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assuming CPT conservation, 

also CP.

CP violation & edm

EDM CPV

Baryon asymmetry 
of the Universe

Arises “naturally” in
beyond SM theories

Strong CP violation 
(𝜃𝜃-term)
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Effective Hamiltonian:

Lepton form factors and dipole moments

𝑝𝑝𝑝 𝐽𝐽𝜇𝜇EM 𝑝𝑝 = �Ψ 𝑝𝑝′ 𝐹𝐹1𝛾𝛾𝜇𝜇 +
𝑖𝑖𝐹𝐹2
2𝑀𝑀 𝜎𝜎𝜇𝜇𝜇𝜇𝑞𝑞𝜇𝜇 +

𝑖𝑖𝐹𝐹3
2𝑀𝑀 𝜎𝜎𝜇𝜇𝜇𝜇𝛾𝛾5𝑞𝑞𝜇𝜇 +

𝐹𝐹4
𝑀𝑀2 (𝑞𝑞2𝛾𝛾𝜇𝜇 − 𝛾𝛾𝜇𝜇𝑞𝑞𝜇𝜇𝑞𝑞𝜇𝜇) Ψ 𝑝𝑝

charge

magnetic-dipole

electric-dipole

𝛿𝛿𝐹𝐹2 = 𝑎𝑎𝑙𝑙𝑖𝑖 = −
2𝑚𝑚𝑙𝑙𝑖𝑖
𝑒𝑒

𝑐𝑐𝑅𝑅
𝑙𝑙𝑖𝑖𝑙𝑙𝑖𝑖 + 𝑐𝑐𝑅𝑅

𝑙𝑙𝑖𝑖𝑙𝑙𝑖𝑖∗ = −
4𝑚𝑚𝑙𝑙𝑖𝑖
𝑒𝑒

Re 𝑐𝑐𝑅𝑅
𝑙𝑙𝑖𝑖𝑙𝑙𝑖𝑖

𝐹𝐹3 = 𝑑𝑑𝑙𝑙𝑖𝑖 = 𝑖𝑖 𝑐𝑐𝑅𝑅
𝑙𝑙𝑖𝑖𝑙𝑙𝑖𝑖 − 𝑐𝑐𝑅𝑅

𝑙𝑙𝑖𝑖𝑙𝑙𝑖𝑖∗ = −2Im 𝑐𝑐𝑅𝑅
𝑙𝑙𝑖𝑖𝑙𝑙𝑖𝑖

ℋeff = 𝑐𝑐𝑅𝑅
𝑙𝑙𝑓𝑓𝑙𝑙𝑖𝑖 ̅𝑙𝑙𝑓𝑓𝜎𝜎𝜇𝜇𝜇𝜇𝑃𝑃𝑅𝑅𝑙𝑙𝑖𝑖𝐹𝐹𝜇𝜇𝜇𝜇 + h. c.

𝑙𝑙𝑖𝑖

𝑙𝑙𝑓𝑓
𝐹𝐹𝜇𝜇𝜇𝜇
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General limits on 𝜇𝜇EDM

*A.Crivellin, M. Hoferichter, PSW PRD 98, 113002 (2018)

• MFV:  𝑑𝑑𝜇𝜇←𝑒𝑒MFV < 8.5 × 10−28𝑒𝑒cm
• Contribution only starts at the 3-loop level*

𝑑𝑑𝜇𝜇←𝑒𝑒 < 4 × 10−20 𝑒𝑒cm

• Y. Ema et al., PRL128, 131801 (2022)
𝑑𝑑𝜇𝜇 199Hg < 6 × 10−20 𝑒𝑒cm
𝑑𝑑𝜇𝜇 ThO < 2 × 10−20 𝑒𝑒cm

• Bennett et al., 
PRD80, 052008 (2009) 
𝑑𝑑𝜇𝜇 < 1.5 × 10−19 𝑒𝑒cm



Muon dipole moments and frequencies

Page 5

𝜔𝜔 = −
𝑞𝑞
𝑚𝑚

𝑎𝑎𝐵𝐵 +
1

𝛾𝛾2 − 1
− 𝑎𝑎

𝛽𝛽 × 𝐸𝐸
𝑐𝑐

+
2𝑑𝑑𝜇𝜇𝑚𝑚𝑐𝑐
𝑞𝑞ℏ

𝐸𝐸
𝑐𝑐

+ 𝛽𝛽 × 𝐵𝐵

𝜔𝜔𝑎𝑎

𝑠𝑠
𝜔𝜔𝑒𝑒

𝜔𝜔𝑎𝑎2 + 𝜔𝜔𝑒𝑒2𝜁𝜁

𝜁𝜁 = atan
2𝑑𝑑𝜇𝜇𝛽𝛽𝑐𝑐𝑚𝑚

𝑎𝑎

B

g-2 term 𝜔𝜔𝑎𝑎 EDM term 𝜔𝜔𝑒𝑒

[*Chislett et al., EPJConf.118 01005(2016), Abi et al., PRL126 141801(2021), **Abe et al., PTEP053C02 (2019)]

𝜎𝜎 𝑑𝑑𝜇𝜇 ≈ 10−21𝑒𝑒cmFNAL* & JPARC**:

𝜔𝜔 = 𝜔𝜔𝐿𝐿 − 𝜔𝜔𝑐𝑐 = −
𝑞𝑞
𝑚𝑚

𝑎𝑎𝐵𝐵 +
1

𝛾𝛾2 − 1
− 𝑎𝑎

𝛽𝛽 × 𝐸𝐸
𝑐𝑐

[Abi et al., PRL126 141801(2021)]



set 𝐸𝐸 ≅ 𝑎𝑎𝐵𝐵𝑐𝑐𝛽𝛽𝛾𝛾2

Muon dipole moments –freezing the spin at PSI
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𝜔𝜔𝑒𝑒

B

Frozen-spin potential at PSI: 𝜎𝜎 𝑑𝑑𝜇𝜇 < 6 ⋅ 10−23𝑒𝑒cm

Phase I: 𝜎𝜎 𝑑𝑑𝜇𝜇 < 3 ⋅ 10−21𝑒𝑒𝑒𝑒

g-2 term 𝜔𝜔𝑎𝑎 EDM term 𝜔𝜔𝑒𝑒

[*Farley et al,, PRL93 042001 (2004) ] ,

𝑠𝑠𝑥𝑥

𝑠𝑠𝑧𝑧

𝑠𝑠𝑦𝑦



A not so brief history of EDM searches
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 If the EDM ≠ 0, then there will be a vertical 
precession out of the plane of the orbit

 An asymmetry increasing with time will be 
observed recording decay positrons

 If the EDM = 0, then the spin should always be 
parallel to the momentum 
asymmetry should be zero

 Some asymmetry could still be
observed due to systematic effects

The general experimental idea
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B

𝜔𝜔𝑒𝑒

𝐴𝐴 =
𝑁𝑁𝑢𝑢 − 𝑁𝑁𝑑𝑑
𝑁𝑁𝑢𝑢 + 𝑁𝑁𝑑𝑑



𝑅𝑅 = 0.14 m

Search for a muon EDM using the frozen-spin 
technique with longitudinal injection

9

• 𝜇𝜇+ from Pion-decay →
high polarization 𝑝𝑝 ≈ 95%

• Injection through 
superconducting channel

• Fast scintillator triggers pulse
• Magnetic pulse stops longitudinal 

motion of 𝜇𝜇+

• Weakly focusing field for storage
• Thin electrodes provide

electric field for frozen spin
• Pixelated detectors for
𝑒𝑒+- tracking

𝐵𝐵 = 3𝑇𝑇

𝜇𝜇+ @ 125MeV/𝑐𝑐 or 28MeV/𝑐𝑐



A phased approached 
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• Existing solenoid at PSI, max 5T
• Bore diameters 200mm
• Field was measured in 2022 

(found suitable for injection)

Argonne 4T solenoid

Phase 2 (dedicated magnet
muon momentum ≥ 125MeV/𝑐𝑐) 

Phase I (small solenoid, surface muons)  

• Large bore (up to 900 mm diameter)
• High Temporal field stability (10ppb/h)
• Excellent spatial field uniformity

(<1 ppb/mm)



Muon entrance trigger 
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• Magnetic pulse needs to be triggered 
by incident muon

• Only about 1% of muons passing 
through the collimation channel are 
within the acceptance phase space

• Scattering in scintillators increase beam 
divergence

• Combine thin (≤ 100μ𝑒) entrance 
scintillator with an active aperture as 
veto



Radial magnetic field pulse to kick muons
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Pulse 
generator

• PS delay input → output 𝛿𝛿𝛿𝛿 < 60 ns
• Pulse FWHM ∼ 40ns
• Peak current per coil ~170 A
• Includes damping effect (factor 2) by Eddy 

currents
• Suppression of oscillation in tail < 1 A

(corresponds to 𝐵𝐵𝑜𝑜𝑜𝑜𝑐𝑐 < 5μT) 

Pulse shape



Conclusions and Outlook 

• Setup of a demonstration experiment to prove the high sensitivity for a search for muon 
EDM using the frozen-spin method.

• By exploiting existing muon beams at PSI we will improve the current experimental upper 
limit by 3 orders of magnitude to better than 6 × 10−23𝑒𝑒cm, eventually.

• The experiment will take place in two phases

Phase I: Demonstration of the frozen-spin method and all required techniques

Phase II: Dedicated high uniformity NMR magnet exploiting PSI’s beam with 
highest muon flux at a momentum of 125 MeV/c 

24



The collaboration open for participation

PSI proposal R-21-02.1
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Backup



A search for a 𝜇𝜇EDM at PSI

16

𝜇𝜇-beam:
• 108𝜇𝜇+/s
• Large phase space

p -beam
p𝜋𝜋 = 220MeV
pion decay channel
(8m, 4T)

𝑝𝑝𝜇𝜇 = 125MeV/𝑐𝑐

𝜇𝜇𝐸𝐸1



• Large phase space at exit of beam collimated by 
passage through a collimation channel

• Due to adiabatic magnetic collimation large part of 
transmitted 𝜇𝜇+ are reflected.

• Storage efficiency ∼ 5 × 10−4

Injection and statistical sensitivity

𝜎𝜎 𝑑𝑑μ =
ℏ𝛾𝛾𝑎𝑎𝜇𝜇

2𝑝𝑝𝐸𝐸f 𝑁𝑁 𝜏𝜏𝜇𝜇 𝛼𝛼
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xx’: 𝜖𝜖 = 196𝜋𝜋mm mrad yy’: 𝜖𝜖 = 171 𝜋𝜋mm mrad



The muEDM phase I on piE1

Test bed and frozen spin demonstrator

muEDM measurement < 3 ⋅10−21𝑒𝑒cm Page 18



Muon Tracking Detectors

• Need to characterize muon trajectory 
before EDM measurement

• Requires ~ mrad angular and 
~0.1% momentum resolution

• Gaseous TPC with 2 geometries possible: 
longitudinal drift (for momentum), radial drift (for angle).

• Design satisfying constraints with sufficient phase-space 
acceptance possible with current trajectory parameter

• Resolution of the phase space reconstruction, with realistic 
ionization and drift properties from beam test measurements 
and investigation of low pressure gas options  

21(courtesy F. Renga)



Positron detection – figure of merit 
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Detection of g-2 precession 𝜔𝜔𝑎𝑎
• Measurement of 

mean magnetic field 𝐵𝐵
• Measure 𝜔𝜔𝑎𝑎 𝐸𝐸 to tune electric 

field to frozen-spin condition
Requires momentum resolution

Detection of EDM polarization
• Measurement of Asymmetry as 

function of time 𝐴𝐴 𝛿𝛿
Requires spatial resolution along 
cylinder 

FNAL

Phase I (PSI)

82%
�̅�𝐴 = 0.46



Positron Detection for g-2

 Measurement of g-2 to measure B-field and determine voltage 
for frozen spin condition 

 For Phase I (p = 28MeV) maximum energy is ~68.65 MeV

 Positrons with momentum greater than 59 MeV will hit the magnet
regardless of decay direction. 

 For (31 < p < 59) MeV positrons 
it depends on decay direction

 Cylindrical (silicon strip) tracking 
detectors at r=35 mm,47.5 mm

22(courtesy J. Price)



Positron Detection for EDM

• For EDM signal, detect up-down asymmetry in 
photons

• Double barrel Scifi tracker, radius of the inner 
detector currently equal to 50 mm

• Bundles of fibers with good resolution 
− transverse and longitudinal fibers
− transverse fibers with longitudinal straw/pix

• Photon time and position (longitudinal info on internal 
barrel)

• Large number of readout channel a challenge
• Considering other possible geometries

23(courtesy B. Vitali)



muEDM/(g-2)  needs in the future

23

• Low emittance & high flux 
to inject all delivered muons

• “Muon on request”
or pulsed beam

• The more muons the merrier 

~2.5 mm

~2.5 mrad

𝐸𝐸 ≈ 𝑎𝑎𝐵𝐵𝑐𝑐𝛽𝛽𝛾𝛾2



HIPA – high intensity proton accelerator

24



Going from phase I to phase II
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Phase I
• B-Field 3T 
• Momentum 28 MeV/c
• Muon radius 31mm
• Most positrons outside

Phase II
• B-Field 3T 
• Momentum 125 MeV/c
• Muon radius 141 mm
• Most positrons inside

≤ 3 × 10−21 ecm ≤ 6 × 10−23 ecm 



Muon Entrance Monitor

• Focus muon beam onto opening of injection 
channel

• Scintillator tiles coupled to SiPMs
• Hole in center to let muon beam pass

• Front tile thickness 1-2 mm to stop 
surface muons

• A thicker (up to ∼5 mm) scintillator layer 
could be added to better discriminate muons 
and positrons

• Centering procedure optimized in simulation
• Next step, prototype building

20(courtesy L. Morvaj)



Storage and injection

27
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• Strength of weakly focusing field in 
the center region defines “depth” of 
storage

• The deeper/stronger the weakly-
focusing field, the stronger 
the pulse needs to be



Tuning the electric field to the frozen-spin 
condition

28

• Measure the g-2 frequency 𝜔𝜔𝑎𝑎
• Two momentum bins 

28 MeV/𝑐𝑐 < 𝑝𝑝1 < 50MeV/𝑐𝑐
50 MeV/𝑐𝑐 < 𝑝𝑝2

• Change E field in the range 
±𝐸𝐸frozen ≈ ±3kV/cm

• Extrapolate to 𝐸𝐸frozen where 𝜔𝜔𝑎𝑎 = 0



Silicon strip detector for g-2 detection

Silicon strip detector for g-2 detection
• Reconstruction of transverse 

positron momentum (Δ𝑝𝑝 ≈ 5MeV/c)
• Timing Δ𝛿𝛿 ≈ 2ns
• Spatial resolution ≈ 0.1mm

(lateral)

Page 29

Si-Petal detector



Scintillating fiber detector for EDM 
asymmetry measurement and timing  
• Horizontal fiber ribbons with 250μ𝑒

pitch and 100μ𝑒 resolution
• Timing resolution < 2ns
• Reconstruction of longitudinal momentum

Scintillating fiber detector for EDM-signal

Page 30

SciFi-EDM detector
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Surface muons for phase-1

Horizontal Emittance: 200 𝜋𝜋mm mrad
Vertical Emittance: 170 𝜋𝜋 mm mrad
• Beam rate about 4 × 106 s−1

• Acceptance phase space:
− High transmission through channel 3%
− Injection efficiency about 0.4%
− Expected 𝜇𝜇+ storage rate 2kHz
− Expected 𝑒𝑒+ detection rate 0.5kHz

• Moderate E field 3kV/cm



Systematic studies (example)
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 Systematic effects: all effects that lead to a real
or apparent precession of the spin around the 
radial axis that are not related to the EDM 

 Major sources of systematic effects in the 
frozen spin technique:

 Coupling of the magnetic moment with the 
EM fields of the experimental setup (real)

 Early to late variation of detection efficiency 
of the EDM detectors (apparent)

x
y

z

 Rotations that could mimic the EDM:

− Radial around x

− Azimutal around z



Sources of Ey field: conical central electrode
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𝐵𝐵

𝐸𝐸
𝐸𝐸𝑦𝑦

Will move orbit out of central plane until:
𝐵𝐵𝑟𝑟∗ = − 𝐸𝐸v/𝛽𝛽𝛾𝛾

 None constant radius of 
cylindrical anode (cone)

 Cylindricity on the order of 50 nm is 
measurable even on large samples and 
possible to machine

 Ground electrode made of thin foil more 
difficult to keep deviations from cylindricity
below 30μ𝑒

anode



Geometric phases, and non-uniformities
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Magnetic field 

Electric field 



Detection efficiency asymmetry
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 The EDM will be deduced from the
accumulation of asymmetry between the
upstream and downstream detectors
that increases with time

 Static differences in the detection
efficiency of one detector compared to
the other is not a problem

 Change of the detection efficiency with
time is a problem as it will introduce time 
dependent asymmetry

y

py -py𝑛𝑛𝐿𝐿
= 𝜅𝜅𝐿𝐿𝑁𝑁

𝑛𝑛𝑅𝑅
= 𝜅𝜅𝑅𝑅𝑁𝑁

Positron 
detectors



 Assumption: Change of detection 
efficiency triggered by pulse, 
exponential decay

 Detection efficiency of up and
downstream detectors:  

 Change in measured asymmetry
with time:

Constraints on the total detection efficiency
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• Systematic effects are studied using 
analytic expressions

• Comparison with GEANT4 spin 
tracking Monte Carlo for verification

• Deduce specifications for experiment

Next steps:
• Parametrization of magnetic-field non-

uniformity
• Deduce magnetic-field requirements

Systematic study - overview
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• At colliders one produces many (up to 1014) heavy quarks 
or leptons and measures their decays into light flavors

Finding New Physics with Flavor

Courtesy Andreas Crivellin

Flavor observables are sensitive to higher 
energy scales than collider searches

Experiment

SM

New Physics
LHC dµ b→

sµ
µ

Mu3e MEG

PI
O

N
EE

R



8

Fine-Tuning?

No signifcant tuning necessary
Page 39

Bigaran, Volkas, 2110.03707

Courtesy Andreas Crivellin



Eddy current damping of magnetic pulse

40

• Exist off the shelf without substrate down 
to 17μ𝑒

• Still considerable damping of magnetic 
pulse possible

• Tests requires
• Alternative one dimensional wires 

(carbon fibers / tungsten)



• Characterization of potential 
electrode material with 
positrons and muons

50 MeV/𝑐𝑐 < 𝑝𝑝 < 145 MeV/𝑐𝑐

Multiple scattering measurement on carbon

41

Carbon foil 17𝜇𝜇 MuPIX10

Exit scintillator
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