Fig. 4.
In summary, the findings here confirm the BNL exper-

imental result and the corresponding experimental average
increases the significance of the discrepancy between the
measured and SM predicted aμ to 4.2σ. This result will
further motivate the development of SM extensions,
including those having new couplings to leptons.
Following the Run-1 measurements, improvements to

the temperature in the experimental hall have led to greater

TABLE II. Values and uncertainties of the R0
μ correction terms

in Eq. (4), and uncertainties due to the constants in Eq. (2) for aμ.
Positive Ci increase aμ and positive Bi decrease aμ.

Quantity
Correction
terms (ppb)

Uncertainty
(ppb)

ωm
a (statistical) % % % 434

ωm
a (systematic) % % % 56

Ce 489 53
Cp 180 13
Cml −11 5
Cpa −158 75

fcalibhωpðx; y;ϕÞ ×Mðx; y;ϕÞi % % % 56
Bk −27 37
Bq −17 92

μ0pð34.7°Þ=μe % % % 10
mμ=me % % % 22
ge=2 % % % 0

Total systematic % % % 157
Total fundamental factors % % % 25
Totals 544 462

FIG. 4. From top to bottom: experimental values of aμ from
BNL E821, this measurement, and the combined average. The
inner tick marks indicate the statistical contribution to the total
uncertainties. The Muon g − 2 Theory Initiative recommended
value [13] for the standard model is also shown.

PHYSICAL REVIEW LETTERS 126, 141801 (2021)

141801-7



Muon g-2 announcement, theory vs. theory

• Theory :

A. El-Khadra JETP 07 April 2021 14

Hadronic Corrections: Comparisons
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Bill Morse, Lee Roberts 2023 Panofsky Prize
• We built the largest single diameter (15m) superconducting magnet coil at 

the time. Moved it across the country to repeat the experiment.
• Uniformity of B-field (1.5T) in cross-section to better than 10-6 measured 

it (absolute) to better than 10-7 calibrated with two independent methods
• Developed a trolley system measuring the B-field in situ (>5000 points)
• Introduced a new DC inflector with innovative B-field shield at 3T without 

being detectable at storage region <10 cm away
• Built a fast (200ns, 300G) magnet (kicker) without ferrite, measured the 

pulsed B-field eddy currents to 10-8 requiring enormous dynamic range
• Developed electrostatic quads with twice the CERN gradient; measured 

the Electric field gradient.
• Our calorimeter detectors had to have time stability, early to late in 

storage, of <20ps, measured it <2ps; gain stability to 10-4

• Used combinatorics to remove pileup pulses; segmented calo detectors
• Traceback system monitoring motion in real time, without affecting muons
• Used RF, riding on the quads, for 30 us to adjust coherent beam motion 

and reduce muon losses, both by an order of magnitude
• …
• Project manager (Chris Polly, Fermilab) received DOE management Prize

Bk and Bq.—Two fast transients induced by the dynam-
ics of charging the ESQ system and firing the SR kicker
magnet slightly influence the actual average field seen by
the beam compared to its NMR-measured value as
described above and in Ref. [61]. An eddy current induced
locally in the vacuum chamber structures by the kicker
system produces a transient magnetic field in the storage
volume. A Faraday magnetometer installed between the
kicker plates measured the rotation of polarized light in a
terbium-gallium-garnet crystal from the transient field to
determine the correction Bk.

The second transient arises from charging the ESQs,
where the Lorentz forces induce mechanical vibrations in
the plates that generate magnetic perturbations. The ampli-
tudes and sign of the perturbations vary over the two
sequences of eight distinct fills that occur in each 1.4 s
accelerator supercycle. Customized NMR probes measured
these transient fields at several positions within one ESQ
and at the center of each of the other ESQs to determine
the average field throughout the quadrupole volumes.
Weighting the temporal behavior of the transient fields
by the muon decay rate, and correcting for the azimuthal
fractions of the ring coverage, 8.5% and 43% respectively,
each transient provides final corrections Bk and Bq to aμ as
listed in Table II.

V. COMPUTING aμ AND CONCLUSIONS

Table I lists the individual measurements of ωa and ω̃0
p,

inclusive of all correction terms in Eq. (4), for the four run
groups, as well as their ratios, R0

μ (the latter multiplied by
1000). The measurements are largely uncorrelated because
the run-group uncertainties are dominated by the statistical
uncertainty on ωa. However, most systematic uncertainties
for both ωa and ω̃0

p measurements, and hence for the ratios
R0

μ, are fully correlated across run groups. The net computed
uncertainties (and corrections) are listed in Table II. The fit
of the four run-group results has a χ2=n:d:f: ¼ 6.8=3,
corresponding to Pðχ2Þ ¼ 7.8%; we consider the Pðχ2Þ to
be a plausible statistical outcome and not indicative of
incorrectly estimated uncertainties. The weighted-average
value isR0

μ ¼ 0.003 707 300 3ð16Þð6Þ, where the first error
is statistical and the second is systematic [82]. From Eq. (2),
we arrive at a determination of the muon anomaly

aμðFNALÞ ¼ 116 592 040ð54Þ × 10−11 ð0.46 ppmÞ;

where the statistical, systematic, and fundamental constant
uncertainties that are listed in Table II are combined in
quadrature. Our result differs from the SMvalue by 3.3σ and
agrees with the BNL E821 result. The combined exper-
imental (Exp) average [83] is

aμðExpÞ ¼ 116 592 061ð41Þ × 10−11 ð0.35 ppmÞ:

The difference, aμðExpÞ − aμðSMÞ ¼ ð251$ 59Þ × 10−11,
has a significance of 4.2σ. These results are displayed
in Fig. 4.
In summary, the findings here confirm the BNL exper-

imental result and the corresponding experimental average
increases the significance of the discrepancy between the
measured and SM predicted aμ to 4.2σ. This result will
further motivate the development of SM extensions,
including those having new couplings to leptons.
Following the Run-1 measurements, improvements to

the temperature in the experimental hall have led to greater

TABLE II. Values and uncertainties of the R0
μ correction terms

in Eq. (4), and uncertainties due to the constants in Eq. (2) for aμ.
Positive Ci increase aμ and positive Bi decrease aμ.

Quantity
Correction
terms (ppb)

Uncertainty
(ppb)

ωm
a (statistical) % % % 434

ωm
a (systematic) % % % 56

Ce 489 53
Cp 180 13
Cml −11 5
Cpa −158 75

fcalibhωpðx; y;ϕÞ ×Mðx; y;ϕÞi % % % 56
Bk −27 37
Bq −17 92

μ0pð34.7°Þ=μe % % % 10
mμ=me % % % 22
ge=2 % % % 0

Total systematic % % % 157
Total fundamental factors % % % 25
Totals 544 462

FIG. 4. From top to bottom: experimental values of aμ from
BNL E821, this measurement, and the combined average. The
inner tick marks indicate the statistical contribution to the total
uncertainties. The Muon g − 2 Theory Initiative recommended
value [13] for the standard model is also shown.

PHYSICAL REVIEW LETTERS 126, 141801 (2021)
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On time, on budget



Bill Morse, Lee Roberts 2023 Panofsky Prize
• We built the largest single diameter (15m) superconducting magnet coil at 

the time. Moved it across the country to repeat the experiment.
• Uniformity of B-field (1.5T) in cross-section to better than 10-6 measured 

it (absolute) to better than 10-7 calibrated with two independent methods
• Developed a trolley system measuring the B-field in situ (>5000 points)
• Introduced a new DC inflector with innovative B-field shield at 3T without 

being detectable at storage region <10 cm away
• Built a fast (200ns, 300G) magnet (kicker) without ferrite, measured the 

pulsed B-field eddy currents to 10-8 requiring enormous dynamic range
• Developed electrostatic quads with twice the CERN gradient; measured 

the Electric field gradient.
• Our calorimeter detectors had to have time stability, early to late in 

storage, of <20ps, measured it <2ps; gain stability to 10-4

• Used combinatorics to remove pileup pulses; segmented calo detectors
• Traceback system monitoring motion in real time, without affecting muons
• Used RF, riding on the quads, for 30 us to adjust coherent beam motion 

and reduce muon losses, both by an order of magnitude
• …
• Project manager (Chris Polly, Fermilab) received DOE management Prize On time, on budget, delivered!



How the srEDM exp. at 10-29 e-cm works
üRequired radial E-field <5 MV/m, for 40mm plate separation

üBeam and spin dynamics stable for required beam intensity

üSpin coherence time estimated >103s using sextupoles (no stochastic cooling)

üAlternate magnetic focusing all but eliminating external B-field sensitivity

üSymmetric lattice significantly reducing systematic error sources

üRequired ring planarity <0.1mm; CW & CCW beam separation <0.01mm
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Classification of systematic errors at 10-29 e-cm
üAlternate magnetic focusing allows simultaneous CW & CCW storage and 

shields against external B-fields. Vertical dipole E-fields eliminated (its own 
“co-magnetometer”), unique feature of this lattice.

üSymmetric lattice significantly reduces systematic errors associated with 
vertical velocity (major source). Using longitudinal, radial and vertical 
polarization directions, since they are sensitive to different physics/systematic 
errors.

üRequired ring planarity <0.1mm; CW & CCW beam separation <0.01mm, 
resolves issues with geometrical phases
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System Risk factor, comments

Ring construction, beam 
storage, stability, IBS

Low. Strong (alternate) focusing, a ring prototype has been built (AGS 
analog at BNL) in 60’s. Lattice elements placement specs are ordinary. 
IBS OK below transition.

E-field strength Low. Plate-units are similar to those ran at Tevatron with higher specs.
E-field plates shape Low. Make as flat as conventionally possible. Shim out high order 

fields by intentionally splitting the CR-beams 

Spin coherence time Low. Ordinary sextupoles will provide ~103s, with stochastic cooling 
we expect much longer, under study.

Beam position monitors 
(BPM), SQUID-based 
BPMs.

Low, medium. Ordinary BPMs and HLS (similar to FNAL’s) to level 
the ring to better than 0.1mm, Regular split-geometry and/or SQUID-
based BPMs to check CR-beams split to 0.01mm.

High-precision, efficient 
software

Low. We have several of them already, cross-checking our results 
routinely. Need to scale it up (thousands of particles)

Polarimeter Low. Mature technology available
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Bill Marciano
Snowmass Workshop, 
September 15, 2020
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Future Expectations

19



Christoph Grojean, Corfu on FCC-ee

Bill Marciano
Snowmass Workshop, 
September 15, 2020
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Outlook

EDMs will eventually be discovered: de,dn,dp…dD
Magnitudes of ≈ 10-28 expected for Baryogenesis
Atomic, Molecular, Neutron, Storage Ring (All important)

CP violation phase in: Hee, Hγγ, Htt, 2HD Model…
Uniquely explored by 2 loop edms!  Barr-Zee effect
May be our only window to Hee, Huu and Hdd couplings

The Higgs Mechanism critical for our existence!
Early Universe and Beyond

Must Be Fully Explored                       

20pEDM: Complementary physics with Colliders 



P5 didn’t rank it well despite the excellent 
Snowmass endorsement!
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Alex Keshavarzi’s slide



Status: what we already have done, what’s missing
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Alex Keshavarzi’s slide



John Benante, Bill Morse in AGS tunnel of 
BNL, plenty of room for the EDM ring.
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1/24 section (15°) of pEDM ring



Section at F20 experimental blockhouse
Note: ceiling elevation = 108” (9’-0”)



Section at F20 experimental blockhouse
Note: preliminary ring elevation (centerline) = 68.63”



What next?
• BNL is funding an ongoing R&D, building one 

unit of the symmetric lattice for a ring in the 
AGS tunnel.

• Develop electric field plates with advanced 
coating (TiN) for high-voltage (HV). Need DC 
HV 4.5MV/m and low (pA) or <pA current.

• Study stochastic cooling for even better 
statistics experiment.
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4m “Deflection” chamber partial section

• Liverpool is designing the plates, and their support. Involved 
in their construction, high accuracy electric field estimations, 
methods to minimize high-order fields… 



4m “Deflection” chamber partial section



Summary
üEDM physics is must do, exciting and timely, CP-violation, axion physics.

üHybrid, symmetric ring lattice works well. Minimized systematic error sources. 
Statistics and systematics to 10-29e-cm. Technically, ready to go.

üpEDM lattice with long SCT and large enough acceptance provides the statistics

üRing planarity <0.1mm, CW & CCW beam separation <0.01mm

üGreat complementarity between collider and high-precision physics!

üSupport it, it’s great physics!
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Relevant parameter:
The average vertical speed in 
deflectors needs to be close to 
zero!

Quads: 0.1T/m, 0.4m



Keep the lattice symmetric!

so that a vertical quad offset still keeps 
the average vertical velocity in E-field 
regions <Vv> near zero.



Spin Coherence Time
• Not all particles have same deviation from magic 

momentum, or same horizontal and vertical divergence 
(second order effects)

• They Cause a spread in the g-2 frequencies:

• Correct by tuning plate shape/straight section 
length plus fine tuning with sextupoles (current 
plan) or cooling (mixing) during storage (under 
evaluation).� 

dω a = aϑx
2 + bϑy

2 + c
dP
P

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 
2
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Is the polarimeter analyzing 
power good at Pmagic? YES!

Analyzing power can be further optimized
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Hybrid, symmetric lattice storage ring. Spin coherence time with sextupoles
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In electric field dominated rings, there are two independent parameters to be tuned to zero.
In magnetic field dominated rings, there are three independent parameters (much harder to achieve).



E-field plate modules: The (24) FNAL Tevatron 
ES-separators ran for years with harder specs
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E-field plate modules: The (24) FNAL Tevatron 
ES-separators ran for years with harder specs

0.4 m

3 m

Beam position
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Their specs were 
<1spark/year at 6MV/m  
& 5cm plate separation
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Large Scale Electrodes

Parameter Tevatron pbar-p 
Separators

BNL K-pi 
Separators

pEDM
(low risk)

Length 2.6m 4.5m 12.5m

Gap 5cm 10cm 4cm

Height 0.2m 0.4m 0.2m

Number 24 2 48

Max. HV ±(150-180)KV ±200KV ±90KV



Ring planarity critical to control geometrical phase errors

• The beam planarity requirement: <0.1mm, within existing technology

• Clock-wise (CW) and counter-clock-wise (CCW) beam storage split to 
<0.01mm. SQUID-based BPMs (S-BPM) resolution: 10nm/sqrt(Hz)!
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Ring planarity critical to control geometrical phase errors

• Numerous studies on slow ground motion in accelerators, 
Hydrostatic Level System for slow ground motion studies at Fermilab.

• Thorough review by Vladimir Shiltsev (FNAL):
https://arxiv.org/pdf/0905.4194.pdf
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https://arxiv.org/pdf/0905.4194.pdf
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Tevatron Sensors on Quad

James T Volk May 2009

In the circle is a water level 
pot on a Tevatron 
quadrupole  

Air Line

Water line



HLS measurements at Fermilab
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Fig.35. HLS probe on Tevatron accelerator focusing magnet. 

 

Fig.36. One week record of elevation difference of two neighbor focusing magnets in 

the Teveatron tunnel as measured by HLS (starts midnight Feb.7,2004; Ref.[29]). 
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Physics strength comparison  (Marciano)

System Current limit 
[e×cm]

Future goal Neutron 
equivalent

Neutron <1.6×10-26 ~10-28 10-28

199Hg atom <7×10-30 <10-30 10-26

129Xe atom <6×10-27 ~10-29-10-31 10-25-10-27

Deuteron 
nucleus

~10-29 3×10-29-
5×10-31

Proton 
nucleus

<2×10-25 ~10-29 10-29
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the beam-beam interaction effects on beam dynamics low.  Another important factor is that the hybrid ring 
method does not require an ultra-low vertical tune, a source of a major uncertainty in the ability of the ring 
to maintain efficient storage of high-intensity beams.  In that sense, the AGS-analog, an all-electric storage 
ring designed and operated to demonstrate the alternating gradient principle in the beginning of 1960’s, 
also demonstrates the feasibility of beam storage for sufficiently long times.  Finally, since strong magnetic 
focusing can be afforded, any potential intra-beam-scattering (IBS) issues also disappear, since the vertical 
beam tune is no longer restricted to ultra-weak values. 

 
In case BNL is chosen for hosting this experiment, there will be a synergy with the electron ion collider 
(EIC) recently approved to be built at BNL.  First, since a major physics target of the EIC is the exploration 
of the spin distribution of the quarks inside the proton, a connection between the anomalous magnetic 
moments, EDMs, and spin distributions could be revealed.  Secondly, EIC program’s high-intensity 
polarized sources, could provide polarized beams for the proton, deuteron and neutron (3He nucleus) in a 
storage-ring EDM experiment studying the corresponding nucleus. 

Our collaborators, listed below under the rubric of “Supporters,” includes many original developers 
of the storage-ring EDM method, and current and past muon g-2 colleagues with great experience in 
storage-ring precision physics techniques, as well as completely new collaborators.  More collaborators can 
be expected to join the effort as we make progress towards building the experiment and as the muon g-2 
experiment winds down.  Additional institutions from Europe, currently engaged in developing the deuteron 
EDM experiment, using combined electric and magnetic fields, may also join forces with our collaboration.  
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Technically driven timeline
• We have submitted our LOI to the Snowmass Process in the US and writing a 

White Paper for it.
• Preparing a CDR document, critical studies are finished

• Most of the collaborators are either Muon g-2 collaborators and/or original 
Storage ring EDM proponents
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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, 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”).

d!s
dt
=
!
d × !v ×

!
B( )

  
d!s
dt

=
!
d ×
!
E
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d!s
dt

=
!
d ×
!
E



Hybrid lattice storage ring: E-bending, B-focusing

•It eliminates the main syst. error sources: vertical E-fields, external B-fields

Sensitivity goal
10-29e-cm



All-electric vs. hybrid options

Lattice Comments

All-electric lattice:

Radial Electric field bending & 
Alternate electric focusing, below 
transition

CW & CCW storage. Requires: 
1. Very weak vertical focusing
2. Magnetic shielding 
3. Demonstration of adequate sensitivity to radial 

B-field syst. error, with <<nm beam separation

Hybrid lattice:

Radial Electric field bending & 
Alternate magnetic focusing, below 
transition

CW & CCW storage. It has: 
1. Strong vertical/horizontal focusing
2. No magnetic shielding needed
3. Beam planarity to 0.1mm and CW vs. CCW 

beam separation to 0.01mm 
Only lattice to achieve direct cancellation of main 
systematic error sources (its own “co-magnetometer”).
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Hybrid, symmetric lattice storage ring
•It eliminates the main syst. error sources: Vertical E-fields, external B-fields
•Reduces major systematic error sources by several orders of magnitude

Sensitivity goal
10-29e-cm
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I. INTRODUCTION

The possibility of the permanent electric dipole mo-
ments (EDMs) for elementary particles was initially
proposed by Purcell and Ramsey [1] where the search
for neutron EDM was used to investigate the parity-
symmetry (P) violation. Later, it was also shown that
non-zero EDMs separately violate time-reversal symme-
try (T) by Landau [2].

Today’s most advanced EDM experiments have set
their limits on the parameter space: neutron EDM
(nEDM) < 3⇥ 10�26e·cm [3], electron EDM (eEDM)
< 1.1⇥ 10�29e·cm [4, 5], and mercury 199Hg EDM <
7.4⇥ 10�30e·cm [6] which is equivalent to 2⇥ 10�26e·cm
for neutron and 5⇥ 10�25e·cm for proton. Each of these
experiments has di↵erent techniques, but all are similar
as they require confined cold stationary particles. The
Storage Ring Proton EDM not only has di↵erent system-
atics but also is the first dedicated EDM search exper-
iment with relativistic particles. Having an experiment
with a completely di↵erent design would be complemen-
tary to all the previous EDM experiments. It would also
further expand the ground of storage ring high-precision
experiments previously established by highly successful
Muon (g � 2) experiments [7–10].

The storage ring proton EDM method targets dp =
10�29e·cm which is 3 orders of magnitude better than the
current best neutron EDM limits. We also claim that this
sensitivity is achievable with existing technology thanks
to the significantly relaxed alignment requirements with
the Symmetric-Hybrid ring design.

The most prominent systematic error source in the
storage ring designs based on the all-electric ring [11]
is the background radial magnetic field — Bexternal

x . All-
electric ring designs variants are challenging due to im-
mense average stray magnetic field requirements [12]—
Bexternal

x < 10�17 T.
To overcome such a challenging shielding requirement,

the next iteration after the all-electric ring, the Hybrid

⇤ Corresponding author

ring design [13] was developed. It has been a major ac-
complishment as for any Bexternal

x is naturally shielded
by the magnetic focusing system. Hybrid ring design fea-
tures strong alternating magnetic focusing with electric
bending that still allows simultaneous Clockwise (CW)
and Counter-Clockwise (CCW) beam storage.

In rings where the main vertical focusing is magnetic,
the main systematic error source becomes the out-of-
plane electric field. However, this systematic error can-
cels exactly for vertical dipole electric fields. It is the
only lattice that accomplishes this cancellation and as
such it represents a major breakthrough in the storage
ring EDM field. The next level systematic error source is
the fact that the average vertical velocity integrated over
electric field sections might not be zero. This is a strict
requirement for the case of radial polarization which has
been relaxed by several orders of magnitude by making
the lattice highly symmetric.

This work, the newest design iteration, the Symmetric-
Hybrid ring relaxes requirements established by the Hy-
brid ring, provides comprehensive systematic error analy-
sis, standardizes experimental techniques, and aims to be
the conceptual foundational basis for the commissioning.

II. METHODS

A. Experimental Technique

The rest frame spin ~S dynamics equation in presence
of magnetic ~B and electric ~E fields is given as,

d~S

dt
= ~µ⇥ ~B + ~d⇥ ~E

where magnetic and electric dipole moments are defined
as ~µ = (ge/2m)~S and ~d = (⌘e/2mc)~S respectively.

However, for a particle with ~� = ~v/c and ~� · ~E =

0, ~� · ~B = 0 the motion of the spin vector relative to the
momentum can be more conveniently described by the
BMT equation relative to a particle’s momentum [14–
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the case of unpaired electrons (paramagnetic systems) due to
relativistic effects. In fact for paramagnetic atoms there is an
effective enhancement of the sensitivity to an electron EDM
that is approximately 10Z3α2 as explained by Sandars (1965,
1966, 1968a, 1968b), Ignatovich (1969), and Commins,
Jackson, and DeMille (2007). Moreover, an atomic EDM
can arise due to T and P violation in the electron-nucleus
interaction that may have a scalar or tensor nature, and these
effects also increase with Z.
Paramagnetic systems with one or more unpaired electrons

(Cs, Tl, YbF, ThO, HfFþ, etc.) are most sensitive to both the
electron EDM de and the nuclear-spin-independent component
of the electron-nucleus coupling (CS), which are likely to be
several orders of magnitude stronger than tensor and pseudo-
scalar contributions, given comparable strength of the intrinsic
couplings (Ginges and Flambaum, 2004). Diamagnetic sys-
tems, including 129Xe, 199Hg, and 225Ra atoms, and themolecule
TlF are most sensitive to purely hadronic CP-violating sources
that couple through the Schiff moment S⃗, the r2-weighted
electric dipole charge distribution for a nucleus with Z protons,

S⃗ ¼ 1

10

Z
r2r⃗ρQd3r −

1

6Z

Z
r2d3r

Z
r⃗ρQd3r: ð7Þ

The EDM of the nucleus
R
r⃗ρQd3r ¼ d⃗N is unobservable in a

neutral atom and the second term is therefore subtracted from S⃗.
FlambaumandGinges (2002) showed that an effectivemodel of
the Schiff moment is a constant electric field with the nucleus
directed along the nuclear spin,which is probed by the atomic or
molecular electrons through the interaction

H ¼ −4π∇⃗ρeð0Þ · S⃗; ð8Þ

where ∇⃗ρeð0Þ is the gradient of the electron density at the
nucleus. As the atomic electrons penetrate the nucleus, the
Schiff moment electric force moves the electron cloud with
respect to the atom’s center of mass and induces an EDM along
the spin.2 In addition, the EDM of a diamagnetic atom or
molecule can arise due to the tensor component of the electron-
nucleus coupling CT for atoms and molecules. The electron
EDM and CS contribute to the EDM of diamagnetic atoms in
higher order. Themagnetic quadrupolemoment, aP-odd andT-
odd distribution of currents in the nucleus, is not shielded in the
same way as electric moments and induces an atomic EDM by
coupling to an unpaired electron (Sushkov, Flambaum, and
Khriplovich, 1984). Themagnetic quadrupolemoment requires
a paramagnetic atom with nuclear spin I > 1=2, and cesium is
the only experimental system so far that meets these require-
ments. Murthy et al. (1989) presented an analysis of their
experiment on cesium that extracts the magnetic quadrupole
moment.
EDM searches are not confined to neutral systems.

Charged particles and ions can be contained in storage rings
or with time-dependent fields. For example, the paramagnetic
molecular ion HfFþ was stored with a rotating electric field

(Cairncross et al., 2017), and the EDM of the muon was
measured in conjunction with the g − 2, magnetic-moment
anomaly measurements at Brookhaven National Lab (Bennett
et al., 2006). In the muon experiment, spin precession due to
the EDM coupling to the motional electric field (v⃗ × B⃗) was
measured, and an upper limit ondμwas reported (Bennett et al.,
2009). Although not a dedicated EDM measurement, the
technique demonstrated the possibility of a significantly
improved measurement, which is motivated by theoretical
suggestions that lepton EDMs may scale with a power of
the lepton mass (Babu, Barr, and Dorsner, 2001). Storage-
ring EDM searches have also been proposed for light nuclei,
i.e., the proton, deuteron, and helion (3Heþþ) (Khriplovich,
1998; Farley et al., 2004; Rathmann, Saleev, and Nikolaev,
2013). The electron EDM can also be measured in special
ferroelectric and paramagnetic solid-state systems with
quasifree electron spins that can be subjected to applied electric
and magnetic fields (Eckel, Sushkov, and Lamoreaux, 2012).
We also note that the EDM of theΛ hyperon was measured in a
spin-precession measurement (Pondrom et al., 1981), and that
limits on the τ lepton EDM (Inami et al., 2003) and on neutrino
EDMs have been derived (Commins, 1999, 2007).
A compilation of experimental results is presented in Table I,

which separates paramagnetic (electron-spin-dependent) systems

TABLE I. Systems with EDM results and the most recent results as
presented. When de is presented, the assumption is CS ¼ 0, and
for ThO, theCS result assumes de ¼ 0.Qm is the magnetic quadrupole
moment, which requires a paramagnetic atom with nuclear spin
I > 1=2. (μN and RCs are the nuclear magneton and the nuclear radius
of 133Cs, respectively.) We have combined statistical and systematic
errors in quadrature for cases where they are separately reported by the
experimenters. References: (a) Player and Sandars (1970); (b) Murthy
et al. (1989); (c)Regan et al. (2002); (d)Hudson et al. (2011); (e)Baron
et al. (2014); (f) Cairncross et al. (2017); (g) Graner et al. (2017);
h Rosenberry (2001); (i) Parker et al. (2015); (j) Cho, Sangster, and
Hinds (1991); (k) Pendlebury et al. (2015); (l) Bennett et al. (2009);
(m) Inami et al. (2003); and (n) Pondrom et al. (1981).

Result 95% u.l. Ref.

Paramagnetic systems
Xem dA ¼ ð0.7% 1.4Þ × 10−22 3.1 × 10−22 e cm (a)
Cs dA ¼ ð−1.8% 6.9Þ × 10−24 1.4 × 10−23 e cm (b)

de ¼ ð−1.5% 5.7Þ × 10−26 1.2 × 10−25 e cm
CS ¼ ð2.5% 9.8Þ × 10−6 2 × 10−5

Qm ¼ ð3% 13Þ × 10−8 2.6 × 10−7 μN RCs
Tl dA ¼ ð−4.0% 4.3Þ × 10−25 1.1 × 10−24 e cm (c)

de ¼ ð6.9% 7.4Þ × 10−28 1.9 × 10−27 e cm
YbF de ¼ ð−2.4% 5.9Þ × 10−28 1.2 × 10−27 e cm (d)
ThO de ¼ ð−2.1% 4.5Þ × 10−29 9.7 × 10−29 e cm (e)

CS ¼ ð−1.3% 3.0Þ × 10−9 6.4 × 10−9

HfFþ de ¼ ð0.9% 7.9Þ × 10−29 1.6 × 10−28 e cm (f)

Diamagnetic systems
199Hg dA ¼ ð2.2% 3.1Þ × 10−30 7.4 × 10−30 e cm (g)
129Xe dA ¼ ð0.7% 3.3Þ × 10−27 6.6 × 10−27 e cm (h)
225Ra dA ¼ ð4% 6Þ × 10−24 1.4 × 10−23 e cm (i)
TlF d ¼ ð−1.7% 2.9Þ × 10−23 6.5 × 10−23 e cm (j)
n dn ¼ ð−0.21% 1.82Þ × 10−26 3.6 × 10−26 e cm (k)

Particle systems
μ dμ ¼ ð0.0% 0.9Þ × 10−19 1.8 × 10−19 e cm (l)
τ ReðdτÞ¼ ð1.15%1.70Þ×10−17 3.9 × 10−17 e cm (m)
Λ dΛ ¼ ð−3.0% 7.4Þ × 10−17 1.6 × 10−16 e cm (n)

2We note that Schiff’s theorem has been recently reevaluated in
work showing that these formulas may be unjustified approximations
(Liu et al., 2007); however, there is disagreement on the validity of
this reformulation (Sen’kov et al., 2008).
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