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ERC CONSOLIDATOR GRANT 2021 
PART B2  
Section a. State-of-the-art and objectives 

ELECTRIC DIPOLE MOMENTS: A HIGH PRECISION PATH TO NEW PHYSICS  
Symmetries [1] and the breaking of symmetries [2, 3, 4] played an essential role in the foundation of 
today's Standard Model of particle physics (SM). Electric dipole moments (EDMs) of fundamental 
particles violate time-reversal and, invoking the CPT-theorem [5], the combined symmetry of charge-
conjugation and parity-inversion (CP). More than 70 years ago, E.M. Purcell, N.F. Ramsey and their 
student J.H. Smith [6] searched for an EDM of the neutron for the first time. Since then, many 
searches worldwide with increasing sensitivity on neutrons, atoms, and molecules [7, 8] were 
concluded, so far, without detection.  

Intriguingly, the same fundamental CPV interaction provoking an EDM could also be the key for 
explaining the prevalence of matter over antimatter in our Universe. This well-grounded assertion, 
also known as baryon asymmetry of the Universe, is based on cosmological observations of the 
abundance of primordial light elements, baryon acoustic oscillations in the cosmic microwave 
background, and the absence of a relic antimatter horizon visible through monoenergetic photons 
from annihilation. An explanation to generate a matter-dominated universe from symmetric initial 
conditions requires three conditions. Sakharov [9] identified these as: 

• Processes violating baryon-number (B) conservation, transforming the original B = 0 
symmetric Universe into the Universe with the observed B-number; 

• Processes, which violate charge (C) and charge-parity (CP) invariance; 
• Departure from thermal equilibrium. 

The SM provides with sphaleron processes an effective B-violating mechanism, while the 
electroweak phase transition, with a single Higgs of mass 125 GeV/𝑐𝑐2 is not a sufficiently strong 
departure from thermal equilibrium [10], a clear indication for physics beyond the SM (BSM). Here, 
however, I will only discuss the CPV prerequisite. 

CP-violation (CPV)  discovered by J. Cronin, V. Fitch, and others in 1964 [4] was completely 
unexpected and is today an accurately studied effect in the quark sector of the weak interaction and 
part of the SM as CPV phase of the Cabibbo Kobayashi Maskawa (CKM) matrix [11].  Although this 
phase is close to maximal [12], it is insufficient for the observed matter-antimatter asymmetry, and 
the resulting values of all possible EDMs of fundamental particles are far too small [13, 14] for 
detection anytime soon.  

While no new particles were found at LHC yet [15, 16], high precision measurements have access 
to energies exceeding the reach of LHC by testing indirect effects [17]. Intriguingly, the most 
substantial evidence for BSM appears in semileptonic B-meson decays with heavy leptons, 
especially with muons [18, 19, 20], at LHCb, Belle, and BaBar, violating lepton flavor universality 
(LFU), and in the substantiated evidence of the muon g-2 discrepancy with SM expectations [21, 22, 
23]. These striking hints for new physics are incompatible with minimal flavor violation (MFV) in the 
lepton sector [24]. In effective-field theories, the imaginary part of the Wilson coefficient, see Figure 
1, of which the real part gives rise to the g-2 of a lepton, also gives rise to the EDM [25, 26]. This 
intrinsic connection of the EDM to the g-2 and the tantalizing evidence for LFU violation can only be 
tested by searching for the muEDM. 

The different EDM searches are sensitive to different, unique combinations of underlying CPV 
sources. These model-dependent interactions at very high energy scales can conveniently be 
translated to simple contact interactions, parametrized by low energy constants, sometimes called 
Wilson coefficients, using the framework of effective field theories [27, 28, 29, 30]. A prominent 
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example is Fermi's beta decay theory, where the heavy W bosons are integrated out. Figure 1 
illustrates the multiple connections between laboratory measurement of a CPV observable passing 
through parametrizations, considering, for example 𝐶𝐶𝑆𝑆 and 𝐶𝐶𝑇𝑇 in effective field theories at increasing 
energies (nuclear, electroweak scale), to finally connect to the in nature realized fundamental theory.  

In recent years, great progress has been made towards searching for charged hadron EDMs in 
dedicated storage rings [31, 32]. Establishing a dedicated search and making the first measurement 
of a bare muon's EDM in a table-top storage ring is the present proposal's motivation and 
background. 

A DEDICATED SEARCH FOR AN ELECTRIC DIPOLE MOMENT OF THE MUON  
The search for a non-zero EDM of the muon in a dedicated experiment is a unique opportunity to 
improve the current sensitivity towards  10−23 𝑒𝑒cm corresponding to: 

• roughly three orders of magnitude improvement compared to the current experimental limit; 
• a model-independent and complementary search for new physics in the lepton sector; 
• a unique test of lepton flavor universality (LFU); 
• and sets a first stringent limit on an otherwise poorly constraint Wilson coefficient. 

If accomplished, this search will provide a significant advancement towards establishing a new 
standard model of particle physics. 

The muon plays an exceedingly prominent role in unveiling cracks in the SM and might pioneer the 
experimentally guided foundation of a new physics model. Nearly all substantial evidence found in 
laboratory experiments for a departure from SM physics involves the muon. For example: 

• the g-2 experiment at FNAL, corroborating the discrepancy between SM predicted [22] and 
experimentally measured anomalous magnetic moment 𝑎𝑎𝜇𝜇 = (𝑔𝑔 − 2)/2 to 4.2𝜎𝜎 [23, 21]; 

• the departure from LFU in B-meson decays, with 𝐵𝐵 → 𝐾𝐾ℓℓ alone showing a 3.1𝜎𝜎 evidence 
[20] and more than 5𝜎𝜎 evidence [33, 19] when combining all LFU observable in B-meson 
decays 

Figure 1: Illustration of the connection between underlying fundamental theories to 
laboratory measurement, passing through potential effective CPV sources at different 
energies. Note, that measurements on bare leptons have the cleanest unambigous 
connection to fundamental interactions. 
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• the deficit in the 1st-row unitarity of the CKM matrix with about 4𝜎𝜎 evidence [34] may also be 
interpreted as LFU violation [35].  

Electric dipole moments of leptons (electron, muon, and tau) play a unique role, as contrary to 
nucleon EDMs (proton, neutrons, and heavier nuclei), these are much less susceptible to CPV 
generated by the vacuum polarization term of QCD [36].  

In the past, a dedicated muEDM search seemed less attractive as the impressive limits on the 
electron EDM deduced from measurements using atoms or molecules, e.g., thorium oxide molecules 
𝑑𝑑𝑒𝑒  <  1.1 × 10−29𝑒𝑒cm (CL 90%) [37], were rescaled, by the ratio 𝑚𝑚𝜇𝜇/𝑚𝑚𝑒𝑒, assuming minimal flavor 
violation (MFV). Naïve scaling results in a limit of 𝑑𝑑𝜇𝜇←𝑒𝑒 < 2.3 × 10−27𝑒𝑒cm (CL 90%), which is many 
orders of magnitude better than the direct limit 𝑑𝑑𝜇𝜇 < 1.5 × 10−19𝑒𝑒cm (CL 90%). However, MFV is a 
model-dependent assumption allowing a light particle spectrum, in principle observable at the LHC, 
where this reduces the degree of fine-tuning in the Higgs sector while respecting at the same time 
flavor constraints. Furthermore, the electron EDM result is deduced, assuming that possible time- 
and parity-violating electron-nuclear interactions, e.g. 𝐶𝐶𝑠𝑠(�̅�𝑒𝛾𝛾5𝑒𝑒𝑁𝑁�𝑁𝑁), are zero. Effectively a single 
measurement is insufficient, and only by combining the measurement with 199Hg, which is sensitive 
to 𝐶𝐶𝑆𝑆 and nearly insensitive to 𝑑𝑑𝑒𝑒, a global limit on 𝐶𝐶𝑆𝑆 and 𝑑𝑑𝑒𝑒 may be deduced [28].  

In conclusion, the direct search for an EDM of a bare muon probes uncharted territory in BSM 
theories and makes the result independent from CPV in nuclear and atomic interactions and from 
MFV assumptions required when relying on the electron EDM results from molecules [37] or 
molecular ions [38]. The detection of a muon EDM would be a major discovery, comparable to the 
historical milestones by Wu, Lederman, Cronin, and Fitch, while a null result will serve as an 
important rail guard for models behind today's standard model. 

OBSERVE THE  MUON SPIN PRECESSION DUE TO THE EDM  IN A STORAGE RING  

An electric dipole moment, 𝑑𝑑 in an electric field will result in a spin precession 𝜔𝜔��⃗ 𝑒𝑒 = −2𝑑𝑑𝐸𝐸�⃗ /ℏ, where 
𝑑𝑑 = 𝜂𝜂𝜂𝜂ℏ/(4𝑚𝑚𝑐𝑐) is the strength of the parity-violating coupling between angular momentum, the spin 
of the particle, and the electric field 𝐸𝐸�⃗ .  In a uniform magnetic field 𝐵𝐵�⃗ , a particle that moves with 
velocity �⃗�𝑣 = 𝛽𝛽𝑐𝑐 perpendicular to 𝐵𝐵�⃗  will fulfill a closed orbit, and the spin will start to precess around 
the electric field 𝐸𝐸∗ = 𝛾𝛾�⃗�𝑣 × 𝐵𝐵�⃗ , with 𝛾𝛾 = (1 − 𝛽𝛽2)−1/2, 𝑖𝑖n the restframe of the particle, denoted by ∗. It 
is convenient to describe the spin motion relative to the momentum vector in a reference frame 
moving collinear with the particle. In the general case where electric and magnetic fields will be used 
to steer the beam of particles around a storage ring, the spin precession is described by the T-BMT 
equation [39, 40, 41] 

 𝜔𝜔��⃗ = −
𝜂𝜂
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In the design case of a storage ring, momentum, magnetic, and electric field form an orthogonal 
basis. Hence equation (1) simplifies to 
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The first term describes the spin precession, 𝜔𝜔��⃗ 𝑎𝑎, of the anomalous magnetic moment, 𝑎𝑎 = (𝑔𝑔 − 2)/2, 
of the particle with magnetic moment 𝜇𝜇 = 𝑔𝑔𝜂𝜂𝑠𝑠/(2𝑚𝑚). The second term is the electric precession, 𝜔𝜔𝑒𝑒, 
due to an EDM oriented perpendicular to 𝐵𝐵�⃗  . In the presence of a muEDM, the observed frequency 
will be 𝜔𝜔 = �𝜔𝜔𝑎𝑎2 + 𝜔𝜔𝑒𝑒2, and a tilt in the precession plane by a tiny angle, 𝜁𝜁 = arctan(𝜂𝜂𝛽𝛽/(2𝑎𝑎)),  will 
lead to a vertical oscillation phase-shifted by 𝜋𝜋/2 with respect to the horizontal precession. The weak 
decay of muons is inherently parity-violating. Hence, the highest-energy positrons are emitted along 
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with the muon spin, and the precession can be measured by detecting decay positrons with a 
detector system inside the storage ring.   

Previous experiments were built and optimized to measure with the highest accuracy the anomalous 
magnetic moment 𝑎𝑎𝜇𝜇 = (𝑔𝑔 − 2)/2. The FNAL/BNL [42, 43, 23] storage ring has a large focusing field 
index 𝑛𝑛 ≈ 0.1 and electric fields for electrostatic focusing. Muons with a so-called “magic momentum” 
of 𝑝𝑝 = 3.1GeV/𝑐𝑐 from backward decaying pions are used, cancelling the electric term in equation (1) 
and making the muon precession to first-order independent of electric fields. Figure 2 on the left 
illustrates the g-2 precession configuration without EDM. The decay positrons are recorded using 
calorimeters and straw tube trackers inside the storage ring [23]. It is planned to use the data to 
search for a vertical oscillation signal to improve the direct limit on the muEDM �𝑑𝑑𝜇𝜇� < 1.8 × 10−19𝑒𝑒cm 
[42] to better than 10−21𝑒𝑒cm  [44]. Using the magic momentum prevents this experiment from 
implementing the frozen-spin configuration; hence, the sensitivity to a muon EDM is limited by the 
resolution of the vertical amplitude, proportional to 𝜁𝜁, of the oscillation in the tilted precession plane. 

The J-PARC experiment [45] uses muons with a much lower momentum of 𝑝𝑝 = 300MeV/𝑐𝑐 from a 
reaccelerated thermal muon beam with a thousand times lower horizontal emittance. This permits a 
storage ring design without an electric field using a high fidelity compact NMR magnet with a 
magnetic field of 𝐵𝐵 = 3T. In this case, equation (1) simplifies to 

 𝜔𝜔��⃗ = −
𝜂𝜂
𝑚𝑚 �𝑎𝑎𝐵𝐵�⃗  +

𝜂𝜂
2
𝛽𝛽 × 𝐵𝐵�⃗ �. (3) 

Again, the sensitivity to an EDM is limited by the resolution of the vertical amplitude. The g-2 
frequency and an eventual EDM signal will be deduced from a measurement of the spiral tracks of 
decay positrons in the magnetic field using silicon-strip detectors arranged inside the storage orbit. 
Commissioning of the experiment with an EDM sensitivity of  a few 10−21𝑒𝑒cm is planned in 2025, 
while a first result is expected by the end of 2026.  

EMPLOY THE FROZEN-SPIN TECHNIQUE IN HIGH FIDELITY NMR MAGNET 
A new technique, significantly increasing the sensitivity to an EDM of the muon, was first proposed 
in the seminal publication by Farley et al. [46]. It uses an electric field,𝐸𝐸�⃗𝑓𝑓 , perpendicular to particle 
motion and the magnetic field fulfilling  

Figure 2: Illustration of spin and momentum evolution in a storage ring. The g-2 configuration uses 
the magic momentum with 𝛾𝛾 = (1 − 𝑎𝑎𝜇𝜇)/𝑎𝑎𝜇𝜇 . In the g-2 configuration the spin (orange arrow) 
precesses in the plane of the storage ring. Applying the radial electric field, the frozen-spin “frozen” 
condition is realized and the spin is always aligned with the momentum. In this case, an electric 
dipole moment will result in a vertical precession out of the storage ring plane.  
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and thereby canceling the anomalous precession term of equation (1).  

My proposed high precision instrument with an EDM sensitivity goal of  6 × 10−23𝑒𝑒cm [47], is a 
synthesis of the experiment proposed by Adelman et al. [48] and the vertical injection pioneered by 
the group of the J-PARC g-2/EDM experiment [49]. We will use muons with a momentum of 𝑝𝑝 =
125MeV/𝑐𝑐 and high polarization, 𝑃𝑃 = 93%, from backward decaying pions in the superconduting 
solenoid of 𝜇𝜇𝐸𝐸1. The muons will enter the uniform 3T-magnet through a collimating injection channel 
from the bottom. The magnet's coil package is arranged such that the magnetic field gradient 
between injection zone and storage zone is less than 3mT/m resulting in a large acceptance phase 
space. On average, only one muon at a time will enter the spectrometer and spiral up to the central 
area, where a triggered magnetic quadrupole pulse, field lines sketched in Figure 3, produces a 
magnetic quadrupole field of about 100ns. Within the storage region the pulsed magnetic field points 
along the radial direction and turn the muon onto a stable orbit. The matched electric field 𝐸𝐸�⃗𝑓𝑓 cancels 
the anomalous precession during storage and in the absence of an EDM the spin perfectly follows 
the momentum vector. An EDM will result in a precession of the spin along the radial direction, see 
Figure 2 on the right, and will be detected by tracking the decay positrons using a barrel detector of 
HV-MAPS detectors. A top and a bottom scintillator will be used to investigate the background and 
detect muons that punch through the detector's central area. Once a positron is detected or a punch-
through is registered, the next muon will be accepted. 

We will use clockwise and counterclockwise injected muons to cancel the dominant systematic 
effects to first order. Remaining systematic effects from  

• Radial magnetic fields 
• Misalignment of electric and magnetic field 
• Periodic azimuthal magnetic field and 

imperfect canceling of the anomalous 
precession 

• Misalignment of the positron detection system 
relative to electric and magnetic fields 

will drive the final instruments design and define 
stringent specifications. The most dominant effect will 
come from unwanted spin precession of the magnetic 
dipole moment coupling to the radial magnetic field 
required for weakly focusing. However, using 
clockwise and counterclockwise propagating muons 
and binning the asymmetry over an integer multiple of 
a revolution period will suppress a false signal, while 
a remaining dilution of the statistical sensitivity might 
remain due to vertical betatron oscillations. 

This high precision experiment does not exist yet. Its 
detailed technical design, including all relevant 
hardware, techniques and innovative methodologies, requires a phased approach and an effective 
collaboration. In particular, it will not be possible to reach the projected ultimate sensitivity goal of 
this technique in a single step, as the required total financial investment will only become available 
once the feasibility of all key technologies has been demonstrated and possible risks carefully 
accessed. 

Figure 3: Central part of muEDM 
spectrometer. Orange spiral: incoming 
muon, grey vertical lines: electrodes; Blue 
and green: particle detectors; Vector field 
lines illustrate the pulsed magnetic 
quadrupole field. 
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The current proposal, "Search for a Muon EDM using the frozen-spin Technique," will be the first 
step in this phased approach. The team I will recruit will develop key technologies for the injection 
and storage of muons and demonstrate the feasibility of the proposed concept by using an existing 
solenoid magnet with a wide bore at the Paul Scherrer Institute (PSI) for a precursor experiment with 
a sensitivity of a 3 × 10−21𝑒𝑒cm.  In particular, two objectives will be pursued (Txx define task 
numbers): 

Objective A: Develop key technologies and design the final instrument  
(also required for precursor experiment) 

o Full Monte Carlo and machine learning surrogate model  (T01) 
o Full finite element model of magnetic and electric fields  

including mechanical forces (T02) 
o Analysis, data blinding, and DAQ (T03) 
o Nested electrode system with a minimal material budget for  

the frozen-spin technique T(04) 
o Pulsed magnetic field to kick muons on a stable orbit (T05) 
o Injection channel made of a superconducting shield (T06) 

Objective B: Perform a first EDM measurement using an existing solenoid at PSI 

o Develop magnetic-field correction coils and field measurement device (T07) 
o Develop dedicated positron and muon detectors (T08)  
o Demonstrate injection 
o Demonstrate for the first time electric-field tuning to frozen-spin condition  
o First dedicated frozen-spin EDM measurement 

The research will be pursued at PSI, with a newly recruited diverse and gender-balanced team of 
two post-doctoral researchers and three PhD students. The ERC project proposed here will provide 
essential guidance for the final instrument design, and acquired know-how and methodology will be 
a pivotal part of a conception and technical design report of the ultimate instrument. Intermediate 
results from individual tasks will seed new developments, leading eventually to a next-generation g-
2 experiment crosschecking the final FNAL result [23]. 

Section b. Methodology 

The muEDM project is a high-gain enterprise exploring new frontiers in particle physics off the beaten 
track, requiring thoughtful organization and execution. In the following, I will outline the new team's 
structure, the necessary developments and test measurements (tasks), and the required hardware, 
which partially exist at PSI. 

All developments accomplished and progress made will be tracked using an internal wiki platform. I 
will take care that new achievements will be presented timely at conferences and workshops and 
published in open-access journals. To disseminate results and stimulate new ideas, we will organize 
a workshop on storage ring EDM searches. Code and data will be made public using the PSI 
standard open data infrastructure provided by the Swiss national supercomputing center0F

1. I will have 
the lead in all key hardware developments profiting from my experience as technical coordinator of 
the neutron EDM experiment. Further, I will care of management tasks and organize internal and 
external audits as part of the PSI beam time allocation procedure.   

                                                
1 https://www.cscs.ch/ 

https://www.cscs.ch/
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STRUCTURE OF THE TEAM AND ROLE OF PARTNERS 
For this project of 60 months duration, I ask for 72 months post-doctoral positions and 135 months 
of PhD positions. I will personally supervise the PhD students on a day-to-day basis. They will enroll 
in PhD programs at ETH Zürich, Switzerland, through Prof. Klaus Kirch, or the University of Pisa, 
Italy, through Prof. Angela Papa. Prof. Angela Papa will support the required development of 
scintillator-based muon and positron detectors. 
The team will have access to PSI resources. It will be supported by the muon physics group, the 
detector physics group, the accelerator division for beamline adjustment, magnet design and kicker 
power supplies, and the laboratory for scientific computing throughout the project. The mechanical 
and electric workshops at PSI have an excellent record in supporting high-impact particle physics 
experiments (e.g., nEDM, MEG, muonic atoms); all technical work will be done in-house. 
 
Pivotal to the success of this project is my new dedicated team. In the following, I outline the desired 
profiles and indicate the tasks described in more detail later. 
 
Post-doctoral researcher PD1 will have excellent skills in computational modeling. In particular, 
she/he should have worked with standard MC particle transportation codes (e.g., Geant4, FLUKA) 
and multiphysics finite element codes (Ansys, Comsol, Opera) task 1&2. Ideally, she/he has already 
worked with generic algorithms and applied machine-learning techniques successfully. Further, 
she/he will be involved in data acquisition and analysis of task 3 and supporting the PhD students 
in all computing questions. 
Post-doctoral researcher PD2 will have outstanding skills in applied experimental particle physics. 
In particular, she/he will need to have experience in DAQ, power electronics, and accelerator 
physics. Her/his focus will be on tasks 3&4, establishing a dedicated DAQ system, and supervising 
PhD2 in developing the pulsed magnetic field. She/he will lead the development of the magnetic field 
measurement device and support PhD students 2&3 the magnetic field coil design of task 7. More 
generally, she/he will support the PhD students in question concerning the technical and 
experimental realization of key developments. 
PhD student PhD1 will have as central mission task 4, the development of the quadrupole magnetic 
pulse and parts of task 7, the generation of the weakly focusing field and magnetic field 
measurements. 
PhD student PhD2 will have as central mission task 5 the development of the injection channel 
shielded by a superconducting tube, parts of tasks 7&8, the development of the muon-entrance 
trigger, and the correction coil system. 
PhD student PhD3 will have as central mission task 6, developing the electrode system to generate 
the electric field for the frozen-spin technique. To test and measure the g-2 precession as a function 
of the electric field, she/he will also contribute decisively to parts of task 8, the development of the 
positron detection system. 
Integrate final year master students from ETHZ into PSI projects is a fruitful tradition and planned for 
non-time-critical subtasks. In particular, programming of hardware for DAQ, dedicated MC 
simulations, or participation in tests is well suited to the current project. 
During recruitment and throughout the project, I will support gender equality and aim for a diverse 
team working together with mutual respect and complementing each other’s capacities. 

 
FIRST DEMONSTRATION OF A FROZEN-SPIN EDM MEASUREMENT 
The PSI provides the world's most intense muon beams at low energies produced by the world's 
most powerful proton accelerator, the high-intensity proton accelerator, impinging on a carbon target. 
Pions produced in this reaction quickly decay into muons which then can be transported in secondary 
beamlines to experimental areas. For the ultimate sensitivity of the final experiment, we require a 
beam with tiny emittance and high flux at a momentum of about 200 MeV/𝑐𝑐. Such a beam does not 
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yet exist but is planned with the advent of the high-intensity muon beam (HIMB) combined with a 
reaccelerated beam from a cold muon source [50, 51] for the end of the decade.   
 
In 2019/2020, I led the characterization and analysis of the phase space and polarization of two 
existing beamlines, 𝜋𝜋E11F

2 and 𝜇𝜇E12F

3, which could serve for tests and the precursor experiment and 
the final measurement using the definite spectrometer, respectively. Both have a high polarization 
of 𝑃𝑃 > 0.93.  𝜇𝜇E1 has a large vertical and horizontal emittance of about 1000 𝜋𝜋 mm mrad each and 
provides a flux of up to 2 × 108𝜇𝜇+/s at 𝑝𝑝 = 125MeV/𝑐𝑐, while 𝜋𝜋E1 has a five-time smaller emittance 
and 100 times smaller flux. A muEDM experiment tailored to the 𝜇𝜇E1 beamline could provide a 
measurement with a sensitivity of better than 6 × 10−23𝑒𝑒cm, an improvement of three orders of 
magnitude compared to the present result of 𝑑𝑑𝜇𝜇 = (0.0 ± 0.9) × 10−20𝑒𝑒cm [42]. Both beams are 
perfectly suited for the precursor experiment to measure an EDM and measurements to characterize 
and qualify the developments proposed in this grant request. As 𝜇𝜇𝐸𝐸1 hosts a dedicated instrument 
which would need to be removed, I will apply for the work described here for test time on the 𝜋𝜋E1 
beamline. Beam time allocation on 𝜋𝜋𝐸𝐸1 by the particle physics research committee is uncritical.  
 
Figure 4 sketches the precursor experiment using an existing superconducting solenoid, PSC, at 
𝜋𝜋E1. It includes all prototype developments, part of this proposal, necessary for the final experiment: 
a superconducting injection channel, nested cylindrical high voltage electrodes, and the pulsed 
magnetic field coil. A dedicated correction coil system is also needed to adapt the field to the required 
uniformity and provide a weakly focusing field in the center for muon storage. Furthermore, a 
detection and trigger system based on scintillators and silicon photomultipliers (SiPM) will be 
deployed to measure the vertical asymmetry, the g-2 precession as a function of the electric field, 
and to provide a trigger for the magnetic pulse. We will use muons from pion decay at the carbon 

target surface with a momentum of 𝑝𝑝 = 28 MeV/𝑐𝑐 injected into a magnetic field of 𝐵𝐵 = 2T resulting 
in a radius of about 𝑟𝑟 = 0.05 m. For the frozen-spin technique, we will apply an electric field of 
about 𝐸𝐸 = 2kV/cm. While the better lateral phase space improves the injection, the large magnetic 
field gradient of the solenoid decreases the efficiency. With a 1% injection efficiency, we reach a 

                                                
2 https://www.psi.ch/en/sbl/pie1-beamline 

3 https://www.psi.ch/en/smus/e1 

Figure 4: Frozen-spin precursor experiment on 𝜋𝜋𝐸𝐸1,  using an existing 
superconducting soleonoid (PSC) of the muon physics group. All key 
developments will be tested individually and a first measurement of the 
muEDM using the frozen-spin technique will be performed. 

https://www.psi.ch/en/sbl/pie1-beamline
https://www.psi.ch/en/smus/e1
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sensitivity of a 33 × 10−21𝑒𝑒cm in 20 days of measurement, similar to the target discussed for the  
J-PARC experiment [45]. 
 
WORK BREAKDOWN STRUCTURE INTO TASKS 
Figure 5 shows an overview of the work breakdown structure into individual tasks with the two 
deliverables, key developments for the final muEDM instrument, and a first-ever muEDM experiment 
using the frozen-spin technique.  

Task 1: Monte Carlo Simulation of the Entire Experiment 
Trajectories of muons and positrons moving in electric and magnetic fields are intrinsically connected 
and make high-fidelity Monte-Carlo simulations indispensable for a new instrument's successful 
design. Due to the strong link to task 2, which provides the field configurations for the MC simulation, 
I will implement an innovative, iterative genetic path for optimization. For this purpose, we will 
implement a fast algorithm based on machine learning to create a rapidly executing surrogate model 
of the field configuration and injection parameters [52].  

Objectives and deliverables: 

• Monte Carlo physics simulation of the final experiment from start-to-end 
• Machine learning neural network surrogate model of the final experiment from start-to-end 
• Monte Carlo simulation of the precursor experiment from start to end 
• Machine learning neural network surrogate model of the precursor experiment 
• Provision of MC data to the analysis task  

The starting point will be a full physics simulation model from the exit of the pion decay channel, the 
muon source, to the muon's decay inside the experiment into a positron and its detection. We will 
create an initial random sample of the parameter space using the full physics model. This sample 
we use in a generic algorithm to train the surrogate model, a neural network. The results obtained 
are used in a short genetic optimization using the full physics model to verify and fine-tune the result. 
This iterative approach will be repeated until a stable solution is reached. Results from the simulation 
will be benchmarked to test measurements. 

Figure 5: Work breakdown structure of the muEDM project into tasks.Task 1-3 provide 
support across the entire project, and need to be established in the first three years. Task 
4-8 will be performed in parallel. All tasks will be combined in the final precursor 
measurement of an EDM using the frozen-spin technique. 



Schmidt-Wellenburg Part B2 muEDM 

 

 10 

 
Task 2: Finite Element Modelling (FEM) of the Instrument 
A final instrument model will be set up, using discrete coil blocks with static currents and dynamic 
currents in coils generating the magnetic pulse. The electric field will be superimposed by defining 
electric potentials. The coil placement will be at first optimized using a region of interest and standard 
single value decomposition into eigenmodes of discrete coils [53]. The field configuration will be 
further optimized by using an iterative, machine-learning-based process with the MC simulation 
optimizing a set of observables: 

• injection efficiency, 
• vertical and horizontal betatron oscillations, 
• positron detection efficiency as a function of electrode and positron tracker placement. 

This optimized field model will be used to derive an engineering model estimating physical forces 
and defining the type of superconductor, standard low-temperature NbTi or high-temperature 
superconducting ribbon, and henceforth temperature requirements.  

Objectives and deliverables: 

• Detailed 3D em-field model of the final experiment 
• Multiphysics model 
• Electrical, mechanical, and thermal specifications for engineering model 

Task 3: DAQ, Analysis & Open Data 
We will design and take into operation a data acquisition for more than 64 scintillating tiles and a 
slow recording of environmental parameters, for example, magnetic-field sensors, power-supply 
currents and voltages, and temperatures and vacuum pressures in the precursor experiment. The 
precursor experiment's main data acquisition needs to meet tight timing requirements with a 
synchronization frequency of about 10GHz, requiring a common clock generating the experiment's 
heartbeat. 

Objectives and deliverables: 

• data blinding and data analysis demonstrated on Monte Carlo data  
• data acquisition of the precursor experiment 
• publication of data and codes under the PSI open data scheme. 

The signal of an EDM is a vertical precession of the spin. Taking the current EDM limit of 𝑑𝑑𝜇𝜇 < 1.8 ×
10−19, the oscillation term sin(𝜔𝜔𝑒𝑒𝑡𝑡 + 𝜙𝜙) can be approximated by a rising slope, as the initial phase 𝜙𝜙 
is small. We will record the decay positrons using vertically segmented scintillating tiles placed 
around the muon orbit (Task 8). By taking the ratio 𝐴𝐴 = (up − down)/(down + up) as a function of 
time, we can extract a slope. Magnetic field non-uniformities, timing and phase uncertainties, and 
detector misalignment will complicate the analysis. Therefore, we will study the analysis using toy 
data from the MC simulation, parametrizing possible effects, and devising mitigation strategies. 
Another important source of error in any analysis is an unintentional bias favoring a certain result. 
Thus, we will develop, implement, and test a data-blinding method before starting the precursor 
experiment. All codes used for data analysis will be documented and saved along with the original 
data to permit open reuse. Before starting a defined measurement, a digital objected identifier and 
a metadata folder will be created on the PetaByte archive of the CSCS3F

4 to prepare open data 
accessibility. The data will be recorded in a binary file format and stored initially on PSI data servers. 

                                                
4 https://www.psi.ch/de/photon-science-data-services/data-catalog-and-archive 

https://www.psi.ch/de/photon-science-data-services/data-catalog-and-archive
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After publication, the latest seven years after the end of data-taking, the entire dataset and analysis 
code will be made publicly accessible on the PetaByte archive. 

Task 4: Pulsed magnetic field  
The exactly timed and repeated application of the pulsed magnetic quadrupole field to twist the 
muons onto a stable orbit in the weakly-focusing magnetic field was not yet demonstrated in a similar 
configuration. Nevertheless, strong magnetic field kicks with a latency of less than 100ns  are 
commonly used in muon-on-request kickers at PSI.  

Objectives and deliverables: 

• Study of systematic effects due to Eddy currents 
• Pulse coil design in final and precursor experiment 
• Specification and participation in the construction of the kicker power supply 
• Test setup in air/vacuum, magnetic field measurement 
• Demonstration of injection and operation in precursor experiment 

The magnetic pulse turns the muon around the radial axis by applying a radial field pulse of about 
𝐵𝐵𝑟𝑟
pulse = 4 mT for a duration of about 𝑡𝑡pulse = 100ns, with a pulse shape similar to a half-sine wave. 

The exact duration will result from optimization (task 1&2), considering that a longer duration is 
favorable as the electrodes from (task 6) damp the magnetic pulse considerably due to Eddy 
currents. 

Task 5: Superconducting injection channel  
A magnetic-field-free region is required to bring muons from the beamline exit into the injection region 
with a magnetic field of up to 3 Tesla.  

Objectives and deliverables: 

• Design of test cryostat, which also connects to the precursor’s solenoid  
• Preparation of superconducting shield made of HTS ribbon wound onto a copper tube 
• Preparation of superconducting shield made of sheets from Nb-Ti/Nb/Cu 
• Test and characterization measurement in a superconducting solenoid with NMR and Hall 

probes 
• Demonstration of injection through the channel  
• Installation and operation in precursor experiment 

The injection channel, a collimating, magnetic field-free tube with an inner square cross-section of 
10 × 10 mm2 connects the end of the muon delivery beamline to the 3T injection region at the bottom 
of the magnet. This technique was pioneered more than fifty years ago by Firth and coworkers for a 
1.75T bubble chamber at CERN [54] and used for the BNL/FNAL (g-2) experiment [55]. The principal 
idea is that once the superconducting shield is cooled below the critical temperature 𝑇𝑇𝑐𝑐 the field within 
the shield is “frozen" even when the outside field is ramped to its nominal strength. Essentially, 
ramping the outside field will induce persistent currents inside the superconductor counteracting to 
the outside field. This effect persists if the shield is sufficiently thick and the shielding current’s mean 
lifetime is long enough. Once the field starts to penetrate, the outside field needs to be ramped down, 
and the superconducting shield can be reset by warming up above the critical temperature. We will 
test Nb-Ti/Nb/Cu sheets from the Wigner research center in Budapest embedded in a copper block, 
and a design based on high-temperature superconducting ribbons/tapes wound helically onto a 
copper tube. Similar tests [56, 57] showed promising results for the Nb-Ti/Nb/Cu sheets, while the 
HTS ribbon design did not sufficiently shield against the outside field. We will investigate whether 
different welding and mounting techniques and more layers of the helical wound HTS result in a 
sufficient shielding factor, which would be favorable if the final experiment's magnet is deploying 
HTS coils. 
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Task 6: Electric field 

The accurate application of a radial electric field, matching the frozen-spin condition, is essential for 
the project's success. This task will develop, test, and implement a nested electrode design made of 
thin graphite or aluminum-coated Mylar foils and a support structure with minimal radiation length for 
positrons.  

Objectives and deliverables: 

• Design of cylindrical, nested electrode system for final and precursor experiment 
• A full-scale prototype of the final version for tests 
• Full-scale system for precursor experiment 
• Assembly of test setup for voltages of up to U = ±60kV and fields of up to 𝐸𝐸 = 2 MV/m in 

vacuum 
• Qualification measurement of prototype and precursor electrode system 
• Operation and control in precursor experiment. 

The electrode system will be a cylindrical cage covered with a conducting foil. The effective radiation 
length should be as small as possible to reduce multiple scattering of decay positrons, leading to a 
misidentification of the track’s direction. As the entire setup will be mounted in vacuum, excellent 
heat conduction needs to be guaranteed, as the energy deposited by induced Eddy currents inside 
the metal layer from a single magnetic pulse (task 4) might be small, but a repetition rate of about 
50kHz will lead to considerable heating. 

Task 7: Magnetic field  
The design calculations defining the magnetic field is part of task 1&2. In this task, we develop 
methods and techniques to tune the solenoid field and add a weakly-focusing field in the solenoid 
center for the precursor experiment.  

Objectives and deliverables: 

• Specification of the weakly focusing field in 
the precursor field (together with task 1&2) 

• Design of a magnetic field mapping device 
using NMR and Hall sensors 

• Magnetic field map of the precursor solenoid 
magnet 

• Design and realization of a correction and 
weakly-focusing coil system 

• Qualification of the coil system and tuning of 
currents 

• Field control and monitoring during 
precursor experiment 

The magnetic-field mapping device is essential to 
measure and fine-tune the magnetic field and 
design the correction coils. It will feature a central axis with a perpendicular arm on which a cart will 
move a magnetic field sensor, similar to the one we built and operated for the nEDM experiment [58] 
at PSI shown in Figure 6. In the muEDM case, the axis will be mounted along the center of the 
solenoid. In the precursor experiment, we will demonstrate the capability to measure the field with a 
precision better than 1ppm using an NMR sensor from Metrolab and high precision 3D Hall sensors 
from lakeshore. The field will be expanded in cylindrical harmonics using a Fourier analysis [59], 
providing a convenient description of the magnetic field and permitting an efficient design of 
corrections coils. 

Figure 6: Field mapper in nEDM experiment 
(image Ref. [58]). A similar 3-axis design will be 
used to measure precisely the magnetic field of 
the storage solenoids for muEDM. 
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Task 8: Positron and muon detection 

We will request test beam times to qualify developments in dedicated experiments with muons during 
all project phases. For the detection of muons during these tests and in the precursor EDM 
measurement on 𝜋𝜋E1 we need muon and positron detectors.  

Objectives and deliverables: 

• Design, construction, and test of scintillator based muon and positron detectors 
• Deployment and operation of the muon acceptance trigger in the EDM precursor experiment 
• Deployment and operation of positron detectors in test experiments and precursor EDM 

measurement 

To detect muons and decay positrons, we will use scintillating tiles and fibers read out by SiPM, 
which can be operated in high magnetic fields. The muon acceptance trigger is made of a signal 
from a thin scintillation tile mounted at the injection channel's entrance. The injection channels inside 
walls’ will be covered with four 1mm thick scintillators to detect muons that enter but do not exit the 
injection channel. Creating an anti-coincidence between the entrance and channel detectors makes 
it possible to trigger the pulsed magnetic field only for muons within the divergence defined by the 
channel’s cross-section and length. 

In the precursor experiment, scintillating tiles mounted outside of the thin ground electrode detect 
the decay positron, see Figure 4. The detectors are vertically segmented to permit the measurement 
of the vertical asymmetry. At the solenoid's far side, a scintillating detector will detect muons 
punching through the central region. It quantifies the injection efficiency by taking the ratio of 
detected muons with and without a triggered magnetic field and releases the veto from the 
acceptance trigger if the muon was not stored. 

 

Risks and mitigation 

This project’s success builds on my proven experience with high electric and uniform magnetic fields, 
demonstrated in the high precision measurement of the neutron EDM [60] as technical coordinator 
and co-spokesperson. I joined the nEDM project in 2009 after my PhD where I developed a UCN 
source and built a 3He cryostat [61, 62] connected to a beamline for which I performed the Monte 
Carlo simulations and developed a neutron monochromator for large wavelengths [63, 64, 65]. In my 
years at PSI, I supervised several innovative developments and measurements [58, 66, 67, 68] and 
demonstrated creativity in finding innovative solutions by inventing the UCN spin-echo method to 
measure the energy spectrum of stored neutrons [69]. In summary, I demonstrated my ability to lead 
and spearhead innovative research projects while also contributing at all levels to detailed and 
minute developments.  

All tasks propose new innovative developments with a non-negligible potential to fail or delay the 
project. For this reason, I set a special focus on hiring two post-doctoral researchers who 
complement my skills and expertise with experience in accelerator physics, one with a stronger focus 
on computing, the other on hardware. If necessary, the accelerator and the muon group at PSI will 
consult and support.  

A serious risk is to find the right balance for the design of thin electrodes. Too thick electrodes will 
dampen the required magnetic field pulse, making it inefficient or requiring much larger power, while 
too thin electrodes might melt or evaporate due to Eddy current heating. Dynamic finite element 
calculations will give a good indication; however, predictions for material thicknesses below 100 μm 
in large volumes are not reliable. Therefore, we will study the properties of different sheets made of 
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freestanding graphite, metals, and very thin evaporated metal layers on Kapton or Mylar. Another 
option is to use very thin wolfram wires with small spacing.  

 

A UNIQUE OPPORTUNITY FOR EUROPE AT PSI 
This project permits Europe to remain at the forefront in the search for new physics. Combining my 
excellent skills and knowledge in high-precision experiments searching for an electric dipole moment 
with the unique muon beams at PSI, this ERC proposal will open the door to test CPV in the heavy 
lepton sector with muons. Now is the right moment, after the confirmation of the BNL muon g-2 result 
and the accumulation of hints and evidence for BSM involving muons, to set the sails for a new 
endeavor in high precision particle physics.  

  

Figure 7: Task schedule indicating team members contributions: PD 1  PD2  PhD1  
PhD2  PhD3  principle investigator/all .  



Schmidt-Wellenburg Part B2 muEDM 

 

 15 

 

REFERENCES 
 

[1]  E. Noether, "Invariante Variationsprobleme," Nachrichten von der Gesellschaft der 
Wissenschaften zu Göttingen, Mathematisch-Physikalische Klasse, vol. 1918, pp. 235-257, 
1918.  

[2]  C. S. Wu, E. Ambler, R. W. Hayward, D. D. Hoppes and R. P. Hudson, "Experimental Test of 
Parity Conservation in Beta Decay," Phys. Rev., vol. 105, pp. 1413-1415, 2 1957.  

[3]  R. L. Garwin, L. M. Lederman and M. Weinrich, "Observations of the Failure of Conservation 
of Parity and Charge Conjugation in Meson Decays: the Magnetic Moment of the Free Muon," 
Phys. Rev., vol. 105, pp. 1415-1417, 2 1957.  

[4]  J. H. Christenson, J. W. Cronin, V. L. Fitch and R. Turlay, "Evidence for the 2 pi Decay of the 
k(2)0 Meson," Phys. Rev. Lett., vol. 13, pp. 138-140, 1964.  

[5]  Lüders, G., "On the equivalence of invariance under time reversal and under particle-
antiparticle conjugation for relativistic field theories," Dan. Mat. Fys. Medd., vol. 28, pp. 1-17, 
1954.  

[6]  J. H. Smith, E. M. Purcell and N. F. Ramsey, "Experimental Limit to the Electric Dipole 
Moment of the Neutron," Phys. Rev., vol. 108, pp. 120-122, 10 1957.  

[7]  T. E. Chupp, P. Fierlinger, M. J. Ramsey-Musolf and J. T. Singh, "Electric dipole moments of 
atoms, molecules, nuclei, and particles," Revi. Mod. Phys., vol. 91, p. 015001, 1 2019.  

[8]  K. Jungmann, "Searching for electric dipole moments," Ann. Phys., vol. 525, p. 550, 2013.  

[9]  A. D. Sakharov, "Violation of CP invariance, C asymmetry, and baryon asymmetry of the 
Universe," JETP Lett., vol. 5, pp. 24-27, 1967.  

[10]  D. E. Morrissey and M. J. Ramsey-Musolf, "Electroweak baryogenesis," New J. Phys., vol. 
14, p. 125003, 2012.  

[11]  M. Kobayashi and T. Maskawa, "CP Violation in the Renormalizable Theory of Weak 
Interaction," Prog. Theor. Phys., vol. 49, p. 652–657, 1973.  

[12]  A. Hocker, H. Lacker, S. Laplace and F. Le Diberder, "A New approach to a global fit of the 
CKM matrix," Eur. Phys. J. C, vol. 21, p. 225–259, 2001.  

[13]  M. Pospelov and A. Ritz, "CKM benchmarks for electron electric dipole moment experiments," 
Phys. Rev. D, vol. 89, p. 056006, 2014.  

[14]  C.-Y. Seng, "Reexamination of The Standard Model Nucleon Electric Dipole Moment," Phys. 
Rev. C, vol. 91, p. 025502, 2015.  

[15]  J. N. Butler, "Highlights and Perspectives from the CMS Experiment," in 5th Large Hadron 
Collider Physics Conference, 2017.  



Schmidt-Wellenburg Part B2 muEDM 

 

 16 

[16]  L. Masetti, "ATLAS results and prospects with focus on beyond the Standard Model," Nucl. 
Part. Phys. Proc., Vols. 303-305, p. 43–48, 2018.  

[17]  M. Raidal, A. Schaaf, I. Bigi, M. L. Mangano, Y. Semertzidis, S. Abel, S. Albino, S. Antusch, 
E. Arganda, B. Bajc, S. Banerjee, C. Biggio, M. Blanke, W. Bonivento, G. C. Branco, D. 
Bryman, A. J. Buras, L. Calibbi, A. Ceccucci, P. H. Chankowski, S. Davidson, A. Deandrea, 
D. P. DeMille, F. Deppisch, M. A. Diaz, B. Duling, M. Felcini, W. Fetscher, F. Forti, D. K. 
Ghosh, M. Giffels, M. A. Giorgi, G. Giudice, E. Goudzovskij, T. Han, P. G. Harris, M. J. 
Herrero, J. Hisano, R. J. Holt, K. Huitu, A. Ibarra, O. Igonkina, A. Ilakovac, J. Imazato, G. 
Isidori, F. R. Joaquim, M. Kadastik, Y. Kajiyama, S. F. King, K. Kirch, M. G. Kozlov, M. 
Krawczyk, T. Kress, O. Lebedev, A. Lusiani, E. Ma, G. Marchiori, A. Masiero, I. Masina, G. 
Moreau, T. Mori, M. Muntel, N. Neri, F. Nesti, C. J. G. Onderwater, P. Paradisi, S. T. Petcov, 
M. Picariello, V. Porretti, A. Poschenrieder, M. Pospelov, L. Rebane, M. N. Rebelo, A. Ritz, L. 
Roberts, A. Romanino, J. M. Roney, A. Rossi, R. Räckl, G. Senjanovic, N. Serra, T. Shindou, 
Y. Takanishi, C. Tarantino, A. M. Teixeira, E. Torrente-Lujan, K. J. Turzynski, T. E. J. 
Underwood, S. K. Vempati and O. Vives, "Flavor physics of leptons and dipole moments," 
Eur. Phys. J. C, vol. 57, pp. 13-182, 9 2008.  

[18]  B. Capdevila, A. Crivellin, S. Descotes-Genon, J. Matias and J. Virto, "{Patterns of New 
Physics in b \ensuremath{\rightarrow} s{\ensuremath{\ell}}$^{+}${\ensuremath{\ell}}$^{-}$ 
transitions in the light of recent data}," JHEP, vol. 2018, p. 93, 1 2018.  

[19]  W. Altmannshofer and P. Stangl, "New Physics in Rare B Decays after Moriond 2021," arXiv 
e-prints, p. arXiv:2103.13370, 3 2021.  

[20]  L. collaboration, R. Aaij, C. Abellán Beteta, T. Ackernley, B. Adeva, M. Adinolfi, H. Afsharnia, 
C. A. Aidala, S. Aiola, Z. Ajaltouni, S. Akar, J. Albrecht, F. Alessio, M. Alexander, A. A. 
Albero, Z. Aliouche, G. Alkhazov, P. Alvarez Cartelle, S. Amato, Y. Amhis, L. An, L. Anderlini, 
A. Andreianov, M. Andreotti, F. Archilli, A. Artamonov, M. Artuso, K. Arzymatov, E. Aslanides, 
M. Atzeni, B. Audurier, S. Bachmann, M. Bachmayer, J. J. Back, P. Baladron Rodriguez, V. 
Balagura, W. Baldini, J. Baptista Leite, R. J. Barlow, S. Barsuk, W. Barter, M. Bartolini, F. 
Baryshnikov, J. M. Basels, G. Bassi, B. Batsukh, A. Battig, A. Bay, M. Becker, F. Bedeschi, I. 
Bediaga, A. Beiter, V. Belavin, S. Belin, V. Bellee, K. Belous, I. Belov, I. Belyaev, G. 
Bencivenni, E. Ben-Haim, A. Berezhnoy, R. Bernet, D. Berninghoff, H. C. Bernstein, C. 
Bertella, A. Bertolin, C. Betancourt, F. Betti, I. Bezshyiko, S. Bhasin, J. Bhom, L. Bian, M. S. 
Bieker, S. Bifani, P. Billoir, M. Birch, F. C. R. Bishop, A. Bitadze, A. Bizzeti, M. Bjørn, M. P. 
Blago, T. Blake, F. Blanc, S. Blusk, D. Bobulska, J. A. Boelhauve, O. Boente Garcia, T. 
Boettcher, A. Boldyrev, A. Bondar, N. Bondar, S. Borghi, M. Borisyak, M. Borsato, J. T. 
Borsuk, S. A. Bouchiba, T. J. V. Bowcock, A. Boyer, C. Bozzi, M. J. Bradley, S. Braun, A. 
Brea Rodriguez, M. Brodski, J. Brodzicka, A. Brossa Gonzalo, D. Brundu, A. Buonaura, C. 
Burr, A. Bursche, A. Butkevich, J. S. Butter, J. Buytaert, W. Byczynski, S. Cadeddu, H. Cai, 
R. Calabrese, L. Calefice, L. Calero Diaz, S. Cali, R. Calladine, M. Calvi, M. Calvo Gomez, P. 
Camargo Magalhaes, A. Camboni, P. Campana, A. F. Campoverde Quezada, S. Capelli, L. 
Capriotti, A. Carbone, G. Carboni, R. Cardinale, A. Cardini, I. Carli, P. Carniti, L. Carus, K. 
Carvalho Akiba, A. Casais Vidal, G. Casse, M. Cattaneo, G. Cavallero, S. Celani, J. Cerasoli, 
A. J. Chadwick, M. G. Chapman, M. Charles, P. Charpentier, G. Chatzikonstantinidis, C. A. 
Chavez Barajas, M. Chefdeville, C. Chen, S. Chen, A. Chernov, V. Chobanova, S. Cholak, M. 
Chrzaszcz, A. Chubykin, V. Chulikov, P. Ciambrone, M. F. Cicala, X. Cid Vidal, G. Ciezarek, 
P. E. L. Clarke, M. Clemencic, H. V. Cliff, J. Closier, J. L. Cobbledick, V. Coco, J. A. B. 
Coelho, J. Cogan, E. Cogneras, L. Cojocariu, P. Collins, T. Colombo, L. Congedo, A. Contu, 
N. Cooke, G. Coombs, G. Corti, C. M. Costa Sobral, B. Couturier, D. C. Craik, J. Crkovská, 
M. Cruz Torres, R. Currie, C. L. Da Silva, E. Dall'Occo, J. Dalseno, C. D'Ambrosio, A. 
Danilina, P. d'Argent, A. Davis, O. De Aguiar Francisco, K. De Bruyn, S. De Capua, M. De 



Schmidt-Wellenburg Part B2 muEDM 

 

 17 

Cian, J. M. De Miranda, L. De Paula, M. De Serio, D. De Simone, P. De Simone, J. A. de 
Vries, C. T. Dean, D. Decamp, L. Del Buono, B. Delaney, H. P. Dembinski, A. Dendek, V. 
Denysenko, D. Derkach, O. Deschamps, F. Desse, F. Dettori, B. Dey, P. Di Nezza, S. 
Didenko, L. Dieste Maronas, H. Dijkstra, V. Dobishuk, A. M. Donohoe, F. Dordei, A. C. dos 
Reis, L. Douglas, A. Dovbnya, A. G. Downes, K. Dreimanis, M. W. Dudek, L. Dufour, V. Duk, 
P. Durante, J. M. Durham, D. Dutta, A. Dziurda, A. Dzyuba, S. Easo, U. Egede, V. 
Egorychev, S. Eidelman, S. Eisenhardt, S. Ek-In, L. Eklund, S. Ely, A. Ene, E. Epple, S. 
Escher, J. Eschle, S. Esen, T. Evans, A. Falabella, J. Fan, Y. Fan, B. Fang, S. Farry, D. 
Fazzini, M. Féo, A. Fernandez Prieto, J. M. Fernandez-tenllado Arribas, A. D. Fernez, F. 
Ferrari, L. Ferreira Lopes, F. Ferreira Rodrigues, S. Ferreres Sole, M. Ferrillo, M. Ferro-Luzzi, 
S. Filippov, R. A. Fini, M. Fiorini, M. Firlej, K. M. Fischer, D. Fitzgerald, C. Fitzpatrick, T. 
Fiutowski, F. Fleuret, M. Fontana, F. Fontanelli, R. Forty, V. F. Lima, M. F. Sevilla, M. Frank, 
E. Franzoso, G. Frau, C. Frei, D. A. Friday, J. Fu, Q. Fuehring, W. Funk, E. Gabriel, T. 
Gaintseva, A. Gallas Torreira, D. Galli, S. Gambetta, Y. Gan, M. Gandelman, P. Gandini, Y. 
Gao, M. Garau, L. M. Garcia Martin, P. Garcia Moreno, J. Garcı́a Pardiñas, B. Garcia Plana, 
F. A. Garcia Rosales, L. Garrido, C. Gaspar, R. E. Geertsema, D. Gerick, L. L. Gerken, E. 
Gersabeck, M. Gersabeck, T. Gershon, D. Gerstel, P. Ghez, V. Gibson, H. K. Giemza, M. 
Giovannetti, A. Gioventù, P. Gironella Gironell, L. Giubega, C. Giugliano, K. Gizdov, E. L. 
Gkougkousis, V. V. Gligorov, C. Göbel, E. Golobardes, D. Golubkov, A. Golutvin, A. Gomes, 
S. Gomez Fernandez, F. Goncalves Abrantes, M. Goncerz, G. Gong, P. Gorbounov, I. V. 
Gorelov, C. Gotti, E. Govorkova, J. P. Grabowski, T. Grammatico, L. A. Granado Cardoso, E. 
Graugés, E. Graverini, G. Graziani, A. Grecu, L. M. Greeven, P. Griffith, L. Grillo, S. Gromov, 
B. R. Gruberg Cazon, C. Gu, M. Guarise, P. A. Günther, E. Gushchin, A. Guth, Y. Guz, T. 
Gys, T. Hadavizadeh, G. Haefeli, C. Haen, J. Haimberger, T. Halewood-leagas, P. M. 
Hamilton, J. P. Hammerich, Q. Han, X. Han, T. H. Hancock, S. Hansmann-Menzemer, N. 
Harnew, T. Harrison, C. Hasse, M. Hatch, J. He, M. Hecker, K. Heijhoff, K. Heinicke, A. M. 
Hennequin, K. Hennessy, L. Henry, J. Heuel, A. Hicheur, D. Hill, M. Hilton, S. E. Hollitt, J. Hu, 
J. Hu, W. Hu, W. Huang, X. Huang, W. Hulsbergen, R. J. Hunter, M. Hushchyn, D. 
Hutchcroft, D. Hynds, P. Ibis, M. Idzik, D. Ilin, P. Ilten, A. Inglessi, A. Ishteev, K. Ivshin, R. 
Jacobsson, S. Jakobsen, E. Jans, B. K. Jashal, A. Jawahery, V. Jevtic, M. Jezabek, F. Jiang, 
M. John, D. Johnson, C. R. Jones, T. P. Jones, B. Jost, N. Jurik, S. Kandybei, Y. Kang, M. 
Karacson, M. Karpov, F. Keizer, M. Kenzie, T. Ketel, B. Khanji, A. Kharisova, S. Kholodenko, 
T. Kirn, V. S. Kirsebom, O. Kitouni, S. Klaver, K. Klimaszewski, S. Koliiev, A. Kondybayeva, 
A. Konoplyannikov, P. Kopciewicz, R. Kopecna, P. Koppenburg, M. Korolev, I. Kostiuk, O. 
Kot, S. Kotriakhova, P. Kravchenko, L. Kravchuk, R. D. Krawczyk, M. Kreps, F. Kress, S. 
Kretzschmar, P. Krokovny, W. Krupa, W. Krzemien, W. Kucewicz, M. Kucharczyk, V. 
Kudryavtsev, H. S. Kuindersma, G. J. Kunde, T. Kvaratskheliya, D. Lacarrere, G. Lafferty, A. 
Lai, A. Lampis, D. Lancierini, J. J. Lane, R. Lane, G. Lanfranchi, C. Langenbruch, J. Langer, 
O. Lantwin, T. Latham, F. Lazzari, R. Le Gac, S. H. Lee, R. Lefèvre, A. Leflat, S. Legotin, O. 
Leroy, T. Lesiak, B. Leverington, H. Li, L. Li, P. Li, S. Li, Y. Li, Y. Li, Z. Li, X. Liang, T. Lin, R. 
Lindner, V. Lisovskyi, R. Litvinov, G. Liu, H. Liu, S. Liu, X. Liu, A. Loi, J. Lomba Castro, I. 
Longstaff, J. H. Lopes, G. H. Lovell, Y. Lu, D. Lucchesi, S. Luchuk, M. Lucio Martinez, V. 
Lukashenko, Y. Luo, A. Lupato, E. Luppi, O. Lupton, A. Lusiani, X. Lyu, L. Ma, R. Ma, S. 
Maccolini, F. Machefert, F. Maciuc, V. Macko, P. Mackowiak, S. Maddrell-Mander, O. 
Madejczyk, L. R. Madhan Mohan, O. Maev, A. Maevskiy, D. Maisuzenko, M. W. Majewski, J. 
J. Malczewski, S. Malde, B. Malecki, A. Malinin, T. Maltsev, H. Malygina, G. Manca, G. 
Mancinelli, D. Manuzzi, D. Marangotto, J. Maratas, J. F. Marchand, U. Marconi, S. Mariani, C. 
Marin Benito, M. Marinangeli, J. Marks, A. M. Marshall, P. J. Marshall, G. Martellotti, L. 
Martinazzoli, M. Martinelli, D. Martinez Santos, F. Martinez Vidal, A. Massafferri, M. Materok, 
R. Matev, A. Mathad, Z. Mathe, V. Matiunin, C. Matteuzzi, K. R. Mattioli, A. Mauri, E. Maurice, 
J. Mauricio, M. Mazurek, M. McCann, L. Mcconnell, T. H. Mcgrath, A. McNab, R. McNulty, J. 
V. Mead, B. Meadows, C. Meaux, G. Meier, N. Meinert, D. Melnychuk, S. Meloni, M. Merk, A. 



Schmidt-Wellenburg Part B2 muEDM 

 

 18 

Merli, L. Meyer Garcia, M. Mikhasenko, D. A. Milanes, E. Millard, M. Milovanovic, M. N. 
Minard, A. Minotti, L. Minzoni, S. E. Mitchell, B. Mitreska, D. S. Mitzel, A. Mödden, R. A. 
Mohammed, R. D. Moise, T. Mombächer, I. A. Monroy, S. Monteil, M. Morandin, G. Morello, 
M. J. Morello, J. Moron, A. B. Morris, A. G. Morris, R. Mountain, H. Mu, F. Muheim, M. 
Mulder, D. Müller, K. Müller, C. H. Murphy, D. Murray, P. Muzzetto, P. Naik, T. Nakada, R. 
Nandakumar, T. Nanut, I. Nasteva, M. Needham, I. Neri, N. Neri, S. Neubert, N. Neufeld, R. 
Newcombe, T. D. Nguyen, C. Nguyen-Mau, E. M. Niel, S. Nieswand, N. Nikitin, N. S. Nolte, 
C. Nunez, A. Oblakowska-Mucha, V. Obraztsov, D. P. O'Hanlon, R. Oldeman, M. E. Olivares, 
C. J. G. Onderwater, A. Ossowska, J. M. Otalora Goicochea, T. Ovsiannikova, P. Owen, A. 
Oyanguren, B. Pagare, P. R. Pais, T. Pajero, A. Palano, M. Palutan, Y. Pan, G. Panshin, A. 
Papanestis, M. Pappagallo, L. L. Pappalardo, C. Pappenheimer, W. Parker, C. Parkes, C. J. 
Parkinson, B. Passalacqua, G. Passaleva, A. Pastore, M. Patel, C. Patrignani, C. J. Pawley, 
A. Pearce, A. Pellegrino, M. Pepe Altarelli, S. Perazzini, D. Pereima, P. Perret, M. Petric, K. 
Petridis, A. Petrolini, A. Petrov, S. Petrucci, M. Petruzzo, T. T. H. Pham, A. Philippov, L. Pica, 
M. Piccini, B. Pietrzyk, G. Pietrzyk, M. Pili, D. Pinci, F. Pisani, K. Resmi P., V. Placinta, J. 
Plews, M. Plo Casasus, F. Polci, M. Poli Lener, M. Poliakova, A. Poluektov, N. Polukhina, I. 
Polyakov, E. Polycarpo, G. J. Pomery, S. Ponce, D. Popov, S. Popov, S. Poslavskii, K. 
Prasanth, L. Promberger, C. Prouve, V. Pugatch, H. Pullen, G. Punzi, W. Qian, J. Qin, R. 
Quagliani, B. Quintana, N. V. Raab, R. I. Rabadan Trejo, B. Rachwal, J. H. Rademacker, M. 
Rama, M. Ramos Pernas, M. S. Rangel, F. Ratnikov, G. Raven, M. Reboud, F. Redi, F. 
Reiss, C. Remon Alepuz, Z. Ren, V. Renaudin, R. Ribatti, S. Ricciardi, K. Rinnert, P. Robbe, 
G. Robertson, A. B. Rodrigues, E. Rodrigues, J. A. Rodriguez Lopez, A. Rollings, P. Roloff, 
V. Romanovskiy, M. Romero Lamas, A. Romero Vidal, J. D. Roth, M. Rotondo, M. S. 
Rudolph, T. Ruf, J. Ruiz Vidal, A. Ryzhikov, J. Ryzka, J. J. Saborido Silva, N. Sagidova, N. 
Sahoo, B. Saitta, M. Salomoni, D. Sanchez Gonzalo, C. Sanchez Gras, R. Santacesaria, C. 
Santamarina Rios, M. Santimaria, E. Santovetti, D. Saranin, G. Sarpis, M. Sarpis, A. Sarti, C. 
Satriano, A. Satta, M. Saur, D. Savrina, H. Sazak, L. G. Scantlebury Smead, S. Schael, M. 
Schellenberg, M. Schiller, H. Schindler, M. Schmelling, B. Schmidt, O. Schneider, A. 
Schopper, M. Schubiger, S. Schulte, M. H. Schune, R. Schwemmer, B. Sciascia, S. Sellam, 
A. Semennikov, M. Senghi Soares, A. Sergi, N. Serra, L. Sestini, A. Seuthe, P. Seyfert, Y. 
Shang, D. M. Shangase, M. Shapkin, I. Shchemerov, L. Shchutska, T. Shears, L. Shekhtman, 
Z. Shen, V. Shevchenko, E. B. Shields, E. Shmanin, J. D. Shupperd, B. G. Siddi, R. Silva 
Coutinho, G. Simi, S. Simone, N. Skidmore, T. Skwarnicki, M. W. Slater, I. Slazyk, J. C. 
Smallwood, J. G. Smeaton, A. Smetkina, E. Smith, M. Smith, A. Snoch, M. Soares, L. Soares 
Lavra, M. D. Sokoloff, F. J. P. Soler, A. Solovev, I. Solovyev, F. L. Souza De Almeida, B. 
Souza De Paula, B. Spaan, E. Spadaro Norella, P. Spradlin, F. Stagni, M. Stahl, S. Stahl, P. 
Stefko, O. Steinkamp, O. Stenyakin, H. Stevens, S. Stone, M. E. Stramaglia, M. Straticiuc, D. 
Strekalina, F. Suljik, J. Sun, L. Sun, Y. Sun, P. Svihra, P. N. Swallow, K. Swientek, A. 
Szabelski, T. Szumlak, M. Szymanski, S. Taneja, F. Teubert, E. Thomas, K. A. Thomson, V. 
Tisserand, S. T'Jampens, M. Tobin, L. Tomassetti, D. Torres Machado, D. Y. Tou, M. T. Tran, 
E. Trifonova, C. Trippl, G. Tuci, A. Tully, N. Tuning, A. Ukleja, D. J. Unverzagt, E. Ursov, A. 
Usachov, A. Ustyuzhanin, U. Uwer, A. Vagner, V. Vagnoni, A. Valassi, G. Valenti, N. Valls 
Canudas, M. van Beuzekom, M. Van Dijk, E. van Herwijnen, C. B. Van Hulse, M. van Veghel, 
R. Vazquez Gomez, P. Vazquez Regueiro, C. Vázquez Sierra, S. Vecchi, J. J. Velthuis, M. 
Veltri, A. Venkateswaran, M. Veronesi, M. Vesterinen, D. Vieira, M. Vieites Diaz, H. Viemann, 
X. Vilasis-Cardona, E. Vilella Figueras, P. Vincent, D. Vom Bruch, A. Vorobyev, V. Vorobyev, 
N. Voropaev, R. Waldi, J. Walsh, C. Wang, J. Wang, J. Wang, J. Wang, J. Wang, M. Wang, 
R. Wang, Y. Wang, Z. Wang, Z. Wang, H. M. Wark, N. K. Watson, S. G. Weber, D. 
Websdale, C. Weisser, B. D. C. Westhenry, D. J. White, M. Whitehead, D. Wiedner, G. 
Wilkinson, M. Wilkinson, I. Williams, M. Williams, M. R. J. Williams, F. F. Wilson, W. Wislicki, 
M. Witek, L. Witola, G. Wormser, S. A. Wotton, H. Wu, K. Wyllie, Z. Xiang, D. Xiao, Y. Xie, A. 
Xu, J. Xu, L. Xu, M. Xu, Q. Xu, Z. Xu, Z. Xu, D. Yang, S. Yang, Y. Yang, Z. Yang, Z. Yang, Y. 



Schmidt-Wellenburg Part B2 muEDM 

 

 19 

Yao, L. E. Yeomans, H. Yin, J. Yu, X. Yuan, O. Yushchenko, E. Zaffaroni, M. Zavertyaev, M. 
Zdybal, O. Zenaiev, M. Zeng, D. Zhang, L. Zhang, S. Zhang, Y. Zhang, Y. Zhang, A. 
Zhelezov, Y. Zheng, X. Zhou, Y. Zhou, X. Zhu, Z. Zhu, V. Zhukov, J. B. Zonneveld, Q. Zou, S. 
Zucchelli, D. Zuliani and G. Zunica, "Test of lepton universality in beauty-quark decays," arXiv 
e-prints, p. arXiv:2103.11769, 3 2021.  

[21]  G. W. Bennett, B. Bousquet, H. N. Brown, G. Bunce, R. M. Carey, P. Cushman, G. T. Danby, 
P. T. Debevec, M. Deile, H. Deng, W. Deninger, S. K. Dhawan, V. P. Druzhinin, L. Duong, E. 
Efstathiadis, F. J. M. Farley, G. V. Fedotovich, S. Giron, F. E. Gray, D. Grigoriev, M. Grosse-
Perdekamp, A. Grossmann, M. F. Hare, D. W. Hertzog, X. Huang, V. W. Hughes, M. Iwasaki, 
K. Jungmann, D. Kawall, M. Kawamura, B. I. Khazin, J. Kindem, F. Krienen, I. Kronkvist, A. 
Lam, R. Larsen, Y. Y. Lee, I. Logashenko, R. McNabb, W. Meng, J. Mi, J. P. Miller, Y. 
Mizumachi, W. M. Morse, D. Nikas, C. J. G. Onderwater, Y. Orlov, C. S. Özben, J. M. Paley, 
Q. Peng, C. C. Polly, J. Pretz, R. Prigl, G. Zu Putlitz, T. Qian, S. I. Redin, O. Rind, B. L. 
Roberts, N. Ryskulov, S. Sedykh, Y. K. Semertzidis, P. Shagin, Y. M. Shatunov, E. P. 
Sichtermann, E. Solodov, M. Sossong, A. Steinmetz, L. R. Sulak, C. Timmermans, A. 
Trofimov, D. Urner, P. von Walter, D. Warburton, D. Winn, A. Yamamoto and D. Zimmerman, 
"Final Report of the Muon E821 Anomalous Magnetic Moment Measurement at BNL," Phys. 
Rev. D, vol. 73, p. 072003, 4 2006.  

[22]  T. Aoyama, N. Asmussen, M. Benayoun, J. Bijnens, T. Blum, M. Bruno, I. Caprini, C. M. 
Carloni Calame, M. Cè, G. Colangelo, F. Curciarello, H. Czyż, I. Danilkin, M. Davier, C. T. H. 
Davies, M. Della Morte, S. I. Eidelman, A. X. El-Khadra, A. Gérardin, D. Giusti, M. Golterman, 
S. Gottlieb, V. Gülpers, F. Hagelstein, M. Hayakawa, G. Herdoı́za, D. W. Hertzog, A. 
Hoecker, M. Hoferichter, B. L. Hoid, R. J. Hudspith, F. Ignatov, T. Izubuchi, F. Jegerlehner, L. 
Jin, A. Keshavarzi, T. Kinoshita, B. Kubis, A. Kupich, A. Kupść, L. Laub, C. Lehner, L. 
Lellouch, I. Logashenko, B. Malaescu, K. Maltman, M. K. Marinković, P. Masjuan, A. S. 
Meyer, H. B. Meyer, T. Mibe, K. Miura, S. E. Müller, M. Nio, D. Nomura, A. Nyffeler, V. 
Pascalutsa, M. Passera, E. Perez del Rio, S. Peris, A. Portelli, M. Procura, C. F. Redmer, B. 
L. Roberts, P. Sánchez-Puertas, S. Serednyakov, B. Shwartz, S. Simula, D. Stöckinger, H. 
Stöckinger-Kim, P. Stoffer, T. Teubner, R. Van de Water, M. Vanderhaeghen, G. Venanzoni, 
G. von Hippel, H. Wittig, Z. Zhang, M. N. Achasov, A. Bashir, N. Cardoso, B. Chakraborty, E. 
H. Chao, J. Charles, A. Crivellin, O. Deineka, A. Denig, C. DeTar, C. A. Dominguez, A. E. 
Dorokhov, V. P. Druzhinin, G. Eichmann, M. Fael, C. S. Fischer, E. Gámiz, Z. Gelzer, J. R. 
Green, S. Guellati-Khelifa, D. Hatton, N. Hermansson-Truedsson, S. Holz, B. Hörz, M. 
Knecht, J. Koponen, A. S. Kronfeld, J. Laiho, S. Leupold, P. B. Mackenzie, W. J. Marciano, C. 
McNeile, D. Mohler, J. Monnard, E. T. Neil, A. V. Nesterenko, K. Ottnad, V. Pauk, A. E. 
Radzhabov, E. de Rafael, K. Raya, A. Risch, A. Rodrı́guez-Sánchez, P. Roig, T. San José, E. 
P. Solodov, R. Sugar, K. Y. Todyshev, A. Vainshtein, A. Vaquero Avilés-Casco, E. Weil, J. 
Wilhelm, R. Williams and A. S. Zhevlakov, "The anomalous magnetic moment of the muon in 
the Standard Model," Phys. Rep., 6 2020.  

[23]  B. Abi, T. Albahri, S. Al-Kilani, D. Allspach, L. P. Alonzi, A. Anastasi, A. Anisenkov, F. Azfar, 
K. Badgley, S. Bae\ss{}ler, I. Bailey, V. A. Baranov, E. Barlas-Yucel, T. Barrett, E. Barzi, A. 
Basti, F. Bedeschi, A. Behnke, M. Berz, M. Bhattacharya, H. P. Binney, R. Bjorkquist, P. 
Bloom, J. Bono, E. Bottalico, T. Bowcock, D. Boyden, G. Cantatore, R. M. Carey, J. Carroll, 
B. C. K. Casey, D. Cauz, S. Ceravolo, R. Chakraborty, S. P. Chang, A. Chapelain, S. 
Chappa, S. Charity, R. Chislett, J. Choi, Z. Chu, T. E. Chupp, M. E. Convery, A. Conway, G. 
Corradi, S. Corrodi, L. Cotrozzi, J. D. Crnkovic, S. Dabagov, P. M. De Lurgio, P. T. Debevec, 
S. Di Falco, P. Di Meo, G. Di Sciascio, R. Di Stefano, B. Drendel, A. Driutti, V. N. Duginov, M. 
Eads, N. Eggert, A. Epps, J. Esquivel, M. Farooq, R. Fatemi, C. Ferrari, M. Fertl, A. Fiedler, 
A. T. Fienberg, A. Fioretti, D. Flay, S. B. Foster, H. Friedsam, E. Frle\ifmmode \check{z}\else 
\v{z}\fi{}, N. S. Froemming, J. Fry, C. Fu, C. Gabbanini, M. D. Galati, S. Ganguly, A. Garcia, 



Schmidt-Wellenburg Part B2 muEDM 

 

 20 

D. E. Gastler, J. George, L. K. Gibbons, A. Gioiosa, K. L. Giovanetti, P. Girotti, W. Gohn, T. 
Gorringe, J. Grange, S. Grant, F. Gray, S. Haciomeroglu, D. Hahn, T. Halewood-Leagas, D. 
Hampai, F. Han, E. Hazen, J. Hempstead, S. Henry, A. T. Herrod, D. W. Hertzog, G. 
Hesketh, A. Hibbert, Z. Hodge, J. L. Holzbauer, K. W. Hong, R. Hong, M. Iacovacci, M. 
Incagli, C. Johnstone, J. A. Johnstone, P. Kammel, M. Kargiantoulakis, M. Karuza, J. Kaspar, 
D. Kawall, L. Kelton, A. Keshavarzi, D. Kessler, K. S. Khaw, Z. Khechadoorian, N. V. 
Khomutov, B. Kiburg, M. Kiburg, O. Kim, S. C. Kim, Y. I. Kim, B. King, N. Kinnaird, M. 
Korostelev, I. Kourbanis, E. Kraegeloh, V. A. Krylov, A. Kuchibhotla, N. A. Kuchinskiy, K. R. 
Labe, J. LaBounty, M. Lancaster, M. J. Lee, S. Lee, S. Leo, B. Li, D. Li, L. Li, I. Logashenko, 
A. Lorente Campos, A. Luc\`a, G. Lukicov, G. Luo, A. Lusiani, A. L. Lyon, B. MacCoy, R. 
Madrak, K. Makino, F. Marignetti, S. Mastroianni, S. Maxfield, M. McEvoy, W. Merritt, A. A. 
Mikhailichenko, J. P. Miller, S. Miozzi, J. P. Morgan, W. M. Morse, J. Mott, E. Motuk, A. Nath, 
D. Newton, H. Nguyen, M. Oberling, R. Osofsky, J.-F. Ostiguy, S. Park, G. Pauletta, G. M. 
Piacentino, R. N. Pilato, K. T. Pitts, B. Plaster, D. Po\ifmmode \check{c}\else 
\v{c}\fi{}ani\ifmmode \acute{c}\else \'{c}\fi{}, N. Pohlman, C. C. Polly, M. Popovic, J. Price, B. 
Quinn, N. Raha, S. Ramachandran, E. Ramberg, N. T. Rider, J. L. Ritchie, B. L. Roberts, D. 
L. Rubin, L. Santi, D. Sathyan, H. Schellman, C. Schlesier, A. Schreckenberger, Y. K. 
Semertzidis, Y. M. Shatunov, D. Shemyakin, M. Shenk, D. Sim, M. W. Smith, A. Smith, A. K. 
Soha, M. Sorbara, D. Stöckinger, J. Stapleton, D. Still, C. Stoughton, D. Stratakis, C. 
Strohman, T. Stuttard, H. E. Swanson, G. Sweetmore, D. A. Sweigart, M. J. Syphers, D. A. 
Tarazona, T. Teubner, A. E. Tewsley-Booth, K. Thomson, V. Tishchenko, N. H. Tran, W. 
Turner, E. Valetov, D. Vasilkova, G. Venanzoni, V. P. Volnykh, T. Walton, M. Warren, A. 
Weisskopf, L. Welty-Rieger, M. Whitley, P. Winter, A. Wolski, M. Wormald, W. Wu and C. 
Yoshikawa, "Measurement of the Positive Muon Anomalous Magnetic Moment to 0.46 ppm," 
Phys. Rev. Lett., vol. 126, no. 14, p. 141801, 4 2021.  

[24]  V. Cirigliano, B. Grinstein, G. Isidori and M. B. Wise, "Minimal flavor violation in the lepton 
sector," Nucl. Phys. B, vol. 728, p. 121–134, 2005.  

[25]  A. Crivellin, M. Hoferichter and P. Schmidt-Wellenburg, "Combined explanations of 
(𝑔𝑔 − 2)𝜇𝜇,𝑒𝑒 and implications for a large muon EDM," Phys. Rev. D, vol. 98, p. 113002, 12 
2018.  

[26]  J. L. Feng, K. T. Matchev and Y. Shadmi, "Theoretical expectations for the muon's electric 
dipole moment," Nucl. Phys., vol. B613, pp. 366-381, 2001.  

[27]  T. Chupp and M. Ramsey-Musolf, "Electric Dipole Moments: A Global Analysis," Phys. Rev. 
C, vol. 91, p. 035502, 2015.  

[28]  T. Fleig and M. Jung, "Model-independent determinations of the electron EDM and the role of 
diamagnetic atoms," JHEP, vol. 2018, p. 12, 7 2018.  

[29]  W. Dekens, J. de Vries, J. Bsaisou, W. Bernreuther, C. Hanhart, U.-G. MeiÃƒÂŸner, A. 
Nogga and A. Wirzba, "Unraveling models of CP violation through electric dipole moments of 
light nuclei," JHEP, vol. 07, p. 69, 2014.  

[30]  J. Engel, M. J. Ramsey-Musolf and U. van Kolck, "Electric dipole moments of nucleons, 
nuclei, and atoms: The Standard Model and beyond," Prog. Part. Nucl. Phys., vol. 71, pp. 21-
74, 2013.  

[31]  V. Anastassopoulos, S. Andrianov, R. Baartman, S. Baessler, M. Bai, J. Benante, M. Berz, M. 
Blaskiewicz, T. Bowcock, K. Brown, B. Casey, M. Conte, J. D. Crnkovic, N. D'Imperio, G. 
Fanourakis, A. Fedotov, P. Fierlinger, W. Fischer, M. O. Gaisser, Y. Giomataris, M. Grosse-
Perdekamp, G. Guidoboni, S. Hacıömeroǧlu, G. Hoffstaetter, H. Huang, M. Incagli, A. Ivanov, 



Schmidt-Wellenburg Part B2 muEDM 

 

 21 

D. Kawall, Y. I. Kim, B. King, I. A. Koop, D. M. Lazarus, V. Lebedev, M. J. Lee, S. Lee, Y. H. 
Lee, A. Lehrach, P. Lenisa, P. L. Sandri, A. U. Luccio, A. Lyapin, W. MacKay, R. Maier, K. 
Makino, N. Malitsky, W. J. Marciano, W. Meng, F. Meot, E. M. Metodiev, L. Miceli, D. 
Moricciani, W. M. Morse, S. Nagaitsev, S. K. Nayak, Y. F. Orlov, C. S. Ozben, S. T. Park, A. 
Pesce, E. Petrakou, P. Pile, B. Podobedov, V. Polychronakos, J. Pretz, V. Ptitsyn, E. 
Ramberg, D. Raparia, F. Rathmann, S. Rescia, T. Roser, H. K. Sayed, Y. K. Semertzidis, Y. 
Senichev, A. Sidorin, A. Silenko, N. Simos, A. Stahl, E. J. Stephenson, H. Ströher, M. J. 
Syphers, J. Talman, R. M. Talman, V. Tishchenko, C. Touramanis, N. Tsoupas, G. 
Venanzoni, K. Vetter, S. Vlassis, E. Won, G. Zavattini, A. Zelenski and K. Zioutas, "A storage 
ring experiment to detect a proton electric dipole moment," Rev. Sci. Instr., vol. 87, p. 115116, 
11 2016.  

[32]  "How to Reach a Thousand-Second in-Plane Polarization Lifetime with 0.97 -GeV /c 
Deuterons in a Storage Ring," Phys. Rev. Lett., vol. 117, p. 054801, 7 2016.  

[33]  M. Algueró, B. Capdevila, A. Crivellin, S. Descotes-Genon, P. Masjuan, J. Matias, M. Novoa 
Brunet and J. Virto, "Emerging patterns of New Physics with and without Lepton Flavour 
Universal contributions," Eur. Phys. J. C, vol. 79, p. 714, 2019.  

[34]  P. Gambino, M. Jung and S. Schacht, "The V_(cb) puzzle: An update," Phys. Lett. B, vol. 
795, pp. 386-390, 8 2019.  

[35]  A. M. Coutinho, A. Crivellin and C. A. Manzari, "Global Fit to Modified Neutrino Couplings and 
the Cabibbo-Angle Anomaly," Phys. Rev. Lett., vol. 125, p. 071802, 8 2020.  

[36]  D. Ghosh and R. Sato, "Lepton electric dipole moment and strong CP violation,"Phys. Lett. B, 
vol. 777, pp. 335-339, 2018.  

[37]  V. Andreev, D. G. Ang, D. DeMille, J. M. Doyle, G. Gabrielse, J. Haefner, N. R. Hutzler, Z. 
Lasner, C. Meisenhelder, B. R. O'Leary, C. D. Panda, A. D. West, E. P. West, X. Wu and A. 
C. M. E. Collaboration, "Improved limit on the electric dipole moment of the electron," Nature, 
vol. 562, pp. 355-360, 2018.  

[38]  W. B. Cairncross, D. N. Gresh, M. Grau, K. C. Cossel, T. S. Roussy, Y. Ni, Y. Zhou, J. Ye and 
E. A. Cornell, "Precision Measurement of the Electron's Electric Dipole Moment Using 
Trapped Molecular Ions," Phys. Rev. Lett., vol. 119, p. 153001, 10 2017.  

[39]  L. H. Thomas, "I. The kinematics of an electron with an axis," The London, Edinburgh, and 
Dublin Philosophical Magazine and Journal of Science, vol. 3, p. 1–22, 1927.  

[40]  V. Bargmann, L. Michel and V. L. Telegdi, "Precession of the Polarization of Particles Moving 
in a Homogeneous Electromagnetic Field," Phys. Rev. Lett., vol. 2, p. 435–436, 5 1959.  

[41]  B. Montague, "Polarized beams in high energy storage rings," Phys. Rep., vol. 113, p. 1–96, 
11 1984.  

[42]  G. W. Bennett, B. Bousquet, H. N. Brown, G. Bunce, R. M. Carey, P. Cushman, G. T. Danby, 
P. T. Debevec, M. Deile, H. Deng, W. Deninger, S. K. Dhawan, V. P. Druzhinin, L. Duong, E. 
Efstathiadis, F. J. M. Farley, G. V. Fedotovich, S. Giron, F. E. Gray, D. Grigoriev, M. Grosse-
Perdekamp, A. Grossmann, M. F. Hare, D. W. Hertzog, X. Huang, V. W. Hughes, M. Iwasaki, 
K. Jungmann, D. Kawall, M. Kawamura, B. I. Khazin, J. Kindem, F. Krienen, I. Kronkvist, A. 
Lam, R. Larsen, Y. Y. Lee, I. Logashenko, R. McNabb, W. Meng, J. Mi, J. P. Miller, Y. 
Mizumachi, W. M. Morse, D. Nikas, C. J. G. Onderwater, Y. Orlov, C. S. Özben, J. M. Paley, 
Q. Peng, C. C. Polly, J. Pretz, R. Prigl, G. Zu Putlitz, T. Qian, S. I. Redin, O. Rind, B. L. 



Schmidt-Wellenburg Part B2 muEDM 

 

 22 

Roberts, N. Ryskulov, S. Sedykh, Y. K. Semertzidis, P. Shagin, Y. M. Shatunov, E. P. 
Sichtermann, E. Solodov, M. Sossong, A. Steinmetz, L. R. Sulak, C. Timmermans, A. 
Trofimov, D. Urner, P. von Walter, D. Warburton, D. Winn, A. Yamamoto and D. Zimmerman, 
"Improved limit on the muon electric dipole moment," Phys. Rev. D, vol. 80, p. 052008, 9 
2009. 

[43]  J. Grange, V. Guarino, P. Winter, K. Wood, H. Zhao, R. M. Carey, D. Gastler, E. Hazen, N. 
Kinnaird, J. P. Miller, J. Mott, B. L. Roberts, J. Benante, J. Crnkovic, W. M. Morse, H. Sayed, 
V. Tishchenko, V. P. Druzhinin, B. I. Khazin, I. A. Koop, I. Logashenko, Y. M. Shatunov, E. 
Solodov, M. Korostelev, D. Newton, A. Wolski, A. Chapelain, R. Bjorkquist, N. Eggert, A. 
Frankenthal, L. Gibbons, S. Kim, A. Mikhailichenko, Y. Orlov, D. Rubin, D. Sweigart, D. 
Allspach, G. Annala, E. Barzi, K. Bourland, G. Brown, B. C. K. Casey, S. Chappa, M. E. 
Convery, B. Drendel, H. Friedsam, T. Gadfort, K. Hardin, S. Hawke, S. Hayes, W. Jaskierny, 
C. Johnstone, J. Johnstone, V. Kashikhin, C. Kendziora, B. Kiburg, A. Klebaner, I. Kourbanis, 
J. Kyle, N. Larson, A. Leveling, A. L. Lyon, D. Markley, D. McArthur, K. W. Merritt, N. Mokhov, 
J. P. Morgan, H. Nguyen, J.-F. Ostiguy, A. Para, C. C. P. M. Popovic, E. Ramberg, M. 
Rominsky, D. Schoo, R. Schultz, D. Still, A. K. Soha, S. Strigonov, G. Tassotto, D. Turrioni, E. 
Villegas, E. Voirin, G. Velev, L. Welty-Rieger, D. Wolff, C. Worel, J.-Y. Wu, R. Zifko, K. 
Jungmann, C. J. G. Onderwater, P. T. Debevec, S. Ganguly, M. Kasten, S. Leo, K. Pitts, C. 
Schlesier, M. Gaisser, S. Haciomeroglu, Y.-I. Kim, S. Lee, M.-J. Lee, Y. K. Semertzidis, K. 
Giovanetti, V. A. Baranov, V. N. Duginov, N. V. Khomutov, V. A. Krylov, N. A. Kuchinskiy, V. 
P. Volnykh, C. Crawford, R. Fatemi, W. P. Gohn, T. P. Gorringe, W. Korsch, B. Plaster, A. 
Anastasi, D. Babusci, S. Dabagov, C. Ferrari, A. Fioretti, C. Gabbanini, D. Hampai, A. 
Palladino, G. Venanzoni, T. Bowcock, J. Carroll, B. King, S. Maxfield, K. McCormick, J. Price, 
D. Sim, A. Smith, T. Teubner, W. Turner, M. Whitley, M. Wormald, R. Chislett, S. Kilani, M. 
Lancaster, E. Motuk, T. Stuttard, M. Warren, D. Flay, D. Kawall, Z. Meadows, T. Chupp, R. 
Raymond, A. Tewlsey-Booth, M. J. Syphers, D. Tarazona, S. Catalonotti, R. Di Stefano, M. 
Iacovacci, S. Mastroianni, S. Chattopadhyay, M. Eads, M. Fortner, D. Hedin, N. Pohlman, A. 
de Gouvea, H. Schellman, L. Welty-Rieger, F. Azfar, S. Henry, G. D. Alkhazov, V. L. 
Golovtsov, P. V. Neustroev, L. N. Uvarov, A. A. Vasilyev, A. A. Vorobyov, M. B. Zhalov, L. 
Cerrito, F. Gray, G. Di Sciascio, D. Moricciani, C. Fu, X. Ji, L. Li, H. Yang, D. Stöckinger, G. 
Cantatore, D. Cauz, M. Karuza, G. Pauletta, L. Santi, S. Baeßler, M. Bychkov, E. Frlez, D. 
Pocanic, L. P. Alonzi, M. Fertl, A. Fienberg, N. Froemming, A. Garcia, D. W. H. J. Kaspar, P. 
Kammel, R. Osofsky, M. Smith, E. Swanson, T. van Wechel and K. Lynch, "Muon (g-2) 
Technical Design Report," arXiv e-prints, p. arXiv:1501.06858, 1 2015.  

[44]  R. Chislett, "The muon EDM in the g-2 experiment at Fermilab," EPJ Web Conf., vol. 118, p. 
01005, 2016.  

[45]  M. Abe, S. Bae, G. Beer, G. Bunce, H. Choi, S. Choi, M. Chung, W. da Silva, S. Eidelman, M. 
Finger, Y. Fukao, T. Fukuyama, S. Haciomeroglu, K. Hasegawa, K. Hayasaka, N. 
Hayashizaki, H. Hisamatsu, T. Iijima, H. Iinuma, H. Ikeda, M. Ikeno, K. Inami, K. Ishida, T. 
Itahashi, M. Iwasaki, Y. Iwashita, Y. Iwata, R. Kadono, S. Kamal, T. Kamitani, S. Kanda, F. 
Kapusta, K. Kawagoe, N. Kawamura, B. Kim, Y. Kim, T. Kishishita, R. Kitamura, H. Ko, T. 
Kohriki, Y. Kondo, T. Kume, M. J. Lee, S. Lee, W. Lee, G. M. Marshall, Y. Matsuda, T. Mibe, 
Y. Miyake, T. Murakami, K. Nagamine, H. Nakayama, S. Nishimura, D. Nomura, T. Ogitsu, S. 
Ohsawa, K. Oide, Y. Oishi, S. Okada, A. Olin, Z. Omarov, M. Otani, G. Razuvaev, A. 
Rehman, N. Saito, N. F. Saito, K. Sasaki, O. Sasaki, N. Sato, Y. Sato, Y. K. Semertzidis, H. 
Sendai, Y. Shatunov, K. Shimomura, M. Shoji, B. Shwartz, P. Strasser, Y. Sue, T. Suehara, 
C. Sung, K. Suzuki, T. Takatomi, M. Tanaka, J. Tojo, Y. Tsutsumi, T. Uchida, K. Ueno, S. 
Wada, E. Won, H. Yamaguchi, T. Yamanaka, A. Yamamoto, T. Yamazaki, H. Yasuda, M. 



Schmidt-Wellenburg Part B2 muEDM 

 

 23 

Yoshida and T. Yoshioka, "A new approach for measuring the muon anomalous magnetic 
moment and electric dipole moment," Prog. Theo. Exp. Phys., vol. 2019, p. 053C02, 5 2019.  

[46]  F. J. M. Farley, K. Jungmann, J. P. Miller, W. M. Morse, Y. F. Orlov, B. L. Roberts, Y. K. 
Semertzidis, A. Silenko and E. J. Stephenson, "A New method of measuring electric dipole 
moments in storage rings," Phys. Rev. Lett., vol. 93, p. 052001, 2004.  

[47]  A. Adelmann, M. Backhaus, C. Chavez Barajas, N. Berger, T. Bowcock, C. Calzolaio, G. 
Cavoto, R. Chislett, A. Crivellin, M. Daum, M. Fertl, M. Giovannozzi, G. Hesketh, M. 
Hildebrandt, I. Keshelashvili, A. Keshavarzi, K. S. Khaw, K. Kirch, A. Kozlinskiy, A. Knecht, M. 
Lancaster, B. Märkisch, F. Meier Aeschbacher, F. Méot, A. Nass, A. Papa, J. Pretz, J. Price, 
F. Rathmann, F. Renga, M. Sakurai, P. Schmidt-Wellenburg, A. Schöning, M. Schott, C. 
Voena, J. Vossebeld, F. Wauters and P. Winter, "Search for a muon EDM using the frozen-
spin technique," PSI Letter Of Intent, p. arXiv:2102.08838, 2 2021.  

[48]  A. Adelmann, K. Kirch, C. J. G. Onderwater and T. Schietinger, "Compact storage ring to 
search for the muon electric dipole moment," J. Phys., vol. G37, p. 085001, 2010.  

[49]  H. Iinuma, H. Nakayama, K. Oide, K.-i. Sasaki, N. Saito, T. Mibe and M. Abe, "Three-
dimensional spiral injection scheme for the g-2/EDM experiment at J-PARC," Nucl. Instr. 
Meth. Phys. Res., vol. 832, pp. 51-62, 10 2016.  

[50]  A. Antognini, N. J. Ayres, I. Belosevic, V. Bondar, A. Eggenberger, M. Hildebrandt, R. Iwai, D. 
M. Kaplan, K. S. Khaw, K. Kirch, A. Knecht, A. Papa, C. Petitjean, T. J. Phillips, F. M. Piegsa, 
N. Ritjoho, A. Stoykov, D. Taqqu and G. Wichmann, "Demonstration of Muon-Beam 
Transverse Phase-Space Compression," Phys. Rev. Lett., vol. 125, no. 16, p. 164802, 10 
2020.  

[51]  Y. Bao, A. Antognini, W. Bertl, M. Hildebrandt, K. S. Khaw, K. Kirch, A. Papa, C. Petitjean, F. 
M. Piegsa, S. Ritt, K. Sedlak, A. Stoykov and D. Taqqu, "Muon Cooling: Longitudinal 
Compression," Phys. Rev. Lett., vol. 112, no. 22, p. 224801, 6 2014.  

[52]  A. Edelen, N. Neveu, M. Frey, Y. Huber, C. Mayes and A. Adelmann, "Machine learning for 
orders of magnitude speedup in multiobjective optimization of particle accelerator systems," 
Phys. Rev. Acc. Beams, vol. 23, p. 044601, 4 2020.  

[53]  M. Abe, Y. Murata, H. Iinuma, T. Ogitsu, N. Saito, K. Sasaki, T. Mibe and H. Nakayama, 
"Magnetic design and method of a superconducting magnet for muon g - 2/EDM precise 
measurements in a cylindrical volume with homogeneous magnetic field," Nucl. Instr. Meth. 
Phys. Res., vol. 890, pp. 51-63, 5 2018.  

[54]  M. Firth, E. U. Habel, L. Krempasky and F. Schmeissner, "Performance of the 
superconducting field shielding tube for the CERN 2-meter hydrogen bubble chamber," Conf. 
Proc. C, vol. 730508, p. 79–84, 1973  

[55]  A. Yamamoto, Y. Makida, K. Tanaka, F. Krienen, B. L. Roberts, H. N. Brown, G. Bunce, G. T. 
Danby, M. G-Perdekamp, H. Hseuh, L. Jia, Y. Y. Lee, M. Mapes, W. Meng, W. Morse, C. Pai, 
R. Prigl, W. Sampson, J. Sandberg, M. Suenaga, T. Tallerico, F. Toldo, K. Woodle, M. A. 
Green, I. Itoh, H. Otsuka, Y. Saito, T. Ozawa, Y. Tachiya, H. Tanaka, A. Grossmann, K. 
Jungmann, G. zu Putlitz, H. Deng, S. Dhawan, V. Hughes, D. Kawall, J. Pretz, S. Redin, E. 
Sichtermann and A. Steinmetz, "The superconducting inflector for the BNL g-2 experiment," 
Nucl. Instr. Meth. Phys. Rev. A, vol. 491, pp. 23-40, 2002. 



Schmidt-Wellenburg Part B2 muEDM 

 

 24 

[56]  D. Barna, "High field septum magnet using a superconducting shield for the Future Circular 
Collider," Phys. Rev. Accel. Beams, vol. 20, p. 041002, 2017.  

[57]  D. Barna, M. Novák, K. Brunner, C. Petrone, M. Atanasov, J. Feuvrier and M. Pascal, 
"NbTi/Nb/Cu multilayer shield for the superconducting shield (SuShi) septum," IEEE Trans. 
Appl. Supercond., vol. 29, p. 4900108, 2018.  

[58]  C. Abel, N. J. Ayres, G. Ban, G. Bison, K. Bodek, V. Bondar, E. Chanel, P. J. Chiu, B. 
Clément, C. B. Crawford, M. Daum, S. Emmenegger, L. Ferraris-Bouchez, M. Fertl, P. Flaux, 
A. Fratangelo, W. C. Griffith, Z. D. Grujić, P. G. Harris, L. Hayen, N. Hild, M. Kasprzak, K. 
Kirch, P. Knowles, H. C. Koch, S. Komposch, P. A. Koss, A. Kozela, J. Krempel, B. Lauss, T. 
Lefort, Y. Lemière, P. Mohanmurthy, O. Naviliat-Cuncic, D. Pais, F. M. Piegsa, G. Pignol, P. 
N. Prashanth, G. Quéméner, M. Rawlik, D. Ries, D. Rebreyend, S. Roccia, D. Rozpedzik, P. 
Schmidt-Wellenburg, A. Schnabel, N. Severijns, J. A. Thorne, R. Virot, A. Weis, E. Wursten, 
G. Wyszynski, J. Zejma and G. Zsigmond, "Mapping of the magnetic field to correct 
systematic effects in a neutron electric dipole moment experiment," arXiv e-prints, p. 
arXiv:2103.09039, 3 2021.  

[59]  C. Abel, N. J. Ayres, T. Baker, G. Ban, G. Bison, K. Bodek, V. Bondar, C. B. Crawford, P.-J. 
Chiu, E. Chanel, Z. Chowdhuri, M. Daum, B. Dechenaux, S. Emmenegger, L. Ferraris-
Bouchez, P. Flaux, P. Geltenbort, K. Green, W. C. Griffith, M. van der Grinten, P. G. Harris, 
R. Henneck, N. Hild, P. Iaydjiev, S. N. Ivanov, M. Kasprzak, Y. Kermaidic, K. Kirch, H.-C. 
Koch, S. Komposch, P. A. Koss, A. Kozela, J. Krempel, B. Lauss, T. Lefort, Y. Lemiere, A. 
Leredde, P. Mohanmurthy, D. Pais, F. M. Piegsa, G. Pignol, G. Quéméner, M. Rawlik, D. 
Rebreyend, D. Ries, S. Roccia, D. Rozpedzik, P. Schmidt-Wellenburg, A. Schnabel, N. 
Severijns, R. Virot, A. Weis, E. Wursten, G. Wyszynski, J. Zejma and G. Zsigmond, 
"Magnetic-field uniformity in neutron electric-dipole-moment experiments," Phys. Rev. A, vol. 
99, no. 4, p. 042112, 4 2019.  

[60]  C. Abel, S. Afach, N. J. Ayres, C. A. Baker, G. Ban, G. Bison, K. Bodek, V. Bondar, M. 
Burghoff, E. Chanel, Z. Chowdhuri, P.-J. Chiu, B. Clement, C. B. Crawford, M. Daum, S. 
Emmenegger, L. Ferraris-Bouchez, M. Fertl, P. Flaux, B. Franke, A. Fratangelo, P. 
Geltenbort, K. Green, W. C. Griffith, M. van der Grinten, Z. D. Grujic, P. G. Harris, L. Hayen, 
W. Heil, R. Henneck, V. H\'elaine, N. Hild, Z. Hodge, M. Horras, P. Iaydjiev, S. N. Ivanov, M. 
Kasprzak, Y. Kermaidic, K. Kirch, A. Knecht, P. Knowles, H.-C. Koch, P. A. Koss, S. 
Komposch, A. Kozela, A. Kraft, J. Krempel, M. Kuzniak, B. Lauss, T. Lefort, Y. Lemi\`ere, A. 
Leredde, P. Mohanmurthy, A. Mtchedlishvili, M. Musgrave, O. Naviliat-Cuncic, D. Pais, F. M. 
Piegsa, E. Pierre, G. Pignol, C. Plonka-Spehr, P. N. Prashanth, G. Quéméner, M. Rawlik, D. 
Rebreyend, I. Rienäcker, D. Ries, S. Roccia, G. Rogel, D. Rozpedzik, A. Schnabel, P. 
Schmidt-Wellenburg, N. Severijns, D. Shiers, R. Tavakoli Dinani, J. A. Thorne, R. Virot, J. 
Voigt, A. Weis, E. Wursten, G. Wyszynski, J. Zejma, J. Zenner and G. Zsigmond, 
"Measurement of the Permanent Electric Dipole Moment of the Neutron," Phys. Rev. Lett., 
vol. 124, no. 8, p. 081803, 2 2020.  

[61]  P. Schmidt-Wellenburg, J. Bossy, E. Farhi, M. Fertl, K. K. H. Leung, A. Rahli, T. Soldner 
and O. Zimmer, "Experimental study of ultracold neutron production in pressurized superfluid 
helium," Phys. Rev. C, vol. 92, p. 024004, 8 2015.  

[62]  P. Schmidt-Wellenburg and O. Zimmer, "Helium liquefaction with a commercial 4 K Gifford-
McMahon cryocooler," Cryogenics, vol. 46, p. 799, 2006.  



Schmidt-Wellenburg Part B2 muEDM 

 

 25 

[63]  F. M. Piegsa, M. Fertl, S. N. Ivanov, M. Kreuz, K. K. H. Leung, P. Schmidt-Wellenburg, T. 
Soldner and O. Zimmer, "New source for ultracold neutrons at the Institut Laue-Langevin," 
Phys. Rev. C, vol. 90, no. 1, p. 015501, 7 2014.  

[64]  P. Courtois, C. Menthonnex, R. Hehn, K. H. Andersen, V. Nesvizhevsky, O. Zimmer, F. 
Piegsa, P. Geltenbort, G. Greene, R. Allen, P. R. Huffman, P. Schmidt-Wellenburg, M. Fertl 
and S. Mayer, "Production and characterization of intercalated graphite crystals for cold 
neutron monochromators," Nucl. Instr. Meth. Phys. Res. A, vol. 634, pp. S37-S40, 4 2011.  

[65]  M. Kreuz, V.V. Nesvizhevsky, P. Schmidt-Wellenburg, T. Soldner, M. Thomas, H.G. Börner, 
F. Naraghi, G. Pignol, K.V. Protasov, D. Rebreyend, F. Vezzu, L. Flaminio, C. Michel, L. 
Pinard, A. Remillieux, S. Baeßler, A.M. Gagarski, L.A. Grigorieva, A.M. Kuzmina, A.E. 
Meyerovich, L.P. Mezhov-Deglin, G.A. Petrov, A.V. Strelkov, A.Yu. Voronin, "A Method to 
measure the resonance transitions between the gravitationally bound quantum states of 
neutrons in the GRANIT spectrometer," Nucl. Instr. Meth. Phys. Res. A, vol. 611, p. 326, 
2009.  

[66]  F. Burri, M. Fertl, P. Feusi, R. Henneck, K. Kirch, B. Lauss, P. Rüttimann, P. Schmidt-
Wellenburg, A. Schnabel, J. Voigt, J. Zenner and G. Zsigmond, "Copper coated carbon fiber 
reinforced plastics for high and ultra high vacuum applications," Vacuum, vol. 101, p. 212, 
2014.  

[67]  C. Abel, S. Afach, N. J. Ayres, G. Ban, G. Bison, K. Bodek, V. Bondar, E. Chanel, P.-J. Chiu, 
C. B. Crawford, Z. Chowdhuri, M. Daum, S. Emmenegger, L. Ferraris-Bouchez, M. Fertl, B. 
Franke, W. C. Griffith, Z. D. Grujic, L. Hayen, V. H\'elaine, N. Hild, M. Kasprzak, Y. Kermaidic, 
K. Kirch, P. Knowles, H.-C. Koch, S. Komposch, P. A. Koss, A. Kozela, J. Krempel, B. Lauss, 
T. Lefort, Y. Lemière, A. Leredde, A. Mtchedlishvili, P. Mohanmurthy, M. Musgrave, O. 
Naviliat-Cuncic, D. Pais, A. Pazgalev, F. M. Piegsa, E. Pierre, G. Pignol, P. N. Prashanth, G. 
Quéméner, M. Rawlik, D. Rebreyend, D. Ries, S. Roccia, D. Rozpedzik, P. Schmidt-
Wellenburg, A. Schnabel, N. Severijns, R. T. Dinani, J. Thorne, A. Weis, E. Wursten, G. 
Wyszynski, J. Zejma and G. Zsigmond, "Optically pumped Cs magnetometers enabling a 
high-sensitivity search for the neutron electric dipole moment," Phys. Rev. A, vol. 101, no. 5, 
p. 053419, 5 2020.  

[68]  Z. Chowdhuri, M. Fertl, M. Horras, K. Kirch, J. Krempel, B. Lauss, A. Mtchedlishvili, D. 
Rebreyend, S. Roccia, P. Schmidt-Wellenburg and G. Zsigmond, "Experimental study of 
199Hg spin anti-relaxation coatings," App. Phys. B, pp. 1-6, 2013.  

[69]  S. Afach, N. J. Ayres, G. Ban, G. Bison, K. Bodek, Z. Chowdhuri, M. Daum, M. Fertl, B. 
Franke, W. C. Griffith, Z. D. Grujić, P. G. Harris, W. Heil, V. Hélaine, M. Kasprzak, Y. 
Kermaidic, K. Kirch, P. Knowles, H.-C. Koch, S. Komposch, A. Kozela, J. Krempel, B. Lauss, 
T. Lefort, Y. Lemière, A. Mtchedlishvili, M. Musgrave, O. Naviliat-Cuncic, J. M. Pendlebury, F. 
M. Piegsa, G. Pignol, C. Plonka-Spehr, P. N. Prashanth, G. Quéméner, M. Rawlik, D. 
Rebreyend, D. Ries, S. Roccia, D. Rozpedzik, P. Schmidt-Wellenburg, N. Severijns, J. A. 
Thorne, A. Weis, E. Wursten, G. Wyszynski, J. Zejma, J. Zenner and G. Zsigmond, 
"Observation of Gravitationally Induced Vertical Striation of Polarized Ultracold Neutrons by 
Spin-Echo Spectroscopy," Phys. Rev. Lett., vol. 115, p. 162502, 10 2015.  

 

 

 


	ERC Consolidator Grant 2021
	Part B2
	References



