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OUTLINE

• The Muon Physics: A Worldwide frontier research

• The Muon g-2 Experiment at Fermilab and J-Parc

• The MUonE experiment at CERN

• Charged Lepton Flavour Violation experiments:

• MEG II (µàeg),  Mu3e (µà3e)

• Mu2e, COMET, DeeMe (µ-e conversion)

• Conclusion
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The Muon g-2 & CLFV Physics:
A Worldwide frontier research
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• High intensity µ beam & long decay time
• Large statistics possible & beam transport to target

• Simple kinematics
• Precise measurements in a high rate background
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In April 2021, this story made worldwide news



April 7th 2021: 
First results from the Muon g-2 experiment at Fermilab

We measured “g-2” with an error of 0.46 
part per million (ppm) (0.00 00 00 46)

THEORY EXPERIMENT
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100 meters

Like measuring the length of a soccer field with an error 
smaller than the width of a human hair!



Muon g-2: why are we so excited??

If  TH ≠ EXP, there must be new undiscovered particles: New Physics!



Why we expect “New Physics” ?
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The Standard Model is a 
mathematical framework that 
describes every particle and 

interaction we’ve ever measured

It’s hugely predictively successful 

But…

Matter =/= Antimatter

Gravity Dark Matter 
Dark Energy

The fact we exist at all is evidence 
that there must be Physics beyond 

the Standard Model



Finding “New Physics”: two options

9

1. Try and produce new 
particles directly in high-
energy collisions à e.g. 
Large Hadron Collider

2. Compare ultra-precise 
SM predictions with ultra-

precise measurements
vs



The muons have spin motion…When placed in a 
magnet, it will precess like a toy top.  

The precession frequency is proportional to g (the muon’s “magnetic 
moment”, i.e. the strength of the magnetic field)

B 𝜔! = 𝑔
𝑒𝐵
𝑚"𝑐

The Muon g-2 as sensitive probe for New Physics



Heisenberg’s uncertainty principle allows, for very short times, the existence of “virtual 
particles” that lives for a very short time. 
These “virtual particles” affects the way in which the muon interact with the magnetic 
field and this causes g≠2

B
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By measuring precisely g-2 we can be sensitive to each particle in the 
Universe (the ones that we know but also the ones which we don’t know)

The Muon g-2 as sensitive probe for New Physics

𝑎 =
𝑔 − 2
2

= 0.00116. . .



The first (mass independent) loop calculation:
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Schwinger, Julian S. On Quantum electrodynamics and the magnetic moment of the
 electron, Phys. Rev.", 73, 1948, 416-417.  
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= 0.001162

1948: The first (mass independent) loop calculation
 

In perfect agreement with Kush & Foley measurement of the electron“g-2”

electron “magnetic moment anomaly”



Nowdays…In the SM aµ= (g-2)/2 can be computed very precisely!

aµQED ~a/2p~ O(10-3)       aµHAD ~ O(10-8)        aµWeak ~ O(10-9)
daµQED ~ 1.4x10-12            daµHAD ~ 4x10-10          aµWeak ~ 2x10-11

Theory Initiative (wp20): 
T. Aoyama et al. Phys. Rept. 887 (2020)



daµQED =0.001ppm



Impressive calculation…thousands of diagrams

S. Laporta “High-precision calculation of the 4-loop contribution to the electron 
g-2 in QED” Phys.Lett.B 772 (2017) 232



daµWeak =0.02 ppm



𝑎!"#$ (HVP) Calculation: Dispersive (e+e−) Method
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daµHLO =0.4 ppm



𝑎!"#$ (HVP): Lattice calculation

HAD
𝑎!"#$

DISPERSIVE approach à

LATTICE calculation à

BMW20



daµHLO =0.4 ppm



A rich history of g-2 Theory and measurements (year 2000) 
aµ=(g-2)/2 =Muon (magnetic) anomaly

THEORY EXPERIMENT

CERN 

BNL

THEORY
“Consolidation”

21

10 ppm

< 0.5 ppm



History of the experiments (1950s à2004)
• The storage ring method was developed at CERN around 1960 and improved at BNL (‘90s) 

through a series of experiments with increasing precision which allowed to test the SM at 
the level of strong (CERN) and EW (BNL) effects

J. Miller, E. De Rafael, L. Roberts, Rept. Prog. Phys. 70 (2007) 795
 G. Venanzoni, SchwingerFest, 14 Jun 2022
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Pre “g-2” history (1950s)

G. Venanzoni, Liverpool, 7 Nov 2022



Lee and Yang 
(1956)

+

favoured disfavoured

The positron is (preferably) emitted  in the direction of the 
spin. If you count them in a certain direction, its rate is 
modulated by the precession frequency of the spin 
(magnetic moment)which depends on g

A revolutionary 
idea (nobel prize 
1957)

detector

e-

B



• 1957: Garwin, Lederman, Weinrich at Nevis Laboratories
(Just after Yang and Lee parity violation paper -confirmation)

25

muons behave
like electrons

Fit to

85 MeV p+, µ+

e+ detector 
counters

5% uncertainty

Two experiments measured “g” in the 1950s



• 1957: Cassels, et al. (Liverpool) 1957
 

Two experiments measured “g” in the 1950s

gµ = 2.004± 0.014
<latexit sha1_base64="DECLCG3FrqW+dnIiY1K+eIeBGEA="></latexit><latexit sha1_base64="ocPMIX+SAs+5ZJ2KrZVOry7ac0Q="></latexit><latexit sha1_base64="ocPMIX+SAs+5ZJ2KrZVOry7ac0Q="></latexit><latexit sha1_base64="Fog7ZhPTSKMQarpoHf9onGhQLtQ="></latexit>

stopped µ then decay !"e+

exponential from ⌧µ divided out
<latexit sha1_base64="84oqEpuvYiL5TF3Z63BlGSie7Vo="></latexit><latexit sha1_base64="MI/u3SyDr1tzFtwTkcQAHS2x/w0="></latexit><latexit sha1_base64="MI/u3SyDr1tzFtwTkcQAHS2x/w0="></latexit><latexit sha1_base64="hTg60Gm3h0hAg3Qc7L2w129phJY="></latexit>

156 inch Cyclotron in Liverpool 0.7% uncertainty

To improve  the accuracy à storage ring! 

“The value of g itself should be sought in a comparison of the precession  and cyclotron frequencies of muons in a 
magnetic field. The two frequencies are expected to differ only by the radiative correction”

W. E. Bell and E. P. Hincks, Phys. Rev. 84, 1243 (1951)



The Muon “g-2” experiments (1960s to 2023)



ωa =ωs −ωc = a
eB
m

Principle of the Muon g-2 experiment
• The frequency with which the spin moves ahead of the momentum in a magnetic 

field B (anomalous precession frequency wa) is:

aµ =(g-2)µ/2 



ωa =ωs −ωc = a
eB
m
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Momentum

Spin

𝒈𝝁 = 𝟐, 𝒂𝝁 = 𝟎

• The frequency with which the spin moves ahead of the momentum in a magnetic 
field B (anomalous precession frequency wa) is:

• If g=2 (a=0) spin remains locked to the momentum

aµ =(g-2)µ/2 

Principle of the Muon g-2 experiment



ωa =ωs −ωc = a
eB
m

30

• The frequency with which the spin moves ahead of the momentum in a magnetic 
field B (anomalous precession frequency wa) is:

• If g>2 (a>0) spin advances respect to the momentum

aµ =(g-2)µ/2 

Momentum

𝒈𝝁 > 𝟐, 𝒂𝝁 > 𝟎

Spin

In the muon g-2 
experiment we measure 
very precisely:
• the frequency of the spin 

respect to the momentum 
(wa); 

• the magnetic field 

Principle of the Muon g-2 experiment



The CERN experiments I –II (1960s)   

CERN I, 1958-1962 (4300 ppm)

(266 ppm)CERN II, 1962-1968

CERN II (1968): 1st use of a magnetic ring

1 ppm (part per million) =  0. 000 001

10.5 GeV/c 
Proton beam
p + N à p àµ 

à
p

weak-focusing 
magnetic storage 
ring; Bz = 1.71 T

pµ = 1.27 GeV/c, 
gt = 27 µs; 



The concept of magic momentum

32

• How to keep the muons vertically confined?
• 2nd CERN used radial variation in B field (big systematic)

àUse electrostatic quadrupoles - but adds complications

If we choose then coefficient vanishes! The MAGIC momentum!

So we can worry less about the electric field (but still will need corrections)

Had aμ been, say 100x smaller, would need p ~ 30 GeV/c



EXP

3rd Muon g-2 experiment at Cern



B. Lee Roberts - Tau2018 – 27 September  2018 - p. 34

• Inject pions at 3.2 GeV  (CERN-II was injecting protons)
• Use p !"µ decay to kick muons onto stable orbits
• Magic momentum and Electric field for vertical focusing

40 separate 
magnets

p beam

Electric 
quadrupoles

Still have pion 
flash at 
injection!

Not as bad as for 
CERN2

Muon lifetime dilates to 64 μs

CERN III, 1969-1976



𝑎µ(expt)  = 0.001165924(9)
𝑎µ(theory) = 0.001165921(13)

35

HVP (hadronic 
vacuum 
polarization)

https://link.springer.com/book/10.1007/978-3-319-63577-4

(7.3 ppm)

aµ
HAD ~ 700-10 (~60 ppm) 

CERN III, 1969-1976

https://link.springer.com/book/10.1007/978-3-319-63577-4


1984-2001: Measurement of aµ at BNL
The measurement of the g-2 of the muon has been repeated with x15 
better accuracy at Brookhaven National Laboratory (USA)

Improvements:

Much higher intensity

3 superconducting coils

Inject muons into ring with 
inflector and kicker 

In-situ B measurements 
with NMR probes



B. L.  Roberts,  Fermilab , 3 September 2008 - p. 37/68

Inflector

Kicker 
Modules

Storage
ring

Central  orbit
Injection orbit

Pions

-π

p=3.1GeV/c

E821 Experimental Technique

!
!

• Muon polarization

R=711.2cm
d=9cm

(1.45T)

Electric Quadrupoles

xc ≈ 77 mm
b ≈ 10 mrad

B·dl ≈ 0.1 Tm

xc

R

R b

Target

25ns bunch of       
≥ 1 X 1012 
protons

•injection & kicking
•Muon storage ring

• focus with  Electric Quadrupoles

•24 electron calorimeters 



𝑎µ(expt)  = 0.00116592089(63)
𝑎µ(theory) = 0.00116591820(73)

38

EW

E821, 1984-2001

Hadronic light-by-light

https://link.springer.com/book/10.1007/978-3-319-63577-4

aµ
EW ~ 15.3-10 (~1.3 ppm) aµ

HLbL ~ 9.2-10 (~0.8 ppm) 

(0.54 ppm)

(HMNT 03)

(2006)

https://link.springer.com/book/10.1007/978-3-319-63577-4
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Situation after BNL experiment (year 2000s)

Is the measurement wrong?

Is Theory wrong ???

g-2 
measured

g-2theory  
predictions

𝒂𝝁𝑩𝑵𝑳 − 𝒂𝝁𝑺𝑴 =
= 𝟐𝟕𝟗 ± 𝟕𝟔 ×𝟏𝟎'𝟏𝟏 𝟑. 𝟕𝝈

à We need another experiment…



(from D. Hertzog)
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The Muon g-2 Experiment at Fermilab (2009 – 2023)



4 key elements for E989 at FNAL

• Consolidated method (same ring of the BNL experiment)
• More muons (x20)
• Improved beam and detector à Reduced systematics 
• New crew à new ideas

0.07waÅ 0.07wp

0.2waÅ 0.17wp

42
G. Venanzoni, SchwingerFest, 14 Jun 2022



1) Polarized muons

2) Precession proportional to (g-2) 

3) Pµ magic momentum = 3.09 GeV/c

4) Decay e+ emitted preferably in  spin 
direction of the muon

µ
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aµ=(g-2)/2

~97% polarized for forward decay

E field doesn’t affect muon spin when g = 29.3

2
2a spin cyclotron
g eB
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-æ öw =w -w = ç ÷

è ø
Measure 2 quantities

Key ingredients
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𝑆

G. Venanzoni, SchwingerFest, 14 Jun 2022



However there are beam dynamics effects

• The muon beam oscillates and breathes  as 
a whole

• The full equation is more complex and 
corrections due to radial (x) and vertical (y) 
beam motion are needed

𝜔? = 𝜔@ −𝜔A=

= −
𝑒
𝑚𝑐

𝑎B𝐵 − 𝑎B −
1

𝛾C − 1
𝛽×𝐸 − 𝑎B

𝛾
𝛾 + 1

𝛽 ⋅ 𝐵 𝛽

• Running at gmagic=29.3 (p=3.094 GeV/c) this coefficient 
is null

• Because of momentum spread (<0.2%)à 
      E-field Correction 

• Vertical beam oscillation  à 
      Pitch correction



June 2013: The ring leaves from BNL

45
G. Venanzoni, LNF- Frascati, 15  April  2021



2013: The Big Move

46
G. Venanzoni, LNF- Frascati, 15  April  2021



26 July 2013:...the ring arrives to FNAL

47
G. Venanzoni, LNF- Frascati, 15  April  2021



The magnetic field is measured using pulsed-proton NMR
where the proton “wobble” frequency 𝝎𝒑 is measured
  We built a little “NMR Trolley” that goes 

around the ring and maps the field

The Final Field is VERY uniform
Free induction decay signal of the probes 
digitized and analyzed

NMR trolley
Fixed  NMR around the vacuum chamber



• A big batch of protons 

• Chop them into 4 equal parts 

• Shoot 1 batch at a time at a target

• Collect the resulting pions  and 
muons using magnetic lenses

• Run them all around this triangle until only 
the muons remain

• Shoot those into the our magnetic 
storage ring 

To create muons, we start with  

The trip is about 2 km long and involves ~1000 magnets 



The Muons arrive and begin to wobble

50

Yellow arrow points in direction of travel

Red arrow points in direction of spin

Red arrow is rotating fast than yellow arrow 

The difference is proportional to g-2



Measuring the wobble frequency

51

Muons decay to electrons which strike detectors and give a 
Flash of Light proportional to their energy

𝒈𝝁 > 𝟐, 𝒂𝝁 > 𝟎

~4,000,000,000 
electrons

N
um

be
r o

f e
le

ct
ro

ns
Electromagnetic 
Calorimeter



𝜔% Measurement

• The number of positrons is modulated by the 
anomalous precession frequency

𝑁)𝑒'*/,[1 − 𝐴	𝑐𝑜𝑠(𝜔-𝑡 + 𝜙)]

52

Blue arrow=spin
Red arrow= momentum

Pµ

E and t are the measured observables

• 4 different analysis methods:
– T: simple energy threshold  >1.7 GeV
– A: asymmetry weighted  with 

threshold >1.1 GeV
– R: ratio method
– Q: No clustering: total energy above 

minimal threshold

G. Venanzoni, SchwingerFest, 14 Jun 2022



The 𝜔! fit

CBO

• The wiggle plot is fitted with a decay 
exponential modulated by the 
precession frequency:

• The 5 parameters function presents 
peaks in the Fast Fourier Transform 
(FFT) of the  residuals due to beam 
dynamics effects 
• Increasing the number of corrections in 

order to remove peaks
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G. Venanzoni, SchwingerFest, 14 Jun 2022



The fit equation

54

Muon Loss term 

Red = free parameters
Blue= fixed parameters 

wy, wvw vertical 
oscillations
wCBO, w2CBO, radial osc.

G. Venanzoni, SchwingerFest, 14 Jun 2022

• 434 ppb statistical uncertainty (compare to 460 ppb for BNL)
• 56 ppb systematic uncertaintyRUN1



1.   Precision “clocks” are used to determine the frequencies

The measurements are done entirely “Blind” 
We don’t know the result until we are done

2. Someone adjusts the clocks to run a bit faster or slower than nominal

3. Only after the entire data analysis is complete, are we told of the correct clock frequency 



These folks are NOT in 
our collaboration….

But we trusted them

The secret Code with the correct clock 
frequency was kept in this envelope

Two outsiders set the Clock frequency and keep the truth in secret envelopes



In February 2021 unblinding meeting for our first result

t [µs]

Due to the pandemic the meeting was recorded via zoom

G. Venanzoni, University of Witwatersrand, 30 June 2021



1) We confirmed the  result from 20 years ago !!
2) The difference with the SM is 4.2s

58

2021 Result

4.2 standard deviations



In August 2023 we presented our second result…

G. Venanzoni,  EPS-HEP2023, Hamburg, 22 August  2023 59

10th August 2023,  Fermilab



Run-2/3 Improvement: Statistics

Number of e+ 
with E > 1 GeV

 t > 30 µs

• Factor 4.7 more data 
in Run-2/3 than Run-1

Dataset Statistical Error [ppb]

Run-1 434

Run-2/3 201

Run-1 + Run-2/3 185
G. Venanzoni,  EPS-HEP2023, Hamburg, 22 August  2023 60



Analysis 
Improvements

Running 
Conditions

Improved 
Measurements

<latexit sha1_base64="8k551U70pfSFp/qVoj5hVvUum60="></latexit>
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Run-2/3 Improvement: Systematics
• Systematic improvements in all parameters

G. Venanzoni,  EPS-HEP2023, Hamburg, 22 August  2023 61



Run-2/3 Uncertainties

• Total uncertainty is 215 ppb

Systematic uncertainty of 70 ppb surpasses 
our proposal goal of 100 ppb!

• Near-equal improvement: We’re still 
statistically dominated

[ppb] Run-1 Run-2/3 Ratio
Stat. 434
Syst. 157

[ppb] Run-1 Run-2/3 Ratio
Stat. 434 201
Syst. 157

[ppb] Run-1 Run-2/3 Ratio
Stat. 434 201
Syst. 157 70

[ppb] Run-1 Run-2/3 Ratio
Stat. 434 201 2.2
Syst. 157 70 2.2

62



This time the unbinding meeting was in Liverpool

G. Venanzoni,  EPS-HEP2023, Hamburg, 22 August  2023 63

24 July 2023



Run-2/3 Result: FNAL + BNL Combination
aμ(FNAL) = 116 592 055(24) x10-11 [203 ppb] 

aμ(Exp) = 116 592 059(22) x 10-11 [190 ppb] 

• FNAL combination: 203 ppb 
uncertainty

• Both FNAL and BNL 
dominated by statistical error

• Combined world average 
dominated by FNAL values.

G. Venanzoni,  EPS-HEP2023, Hamburg, 22 August  2023 64

[215 ppb] (25) 

[463 ppb] (54) 

[203 ppb] (24) 

[190 ppb] (22)

[540 ppb] (63)

Size of	 𝑎!"#= 153.6 1.0 	×	10$%%



Comparison with SM prediction (2023)
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• Comparison of FNAL Run1-3  result with the Theory 
Initiative’s calculation wp20 is at 5 sigma

• Waiting for a clarification of the theory (see 
(https://muon-gm2-theory.illinois.edu/) 

G. Venanzoni,  EPS-HEP2023, Hamburg, 22 August  2023 65

Keshavarzi, Nomura, Teubner: Priv. Comm. inc. in 
wp20

NOT inc. 
in wp20

Disclaimer: prediction from 
Lattice taken from Lattice 2023 
talk; prediction from CMD3 
based on our specific 
assumption

HVP from 
lattice
(intermediate 
region~ 1/3 
aµHLO)

HVP from data
(2p dominant 
channel)

https://muon-gm2-theory.illinois.edu/


Outlook for muon g-2 at Fermilab

TDR goal: 21 x BNLData from Run-4/5/6 
fully produced and 
analysis making good 
progress
With more than 21x 
BNL statistics on tape 
we will likely surpass 
total precision of 
140ppb 
Plan to publish result 
of the full dataset in 
2025 with twice 
improved statistical 
precision

Other analysis ongoing with first results based on Run-1 data expected in 2024:
Muon Electric Dipole Moment analysis with final sensitivity goal of ≤10-20 e·cm
BSM searches via CPT/Lorentz violation and Dark Matter

analyzed
analysis in progress

~25% tot stat

~75% tot stat



The J-PARC approach

Injection of an ultra-cold, low-energy, muon beam into a small, but highly 
uniform magnet



The J-PARC approach







• Surface µ+

• Stop in Aerogel
• Diffuse Muonium (µ+e-) atoms into vacuum
• Ionize 
• 1S à 2Pàunbound
• Max Polarization 50%

• Accelerate
• E field, RFQ, linear structures
• P = 210 MeV/c

71

Ultra-cold Muons

P=210 MeV/c









𝑎!"#$ (HVP) A «Third way»: MUonE at CERN
(a space-like approach of aµ

HLO )
Measurement of Δαhad(t): hadronic contribution to the running of the 

electromagnetic coupling constant.

3

(1− x)Δαhad (−
x2

1− x
mµ
2 )

(t=0)

t=-0.11 GeV2 
(~330 MeV) 

HAD



●A beam of 160 GeV muons allows to cover 
the whole aµ

HLO

●Correlation between muon and electron 
angles allows to select elastic events and 
reject background (e+e- pair production)

●Boosted kinematics:   θµ < 5 mrad, θe < 32 
mrad

The MUonE experiment
Extraction of Δαhad(t) from the «shape» of the µ+ e-à µ+ e- elastic differential

cross section

From theoretical calculation

4

To be measured



• Many progress in the last years, inc. 
detector optimization and development of 
µ-e (N)NLO MC
• 3 weeks Test Run in 2023: proof of concept 

of the experimental proposal using 2 
tracking stations and ECAL. Successful run 
at 40 MHz

• Staged approach towards the full 
experiment: 1st phase in 2025 with limited 
sensitivity to Δαhad(t);  final accuracy after 
LS3  (>2028) with <0.5% target precision on 
aµ

HLO

MUonE at CERN: status

LHC schedule

-C. M. Carloni Calame et al  PLB 746 (2015) 325
-G. Abbiendi et al Eur.Phys.J.C 77 (2017) 3, 139
-LoI https://cds.cern.ch/record/2677471/files/SPSC-I-252.pdf



Introduction to CLFV
• Charged Lepton Flavor violation  is forbidden in the Standard Model:

 
• μ→eγ, μ→eee, µ-+A à e-+A,, t→e(μ)γ, τ→e(μ)h, KL→μe, K→πμe, and 

many others

• Neutrino oscillation may induce CLFV but very small (due to GIM-like 
mechanism and neutrino mass)

• If CLFV found à Clear evidence of Physics BSM
• Many theories BSM predicts CLFV

G. Venanzoni for the New Muon (g-2) Collaboration – ICHEP14, 5 July 2014

BR(µàeg)~O(10-54) (BR µNà eN)<10-50



NP can contribute to CLFV Processes & g-2



Various models predict CLFV 
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ΛC=3000 TeV

gHµe=10
-4gHµµ

Compositeness

Second Higgs 
doublet 

MZ=3000 Tev/c
2

B(Z→ µe)<10-17

Heavy Zʼ,        
Anomalous Z    
coupling

Predictions at 10-15
Supersymmetry

U*
µNUeN

2
= 8 x 10-13

Heavy Neutrinos

ML=3000(λµdλed )
1/2 TeV/c2

Leptoquarks

Sensitivity to different Muon Conversion Mechanism 



Supersymmetry as source of CLFV



Correlations: µ à eg vs (g-2)µ



Correlation µ à eg & µ-e Conversion

k
L

(T
eV

)



Correlations



CLVF µ-decay status 

Best limits Projected sensitivities (90%CL)
µ®eg < 4.3x10-13 MEG (PSI) 6x10-14 MEG II (PSI)
µ®eee < 1.0x10-12 SINDRUM (PSI) 4x10-15 Mu3e I (PSI)

1x10-16 Mu3e II (PSI)
µN®eN < 7.0x10-13 SINDRUM II (PSI)

µ Au ® e Au
6x10-17 Mu2e (FNAL) 
7x10-15 COMET I (J-PARC)
6x10-17 COMET II (J-PARC)

If charged lepton flavour is violated we might 
these muon decays:
µ ® eγ, 
µ ® eee 
µN ® eN
First measurements shortly after discovery 
muon (showed muon was not an excited 
electron)

Experiments in preparation will push µ® e 
sensitivity by up to four orders of magnitude 
over the next 5-10 years. #

This corresponds to at reach for NP up to 
O(PeV)  (1015 eV) mass scales, out of reach 
direct NP searches at colliders.
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µàeg: Signal and Background



MEG-II: µ ® eg at PSI
πE5 beam line delivers 28 MeV/c surface muons to 
experiment target

Upgraded (thin, fast, stable) detector:

• 2 - 5 x107 μ-decays per second 

• 800 liter LXe calorimeter for photon energies

• Cylindrical Drift Chamber for positron momentum

• Scintillating tile timing counters for accidental 
background rejection
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Performance comparison MEG-II vs MEG



First MEG-II were published 2023:
BR(µ ® eg) < 7.5 x 10-13  (arXiv :2310.12614v2)

(Combined MEG + MEG-II: BR(µ ® eg) < 3.1x10-13)

Based on few weeks of data taken in 2021 (1014 µ decays)

Continue to run until 2026.

Final sensitivity goal is 6x10-14

MEG-II status
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2021

2022

2023

Published 
analysis



Mu3e@PSI



Mu3e: µ®eee
 at PSI

Mu3e will shares the πe5 beamline with MEG-II

Inside mu3e up to 2x109 µ/s are stopped on 
thin mylar target.

To achieve high resolution for low energy 
positrons/electrons (10-50 MeV) requires an 
ultra-low-mass tracker   

• MuPix tracker (~0.1%X0 per layer) 
• 50 µm HV-CMOS pixel sensors
• Low mass supports 
• cooled with gaseous Helium 

• Recurling track concept (1T B field)

Scintillating fiber and tile detectors crucial for 
the reduction of combinatoric backgrounds

HV-CMOS vertex layers

HV-CMOS outer tracking layers 

Scintillating fibres

Scintillating tiles
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Mu3e status
Construction of the mu3e experiment is ongoing, to 
be completed in early 2025.
Phase I experiment  (Start of Physics operation in 
2026)
- 108 µ/s beam
- substantial improvement on SINDRUM limit (10-12) 

based on first year of data. 
- Completion phase-I around 2030 with sensitivity to 

BR(µ®eee) < 2x10-15

Phase 2 experiment upgrade
- 2x109 µ/s after PSI HIMB upgrade
- Extended acceptance
- Fast silicon to control combinatoric backgrounds
- Sensitivity goal  10-16

4 order of magnitude improvement respect to 
SINDRUM BR(µ®eee) < 1x10-12
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µ-e Conversion in Nuclear Field
• Muonic Atom (1S state) 
• Muon Capture (MC)

µ- + (A, Z) à nµ + (A, Z – 1)
• Muon Decay in Orbit (DIO):
• µ- à e- v v

• MC: DIO = 1:1000(H), 2:1(Si), 13:1(C), 3:2 (Al)
• tµ (Al) = 0.86 µs

• SIGNAL: Charged Lapton Flavor Violation (µ-e conversion in nuclear field) with a 
monochomatic e- with E~105 MeV
• µ- + (A, Z) à e- + (A, Z)

G. Venanzoni for the New Muon (g-2) Collaboration – ICHEP14, 5 July 2014



Mu2e



Mu2e experiment concept
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§Produce a muon beam using a proton beam:
– Proton beam hitting a production target produces pions
– Pions decay to muons (𝜋$ → 𝜇$�̅�!) 

§Low momentum muons captured in a stopping target
– Instantaneously (~ 10$%& s) cascade to 1s state
– Muonic X-ray emission spectrum gives estimation of number of 

muons captured

§Muons in muonic atom decay after a certain lifetime:
– Muon nuclear capture (~61% in Al): 𝜇𝑁 → 𝜈!𝑁'∗

– Muon decay-in-orbit (DIO, ~39% in Al): 𝜇𝑁 → 𝑒𝑁𝜈!�̅�)
– 𝜇𝑁→𝑒𝑁 conversion: signature of a single monoenergetic 

electron of ~105 MeV
§ Measure ratio of conversions to muon nuclear capture

𝑅34 =
Γ[𝜇5 + 𝐴 𝑍,𝑁 → 𝑒5 + 𝐴 𝑍,𝑁 ]

Γ[𝜇5 + 𝐴 𝑍,𝑁 → 𝜈3 + 𝐴 𝑍 − 1,𝑁 + 1 ]



Pulsed proton beam

• Mu2e uses a pulsed proton beam to mitigate backgrounds associated with the primary 
beam
• 8 GeV pulsed proton beam from Fermilab booster, re-bunched in the recycler ring, 

and then transported to the delivery ring
• Extracted from the delivery ring through resonant extraction (a.k.a., slow extraction)
• Each pulse: 1695 ns (~2	𝜏!"#), 3.9×10$ protons (±50%)

95Mu2e pulsed proton beam structure

By R. E. Ray• 900 ns live window 
starting from 700 ns to 
suppress prompt 
background

• Inter-bunch extinction 
ratio (fraction out of 
bunch) < 10%&'



The Mu2e experimental apparatus: the 3 solenoids

1) Production Solenoid:
- 8 GeV pulsed proton beam entering from 

the right hits the tungsten target 

- a graded magnetic field drives low 

momentum particles downstream

- Coils assembled with the inner bore

- Preliminary field map obtained
96

PS1 coil PS2 coil PS3 coil

PS cold mass

4.0 m

PS inner bore



2) Transport solenoid:
- selects -/+ particles of wanted momentum with swivel

collimators

- thin absober windows to reduce antiproton background

- small magnetic field gradient to avoid trapped particles

- Installed in the hall !! 97

The Mu2e experimental apparatus: the 3 solenoids



3) Detector Solenoid (11 coils):
- Contains the Al muon stopping target 

surrounded by proton/neutron absorbers

- field gradient increases acceptance

and suppresses beam electrons

- 1 T uniform field in detectors region

- all 11 coils built, being assembled A DS coil

The Mu2e experimental apparatus: the 3 solenoids

µ

µ

The Aluminum muon stopping target



Mu2e detector (main components)
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L. Bartoszek et al., arXic:1501.05241;
R. Bernstein, Front. Phyis. 7, 1 (2019)

Electromagnetic calorimeter differentiates 
particles through energy deposition

Searching for 105 MeV electrons, with a 
180 keV/c momentum resolution

Straw tube tracker provides 
momentum measurement 

216 panels (made of straws) 
36 planes (6 panels each)
18 stations (2 planes each) 

2 disks spaced by 70 cm
674 pure CsI crystals/disk
2 arrays of 6 SiPMs/crystal

Expected completion
and installation: end of 
2024 Main responsibility of INFN 

105 MeV/c muons
Conversion Electrons

18 stations of 12 panels
(~21000 straw tubes) 

3,27 m

1,62 m

Transverse
coordinate resolution



«signal» window

The DIO spectrum falls as (Emax-E)5 close to the end point 

Can be suppressed by the momentum window cut 100

DIO
Signal





Mu2e schedule
 

• Run I: End of 2026, before PIP-II/LBNF shutdown
• 103 improvement over SINDRUM-II

• Full data set by the end of the decade, expected 
𝑅!( < 8×10%&$ @ 90% CL, 4 orders of magnitude 
improvement to the current limit
• 2023 P5 Report recommended continued support 

for Mu2e in the next decade
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• Discovery reach (5𝜎): 𝑅!" ≥
2×10#$% 

• Exclusion power (90% CL): 
𝑅!" ≥ 8×10#$& 

Simulated Mu2e signal and background

By A. Gaponenko

M. Artuso et al., arXiv: 
2210.04765 

M. Artuso et al., arXiv: 
2210.04765 

Muon-based CLFV rare decay experiments, expected timeline, and expected 90% CL 
exclusion power



COMET@JPARC



DeeMe@JPARC

Production target and conversion 
target the same 



Conclusions
Exciting muon precision physics programme

Muon g-2 : successful (70 years) history. Fermilab muon g-2 achieved a precision of 0.2 
ppm (à 0.14 ppm final accuracy). X50 improvement in precision respect to CERN-III 
Current results pose a puzzle that needs resolving. Major focus across theory and new 
experiments to clarify this 

Current experiments and experiments under construction will improve sensitivity to 
charged lepton flavour violation in muon decays by up to four orders of magnitude.

Wide program with with high discovery potential!! 

Maybe the final answer will come from one of you!??!

Thank You for the attention!!!



Muon g-2 Mu2e, COMET, Deeme

MUonEMEG, mu3e



END
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2013: The Big Move



The straw tube tracker

3,27 m

1,62 m

18 stations of 12 panels
(~21000 straw tubes) 

straw tube
5 mm diameter
15µm mylar wall
80:20 ArCO2 gas mixture
25 µm W wire @1450V 
ADC & TDC at both ends

216 panels (made of straws) 
36 planes (6 panels each)
18 stations (2 planes each) 

109

Tracker 
structure

6 panels plane station 

All panels completed
23/36 planes assembled

Leakage test ongoing

Performances confirm
expectations

Expected completion and 
installation: end of 2024

Transverse coordinate resolution



2 disks spaced by 70 cm

674 pure CsI crystals/disk
2 arrays of 6 SiPMs/crystal

Main goal: e/µ separation

The electromagnetic calorimeter
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Conversion Electrons

105 MeV/c muons

Energy [MeV]
10 20 30 40 50 60 70 80 90 100

 [n
s]

T
m

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

 / ndf 2r  1.631 / 5
a         0.2011±  6.29 
b         0.006919± 0.08285 

 / ndf 2r  1.631 / 5
a         0.2011±  6.29 
b         0.006919± 0.08285 

 / ndf 2r  2.776 / 3
a         0.1399±  4.85 
b         0.004284± 0.06402 

 / ndf 2r  2.776 / 3
a         0.1399±  4.85 
b         0.004284± 0.06402 

oBeam at 0
Cosmic Rays - Hamamatsu 

 oBeam at 50
Cosmic Rays - SensL 



Ultra-cold Muons





Sensitivity to the Theory (1960-2000)

113

1 Loop

2 Loops

3 Loops

4 Loops

HVP

HLbL

𝛼
𝜋

Nevis

CERN I

CERN II

CERN III

BNL

𝑈𝑛𝑐𝑒𝑟𝑡𝑎𝑖𝑛𝑡𝑦	𝑜𝑛	𝑎! 	×	10"##

𝑐𝑜𝑛𝑡𝑟𝑖𝑏𝑢𝑡𝑖𝑜𝑛 𝑡𝑜 𝑎! (×10$%%):
116 584 712… 6937 (44) 153.6(1)

𝑎!*+, = 116	592	089 63 ×10$%% (2001) (0.9999…) (5.9 × 10#') (1.3 × 10#%)

0.54 × 10"$

saµ/aµ=12.4%

saµ/aµ =4300 ppm

saµ/aµ =265 ppm

7.3 ppm

0.54 ppm

𝛼
𝜋

(
+ ℎ𝑎𝑑𝑟𝑜𝑛𝑖𝑐

𝛼
𝜋

)
+ ℎ𝑎𝑑𝑟𝑜𝑛𝑖𝑐 + 𝑤𝑒𝑎𝑘+ ?
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Detector system of silicon trackers



Detector system of silicon trackers
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Expected data.  Note shorter lifetime at 
this momentum, and  lower asymmetry 
owing to polarization of source



µ-e Conversion in Nuclear Field
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The Tungsten Production target

117

Beam
Must resist to  5.7·1012 protons/s

Gaps and fins to help heat dissipation

Maximum T~1100 oC

The production 
target with its 
support structure

Target Geometry



The Aluminum muon stopping target

37 foils of Al
105 µm thick 
75 mm radius
22 mm central hole radius

The segmented geometry helps to reduce electron energy 
losses (improving momentum resolution)

The central hole helps to reduce radiation in the detector

80 cm

The stopping target: 

µ

118

beam



daµHLO =0.4 ppm


