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The role of the low energy precision physics
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• The Standard Model of particle physics: A great triumph of the modern physics but not the ultimate theory

• Low energy precision physics: Rare/forbidden decay searches, symmetry tests, precision 
measurements very sensitive tool for unveiling new physics and probing very high energy 
scale

Gravity

…

…

Gravity

Dark Matter

Matter-Antimatter 
asymmetry

Focus here on: 
• muon cLFV 
• muon g-2/EDM 

• Apologise for not 
covering muonium 
physics and muon 
scattering 
experiments due to 
lack of time 

Strong connection/synergy 
with neutrino physics 

• Lepton physics 
(fundamental physics 
link) 

• Very intense muon 
beams (technology 
link)



Charged lepton flavour violation search: Motivation

SM with massive neutrinos (Dirac) BSM

B(µ+ ! e+�) ⇡ 10�54 B(µ+ ! e+�)� 10�54

too small to access experimentally
an experimental evidence:  

a clear signature of New Physics NP  
(SM background FREE)

 oscillations
⌫ New particles

Bi =
�i

�tot

10-1010-2010-3010-4010-50

New PhysicsSM

Current upper limits on Bi

10-130 100
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• Neutrino oscillations: Evidence of physics Behind Standard Model (BSM). Neutral lepton flavour violation  
• Charged lepton flavour violation: NOT yet observed 
• An experimental evidence of cLFV at the current sensitivities will be a clear signature of New Physics

�Ni 6= 0 with i = 1,2,3



gμ-2 precise measurement: Motivation
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• Dirac's relativistic theory predicted muon magnetic moment “g” = 2

• Experiment suggested that g-factor differs from the expected value of 2

• Standard Model prediction: a(SM) = a(QED) + a(Had) + a (Weak) + a (NP): Very sensitive tool to NEW PHYSICS  
• BNL E821 result: 3.3σ deviation from SM prediction

QED EW QCD UNKNOWN

Reminder: used definitions



gμ-2 and muon cLFV 

UNKNOWN
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• Muon g-2 anomaly: 

• Flavour conserving component of the BSM 
dipole operator 

• Muon cLFV (μ+ → e+ γ etc.)  

• Flavour violating component of the BSM 
dipole operator  

• If the Muon g-2 anomaly is confirmed, it will 
establish the presence of a BSM muon 
interaction which may induce sizeable effects of 
muon CLFV ( M. Lindner, M. Platscher, and F.S. 
Queiroz, arXiv:161006587)



muEDM search: Motivation
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Magnetic moment (μ = gqh/4mc 𝛔)

Electric moment  (d = 𝜂qh/4mc 𝛔)

A discovery of a muon EDM at the current sensitivities 
will indicate CP violation invoking CPT theorem

• Baryogenesis, the creation of more matter over anti-matter, requires additional CP violation (CPV) beyond 
the SM (BSM)  

•These additional CPV underlying interactions would also result in Electric Dipole Moments (EDMs) of 
fundamental particles at the current experimental sensitivity, well above the SM predictions 
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Muon beams worldwide

10
Note: See the back-up 

for a summary table



Muon beams worldwide associated to “present” experiments
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PSI’s muon beams

590 MeV proton 
ring cyclotron 

1.4 MW

• PSI delivers the most intense continuous (DC) low momentum (surface) muon beam 
in the world up to few x 108  mu/s (28 MeV/c, polarised beam (Intensity Frontiers)

12MEGII / Mu3e Experimental area

Proton RF ~ 50 MHz 
“DC” muon beam

“Muon” Target “E” 
production

4.6· 108 µ+/s 

1.4· 108 µ+/s 



The HiMB (High Intensity Muon Beam) project at PSI
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New Target Old Target

Forked

x 1.4x 1.1

Standard Grooved Trapezoidal Forked Slanted

note: Each geometry was required to preserve, as best as 
possible, the proton beam characteristics down-stream of 
the target station (spallation neutron source requirement)

• Aim: O(1010 muon/s); Surface (positive) muon beam (p = 28 MeV/c); DC 
beam  
• Target: alternate materials (B4C and Be2C show 10-15% gain) and/or 

geometry (up to 60% of gain: Graphite Slanted target) 
• Beam line: high capture efficiency and large phase space acceptance 

transport channel 
• Slanted target test (“towards the new M-target”) successfully done (2019) 

and installed as “default” target since 2020 
• Increase surface muon rates for all connected beam lines  (30-60% increase 

depending of the beamline): Confirmed 
• Increase safety margin for “missing” target with the proton beam: Confirmed 
• Slanted target final place: Current “M” target  

• PSI Long shut-down: 2017-18. HiMB from 2018 

x1.5x1 x1.1 x1.4

Graphite Graphite 



The muCool project at PSI
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• Aim: low energy high-brightness muon beam 
• Phase space reduction based on: dissipative energy loss in matter (He gas) and position dependent drift of muon swarm 
• Increase in brightness by a factor 1010 with an efficiency of 10-3 

• Longitudinal and transverse compression (1st stage + 2nd stage): experimentally proved  
• Next Step: Extraction into vacuum 
• Current activity: abundant MC simulations in order to define the detailed experimental setup for the beam extraction in vacuum and eventually the beam re-acceleration

Detector 1

Detector 2
In gas: collisions 

with frequency fcol 

tan𝜃 ∝ 𝑓𝑐𝑜𝑙

Transverse 
Compression

Longitudinal 
Compression

Longitudinal+ 
Transverse 
Compression



MuSIC’s muon beams

Ring
Cyclotron
~392MeV
(variable)
1.1uA
proton,
(0.4kW)

MuSIC
M1 Beam line

MUSE@ J-PARC
Pulsed muon source

MuSIC @ RCNP
DC muon source

• Aim: O(108 muon/s); Surface (positive) muon beam (p = 28 MeV/c); DC beam 
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J-PARC muon beams
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COMET @ Main Ring

MuSEUM and 
g-2/EDM @ MUSE

• Bunched 8 GeV protons extracted from the Main Ring and 
delivered to the pion target production inside a capture solenoid 

• Muons are charged and momentum selected using curved 
superconducting solenoids



Fermilab’s muon beams
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• A dedicated accelerator facility to provide beams to muon g-2 and Mu2e experiments has been designed and constructed at 
Fermilab 

• Muon g-2 precedes Mu2e (that will follow). The delivered muon beam is free of protons and pions, which created a major 
background in the BNL experiment

• Booster provides 8 GeV 
protons to the Recycler 

• Recycler stacks protons into 
4 bunches  

• Delivery Ring takes 1 out of 
every 4 bunches from the 
Recycler 

• Mu2e slow extracts protons 
every 1695 ns

Muon g-2 

Mu2e
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CLFV searches with muons: Status and prospects
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• In the near future impressive sensitivities via the so called “golden” muon channels 
• Strong complementarities among channels: The only way to reveal the mechanism responsible for cLFV   
• Note: τ ideal probe for NP w. r. t. μ (Smaller GIM suppression, stronger coupling, many decays). μ most sensitive probe due to huge 

statistics (= muon campus)

µ ! e�

µN ! eN 0

Current upper limit Future sensitivity

µ ! eee
4.2 x 10-13 ~ 6 x 10-14

1.0 x 10-12 ~1.0 x 10-16

7.0 x 10-13 few x 10-17

Cosmic rays

Stopped 𝜋

𝜇 Beams

de Gouvea and Vogel 
hep-ph:1303.4097

µ
!

e�
µ
!

ee
e

µ
N

!
eN

0

 Energy frontier 

 Precision and 
intensity frontier

E > 1000 TeV

Probe energy scale 
otherwise unreachable



The MEGII experiment at PSI

x2 Resolution 
everywhere

New electronics:
Wavedream
~9000 
channels at 
5GSPS

Single volume 
He:iC4H10

35 ps resolution 
w/ multiple hits

Full available 
stopped beam 
intensity 
7 x 107

Better uniformity w/ 
12x12 VUV SiPM

Updated and
new Calibration 
methods
Quasi mono-
chromatic positron 
beam

x2 Beam Intensity 

Background rejection

•  Best upper limit on the BR (μ+ → e+ γ) set by the MEG experiment (4.2 10-13  @90% C.L.) 
•  Searching for μ+ → e+ γ with a sensitivity of ~ 6 10-14   
•  Five observables (Eg, Ee, teg, ϑeg, ϕeg) to identify μ+ → e+ γ events
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�
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�

�

Signature

Backgrounds

See: Dylan Palo’s MEGII talk (WG4 Tue.) 
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Latest news and currents status

Key points:  
• Run2021 very successful 
• Electronics fully installed and tested with all sub-detectors and calibration 

tools 
• All calibration and physics trigger configurations released 
• Assessed performances of each sub-detectors in the final MEG II 

conditions  
• Collected data at different beam intensities  
• Dedicated RMD at reduced beam intensity as proof-of-principle of the 

experiment quality 
• Physics run started at the end of September 2021 
• …with the COVID19 outbreak ongoing 

Current status: 
• MEGII beam time 2022 started (June 7th) 
• MEGII physics run 2022 with shifts started (July 6th) 

Outlook: 
• MEG sensitivity expected to be surpassed by the Run 2022 

21

MEGII fully installed! Data from the first Physics Run2021



The Mu3e experiment at PSI
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• The Mu3e experiment aims to search for μ+ → e+ e+ e- with a sensitivity of ~10-15   (Phase I) up to down ~10-16  (Phase II). 
Previous upper limit BR(μ+ → e+ e+ e- ) ≤ 1 x 10-12 @90 C.L. by SINDRUM experiment) 

• Observables (Ee, te, vertex) to characterize μ→ eee events

µ+e+
e+

e -

Signature

µ+e+
e+

e -�

�
µ+e+ � µ

+

e
+

�

e -

Backgrounds

See: Ann-Kathrine Perrevoort’s Mu3e talk (WG4 Tue.) 



Latest news and currents status
Key points:  
• First integration Run 2021 
• Inner MuPix layer 
• SciFi ribbons 
• Sub-detector services  

• Full beam line commissioning 2022 
• Very successful: TDR promised values matched! 

• 2.49e108 mu/s @2.4 mA (at the collimator): The highest beam rate 
in pie5 at the collimator 

• 1.02e108 mu/s @2.4 mA (Mu3e magnet): Several beam 
configurations studied, some of them connected with possible 
Mu3e magnetic field intensity optimisation  

Outlook: 
• Cosmic Ray Run ongoing outside the experimental area with all sub-

detector services 
• MuPix mass production: ongoing 
• Complete integration run: 2023 
• Engineering run: 2024 
• First physics run: 2025 

Beam commissioning 2022

23
2.49e108 mu/s @2.4 mA

Full analysis performed on  
Simulated data



μ− N → e− N experiments: general concept
• Signal of mu-e conversion is single mono-energetic electron 
• Stop a lot of muons! O(1018) 
• Backgrounds: 

• Beam related, Muon Decay in orbit, Cosmic rays 
• Use timing to reject beam backgrounds (extinction factor 10-10) 

• Pulsed proton beam 1.7 μs between pulses 
• Pions decay with 26 ns lifetime 
• Muons capture on Aluminum target with 864 ns lifetime 

• Good energy resolution and Particle ID to defeat muon decay in orbit 
• Veto Counters to tag Cosmic Rays

24

Signature

m𝛍/2 m𝛍



The Mu2e experiment at Fermilab
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• The Mu2e experiment will search for the muon-to-e conversion in nuclei with a sensitivity R(Al at 90% CL) < 8e10-17 process in Al 
and improve on this limit by four orders of magnitude (previous experiment, SINDRUM II: R(Au)< 7 10-13)

See: Craig Group’s Mu2e talk (WG4 Tue.) 



Latest news and currents status

Key points:  
• Solenoids: 

• All coils for PS and TS are fabricated 
• Cold mass fabricated for TS
• Everything else under construction

• Targets
• production and stopping targets assembled

• Tracker 
• All straws produced
• 167 / 216 panels produced
• 16 / 36 planes are built
• Cosmic ray tests with a single plane

• Calorimeter
• All crystals, SiPMs, and FEEs produced all mechanical parts in hand to 

build the first disk

• Cosmic Veto
• 2200 / 2700 di-counters produced
• 67 / 83 modules produced
• Cosmic ray tests underway at Wideband

 

Outlook: 
• Detector commissioning: 2024 
• Data taking: 2025-2026: x1000 improvement over SINDRUM-II 
• Resume data collection in 2029 after long shutdown: x10000 

improvements over SINDRUM-II 26



The COMET experiment at J-PARC
• The COMET experiment will search for the muon-to-e conversion in nuclei with an ultimate sensitivity R(Al at 90% CL) < 

10-18 process in Al and improve on this limit by four orders of magnitude (previous experiment, SINDRUM II: R(Au)< 7 10-13)

• It follows a stage approach
• Phase I (2 x 10-15) 
• Phase II (O~ 10-18)

COMET phase IICOMET phase I

27

See: Sam Dekkers’s COMET talk (WG4 Tue.) 



Latest news and currents status
COMET phase I

28

Key points:  
• Proton beam line construction in 

progress to be completed in 
FY2021

• Graphite as a pion production 
target

• Pion Capture Solenoid 
construction is in the 2nd year of 
multi-year construction contract 
(FY2020-2022) 

• Physics Detector  
• CDC and hodoscope in a 

solenoid 
• Muon stopping target (Al) at 

the center of the solenoid 

 

Outlook: 
• with 3.2 kW beam 
• Beam engineering run in FY 2022 

and physics in FY2023 
• Data taking: FY2023-2024 



DeeMe experiment

29

• Pulsed proton beams from 3 GeV RCS (fast extraction) 
• Muon production target = stopping target 
• SES ~ 10-13 (Carbon target, 1 year)  
• Detector commissioning in Jun-2022 
• Momentum reconstruction successful & More beam-time expected later this year   
 

See: Kazuhiro Yamamoto’s Mu3e talk (WG4 Tue.) 



gμ-2: Motivation

30

• Dirac's relativistic theory predicted muon magnetic moment “g” = 2

• Experiment suggested that g-factor differs from the expected value of 2

• Standard Model prediction: a(SM) = a(QED) + a(Had) + a (Weak) + a (NP) 
• BNL E821 result: 3.3σ deviation from SM prediction

QED EW QCD UNKNOWN

Reminder: used definitions



Reminder: g-2 in numbers and experimental approaches

Anomalous magnetic moment (g-2)
       aμ=  (g-2)/2     = 11 659 208.9 (6.3) x 10-10 (BNL E821 exp)       0.5 ppm
                                    11 659 182.8 (4.9) x 10-10 (standard model)
     ∆aμ= Exp - SM =                26.1 (8.0) x 10-10                            ~4σ  anomaly

In uniform magnetic field, muon spin rotates ahead of momentum due to g-2 = 0
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𝜔a Spin vector precession Momentum vector motion

Spin vector precession with  
respect to the momentum vector

𝜔a
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𝜔a 𝜔e In a non-zero electric field, the 
anomalous muon frequency is 

modified with a non-zero EDM at 
frequency 𝜔e 

Oscillation component 
perpendicular to the storage 

plane

𝜔e

𝜔e



Reminder: g-2 in numbers and experimental approaches

Anomalous magnetic moment (g-2)
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BNL E821 approach
γ=30 (P=3 GeV/c)

J-PARC approach
 E = 0 at any γ

Proposed at J-PARC with 0.1ppm precision Continuation at FNAL with 0.1ppm precision 33

𝜔a 𝜔e

See: Bryan MacCoy’s muon g-2 talk (WG4 Thu.) 
See: Javad Komijani & Lorenzo Capriotti’s  
MUonE contributions 



Muon g-2 at Fermilab: From the first commissioning run
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• First evidence of precessing muons during the commissioning Run: 2017 

See:Samuel Grant’s muon g-2 at Fermilab talk (WG4 Fri.) 



Muon g-2 at Fermilab: to the First Result !
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• First Result: April 2021 [using RUN1 with statistics similar to 
BNL statistics]

• RUN1-3 (already collected): ~ 8x BNL statistics
• Aiming at ~ 20x BNL statistics  



gμ-2/EDM at J-PARC
• Zero E-field 
• Separation of magnetic 

and electric momenta 
• Weak B field focusing: 

Need low emittance cold 
muon 
• New technique: slow 

muons from laser 
ionization of muonium 

• Different systematics! 
• Uniform tracker detector 

throughout stored orbit 

36

See: Ce Zhang’s gμ-2/EDM at J-PARC talk (WG4 Fri.) 



gμ-2/EDM at J-PARC: Latest news and currents status
• Progress in all aspects. From phase 1 to phase 2 
• New experimental methods and source-limited schedule required some years prior data taking 

that is expected to start soonish

37

H line > 108 surface muon/s
Several silica-aerogel 
samples tested at TRIUMF

Laser available 

Muon RFQ acceleration 
test in October

Spiral injection with mini-
solenoid in progress



muEDM: Definition

38

Magnetic moment (μ = gqh/4mc 𝛔)

Electric moment  (d = 𝜂qh/4mc 𝛔)

A discovery of a muon EDM indicates 
CP violation invoking CPT theorem



muEDM dedicated search: Current status
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*

• EDMs of fundamental particles are intimately connected to the violation of time invariance and the combined symmetry of charge 
and parity 

• The different EDM searches are sensitive to different, unique combinations of underlying CPV sources

Quite poor 
current direct 
limit  
𝑑𝛍 <1.5×10-19 𝑒cm 
(CL 90%)



muEDM direct search: Why now?
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• Impressive limits on the electron EDM deduced from measurements 
using atoms or molecules, e.g., thorium oxide molecules 𝑑e𝑒 < 
1.1×10-29

−2      𝑒cm (CL 90%) lead to 𝑑𝛍𝑒 <2.3×10-27
−− 𝑒cm (CL 90%), which is 

many orders of magnitude better than the direct limit 𝑑𝛍 

• 𝑚𝛍𝜇𝜇/𝑚e𝑒𝑒                     naive rescaling assumes minimal flavor violation (MFV), 
that is a model dependent assumption 

• The muon plays an exceedingly prominent role in unveiling 
path towards BSM. All substantial evidence found in laboratory 
experiments for a departure from SM physics involves the muon   

• g-2 experiment at FNAL ( 𝑎𝜇𝜇= (𝑔−2)/2  —> 4.2𝜎) 

• LFU in B-meson decays (3.1𝜎,  more than 5𝜎 evidence when 
combining all LFU observable in B-meson decays)  

• deficit in the 1stst row unitarity of the CKM matrix may be 
interpreted as LFU violation (about 4𝜎 )



muEDM direct search: Why now?
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• FNAL/JPARC g-2 experiments aims at 
𝑑𝛍 ~ O(10-21) 𝑒cm (via g-2)

• Direct muEDM search at PSI in stages:

• Precursors: 𝑑𝛍 < 3×10-21 𝑒cm

•  Final:−::        𝑑𝛍 < 6×10-23 𝑒cm



EDM search: From the “frequency” approach…

42

𝜔a 𝜔e

• i.e. FNAL: The decay positrons are recorded 
using calorimeters and straw tube trackers 
inside the storage ring  

• The sensitivity to a muon EDM is limited by the 
resolution of the vertical amplitude, proportional 
to 𝜁, of the oscillation in the tilted precession 
plane  

• i.e. J-PARC: even if the technique is different 
the sensitivity to an EDM is limited by the 
resolution of the vertical amplitude



…to the frozen-spin technique
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𝜔a 𝜔e

• The frozen-spin technique uses an Electric field 
perpendicular to the moving particle and magnetic field, 
fulfilling the condition:  

• Without EDM, 𝜔 = 0, the spin follows the momentum 
vector as for an ideal Dirac spin-1/2 particle, while with an 
EDM it will result in a precession of the spin with 𝜔e II Ef 

• The sensitivity to a muon EDM is given by the asymmetry 
up/down of the positron from the muon decay



EDM: From the “frequency” approach to the frozen-spin technique

44

• Putting everything together, here a summary:



The muEDM at PSI: The general experimental idea

45

• Direct muEDM search at PSI in stages: Precursors: 𝑑𝛍 < 3×10-21 𝑒cm (2026); Final:  𝑑𝛍 < 6×10-23 𝑒cm (2030) 
• The sensitivity to a muon EDM is given by the asymmetry up/down of the positron from the muon decay. Positrons are emitted 

predominantly along the muon spin direction

See: Kim Siang Khaw’s muEDMatPSI talk (WG4 Fri.) 



Summary
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•Astonishing sensitivities in muon precision physics at intensity frontiers are 
ongoing and foreseen for the incoming future  
•Rare/forbidden decay searches and symmetry tests remain among the 
most exciting places where to search for new physics with strong 
synergy and connection with the neutrino physics program 

•Both very intense and high brightness muon beams and new detector 
developments are the keys for addressing this very challenging physics program

Thanks a lot for your attention !!!



Back-up



Muon beams worldwide summary
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muEDM Precursor at PSI: Proof-of-principle of the frozen spin technique
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p=28 MeV/c  [piE1]

Develop key technologies and design the final 
instrument  
• Full MC model  
• Full FEM model   
• Analysis and DAQ  
• Nested electrode system with a minimal material 

budget for the frozen-spin technique  
• Pulsed magnetic field to kick muons on a stable 

orbit   
• Injection channel made of a superconducting 

shield 

Perform a first EDM measurement using 
existing infrastructure and solenoid at PSI  
• Develop magnetic-field correction coils and field 

measurement device  
• Develop dedicated positron and muon detectors 
• Demonstrate injection  
• Demonstrate for the first time electric-field tuning 

to frozen-spin condition  
• First dedicated frozen-spin EDM measurement  



muEDM final at PSI: Frozen spin and longitudinal injection
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p=125 MeV/c  [muE1]



A tentative schedule

51

Phase I (precursor) Phase II (final)



Few scalings model-independent predictions

52

from P. Paradisi’s talk


