
• The hybrid storage ring (E-field for bending, with alternate magnetic 
focusing) is a major advance in battling systematic errors

• It eliminates the first order systematic errors
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Hadronic EDMs

• Sensitive to New Physics. SUSY-like NP sensitivity at 103 TeV

• Sensitive to theta_QCD<10-10 related to axion and perhaps dark 
matter.  Storage ring pEDM will improve sensitivity by three to 
four orders of magnitude!

• Recent work shows sensitivity to Dark Matter/Dark Energy

•Alternative systems also needed to pinpoint CP-violation source
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EDM: Frozen spin method in electric ring. Proton spin is aligned with 
the momentum vector
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Dark Matter/Dark Energy: frozen spin method in electric ring, spin is 
kept in the radial direction

2 The Theory of the E↵ect

For the purposes of this article, we are interested in extremely light (pseudo-)scalar fields coupled to protons.
Such a coupling can come from an underlying coupling to quarks, e.g.,

L � gaqq@µaq̄�
µ
�5q ! gaNN@µap̄�

µ
�5p (1)

Where a is the light spinless field, and q is a light quark and p is the proton. Such quark couplings can come
from spontaneous breaking of a global symmetry at high scales. Assuming such a symmetry is anomaly-free
with respect to QCD, the ’axion’, a, does not receive an instanton-induced mass and will remain naturally
light.

In the rest frame of the proton, this term generates the e↵ective Hamiltonian term:

H 3 �gaNN
~ra · ~� (2)

where � is the proton spin. Thus, the gradient of the axion field couples to the spin of the proton like a
magnetic field. The physical e↵ect is the precession of the proton spin around the vector ~ra. The size of
the gradient of the axion field is set by the axion momentum: ~ra ⇠ �ma�a where ma is the axion mass and
� is its velocity in the proton rest frame and � is the relativistic gamma factor.

Here is where the storage ring is interesting. A laboratory experiment is moving at a velocity � ⇠ 10�3

relative to the virial velocity of dark matter or the rest frame of dark energy, either of which a could be a
component. On the other hand, in a storage ring experiment at relativistic velocities, we get an automatic
enhancement with � ⇠ O(1). The � factor however cancels due to time dilation, as the integration time is
measured in the lab frame.

2.1 Dark Energy

In the case of dark energy, we imagine a field a rolling down a shallow potential with a non-zero @ta,
homogeneous in the rest frame of the CMB. Taking the kinetic energy of a to be a fraction ✏ of the dark-
energy energy density ⇢DE, we have (in the proton rest frame):

@µa = {�
p

2✏⇢DE, �
~�

p
2✏⇢DE} (3)

and thus the proton’s spin will to couple the axion gradient analogous to how a magnetic field couples to
its magnetic moment. A proton spin not aligned with the direction of the velocity will precess around ~� at
a precession frequency of ⌫prec ' gaNN�

p
2✏⇢DE/2⇡ in cycles per second in the lab frame. Note that for a

proton traveling in a straight line, the e↵ect always rotates the spin around the same direction around the
velocity, and thus the e↵ect adds over long integration times. Thus, after a time T , the precession angle
would be �✓prec ' gaNN�

p
2✏⇢DET . The size of the e↵ect will be set by the coupling gaNN, the experimental

value of dark energy density is ⇢DE ⇠ (2⇥ 10�3 eV)4, and the fraction of dark energy in the kinetic rolling
✏. The current bound on ✏ can be loosely extracted from the Planck collaboration’s fit to dynamical dark
energy: ✏ ' (w+ 1)/2 < 0.06(0.20) at 1�(2�), where w is the dark energy equation of state measured today
[40].

2.2 Dark Matter

2.2.1 Pseudoscalars

In the case of a dark matter, the main di↵erence with dark energy is the fact that the a field value (and thus

the time derivative) oscillates in time as a ⇠

p
2⇢DM

ma
sin(mat), where ⇢DM is the local dark matter energy

density. From time t to dt, the proton spin precesses an amount d✓prec ' gaNN�
p
2⇢DM cos(mat)dt. Thus,

in the case of dark matter, the precession angle after a time T would be

�✓prec '
gaNN�

p
2⇢DM

ma
sin(maT )) (4)

in the lab frame. For ma ⌧ 1/T , the e↵ect again adds coherently, whereas for ma & 1/T , the precession
angle oscillates in time.
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Figure 1: A sketch of the geometry for this storage ring proposal (left figure) and the directions of the

proton’s spin ~�, velocity ~� and precession, as well as the axion field gradient seen by the proton (right figure).
The proton’s spin must be oriented radially and will then precess around its velocity (out of the plane of the
ring).

boost the signal and be able to add it up over the entire integration time of the storage in the ring (⇠ 1000 s
for the proton EDM experiment).

The proton storage ring EDM proposal uses this ‘frozen spin’ method [12, 14]. In that proposal the
proton is placed in a ring with a large electric field (either all electric or a hybrid electric-magnetic design)
and its spin is aligned with its velocity. The proton is given the ‘magic momentum’ so that the ring’s
electromagnetic fields cause the spin to precess by 2⇡ in exactly the time the proton orbits the ring once,
thus keeping the spin and velocity always aligned. This can be seen easily in the proton’s rest frame where
the large radial electric field looks like it has a large magnetic component perpendicular to the plane of the
ring. If the proton has an EDM, then its spin will also precess around the large electric field and thus out
of the plane of the ring. The protons spins are measured continuously over the period of about 1000 s that
they spend in the ring.

Our proposal is to use the same storage ring to search for time-varying dark energy (with axionic cou-
plings) and axion (or vector) dark matter. Note that for the axion case, as in Fig. 1, the proton’s spin must
be oriented radially (instead of tangentially as in the EDM case) so that it will precess around the proton’s
velocity, out of the plane of the ring. The signal of axion dark matter or dark energy then is a small rising
component of the proton’s spin out of the plane as a function of time. Thus the same storage ring can be
used to search for dark matter and dark energy as will be used for the proton EDM. We are just searching
for a di↵erent signal with a di↵erent dependence on the spin orientation of the proton and also, in the case
of dark matter, with a fixed temporal frequency (see Section 2).

In Figure 2 we show an estimate for the sensitivity of this proposal to axion dark matter. Figure 3 shows
the sensitivity to time-varying dark energy, assuming it has an axion-like coupling. We have assumed similar
numbers to the storage ring EDM proposal, namely the spin coherence time of the proton beam in the ring
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The proton EDM electric ring, 500m circ.
Two options:

1. All-electric: radial E-field, plus electric focusing

2. Hybrid: radial E-field, plus alternating magnetic focusing

The all-electric field ring described in

Review of Scientific Instr. 87 (11), 115116



Hybrid storage ring: electric bending, alternate magnetic focusing
•It allows simultaneous clock-wise (CW) and counter-clock-wise (CCW) storage

•It eliminates the main syst. error sources: ext. B-fields and vertical electric fields



Hybrid storage ring lattice
• Use E-field for particle bending, alternate 

magnetic focusing allows CW and CCW storage

Quads: 0.2T/m, 0.4m W

C
W

C
C

QDRIFT DRIFTDEFLECTOR DEFLECTOR

Figure 5: The ring lattice is symmetric for CW and CCW beams, but also with respect to each lattice
element in the ring. The ring lattice parameters are given in Table 1. This design has been shown to be
more robust against lattice-element position tolerances since the particle deviations from its ideal orbit cancel
to high degree, when integrated around the ring. The beam bunch polarization is also indicated, showing
that all four spin directions are simultaneously stored for both CW and CCW beams for systematic error
cancellations.
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those, half of them with positive and the other half with negative helicity. The remaining half bunches have
the proton spin oriented in the radial direction half of which again are pointing radially outward and half
inward,2 similarly to those shown in Fig. 5.

The longitudinal polarizations probe the particle EDM, while the radial polarizations probe the axion
dark matter and/or dark energy of vacuum (DM/DE). The two signs positive and negative helicities are
mainly used to eliminate the polarimeter systematic errors, while the CW and CCW injections are used
to eliminate systematic errors related to the background (unwanted) electromagnetic fields. Fig. 6 shows
the horizontal and vertical beta functions, indicating a highly symmetric beam envelop, a critical feature to
reduce the sensitivity of the experiment on the lattice elements positioning errors. The beta-function shows
the stored beam envelop for each direction, which flips as the current polarity on the magnetic quadrupoles
is flipped, providing one more tool combating the systematic errors. Fig. 7 shows the slip factor as a function
of the quadrupole strength. The negative slip-factor is required to establish equilibrium [12] between the
three phase-space components of the stored beam due to intra-beam-scattering (IBS), potentially allowing
to increase the beam storage lifetime to more than 104 s.

In our systematic error studies we have used high-precision simulation software with the required accuracy,
similar or better than reference, [33] but this time the fields are not continuous and ideal, simulating the
lattice e↵ects in more realistic conditions. The interface between the fields and the straight section is a hard-
edge approximation, with no fringe fields. The realistic fringe-fields of infinitely-high electric field plates with
cylindrical geometry, as studied in [34], do not have a significant e↵ect on particle beam/spin dynamics. The
beam parameters of the ring lattice used here are given in Table 1, with a main characteristic that of the
high symmetry of the lattice elements.

Table 1: The lattice parameters for the storage-ring proton EDM experiment.
Parameter Magnitude Description
p0 0.71 GeV/c2 Magic momentum
� 0.59 = v/c, the particle speed
R0 95.5 m Deflector radius
C 800 m Ring circumference
fc 0.22 MHz Cyclotron frequency
fx 0.51 MHz Horizontal betatron frequency
Qx 2.3 Horizontal betatron tune
fy 0.49 MHz Vertical betatron frequency
Qy 2.2 Vertical betatron tune
E0 4.4 MV/m Deflector electric field
k 0.2 T/m Quadrupole strength
Lquad 40 cm Quadrupole length
Lstr 4.6 m Straight section length (incl. quad.)
N 48 Number of cells

4.1 Backgrounds

Our highly symmetric, hybrid ring lattice significantly relaxes the magnetic field shielding requirements
as well as the magnetic quadrupole position tolerances. In this section we are presenting the systematic
errors and how we plan to eliminate them. Depending on which direction the spin is frozen, which also
determines the physics the beam is sensitive to, the systematic errors are not necessarily the same. Running
the experiment, with simultaneous storage of the bunched beams in all four di↵erent options, in both CW
and CCW directions makes the experiment plausible. Table 2 shows the systematic errors for the EDM
case and the remediation measures, while Table 3 shows the same for the radial polarization case. We
will address the two cases separately below. The main systematic error source is the large E-field bending

2It is also possible to store beams with vertical polarizations, half of them directed upwards and the other half downwards
as long as there are stored bunches with horizontal polarizations within the same storage time to indicate that the horizontal
spin component is “frozen” relative to the momentum vector. This option can be explored to probe the EDM and the DM/DE
cases simultaneously and to study additional systematic error sources.
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Hybrid storage ring lattice
• Highly symmetric ring lattice
• Reduced Intra-Beam-Scattering issues

Figure 6: The horizontal and vertical beta-functions as a function of the longitudinal position around the
ring. The beam envelop is highly symmetric along the ring azimuth, while it flips sign when the quad current
flips, both features highly suppressing the EDM and DM/DE systematic errors. While the beam envelop
oscillates going around the ring, the center of the quads remain ideally at zero for all of them.

Figure 7: The lattice slip factor as a function of the quadrupole strength. The negative slip factor puts the
ring lattice below transition, an essential quality in having low intra-beam-scattering and a stable storage
for high beam intensities as required by the experiment. [12]
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Figure 6: The horizontal and vertical beta-functions as a function of the longitudinal position around the
ring. The beam envelop is highly symmetric along the ring azimuth, while it flips sign when the quad current
flips, both features highly suppressing the EDM and DM/DE systematic errors. While the beam envelop
oscillates going around the ring, the center of the quads remain ideally at zero for all of them.

Figure 7: The lattice slip factor as a function of the quadrupole strength. The negative slip factor puts the
ring lattice below transition, an essential quality in having low intra-beam-scattering and a stable storage
for high beam intensities as required by the experiment. [12]
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dEDM@PAC, 29 March, 2007 Yannis K. Semertzidis, BNL

The proton EDM in the AGS tunnel at BNL

Circumference: 800m
Max E-field: <5MV/m



What happens with misaligned 
elements?



Running the EDM experiment

Potential systematic error: tilted E-field plates

Clock-wise and counter-clock-wise vertical spin precessions 
are equal and cancel.

Zhanibek Omarov’s simulation



Running the EDM experiment

Potential systematic error: tilted E-field plates

Clock-wise and counter-clock-wise vertical spin precessions 
are equal, shown here with 1 compensating element.

Zhanibek Omarov’s simulation



Beam-based alignment:
What is possible?



Beam-based alignment at COSY

Slide by Tim Wagner, COSY/Juelich, March 2018

Tim Wagner et al., Hyperfine Interact (2018) 239: 61 
doi:10.1007/s10751-018-1539-6 



Beam-based alignment at COSY

Slide by Tim Wagner, COSY/Juelich, March 2018



Beam-based alignment at COSY

Slide by Tim Wagner, COSY/Juelich, March 2018



Beam-based alignment at COSY

Slide by Tim Wagner, COSY/Juelich, March 2018



Beam-based alignment

• Quadrupole alignment resolution achieved at COSY: 10 microns

• Limited by the detector resolution (Rogowski coils)

• SQUID-based BPMs have much higher resolution: 10nm/√Hz



What happens with lattice 
corrugation?



Relevant effect: keep CW and CCW
beams at same place to 1-10 microns

Quads: 0.2T/m, 0.4m



Yannis Semertzidis, IBS-CAPP/KAIST

What’s needed

• Beam-based alignment ~1-10𝜇m of quads (to eliminate geometrical 
phase issues)

• Clock-wise and counter-clock-wise stored beams need to be same 
within a SD of ~1-10𝜇m 

• Need to hold high voltage for large surface area plates 5 – 8 MV/m 
for 3cm plates separation (determines ring size)

• Build one section, a 1/48 of the ring lattice to check compatibility & 
reliability.



Summary
• Great physics reach: 
• Matter-antimatter asymmetry of the universe, CPV
• Largest sensitivity to New Physics, theta_QCD, DM/DE physics 

• Hybrid ring design, eliminates main systematic error sources
• S-BPMs and high-precision simulation offer powerful tools in 

combating systematic errors.  Beam-based alignment at micron level

• The proton EDM ring: 500m-800m. 



Extra slides



SQUID magnetometer To p-beam line

Liquid He

Vacuum

Beam position monitor: SQUID array
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Cylindrical Dewar: under fabrication
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Total noise of (65) commercially available SQUID 
gradiometers at KRISS
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From YongHo Lee’s group
KRISS/South Korea



SQUID-based BPMs, Korea

Selcuk Haciomeroglu, IBS/CAPP
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Interference-free control
Noise-free acquisition
No time-delay bet. modules

Storage ring

<Control/Acquisition> <Averaging/Analysis>

Data (1000 s/epoch)

16-ch Module 

…

Optical transmission (signal & control)

ADC: 16 bit, 10 kS/s sampling 

BMP Systems in the Storage Ring  

YongHo Lee, KRISS


