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(My sincere apologies if this offends your cultural sensitivities)
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Outline

• Brief history of the muon
• Lepton Universality, Lepton Flavor, and Lepton Number 
• Charged Lepton Flavor Violation
• Mu2e experiment
• Future Prospects
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No antimatter ?!
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What is the Dark Stuff ? 
What happened to anti-matter ?
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Indirect Searches for New Physics
• Precision measurements
 Look for small deviations from the Standard Model
 Deviations go as 

 Examples: muonic g-2, P and CP violation

• Processes suppressed in the Standard Model
 Symmetry violations, Rare decays, Forbidden transitions
 Small Standard Model background usually implies higher sensitivity
 Examples: Neutrinoless Double Beta Decay, Electric Dipole Moments, Charged 

Lepton Flavor Violation

9

ΔEΔt ∼ ℏ



09/06/2023 Fundamental Symmetries

Matter-Antimatter Asymmetry
• Cosmic microwave background: trace of 

primordial annihilations
• We exist: not all matter has annihilated ! 
☞ How did this happen? 
☞ Sakharov’s recipe (1967): need antimatter to 

behave (slightly) differently from matter: CP 
symmetry violation
☞ Difference needed is about 1 part in 10 billion
☞ Leptons (neutrinos) may play an important role in 

producing matter in the early Universe. 
☞ Number of flavors and flavor structure important !
    

10
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Cabibbo-Kobayashi-Maskawa Mixing Matrix

• Defines mixing between weak and mass states of quarks:

11

Flavor Physics

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛

1−−−

−1−

−−1

=
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛

3

2

32

2

2

)1(
2/

)(2/

ληρλ

λλλ

ηρλλλ

AiA
A

iA

VVV
VVV
VVV

tbtstd

cbcscd

ubusud

=
d′
s′
b′

d
s
b

mass 
eigenstates

weak 
eigenstates

LW = –√½ g uLi γµ Vij dLj W+
µ + h.c.

dL

uL

gVud bL

cL

gVcb

11/30/2004



02/21/2024 Lepton Flavor Violation

Nobel Prizes in Physics
12

Yoichiro  
Nambu

Makoto  
Kobayashi

Toshihide 
Maskawa

2008: Kobayashi-Maskawa: 
"for the discovery of the origin of the  

broken symmetry which predicts  
the existence of at least three families  

of quarks in nature"

1980: Cronin-Fitch 
"for the discovery of 

violations of fundamental  
symmetry principles in 
the decay of neutral K-

mesons"

Omitted but not forgotten:
Nicola Cabibbo

(1935-2010)

James
Cronin

Val
Fitch
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Solved Problem ? 

• CKM mechanism has been an incredible success: explain all 
quark flavor phenomena to date

• But… calculation shows that CKM is not enough to explain 
matter abundance in the Universe

 Turn to leptons ? 

13
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weak interactions
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and change their 
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What can we tell about leptons ?

• Weak interactions treat all leptons equally 
 “Lepton universality”
 Muons and taus: “heavy cousins" of electrons

• Charged leptons are Dirac fermions: magnetic moment is related 
to spin as

 g ≈ 2 up to small corrections

•  Lepton flavor is (approximately) conserved

16

�µ = g
e

2m
�S

Jason Bono, jbono@fnal.gov

32

~µµ = gµ
e

2mµc
~S

The Muon’s g-factor

gµ = 2Dirac:

1st order QED: gµ = 2.0023 10th order QED:
+

gµ = 2.002331

The Muon’s Anomalous Magnetic Moment 
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Muons: Important Tool 

• Muons are here, now
 One hits your iris every minute 

• Since their discovery in cosmic rays in 1937, muons have provided
 The first evidence for fermion generations
  Evidence for >1 neutrino: BR(𝜇→e𝛾)<10-4  

 Decisive demonstration of time dilation
 Best determination of the Fermi constant and indirect constraint on the W mass
 Precision tests of V-A theory of weak interactions
 Most precise measurement of the proton charge radius
 Tantalizing hints for physics beyond the Standard Model

17
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Charged Lepton Puzzles

• Muon anomalous magnetic moment
 5𝜎 discrepancy vs the Standard Model (maybe)

• Proton radius measured with muons vs electrons 
 Went away

•  Possible lepton universality violations in semileptonic B decays 
into muons and taus
 2-4𝜎 effects, e.g. in B→D(*)𝜏𝜈

  Are studies of Lepton Flavor starting to show hints of New Physics ? 

18
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Muon g-2
19

Muon g-2 (Lepton Universality)

04/Dec/2023 TAU2023 2

Anyway, muon g-2 gives us some hint to violate the lepton universality.
For example, Lm-Lt model explains this discrepancy. So, muon g-2 may
Indicates deep relation between t and m.
We may need to consider tau g-2 more seriously.
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Lepton Universality Violations
20

Lepton Universality in B decays

04/Dec/2023 TAU2023 3

𝑅 𝐷 ∗ =
𝐵𝑟(𝐵 → 𝐷 ∗ 𝜏𝜈)
𝐵𝑟(𝐵 → 𝐷(∗)ℓ𝜈)

Belle, BaBar LHCb update this these 10 years.
This also may be a big indication for the new physics.
This is a trigger to make the discussion of the Lepto-
Quark model active.
Belle II evaluates R(D*).

In addition, Belle II also evaluates

𝑅 𝑋 =
𝐵𝑟(𝐵 → 𝑋𝜏𝜈)
𝐵𝑟(𝐵 → 𝑋ℓ𝜈)

,

where X means everything except signal t
decay products and tag side B’s decay
products.
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Charged Lepton Flavor Violation

• Charged Lepton flavor: accidental 
    symmetry in the Standard Model
 Lepton flavor violation forbidden if 

    neutrinos are massless
Very small SM effect due to finite neutrino 

      mass: BR(µeγ) ~ 10−52

• CLFV: an unambiguous signature of new physics
Sensitivity to mass scales far beyond the reach of direct searches
Window into TeV physics and beyond, complementary to the LHC
Next generation experiments will have sensitivity to directly test predictions of many BSM theories, 

e.g. SUSY 

21



02/21/2024 Lepton Flavor Violation

LFV Processes at a Collider
22

Taus produced in pairs: e+e–τ+τ−, before taus decay. Use one side to tag the 
process, the other to look for LFV. Obvious signature: two leptons of different flavor 
in the final state.

BABAR τµγ simulation
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Search Strategy
• Select a large clean sample of “tag” 
    tau decays
 Clean leptonic and hadronic tau decays: 

    “1-prong” and “3-prong”
 τeνν, τµνν,  τπν,  τρν,  τ3πν

• Look for LFV decays of the “other” τ
 Typically a fully-reconstructed final state
  τeγ, τµγ, τlll, τlh0   

• Take advantage of kinematics (known beam energy): define

23
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CLFV in Tau Decays
24

17th International Workshop on 𝜏 Lepton Physics: 𝜏 2023 - Alberto Martini for Belle II - 5 December 2023, Louisville Kentucky USA

𝜏 LFV channels

4

An observation would be a 
clear signature of NP!

Ref: https://arxiv.org/
abs/hep-ph/0702136

0

Good determination of 𝝉 mass and 
energy + few SM background sources

Tough determination of 𝜏 mass and 
energy + irreducible SM backgrounds

nuSM

Ref: https://arxiv.org/pdf/1301.4652.pdf

Z’ mediated
ref: https://arxiv.org/
pdf/0802.0049.pdf

Golden channel:  

experimentally the most 

accessible

τ → μμμ

ref: https://arxiv.org/
pdf/1808.10567.pdf

Golden channel:  

Largest BF in models 

where a one-loop       
diagram is involved

τ → μγ
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Summary of LFV in Tau Decays
25

Comprehensive search with 48 decay modes: leptonic and hadronic
Several modes with nearly zero backgrounds 
LHCb sensitivity comparable to B-Factories for leptonic modes

17th International Workshop on 𝜏 Lepton Physics: 𝜏 2023 - Alberto Martini for Belle II - 5 December 2023, Louisville Kentucky USA

𝝉 LFV searches at B-factories

2

~500fb-1

~800fb-1

 used:∫ Ldt

~20fb-1
~3fb-1

~9fb-1
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Lepton Flavor Violation (LFV) is allowed in various extensions of the 
Standard Model (SM) but it has never been observed

See talks by: 
Kiyoshi Hayasaka

Pankaj Munbodh


Innes Bigaran

Tau2023



02/21/2024 Lepton Flavor Violation

Projected Sensitivities
26

BellePerspectives for LFV 

8/12/15& C.&Cecchi& 19&

τ&!&μγ&&&&(no&bckgnd&free)&expected&limite&O(10)9)&&&
τ&!&μμμ&(bckgnd&free)&expected&limit&O(10)10)&

The full range of τ LFV is only accessible at a Super B factory 
C. Cecci @ NuFact 2015
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CLFV in Muon Decays

• Advantage: high-intensity muon sources are available
 Very large statistical samples

• (Potential) disadvantage: 2nd generation
 Typically need to reach significantly lower branching ratios for comparable 

sensitivity to tau decays
 However, statistics is winning at this point

• Several channels of interest
 µeγ
 µe conversion in nuclear field
 𝜇→eee

27

01/28/2009



02/21/2024 Lepton Flavor Violation

Neutrinoless Muon-Electron Conversion
28

SM muon decay Muon-electron conversion
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Possible New Physics Contributions
29

Vadim Rusu - The last oscillation: mu2eBNL Seminar 5
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Sensitivity to New Physics
30

Jason Bono, jbono@fnal.gov

Searches for Charged Lepton Flavor Violation 83

Observables and a Handful of New Physics Models

Vanishingly small effects

Moderate, but visible effects

Large effects

Altmannshofer, Buras, et al,Nucl.Phys.B830:17-94, 2010
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Entering Interesting Regime
31

Jason Bono, jbono@fnal.gov

Searches for Charged Lepton Flavor Violation 79

A History of Searches for CLFV Muon Decays

         Upgrades 

lo
g 

sc
al

e  
   

CL
FV

 R
at

es
   

(L
im

it 
@

 9
0%

 C
L)

Year

µ ≠ e*

𝞶µ ≠ 𝞶e

Leading BSM Predictions

R.H. Bernstein, P.S. Cooper, Phys. Rep. 532 (2013) 27

Breaking Through the Plateau… And Beyond the SM?
Year

C
LF

V
 R

at
es

 (9
0%

 C
.L

. l
im

its
 a

nd
 se

ns
iti

vi
tie

s)



02/21/2024 Lepton Flavor Violation

Entering Interesting Regime
31

Jason Bono, jbono@fnal.gov

Searches for Charged Lepton Flavor Violation 79

A History of Searches for CLFV Muon Decays
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Four Orders of Magnitude
32

Jason Bono, jbono@fnal.gov

Searches for Charged Lepton Flavor Violation 76

A Long History of CLFV Searches With Muons

Thanks to Nina Hazen, NYC

Why continue to search?

๏ Despite nearly eight decades of searching, it’s never been observed

Credit: Jason Bono, Nina Hazen
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A Long History of CLFV Searches With Muons

Thanks to Nina Hazen, NYC

Why continue to search?

๏ Despite nearly eight decades of searching, it’s never been observed

Credit: Jason Bono, Nina Hazen

Jason Bono, jbono@fnal.gov

Searches for Charged Lepton Flavor Violation 77

A 10 to 10000 Fold Leap In Sensitivity

Hidden structure is often lurking at better “resolution” 

๏ Leading New Physics models predict CLFV rates to be within reach 
๏ The next generation of rare muon decay searches, with their revolutionary 

sensitivity, will ultimately help guide future experimental and theoretical 
developments in HEP

a 10K increase in pixels
104 increase in fidelity reveals rich structure



02/21/2024 Lepton Flavor Violation

µ-N→e-N’ and µ+→e+γ Complementary

κ<<1
magnetic moment type operator

 µ → eγ rate ~300x 
µN → eN’ rate 

κ>>1
four-fermion interaction

µN → eN’ greatly enhanced 
over µ → eγ rate

Model 
independent 
CLFV 
Lagrangian:
(A. de Gouvea)

33
Chapter 3: Muon to Electron Conversion 

Mu2e Conceptual Design report 

3-3 

model is provided in Figure 3.2, which depicts a scan of the parameter space of a Littlest 
Higgs Model with T-parity [8].  The different colored points refer to different choices for 
the structure of the mirror-lepton mixing matrix that gives rise to the CLFV effects.  The 
combination of results from MEG and Mu2e would severely constrain the allowed 
parameter space of this model and could distinguish between the Littlest Higgs Model 
and the Minimal Supersymmetric models in a transparent way, as the correlations 
between the two CLFV processes are significantly different in the two models.  Several 
other specific examples are discussed in Ref. [1]. 

Figure 3.1. The sensitivity to the scale of new physics, &, as a function of ', for a muon to 
electron conversion experiment with a sensitivity of 10!16 – 10!17 is compared to that for a muon-
to-electron-gamma experiment with a sensitivity of 10!12 – 10!13.  See the text for a definition of 
'. The excluded region of parameter space, based on current experimental limits, is shaded. 

MEG goal

Mu2e goal

ProjectX potential

SINDRUM IIMEGA
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Similarly, complementary information from 𝜇 and 𝜏 searches
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MEG: Search for 𝜇+→e+𝛾
34

Yoshi.Uchida@imperial.ac.uk  Charged Lepton Flavour Violation: Experiment—NuFact 2015

Angela Papa

MEG, MEG-II (PSI)
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Signal   µ+ decay at rest

52.8 MeV (half of Mµ) (Eγ,Ee)

Back-to-back (θeγ,φeγ)

Timing coincidence (Teγ)

Radiative muon decay 

µ
+
→ e

+
ννγ

Timing coincident, not back-to back,

E <52.8MeV

Accidental background (dominant)

Michel decay e
+

+  random γ

Random timing, angle, E < 52.8MeV
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1 Introduction

In the standard model (SM) of particle physics, charged
lepton flavour-violating (CLFV) processes are basically for-
bidden with only extremely small branching ratios (⇠10�54

[1]) when accounting for non-zero neutrino mass di↵erences
and mixing angles. Therefore, such decays are free from SM
physics backgrounds and a positive signal would be unam-
biguous evidence for physics beyond the SM. Several SM
extensions predict CLFV decays at measurable rates, and the
channel µ+ ! e+� is particularly sensitive to new physics.
Reviews of the theoretical expectations and experimental
status are provided in [1, 2].

The MEG collaboration searched for the µ+ ! e+� de-
cay at the Paul Scherrer Institut (PSI) in Switzerland in
the period 2008–2013, improving the previous limit on the
branching ratio by more than an order of magnitude, down
to B(µ+ ! e+�) < 4.2⇥10�13 (90% C.L.) [3]. A detailed re-
port of the MEG experiment’s motivation and design criteria
is available in [4] and references therein.

In this paper, we report the first result of the MEG II ex-
periment, an upgrade of MEG aiming to improve the sensit-
ivity to the µ+ ! e+� branching ratio by one order of mag-
nitude within the next few years.

2 Signal and background

The event signature is given by a �-ray and a positron, form-
ing a pair with the kinematic features of a two-body decay
at rest. In particular, the positron and �-ray are emitted at
the same time te+ = t� (te+� ⌘ t� � te+ = 0), and with the
same energy, Ee+ ⇡ E� ⇡ mµc2/2 ⇡ 52.83 MeV (the po-
sitron mass is negligible, given the detector resolutions), in
opposite directions:

✓e+� ⌘ (⇡ � ✓e+ ) � ✓� = 0 ,
�e+� ⌘ (⇡ + �e+ ) � �� = 0 (mod 2⇡) ,

where �e+ and ✓e+ (�� and ✓�) are the azimuthal and polar
angles of the positron (�-ray).

The background has two components: one from the
radiative muon decay (RMD) µ+ ! e+⌫⌫̄� and one from
the accidental superposition of an energetic positrons from

the standard muon Michel decay with a high energy �-
ray from RMD, positron–electron annihilation-in-flight or
bremsstrahlung (ACC). For E� > 51.5 MeV, the �-rays from
annihilation-in-flight dominate. At the MEG II data tak-
ing rate in 2021, more than 90 % of collected events with
E� > 48 MeV are from the ACC background.

The ACC background is characterised by wide distribu-
tions in Ee+ and E�, dropping to zero at the kinematic en-
dpoint at 52.83 MeV, and wide distributions in the relative
angles, almost flat around �e+� = ✓e+� = 0. The distribution
of te+� is flat because the positron and the �-ray originate
from the decays of di↵erent muons.

The RMD background is characterised by an anticorrel-
ated distribution of Ee+ and E�, also dropping to zero at the
kinematic endpoint. The angular distribution is peaked with
positron and �-ray aligned, while the back-to-back configur-
ation is highly suppressed. The distribution of te+� is peaked
at zero.

3 The MEG II experiment

Liquid xenon detector
(LXe)

Pixelated timing counter
(pTC)

Cylindrical drift chamber
(CDCH)

COBRA 
superconducting magnet

Radiative decay counter
(RDC)

Muon stopping target

Figure 1 A sketch of the MEG II detector with a simulated µ+ ! e+�
event.

The MEG II detector, located at the ⇡E5 beam line at
PSI, is designed to measure with high precision the positron
and �-ray kinematics and the relative production time of the
two particles, coping with high µ+ stopping rates up to Rµ =

5⇥107 s�1. A detailed description of the MEG II detector and
its performance is in [5], and a sketch is shown in Fig. 1. A
right-handed, Cartesian coordinate system is adopted, with
the z axis along the beam direction and the y-axis vertical
and pointing upward.

Briefly, a spectrometer is built inside a Constant Bend-
ing RAdius (COBRA) superconducting magnet, generating
a gradient magnetic field with maximum intensity 1.27 T so
as to contain the positrons emitted by µ+ ! e+� decays in
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MEG-II Results
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B(𝜇+→e+𝛾)<3.1×10-13 (combined MEG and MEG-II)
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Figure 2 Distribution of the 90 % C.L. upper limits computed for
an ensemble of pseudo-experiments with a null-signal hypothesis. The
sensitivity is calculated as the median of the distribution to be S90 =
8.8 ⇥ 10�13. The sensitivity is indicated by a red dashed line while the
upper limit observed in the analysis region with a solid arrow.

from a combination of muon decay point reconstruction and
a photogrammetric method exploiting the cameras installed
inside the magnet bore. The �-ray energy scale is calibrated
with a combined analysis of CEX, CW, cosmic ray and side-
band spectra. The worsening of the sensitivity due to the in-
clusion of systematic uncertainties is (5.0 ± 3.7) %.

5.5.2 Event distributions and likelihood fit in the analysis

region

A total of 66 events were observed in the analysis region.
The event distributions in the (Ee+ , E�) and (cos⇥e+�, te+�)
planes are shown in Fig. 3, where even tighter selection
requirements are applied to the discriminating variables to
have a closer look around the signal region. The contours of
the averaged signal PDFs are also shown for reference. No
excess of events is observed in the region where the signal
PDFs are peaking.

Figure 4 shows the projected data distribution for each of
the observables (Ee+ , E�, te+�, ✓e+�, �e+�), for all events in the
analysis region, with the best-fitted PDFs. All data distribu-
tions are well-fitted by their background PDFs. Figure 4 (f)
shows the data distribution of the relative signal likelihood
Rsig, defined as

Rsig = log10

 
S (xi)

fRMDR(xi) + fACCA(xi)

!
,

where fRMD and fACC are the expected fractions of the RMD
and ACC background events, which are estimated to be 0.02
and 0.98 in the side-bands, respectively. The data distribu-
tion for Rsig also shows a good agreement with the distribu-
tion expected from the likelihood fit result. The five highest-
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planes. Selections of cos⇥e+� < �0.9995 and |te+�| < 0.2 ns, which
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52.5 < Ee+ < 53.2 MeV, which have signal e�ciencies of 93 % and
97 %, respectively, are applied for the (cos⇥e+�, te+�)-plane. The signal
PDF contours (1�, 1.64� and 2�) are also shown. The five highest-
ranked events in terms of Rsig are indicated in the event distributions,
if they satisfies the selection.

ranked events in terms of Rsig are indicated in the event dis-
tributions shown in Fig. 3.

Figure 5 shows the observed profile likelihood ratio as
a function of the branching ratio. The computation of the
confidence interval with the Feldman–Cousins prescription,
which is performed with the profile likelihood ratios for
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𝜇→ eee: Mu3e Experiment
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Yoshi.Uchida@imperial.ac.uk  Charged Lepton Flavour Violation: Experiment—NuFact 2015

Mu3e: Roman Gredig
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Muon→Electron Conversion

Al Nucleus
~4 fm

μ-  in 1S state
μ-  stops in thin Al foil

the Bohr radius is ~ 20 fm, so 
the μ-  sees the nucleus

60% capture 
40% decay

�������

µ−

�
	��������	�
����

������
��������	��
�

µ− + (A, Z)→νµ + (A,Z −1)

µ− → e−νν 

muon capture, 
muon “falls into” 
nucleus: 
normalization Decay in Orbit: 

background
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Muon conversion: 
signalYoshi.Uchida@imperial.ac.uk  Charged Lepton Flavour Violation: Experiment—NuFact 2015

Muon-to-Electron Conversion
● Search for the process

● Time available after formation of muonic atom:
  up to about 1 microsecond (Z-dependent)
● Ee = m¹ 

{ Ebind { Erecoil
 

● observed signal is 
smeared because of 
detector e7ects

muonic atom mono-energetic electron
 105 MeV

m¹
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𝜇→e Conversion Experiments
38

V. Lobashev, MELC 1992
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Mu2E
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Phase-II

Experimental

Layouts

Mu2e is truer to the

original MELC design

Mu2e (FNAL)

COMET 
(J-PARC)
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Mu2E

COMET

Phase-II

Experimental

Layouts

Mu2e is truer to the

original MELC design

Mu2e (FNAL)

COMET 
(J-PARC)

𝜇→e Conversion Experiments
38

V. Lobashev, MELC 1992

Goal: single event sensitivity of 3×10-17
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Rare Processes
39

E. Prebys, R. Bernstein
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Previous Best Experiment
SINDRUM-II currently has the 
best limit on this process:

Expected 
signal

Cosmic ray 
background

Prompt 
background

Experimental signature is 105 MeV e-  
originating in a thin stopping target.

Little time separation between signal and bkg

Muon 
decay

BAu
µe < 7⇥ 10�13 @ 90% CL

Limitation: CW beam

40
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Mu2e Background Goals
Discovery sensitivity accomplished by suppressing backgrounds to <1 event total
SES=(3.0±0.4)×10-17

41

Category Source Events

μ Decay in Orbit 0.14± 0.10

Intrinsic Radiative μ Capture <0.01

Radiative π Capture 0.025±0.001

Beam electrons 0.0025±0.0010

μ Decay in Flight <0.003

Late Arriving π Decay in Flight <0.001

Antiproton induced 0.047±0.005

Cosmic Ray induced 0.247±0.005

Miscellaneous Pat. Recognition Errors <0.01

Total Background 0.46±0.10
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Mu2e @ FNAL
• High-intensity pulsed beam of low momentum muons

 8 GeV protons from Fermilab complex (103 increase over SINDRUM)

• Stop the muons in orbit around a nucleus
 Aluminum stopping target (τµ

Al  = 864 ns)
 Time structure suppressed background

• Detect outgoing electrons consistent with the signal

0              500          1000          1500          2000         2500          3000        3500     

Proton pulse on

Production target

Muons at
Stopping
target

1700 ns

700 ns 900 ns

Live Window

                                                             
Time (ns)

42
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~25 meters end-to-end

Mu2e @ FNAL
V. Lobashev, MELC 1992:

43

• Production: Magnetic bottle traps π’s, 
which decay into accepted µ’s

protons

Not shown: Cosmic Ray Veto, Extinction Monitor

8 GeV, 8 kW
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• Production: Magnetic bottle traps π’s, 
which decay into accepted µ’s

protons

• Transport: S-curve 
eliminates backgrounds 
and sign-selects

Not shown: Cosmic Ray Veto, Extinction Monitor

8 GeV, 8 kW
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~25 meters end-to-end

Mu2e @ FNAL
V. Lobashev, MELC 1992:

43

• Production: Magnetic bottle traps π’s, 
which decay into accepted µ’s

protons

• Transport: S-curve 
eliminates backgrounds 
and sign-selects

• Detector: 
Stopping Target, 
Tracking and 
Calorimeter

Not shown: Cosmic Ray Veto, Extinction Monitor

8 GeV, 8 kW
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Gradient Fields in Mu2e

• Play a vital role throughout the design
• Drives cost and schedule

Bz = 4.6T

2.5T

2.0T
1.0T

•  “push” muons out of PS into TS and into DS towards stopping target

• keep particles from spiraling around, arriving late

• conversions are isotropic in stopping target; the gradient over stopping target 
“reflects” backward going muons and nearly doubles the acceptance

PS
TS

DS

44
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Schematic of One Beam Cycle
45

• No real overlap between selection window and the second proton pulse!
• Proton times: when protons arrive at production target
• Selection window: measured tracks pass the mid-plane of the tracker
• Suppress late-arriving backgrounds (e.g. radiative pion capture) by requiring 

high proton extinction, i.e. no protons between beam bunches

 Time (ns)
0 200 400 600 800 1000 1200 1400 1600 18000

0.01

0.02

0.03
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0.05

0.06

0.07

0.08
POT pulse

 1M )× arrival/decay time ( -π

 400 )× arrival time ( -µ
 400 )× decay/capture time ( -µ

Selection window, defined at  center 
plane of the tracker

Proton pulse
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Tracking Detector

low momentum particles and almost all 
DIO background passes down center

Signal events pass through tracker
and produce hits, then stop in calorimeter

Al foil stopping target

Transverse tracker surrounding central region:
radius of helix proportional to momentum, p=qBR 

10 m × 0.95 m

muon beam stop

46

18 stations of 5 mm diameter 
straws  (~20k total) 
0.2% momentum resolution 
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low momentum particles and almost all 
DIO background passes down center

Signal events pass through tracker
and produce hits, then stop in calorimeter

Al foil stopping target

Transverse tracker surrounding central region:
radius of helix proportional to momentum, p=qBR 

10 m × 0.95 m

muon beam stop

46

18 stations of 5 mm diameter 
straws  (~20k total) 
0.2% momentum resolution 

~10-17 within energy resolution 

(Emax- E)5 

dN/dE 

100 MeV 
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Tracker: Straw Tubes in Vacuum
47

Panel: 2 Layers, 48 straws each
Plane: 6 panels; self supporting

Tracker sits in Vacuum

1

2

Straws: 5 mm OD; 15𝜇m metalized mylar wall; 25𝜇m Au-plated W wire 
Read out at both ends (time division to provide 3d spacepoints) 
80/20 Ar/CO2 with HV<1500V

3
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Mu2e Cosmic Ray Veto
• Covers entire DS and half the TS
• 99.99% CR rejection efficiency required

48

PS
TS

Without the veto system, ~1 cosmic-ray
induced background event per day
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Mu2e Progress
49

Solenoids
§ Production Solenoid:

§ Consists of 3 coils, all wound at vendor.
§ Undergoing final assembly.
§ Arrives at Fermilab in early 2024.

35The Mu2e Experiment – Sophie Middleton – smidd@Caltech.edu

Heat & Radiation Shield

Production solenoid

Solenoids
§ Transport Solenoid:

§ Assembly being completed on-site (located in HAB).
§ Moved to Mu2e Hall in imminently.

36The Mu2e Experiment – Sophie Middleton – smidd@Caltech.eduTransport solenoid

Tracker

§ All 20736 straws produced.
§ All 216  panels produced. Now working through QC.
§ 30 / 36 planes are built.
§ Cosmic ray tests carried out with a single plane and full 

readout system for 3 years.

38The Mu2e Experiment – Sophie Middleton – smidd@Caltech.edu

Tracker

Calorimeter
Calorimeter is vital for providing:
§ Particle identification,
§ Fast online trigger filter,
§ Seed for track reconstruction.
Design:
§ 2 x 674 CsI crystals in 2 disks, each coupled to 2 SiPMs.
Both disks
§ Have crystals and SiPMs installed.
§ 450 ROU’s installed.
§ Cabling underway.

39The Mu2e Experiment – Sophie Middleton – smidd@Caltech.edu

Calorimeter



02/21/2024 Lepton Flavor Violation

Muon Complex
50

Jason Bono, jbono@fnal.gov

89Searches for Charged Lepton Flavor Violation

Results in the years to come!

mu2e g-2



02/21/2024 Lepton Flavor Violation

Mu2e Collaboration
51

Mu2e Collaboration - +45% since CD-2

http://mu2e.fnal.gov2

Argonne'National'Laboratory,'Boston'University,'University'of'
California'Berkeley,'University'of'California'Irvine,'California'

Institute'of'Technology,'City'University'of'New'York,'
Joint'Institute'of'Nuclear'Research'Dubna,'Duke'University,'Fermi'
National'Accelerator'Laboratory,'Laboratori Nazionale di'Frascati,'
University'of'Houston,'HelmholtzGZentrum DresdenGRossendorf,'

INFN'Genova,'Institute'for'High'Energy'Physics,'Protvino,'
Kansas'State'University,'Lawrence'Berkeley'National'Laboratory,'

INFN'Lecce,''University'Marconi'Rome,'Lewis'University,'
University'of'Liverpool,'University'College'London,'
University'of'Louisville,'University'of'Manchester,'

University'of'Minnesota, Muon'Inc.,'Northwestern'University,'
Institute'for'Nuclear'Research'Moscow,'INFN'Pisa,

Northern'Illinois'University,'Purdue'University,'Rice'University,'
Sun'YatGSen'University,'University'of'South'Alabama,

Novosibirsk'State'University/Budker Institute'of'Nuclear'Physics,'
University'of'Virginia,'University'of'Washington,'Yale'University

Over'200'Scientists'from'37'Institutions
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Mu2e is a Program
52

+ If we have a signal:
– Study Z dependence: distinguish among theories

– If we have no signal:
– Up to to 10 × Mu2e physics reach, Rμe < a few × 10-18  
– Will require modest upgrades to detector (arXiv:1802.02599)

• Both could be done faster with more protons from PIP II
➡ Mu2e-II
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𝜇-→e+ Conversion in Nucleus

• Transition

 Incoherent conversion (2p→2n): no coherent enhancement
 Large momentum transfer: transition to ground or excited state of the nucleus
  Ground state branching fraction estimated to be ~41%
  Most dominant excited state is a broad Giant Dipole Resonance  

•  Previous best measurement: SINDRUM-II

53

Chapter 2: Project Overview 1-3 

that can cause backgrounds and the extinction monitor detects scattered protons 
from the stopping target to monitor the fraction of out-of-time beam. 

• Design and construct a facility to house the Mu2e detector and the associated 
infrastructure (see Figure 1.2). This includes an underground detector enclosure 
and a surface building to house necessary equipment and infrastructure that can be 
accessed while beam is being delivered to the detector. 

Figure 1.1. The Mu2e Detector.  The cosmic ray veto that surrounds the Detector Solenoid is not 
shown. 

Figure 1.2. Depiction of the above-grade portion of the Mu2e facility.   

Mu2e is integrated into Fermilab’s overall science program that includes many 
experiments that use the same machines and facilities, though often in different ways.  
Because of the overlapping needs of several experimental programs, the scope of work 
described above will be accomplished through a variety of mechanisms.  The NOvA and 
g-2 experiments both require upgrades to the Recycler Ring that will be used by Mu2e. 
Infrastructure required by both Mu2e and g-2 will be funded as common Accelerator 
Improvement Projects (AIPs) and General Plant Projects (GPPs). These common projects 
will be managed by Fermilab to ensure completion on a time scale consistent with the 
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Figure 3: The Mu2e Detector [2]. The cosmic ray veto that surrounds the Detector Solenoid is not
shown.

electronics and data acquisition tools by scientific personnel, are o↵ project and to be supported by
base grants to the members of the collaboration. This separation of project and scientific support
is consistent with the execution strategies for most modern experiments in particle physics.

1.2 Muon to positron conversion

In addition to the lepton-flavor violating process, Mu2e apparatus can be used to look for a charge-
changing, lepton-number violating conversion process µ� + A(Z,N) ! e+ + A(Z � 2, N + 2).
Fundamentally, this process is similar to neutrinoless double beta decay (0⌫��): A(Z,N) !
2e�A(Z + 2, N � 2). Both processes can proceed through the exchange of a virtual, massive Majo-
rana neutrino [12]. Unlike 0⌫��, which involves coupling of the massive neutrinos to the electron
and depends on the e↵ective Majorana mass m�� = |

P
i miU2

ei|, the muon-to-positron conversion
is sensitive to the lepton couplings between the second and first generations, and depends on a
di↵erent linear combination of the neutrino masses: mµe = |

P
i miUeiUµi|. Here mi are the values

of the neutrino mass eigenstates, and U is the corresponding neutrino mixing matrix. Thus, the
two processes measure a complementary set of parameters. Observation of both processes would
provide information on the otherwise inaccessible Majorana phases in U . While it is di�cult to
reach the sensitivity of the modern 0⌫�� experiments to Majorana neutrino exchange in muon-
to-positron conversion, should the lepton number be violated by a new physics mechanism other
than massive Majorana neutrinos, the two processes may sample a completely independent set of
couplings. Therefore, searches for lepton number violation (LNV) outside of the first generation
are important in their own right.

The physics sensitivity for the measurement of the µ ! e+ conversion has been studied less
extensively than the corresponding case of the µ� ! e� conversion, or 0⌫��. Recent reviews [12,13]
consider various models of new physics and point out the need for both phenomenological studies
of this process, as well as a detailed estimate of the sensitivity for the next generation of muon
conversion experiments.

The current best limit on muon-to-positron conversion comes from the SINDRUM experiment
at PSI [14]:

Rµe+ ⌘
�(µ� + 48Ti! e+ + 48CaGS)
�(µ� + 48Ti! ⌫µ + 48Sc⇤)

< 1.7⇥ 10�12 (@90% C.L.)

4
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base grants to the members of the collaboration. This separation of project and scientific support
is consistent with the execution strategies for most modern experiments in particle physics.

1.2 Muon to positron conversion

In addition to the lepton-flavor violating process, Mu2e apparatus can be used to look for a charge-
changing, lepton-number violating conversion process µ� + A(Z,N) ! e+ + A(Z � 2, N + 2).
Fundamentally, this process is similar to neutrinoless double beta decay (0⌫��): A(Z,N) !
2e�A(Z + 2, N � 2). Both processes can proceed through the exchange of a virtual, massive Majo-
rana neutrino [12]. Unlike 0⌫��, which involves coupling of the massive neutrinos to the electron
and depends on the e↵ective Majorana mass m�� = |

P
i miU2

ei|, the muon-to-positron conversion
is sensitive to the lepton couplings between the second and first generations, and depends on a
di↵erent linear combination of the neutrino masses: mµe = |

P
i miUeiUµi|. Here mi are the values

of the neutrino mass eigenstates, and U is the corresponding neutrino mixing matrix. Thus, the
two processes measure a complementary set of parameters. Observation of both processes would
provide information on the otherwise inaccessible Majorana phases in U . While it is di�cult to
reach the sensitivity of the modern 0⌫�� experiments to Majorana neutrino exchange in muon-
to-positron conversion, should the lepton number be violated by a new physics mechanism other
than massive Majorana neutrinos, the two processes may sample a completely independent set of
couplings. Therefore, searches for lepton number violation (LNV) outside of the first generation
are important in their own right.

The physics sensitivity for the measurement of the µ ! e+ conversion has been studied less
extensively than the corresponding case of the µ� ! e� conversion, or 0⌫��. Recent reviews [12,13]
consider various models of new physics and point out the need for both phenomenological studies
of this process, as well as a detailed estimate of the sensitivity for the next generation of muon
conversion experiments.

The current best limit on muon-to-positron conversion comes from the SINDRUM experiment
at PSI [14]:

Rµe+ ⌘
�(µ� + 48Ti! e+ + 48CaGS)
�(µ� + 48Ti! ⌫µ + 48Sc⇤)

< 1.7⇥ 10�12 (@90% C.L.)

4
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𝜇-→e+ Conversion: Complementarity
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μ--e+	
conv.	

LNV-Alterna2ves:	
μ--μ+	conversion	
K+							π+μ-μ-	

LFV-Alterna2ves:	
μ							e+γ	
μ							3e	

0νββ	 μ--e-
conv.	

Figure 2: Schematic illustration of the profound role of µ�– e+ conversion.

some connection between µ and e, which is absent for 0⌫��.

Experimentally, both types of bound muon conversion are two-step processes. First, a

µ� is captured in an atomic shell of higher principle quantum number, n ⇡ 10, before it

quickly de-excites to the 1s ground state. The emission of the corresponding de-excitation

photons (in case of muonic atoms this will be more than 100 keV in energy) serves as

indicator for a shell capture. In case of Al (100% of Al-27), which will be used in the

next generation of experiments the 2p ! 1s transition with the emission of a 346.8 keV

photon with 79.7(6)% intensity will serve as signal. After that the muon either decays in

orbit (DIO), experiences a standard muon capture with the emission of a neutrino, or it

undergoes µ– e conversion in which it is captured by the nucleus and reemits a positron

or electron. Assuming only coherent conversion – which means that both initial and final

state nucleus are in ground state – the positron/electron created is fast, and it escapes the

final-state atom. The positron/electron energy is then given by E = mµ�Bµ�Erec, with

mµ being the muon mass, Bµ the binding energy of the 1s-state in the muonic atom, and

Erec the nuclear recoil energy. The last two terms are small compared to the muon mass

so that, in the exemplary case of Al-27, the expected energy of the electron is 104.97 MeV.

While µ�– e� conversion is dominated by its coherent conversion [44], this may be very

di↵erent for the CLNFV µ�– e+ conversion, where several states can be excited and the

resulting positrons will therefore have a more involved spectrum [22]. Past measurements

of µ�– e+ conversion [20–25], the last one being SINDRUM II [26], assumed that this

process is completely mediated through the giant dipole resonance (GDR). SINDRUM II

used a Ti target and assumed a Breit-Wigner shape to fit the GDR with 20 MeV excita-

tion energy and 20 MeV width. In the case of Al-27, which is the muon capture target

for both future experiments COMET [40] and Mu2e [42], much better data exist and,

using the EXFOR database [45], the GDR can be fitted by a Breit-Wigner shape with

7

K. Zuber et al.

Complementarity between LFV and LNV measurements
Complementarity between nuclear (DBD) and particle physics (Mu2e) measurements
Complementarity between nuclear calculations (nuclear matrix elements)
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Future of CLFV Searches
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Timelines

49The Mu2e Experiment – Sophie Middleton – smidd@Caltech.edu
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Summary

• CLFV offers unique sensitivity to new physics effects
• Aims at understanding the role of leptons, and leptonic transitions in early 

Universe
 Complementary to LHC discovery potential
 Can potentially reach significantly higher mass scales
 Bridge between Terrascale and GUT

 Complementary to other rare decays and precision measurements 
 Muon g-2, 0𝜈𝛽𝛽, EDM 

• Multiple experiments pushing the sensitivity frontier
 Stay tuned ! 
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Backup
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MEG-II
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The MEGII experiment -3D view

15
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MUSIC @ Osaka
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PRISM
60

 
J. Pasternak 

Conceptual Layout of PRISM/PRIME 

From now on 
the talk is focused on  
accelerator physics 
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PRISM
61

 
J. Pasternak 

 PRISM System Concept 

•The PRISM/PRIME experiment based on FFAG ring  was 
proposed (Y. Kuno, Y. Mori) for a next generation cLFV 
searches in order to: 
 - reduce the muon beam energy spread  
   by phase rotation, 
 - purify the muon beam in the storage ring. 
• PRISM requires a compressed  proton bunch and high 
power proton beam 

- It needs a new proton driver! 
• This will allow for a single event sensitivity of 3×10-19 
 
 

PRISM - Phase Rotated Intense Slow Muon beam 
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COMET: Phase-I
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Yoshi.Uchida@imperial.ac.uk  Charged Lepton Flavour Violation: Experiment—NuFact 2015

COMET: Ben Krikler
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Next-Generation: PRISM/PRIME
63

Yoshi.Uchida@imperial.ac.uk  Charged Lepton Flavour Violation: Experiment—NuFact 2015

PRISM FFAG

Jaroslaw Pasternak (Thursday)

J. Pasternak @ NuFact 2015
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RD Measurements
64

Jason Bono, jbono@fnal.gov

59

doi:10.1038/nature22346  

B-Meson Measurements 

Accounting for correlations, the combined discrepancies from RD and RD* gives ~4σ 

Hints of Lepton Flavor Non-Universality in B decays

Jason Bono, jbono@fnal.gov

57

B-Meson Measurements 

Hints of Lepton Flavor Non-Universality in B decays

๏ All analyses fit to m2miss , E𝓁, and q2 
‣ The invariant mass squared of all undetected particles, lepton energy in the B rest frame, and 

invariant mass squared of the 𝓁𝜈 system 
๏ BaBar and Belle require Btag, D(*) and 𝓁 in the final state   

‣ Hadronic B tagging algorithm  
‣ Semileptonic B tagging algorithm 

๏ Similarly for LHCb, but with 𝓁=𝝁



02/21/2024 Lepton Flavor Violation

RK Measurement
65

Jason Bono, jbono@fnal.gov

61

๏ Similarly, can test lepton universality with a kaon in the final state

RSM
K =

B(B̄ ! K+µ�⌫̄µ)

B(B̄ ! K+e�⌫̄e)
⇡ 1

RLHCb

K = 0.745±0.090
0.074 ±0.036

A 2.6σ departure from unity

B-Meson Measurements 

Hints of Lepton Flavor Non-Universality in B decays
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Tracker: Straw Tubes in Vacuum
66

Panel: 2 Layers, 48 straws each
Plane: 6 panels; self supporting

Tracker sits in Vacuum

1

2

Straws: 5 mm OD; 15𝜇m metalized mylar wall; 25𝜇m Au-plated W wire 
Read out at both ends (time division to provide 3d spacepoints) 
80/20 Ar/CO2 with HV<1500V

3
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Tracker: Straw Tubes in Vacuum
67

4

5

Station: 2 planes; relative rotation provides stereo info

Tracker: 18 stations (# being optimized), ~20k straws
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Mu2e Track Reconstruction

• High backgrounds, single track, no t0
 Challenging pattern recognition problem!
 Time division: define 3d points along the track

• Need high efficiency, < 2‰ momentum resolution
• Multi-stage solution

Low-energy 
Background removal

Robust Helix Fit
(requires Time Division)

Kalman Fit
(import from BaBar)

Transverse Tracker Hit Position

68
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Calorimeter
69

• Two disk geometry 
• Hex BaF2 crystals; APD or SiPM readout 
• Provides precise timing, PID, background 

rejection, alternate track seed, and possible 
calibration trigger.

  Mu2e Technical Design Report 

Fermi National Accelerator laboratory 

9-40 

The back plate will also support the photosensors, the front-end electronics, HV/LV 
supply and digitizers. 

 
Figure 9.39. Placement of the two calorimeter disks on the rails in the Detector Solenoid. 

The crystal arrangement will be self-supporting, with the load carried primarily by the 
outer ring. A catenary structure resembling a Roman arch will be constructed to reduce 
the overall load on the inner cylinder. The mechanical properties of the crystals are 
critical for this type of configuration. These include the Young’s modulus, tensile 
modulus, Poisson ratio (or torsional modulus of elasticity), yield strength and ultimate 
strength. A Finite Element Model, using the crystal properties as input, will be 
constructed to optimize the design. The boundary conditions of this layout will be fixed 
and the structural analysis will be used to verify displacements and deformations of the 
various components. 
 
The back plane will most likely be built of stainless steel or aluminum. It provides 
support for the whole mechanical system, but also provides access to the back of each 
individual crystal. A readout unit is composed of a crystal, two APDs and two AMP-HV 
chips. The back plate will provide access to each crystal and will support the APDs and 
electronics. An example of the concept is shown for a small prototype in Figure 9.41. 
 
The FEE boards are located at the back of each disk. Figure 9.42 shows how the boards 
will be installed on the disk. With a granularity of 16 electronic channels per board and a 
total of 930 crystals per disk, each disk can be subdivided into 12 sectors with ~78 
crystals each. This allows for the electronics to be distributed into 12 crates per disk, 
where each crate houses 8 sets of AMP-HV and Waveform Digitizer boards 
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Cosmic Ray Backgrounds
70

  Mu2e Technical Design Report 

Fermi National Accelerator laboratory 

3-60 

Figure 3.32 An event display from simulation showing a background candidate induced from a 
through-going cosmic ray that interacts in the calorimeter to create an electron. The electron, 
shown in red, first travels upstream, then gets reflected and travels downstream through the 
tracker. Both the upstream and downstream segments are reconstructed (light blue and dark blue).  

About two-thirds of the surviving events are electrons with µ+, µ-, and e+ accounting for 
the other one-third. The application of the calorimeter and particle-identification criteria 
of Section 3.5.3 removes the non-electron tracks.  The e+ fail to satisfy the Δt requirement 
since they originate in the calorimeter and travel upstream through the tracker, the µ- fail 
the particle-identification likelihood-ratio requirement, and the µ+ often fail both. In 
addition some of the e+ and e- fail the E/p criteria because the calorimeter cluster includes 
energy from the interaction producing the electron or positron. 
 
A total of 27.909 billion events were generated. This corresponds to a veto live time of 
2.98 x 105 seconds, which is about 2% of the total veto live time [69]. Out of the 
generated events, 120,815 events could be reconstructed with a downstream electron 
hypothesis. 
 
Table 3.3 below lists the number of events surviving the various requirements. It also lists 
the types of particles responsible for the reconstructed tracks. The production processes 
and the production volumes of the events surviving the track selection criteria are shown 
in Figure 3.33. 
 

CalorimeterTracker

Stopping
target

Cosmic
ray


