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Abstract

Permanent electric dipole moments (EDMs) are excellent probes of physics beyond the Standard

Model, especially on new sources of CP violation. The muon EDM has recently attracted significant

attention due to discrepancies in the magnetic anomaly of the muon, as well as potential violations

of lepton-flavor universality in B-meson decays. At the Paul Scherrer Institute in Switzerland,

we have proposed a muon EDM search experiment employing the frozen-spin technique, where a

radial electric field is exerted within a storage solenoid to cancel the muon’s anomalous spin pre-

cession. Consequently, the EDM signal can be inferred from the upstream-downstream asymmetry

of the decay positron count versus time. The experiment is planned to take place in two phases,

anticipating an annual statistical sensitivity of 3× 10−21 e·cm for Phase I, and 6× 10−23 e·cm for

Phase II. Going beyond 10−21 e·cm will enable us to probe various Standard Model extensions.
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INTRODUCTION

The origin of the imbalance between baryon and anti-baryon in our universe (BAU) [1]

remains one of the greatest mysteries in cosmology and particle physics. The size of Charge-

Parity (CP) symmetry violation embedded in the Standard Model (SM) of particle physics

is insufficient to explain the observed BAU [2]. The existence of a permanent electric dipole

moment (EDM) in any elementary particle inherently violates both the P and T symme-

tries [3]. Assuming CPT symmetry, the latter implies a violation of the CP symmetry. If an

EDM measurement exceeds the SM prediction, it could suggest physics beyond the Stan-

dard Model (BSM) [4–6], thus refining our understanding of the universe’s matter-antimatter

asymmetry.

Recently, muon EDM has drawn considerable attention due to discrepancies between the

magnetic anomaly of the muon aµ [7–9] and the electron ae [10–12], along with suggestions of

lepton-flavor universality violation in B-meson decay [13]. Of all elementary particles, only

the muon permits a direct EDM measurement. The present muon EDM limit, set by the

BNL Muon g−2 Collaboration, is dµ < 1.8×10−19, e·cm at a 95% confidence level [14] while

the SM prediction is 1.4× 10−38 e·cm [15, 16], way beyond the reach of current technology.

Consequently, the muon EDM remains one of the SM’s least tested areas, with any detected

signal strongly implying BSM physics.

The current muon EDM limit is derived from a ”parasitic” measurement within the

Muon g − 2 experiment. In this context, the existence of the muon EDM induces a tilt

δ = tan−1 (ηβ/2aµ) in the g − 2 precession plane, where η is a dimensionless parameter

related to muon EDM and |~dµ| ≈ η × 4.7 × 10−14. The current BNL limit implies a plane

tilt δ around a milliradian, corresponding to an average vertical angle oscillation for emitted

positrons of several tens of µrad. The sensitivity projected for the FNAL and J-PARC

experiments is around the order of 10−21 e·cm [17, 18].

A FROZEN-SPIN-BASED MUON EDM SEARCH AT PSI

The recently proposed frozen-spin technique [19–21] enhances sensitivity in an EDM

search by cancelling a muon’s anomalous spin precession in a storage magnet using a radial

electric field Ef = aµBcβγ
2, where B signifies the magnetic field confining the muon. This
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technique effectively “freezes” the muon’s spin in relation to its momentum. If the muon

has a permanent EDM, it would induce a spin rotation out of the orbital plane, leading to

an observable upstream-downstream asymmetry that increases over time. By strategically

placing detectors in the upstream and downstream direction of the muon storage region,

an up-down asymmetry α in positron count can be observed due to increasing polarization

along the direction perpendicular to the muon orbital plane, as the positron is preferentially

emitted in the direction of the muon’s spin. The sensitivity of the EDM measurement can

then be calculated using:

σ(dµ) =
h̄γ2aµ

2PEf

√
Nγτµα

(1)

where P is the spin polarization, N is the number of detected positrons, and τµ is the muon

lifetime.
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FIG. 1. A sketch of the Phase I muEDM experiment at PSI. Side view (left) and front view (right)

of the demonstrator device using an existing solenoid magnet with a field strength of 3 T.

The proposed muEDM experiment at PSI is planned in two stages. Phase-I will employ

an existing PSC solenoid with a field strength of 3 T to demonstrate the essential techniques

required for a muon EDM search using the frozen-spin method. As illustrated in Fig. 1, a

surface muon beam with approximately 30 MeV/c momentum and a polarization greater

than 95% will be directed into a collimation tube within a superconducting magnetic shield,

creating a field-free condition. The use of correction coils within the solenoid will minimize

the field gradient between the injection region at the collimation tube’s exit and the storage

region at the solenoid’s center, thereby expanding the acceptable phase space. A coil situated
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at the solenoid’s center will generate a weakly focusing field essential for muon storage during

the EDM measurement.

An entrance scintillator, operating in anti-coincidence with a set of scintillators, will

produce an entrance signal for muons within the acceptance phase space. This signal will

trigger a pulsed magnetic field at the solenoid’s center, converting the remaining longitudi-

nal momentum of the incoming muons into the transverse direction. The muon will then

be confined to a stable orbit of approximately 30 mm radius within the weakly focusing

magnectic field. To establish the frozen-spin condition, a radial electric field of 3 kV/cm will

be applied in the storage orbit region between two co-axial electrodes.

The experiment will employ a combination of silicon strip and scintillating fiber ribbon

detectors to track the decay positron, enabling the measurement of the muon’s anomalous

precession frequency, ωa. This measurement will serve as a sensitive probe of the magnetic

field. Furthermore, by plotting ωa against the applied electric field and interpolating it

to ωa(E) = 0, we can adjust the electric field to achieve the frozen-spin condition. This

procedure also enables us to measure the up-down asymmetry.

In Phase II of the experiment, we plan to employ a muon beam with a higher momentum

of 125 MeV/c and a larger radial electric field of 20 kV/cm. Given that the anticipated

muon orbit will be significantly larger than in Phase I, we will design a dedicated solenoid

magnet specifically for this phase. A comparison of the conditions in Phase I and Phase II

can be found in Table I.

R&D PROGRESS AT PSI

From 2019 to 2022, we conducted four comprehensive test-beam measurements at PSI.

In 2019, our primary focus was characterizing the phase space of potential muon beamlines.

In 2020, we primarily studied the effects of multiple Coulomb scattering of low-momentum

positrons. We have reported the details from these test-beam measurements in [22, 23].

Currently, we are analyzing the data from the 2021 testbeam, where we characterized po-

tential electrode materials with positrons and muons. In 2022, we tested a prototype of the

muon tagger/tracker, consisting of a time projection chamber (TPC) and then tested muon

entrance detector prototypes using a 27.5 MeV/c muon beam from the πE1 beamline.

In Fig. 2, a muon-entrance detector based on a thin plastic scintillator (gate detector) and
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Parameters
muEDM Phase I muEDM Phase II

Factor Event rate [Hz] Factor Event rate (Hz)

Muon flux (µ+/s) - 4× 106 - 1.2× 108

Channel transmission 0.03 1.2× 105 0.005 6× 105

Injection efficiency 0.017 2.0× 103 0.6 3.6× 105

e+ detection efficiency 0.25 5.0× 102 0.25 9.0× 104

Detected e+ per 200 days 8.64× 109 1.56× 1012

Beam momentum (MeV/c) ≈ 30 125

Gamma factor, γ 1.04 1.56

Storage magnetic field, B (T) 3 3

Electric field, Ef (kV/cm) 3 20

Muon decay asymmetry, α 0.3 0.3

Initial polarization, P0 0.95 0.95

Muon EDM Sensitivity (e·cm) 3× 10−21 6× 10−23

TABLE I. Calculated event rate, experiment parameters, and annual statistical sensitivity of the

muon EDM measurement for muEDM Phase I and II based on Eq. (1).

four GNKD [24] plastic scintillating tiles (telescope detectors), each readout by NDL [25]

silicon photomultipliers (SiPMs) NDL15-6060S, was developed. The SiPMs were coupled to

the scintillators using BC-603 optical grease. The scintillators and readout electronics were

held together by a 3D-printed holder and a rack made of resin material. This prototype was

recently tested at the πE1 beamline at PSI. Signal digitization was done using WaveDAQ [26]

based on DRS4 [27]. A total of 0.7 million muon events were collected during the test beam,

and data analysis is ongoing to characterize the efficiency of the muon-entrance detector.

CONCLUSIONS AND OUTLOOK

A sensitive search of the muon EDM presents an exciting opportunity to explore BSM

physics within the muon sector. The innovative frozen-spin technique has the potential to

surpass the sensitivity of the existing muon g − 2 storage ring approach. By leveraging

the current beamlines at the Paul Scherrer Institute (PSI), it is possible to reach an un-
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FIG. 2. Left: A detailed three-dimensional CAD model of the muon entrance detector. Right: An

image of the actual prototype entrance detector, developed for the test beam at PSI. The close-up

views (insets) display the SiPM readout boards designed for the telescope scintillators.”

precedented EDM sensitivity of 6× 10−23 e·cm. Currently, the development and testing of

the critical components for the experimental setup are in progress, setting the stage for the

Phase-I precursor experiment at PSI.
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