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Lepton Flavor Violation

Lepton flavor is severely violated in 
neutrino oscillations
It must be violated in charged 
leptons !!

i.e. mixings between generations



Charged leptons 
should also mix flavors!
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TeV scale physics 
helps them mix !

μ e

SUSY

LFV via NR or GUT

Perhaps we can observe!
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a possible hint of new physics
(seesaw mechanism?)
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TeV scale physics strongly 
constrained by LHC

Particle not strongly 
interacting are NOT 
strongly constrained

Dark matter may come 
from TeV scale physics!

Example: pMSSM

Complementary to LHC  + sources of LFV

and not necessarily SUSY

sleptons, gauginos

GUT , seesaw



Recent Progress in Particle Physics

• Discovery of “Higgs”

• Higgs is light（125GeV）
　→　Higgs is unlikely to be composite

　　　Good prospects for GUT

• Discovery of the third neutrino oscillation

• Mixing is large（mixing angle ~9deg）
　　　Large cLFV expected, e.g. μ→eγ 

H H

H H

λ2/2

MH = λ v

Expectations rising high for cLFV searches



Implication of Large θ13

MEGA Belle/BaBar

recently measured!
S. Antusch et al. JHEP11 (2006) 090

larger BR(μ→eγ)
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I will NOT discuss...



LFV in K, D, B, ...

Klaus Kirch 55EPS HEP, July 24, 2013

Marciano, Mori, Roney

RK world average

19

World average RKu105 Precision
PDG 2008 2.447r0.109 4.5%

2013 2.488r0.009 0.4%

Other limits on 2HDM-II:
PRD 82 (2010) 073012.

bosJ
excluded

EXCLUDED
BY NA62-RK

E. Goudzovski / CLFV / Lecce, 7 May 2013

2013 average

(2013)

RK

More decay modes have been 
recently explored also by LHCb

NOT DISCUSSED IN THIS TALK
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Direct Searches for 
New Particles with cLFV Decays
at LHC

RPV SUSY

Heavy Majorana neutrino

Z 0 ! `1`2

Motivation CMS Narrow resonances Heavy neutrinos Leptonic-RPV SUSY searches Summary

Experimental strategy
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I mN and V`N free parameters
I Heavy Majorana neutrino N can decay to ` with positive or negative charge!
leptons can be SS or OS

I SS events have no background from SM! search for events with two isolated
leptons of same sign and same flavor (plus at least two jets)

I Systematic uncertainties:
• Estimation of the misidentified lepton background: 35%
• Mismeasurement of the electron charge: 25%
• Normalization of irreducible SM backgrounds (up to 50%)

Letizia Lusito (NWU) 19 / 40

WRPV = �ijkLiLjĒk

NOT DISCUSSED IN THIS TALK



I will mainly discuss...



cLFV Processes
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µ ! 3e
µN ! eN



Sensitivity comparisons
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µ ! e� µ ! 3eµN ! eN
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for Al target

1/170

BR = 4×10-14 : 1×10-16 : 2×10-16 

“dipole”
dominant

(SUSY etc)

~MEG II goal



CLFV, Lecce, 2013mu2e conversion at FNALDavid Brown,  Lawrence Berkeley National Lab

μ→e Conversion

4

• ‘Dipole’ terms
• i.e. SUSY

• Also mediates μ→eγ

• ‘Contact’ terms
• Direct coupling between 

quarks and leptons

• Only accessible by 
μN→eN

• Effective Lagrangian
• contact κ, mass scale Λ

µ eχ̃0

q q
γ

µ̃
ẽ

µN ! eN

Some models have contact terms 
which strongly enhance

µ ! 3e



A. Edmonds, cLFV Lecce, May 2013 (modified by TM)

3/36

Current Limits

● For dipole interactions an extra factor of 1/389 occurs for 
Al

new MEG limit

Phase-I S.E.S (2017)

Phase-II S.E.S (2022)
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v

MEG 

µ
N

!
eN 5.7×10-13 

SINDRUM II 
7×10-13 

SINDRUM
1×10-12 

“Dipole-scaled” History Plot

µ ! e� has been always leading the race



The                 process
clear 2-body kinematics

need positive muons to 
avoid formation of muonic 
atoms

accidental background 
limits the experiment 

- DC beam, rather than 
pulsed beam, gives 
lowest instantaneous 
rate and thus lowest 
background

µ+ ! e+�



Searching for 1 out of 1013

Need to measure at least 1013 muons within ~1 year 
(~107sec)

1013 muons / 107 sec / efficiency
                = 107-8 muons /sec

Need a high power accelerator 
to produce lots of muons



ICHEP, Palais des Congrès, Paris, July22-28, 2010    R.Sawada for MEG collaboration

Signal and Background

3

What’s Necessary for !"e# Search?

• Signal

• Back-to-back

• Mono-energetic 

Ee=52.8MeV E#=52.8MeV

• Coincident in time e+
!+
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ν
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• A lot of muons

• High intensity !+ beam

• High duty factor to minimize accidental background

• Good detector

• Precise measurements of energy, timing and angle both for positron and gamma

• Capability to identify pileups 

• Background

• Prompt background: !"e#$$

• “Accidental” overlap: !"e$$ + %
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Predominant
Signal Prompt Background Accidental Background

Back-to-Back
52.8 MeV/c
Same time

Radiative muon decay
Any angle
< 52.8 MeV/c
Same time

Accidental pileup
Any angle
< 52.8 MeV/c
Flat

Angle
Energy
Time

Dominant background is 
accidental.

Detector resolution is 
crucial.

Background

dominant



Accidental Background Distribution2.3. Experimental Search 19
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Figure 2.9: Positron energy spectrum of
unpolarized µ+ → e+νeν̄µ decay (Michel
spectrum). A radiative correction due to
the virtual photon emission and the inner
bremsstrahlung is applied in the spectrum
[36].
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Figure 2.10: Photon energy spectrum of
unpolarized µ+ → e+νν̄γ decay. This is
obtained by integrating over the positron
energy and the angle between a positron
and a photon.

the AIF contribution becomes more important. In addition, accidental pileups of those
gamma rays can be another source of background in high-energy region.

Given the angle resolution of δz, the size of signal box for back-to-back condition is
given by δωeγ = π(δz)2.

From the above, the effective branching ration of accidental background is approxi-
mately given by

Bacc ≈ Rµ · (2δx) ·
[

α

2π
(δy)2(ln(δy) + 7.33)

]
· (δz)2

4
· (2δteγ) (2.28)

Again, we here calculate an example of the effective branching ratio of the accidental
background using numbers in Eq.2.21. The instantaneous beam intensity was 2.6×108 in
the MEGA. It is higher than the average intensity listed in Table 2.3 because they used
a pulsed beam with duty cycle 6 %. The effective branching ratio is then given as

Bacc ∼ 1.2 × 10−12. (2.29)

This is rather serious problem. A new idea to suppress the background is necessary to go
into the sensitivity of 10−13 level.

2.3.5 Requirements of µ+ → e+γ Search

By the naive calculation of background above, the accidental background is found to be
the dominant background source, and it will limit the experiment.

First, from Eq.2.23 we see the background rate is proportional to the instantaneous
muon beam intensity. Whereas we estimated that we need > 107/sec muon intensity to

signalsignal

e+ background γ background

must manage high rate e+ good γ resolution is
most important !

Michel decays Radiative Michel decays



　High intensity (~107/sec) DC muon beam

　e+ spectrometer that can manage high rate

　High resolution gamma-ray detector

So the experiment needs:

MEG Experiment at PSI



LXe Gamma-ray Detector

Drift Chamber

Timing Counter

COBRA SC Magnet

　DC Muon Beam

γ

ee++

μ

The MEG Experiment

~55 collaborators



1.3MW Proton Cyclotron at PSI

Provides world’s most powerful DC muon beam  > 108/sec

The Unique Place



COBRA compensation coils

COBRA Positron Spectrometer

• thin-walled SC solenoid with a 
gradient magnetic field: 
1.27 - 0.49 Tesla

Gradient B field helps to manage high rate e+



3.2. Detector 35

3.2.2 The Gamma-ray Detector

The gamma-ray detector is undoubtedly the most innovative and challenging part of the
experiment. Its performance is crucial for a successful search for the µ+ → e+γ decay. We
use a gamma-ray detector of a 900 liter homogeneous volume of liquid xenon (LXe). It
is placed just outside of the COBRA magnet. Gamma rays that penetrated the positron
spectrometer enter the detector. They interact with LXe and generate scintillation light.
The scintillation light is collected by a number of photomultipliers (PMT) surrounding
the active volume of LXe to measure the total energy released by the incident gamma ray
as well as the position and time of its first interaction. A conceptual figure of the gamma-
ray detector is shown in Figure 3.21. Sometimes multiple gamma rays enter the detector
and are measured at the same time in a high rate of low-energy gamma-ray background
since the detector consists of a large volume without any segmentation. Nevertheless,
we can handle those pileup events correctly because the image of the light distribution
from a large number of PMTs enables us to identify and unfold those multiple events. In
addition, the time distribution and waveform can also be used to identify pileup events.

The R&D works, performance of prototype detector, design and construction of final
detectors are described in detail in [46],[47].

Figure 3.21: Conceptual figure of LXe gamma-ray detector.

• Scintillation light from 900 liter 
liquid xenon is detected by 846 
PMTs mounted on all surfaces and 
submerged in the xenon 

• fast response & high light yield 
provide good resolutions of E, 
time, position

• kept at 165K by 200W pulse-tube 
refrigerator

• gas/liquid circulation system to 
purify xenon to remove 
contaminants

2.7t Liquid Xenon Photon Detector
High resolution detector



Energy = total light yield
Position = light peak
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BG Eγ spectrum

Teγ resolution

Blind & Likelihood Analysis

Blin
d r

eg
ion

(Eγ, Ee, Teγ, θeγ, φeγ)

PDFs mostly from data
accidental BG: side bands
signal: measured resolution
radiative BG: theory + resolution

→ signal, acc BG, RD BG



= -0.10 rad)
aeq6 (ae

shiftedOcos
-1 -0.9995 -0.999 -0.9985

 (n
se

c)
aet

-2
-1.5

-1
-0.5

0
0.5

1
1.5

2
 (MeV)eE

50 51 52 53 54 55 56

 (M
eV

)
a
E

48

50

52

54

56

58

aeOcos
-1 -0.9995 -0.999 -0.9985

 (n
se

c)
aet

0
0.5

1
1.5

2
2.5

3
3.5

 (MeV)eE
50 51 52 53 54 55 56

 (M
eV

)
a
E

48

50

52

54

56

58

2009-2011 Side band data

side band BG rates are consistent with the expected sensitivity 
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2009-2010
reprocessed
~20% better
sensitivity



BLIND BOX OPENED!

a few examples of events 
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Total
Accidental
Radiative

Signal

Teγ

Ee Eγ

θeγ φeγ

Likelihood Fit - 2009-2011 Data

2009-11 data

2414
168
-0.4
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BR(fit) 90% UL sensitivity

2009+2010

2011

2009-2011

0.09×10-12 1.3×10-12 1.3×10-12

-0.35×10-12 0.67×10-12 1.1×10-12

-0.06×10-12 0.57×10-12 0.77×10-12

Likelihood Analysis Results

combined result

4× improved upper limit than previous 2.4×10-12



muon (g-2) anomaly

G.Isidori et al. PRD75, 115019

Here TeV SUSY is 
assumed, 

but the relation 
should be more 

generic 
independent of 
whatever TeV 

physics might be

|δ LL
12 |= 10−4

|δ LL
12 |= 10−4 assumed
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muon (g-2) anomaly

G.Isidori et al. PRD75, 115019

muon’s anomalous magnetic moment

|δ LL
12 |= 10−4 assumed



muon (g-2) anomaly

G.Isidori et al. PRD75, 115019

muon’s anomalous magnetic moment

MEG excluded

|δ LL
12 |= 10−4 assumed



muon (g-2) anomaly

G.Isidori et al. PRD75, 115019

muon’s anomalous magnetic moment

MEG excluded Re-analysis 
using the 
updated 
result is 
urgent !

|δ LL
12 |= 10−4 assumed
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MEG upgrade
• MEG upgrade proposal was submitted to 

PSI, December 2012

• Approved by PSI committee, January 
2013 96

XIII. TIME SCHEDULE AND MAN POWER

Gantt chart 1: Overall MEG Upgrade Schedule
Year

2012 2013 2014 2015 2016 2017 2018

Design

Construction

Engineering Run

Run

The overall planned schedule for the upgrade and its implementation is shown in figure 1. The initial

period of design and construction will be followed by an engineering run in 2015. After that three years of

data taking are foreseen.

The time schedule for the final R&D tests and construction are presented for the new MEG drift chamber

(Gantt chart 2), the new Timing Counter(Gantt chart 3), the modifications to the liquid xenon calorimeter

(Gantt chart 4) and the DAQ system (Gantt chart 5). The starting time of these schedules is the time of

preparation of this document, namely end of July 2012. We may note that some R&D have already started

since some time.

In Table XVII we further show the number of full time equivalent (FTE) researchers for the di↵erent

construction items as a function of time.

MEG upgraded MEG
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VIII. POSITRON DETECTOR

The positron detector, shown schematically in Figure (15), consists of a low mass stereo drift chamber

(DC) followed by a multi-tile scintillation timing counter (TC) for a precise determination of the particle

momentum and production time.

Both detectors are placed inside COBRA, the gradient field magnet specifically designed for the MEG

experiment. As in the MEG experiment the positron tracker is located at a large radius (r > 18 cm) so low

energy positrons are swept out of the magnet by the magnetic field without crossing the sensitive volume;

positrons with momentum larger than ⇠ 45 MeV/c, on the other hand, are tracked until they reach the TC

tiles, with minimum presence of passive material.

FIG. 15: Schematics design of the positron spectrometer

A. The positron tracker

The positron tracker is a unique volume, cylindrical wire drift chamber, with the axis parallel to the

muon beam, inspired by the one used in the KLOE experiment [22]. The external radius of the chamber is

constrained by the available room inside COBRA, while its length is dictated by the necessity of tracking
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FIG. 16: Schematic distribution of field and anode wires in the proposed DC. Blue and red colors correspond to

±stereo angles. Sense wires are drawn an open circles, while closed dots are field wires. Guard fields are depicted

as square markers. (a) at the end-plate anchor point, (b) a zoomed version where a single 7 ⇥ 7 mm2 cell is outlined.

(c) the wire configuration at the centre of the COBRA magnet (z = 0). (d) is a schematic representation of one of the

hyperbolic mesh ground planes.

are soldered) kept in position by a 180 cm long, 2 mm thick, external carbon-fiber cylinder, made of 16

intermediate high-module (E460-MJ46) pre-preg layers, as in Fig. 18. Fig. 19 shows the simulation result

when end-plates are loaded with a total wires pressure of 6000 N, uniformly distributed over 300� end-

plate sectors. The maximum deflection is 0.37 mm which is tolerable given the stretching of the wires at

Drift Chamber - sustain higher muon rate & ageing
- finer granularity & better resolution
- lager combined DC+TC acceptance 

single volume
He-based gas
small cell size
stereo wires
~130μm hit resolution

most challenging 
element of upgrade
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this event.

The left plot in Fig. 51 shows how the estimated overall timing resolution improves as the number of hit

pixels increases. The right plot shows the distribution of the number of hit pixels for the signal positrons

in this setup. The double-peak structure in the distribution comes from the hit-position dependence of the

positron incident angle. The average overall timing resolution is estimated to be 35 ps in �.

FIG. 50: Simulated signal positron with the pixelated timing counter.
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FIG. 51: (Left) Overall timing resolution in � as a function of the number of hit pixels and (right) distribution of the

number of hit pixels for signal positron.

The e↵ect of the geometry and the spacing of the pixel module on the overall detector performance is

studied. The left plot of Fig. 52 shows the overall timing resolution and e�ciency as a function of the length

of the pixel counter with the total number of pixel counters fixed to about 600. The improvement in the

Timing Counters - proven technology using SiPM
- excellent resolutions expected
   using multiple counters
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FIG. 51: (Left) Overall timing resolution in � as a function of the number of hit pixels and (right) distribution of the

number of hit pixels for signal positron.

The e↵ect of the geometry and the spacing of the pixel module on the overall detector performance is

studied. The left plot of Fig. 52 shows the overall timing resolution and e�ciency as a function of the length

of the pixel counter with the total number of pixel counters fixed to about 600. The improvement in the

tested at piE5 beam line in 
December



62

FIG. 56: E�ciency of the scintillation light collection estimated by MC simulation as a function of the depth of the

first interaction for signal �-ray of 52.8 MeV.

of how the event would look like in two cases with the current PMTs and smaller photo sensors (12 ⇥
12 mm2) on the � entrance face. The imaging power is greatly improved with smaller photo sensors. For

example, two local energy deposits in the same shower are clearly separated in the event shown in Fig. 58.

It turns out that both the energy and position resolutions greatly improves especially for the shallow events

as shown in Sec. IX D.

(a) Present detector (b) Upgraded detector (CG)

FIG. 57: Possible replacement of 246 PMTs in the �-entrance face with smaller photo-sensors (about 4000 MPPCs

with 12 ⇥ 12 mm2 area each).

The possible candidates of the smaller photo-sensor as a replacement of the current PMT are

63

PMT
(2-inch)

MPPC
(12×12mm2)

FIG. 58: Typical examples of scintillator light distribution seen by photo-sensors in case of (left) PMTs and (right)

smaller photo sensors (12 ⇥ 12 mm2) on the � entrance face.

• SiPM

• 1-inch square-shape PMT

• 2-inch flat panel multi-anode PMT,

where the leading candidate is SiPM as discussed in the following sections, while the development of

the PMT is described in the Appendix section (Sec. XV F). The signal �-ray traverses the photo-sensors on

the entrance face. The material in front of the active LXe volume can be substantially reduced in case of

using SiPM which is much thinner than PMT. The � detection e�ciency is estimated to be improved by 9%

as discussed in Sec. IX D.

We plan to use PMTs of the same type as the current one for the other faces than the entrance face. It

turns out by detailed MC studies developed during the current MEG data analysis that further improvements

are possible by modifying the layout of the PMTs on the lateral faces. Fig. 59 illustrates the modified layout

viewed on a given r-z plane.

The � entrance face is extended along z to outside of the acceptance by 10% at each side. The extended

volume reduces the energy leakage for the event near the lateral wall. The PMTs on the lateral faces are

tilted such that all the photo-cathodes lie on the same plane. This operation minimizes the e↵ect due to

shower fluctuation for the events near the lateral wall. The energy resolution is thus improved especially for

the events near the lateral wall.

LXe Detector - finer photon sensors at entrance face
- better uniformity - better resolution
- better handles for pile ups 

LXe detector proved to 
work at 108 muons/s
w/o pileup issues
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XI. FINAL SENSITIVITY

The sensitivity of the upgraded MEG experiment is evaluated by using a maximum likelihood anal-

ysis technique developed to extract the upper limit (UL) at 90% C.L. on B(µ ! e�) in the MEG data

analysis [48]. This technique is more e�cient and reliable than a simple box analysis, since all types of

backgrounds are correctly folded in the global likelihood function and taken into account with their own

statistical weights.

An ensemble of simulated experiments (toy MC) is created from the probability density functions (PDFs)

describing the signal shapes and the background distributions for the photon energy (E�), positron energy

(Ee+), relative timing and relative angles. The enhanced precision of all upgraded detectors allows a much

better separation of the signal from the background and reduces significantly the spill of the gamma and

positron background distributions into the signal region, which is mainly due to experimental resolution

e↵ects. With a much lower accidental background in the new detector, the muon stopping rate can be higher

than the present one: optimization studies are under way, but a muon stopping rate of at least 7 ⇥ 107 µ/sec

is envisaged. The increased muon stopping rate and the enhanced resolutions are taken into account in

estimating the number and the distributions of background events expected in the upgraded experiment.

A representative scenario for the detector resolutions and e�ciencies is summarized in Tab. XI and com-

pared with the present MEG performance. The e�ciency of the positron reconstruction is highly improved

with respect to the current one, thanks to the high e�ciency of the new tracking system (close to 1) and to

the optimized relative position of the tracker and the timing counter.

TABLE XI: Resolution (Gaussian �) and e�ciencies for MEG upgrade

PDF parameters Present MEG Upgrade scenario

e+ energy (keV) 306 (core) 130

e+ ✓ (mrad) 9.4 5.3

e+ � (mrad) 8.7 3.7

e+ vertex (mm) Z/Y(core) 2.4 / 1.2 1.6 / 0.7

� energy (%) (w <2 cm)/(w >2 cm) 2.4 / 1.7 1.1 / 1.0

� position (mm) u/v/w 5 / 5 / 6 2.6 / 2.2 / 5

�-e+ timing (ps) 122 84

E�ciency (%)

trigger ⇡ 99 ⇡ 99

� 63 69

e+ 40 88

92

the sensitivity is calculated based on the improved detector performace shown in Table XI, but it has an

approximately 30% ambiguity according to possible di↵erent scenarios in the performance improvement.
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FIG. 85: Expected sensitivity of upgraded MEG as a function of DAQ time in weeks. Assuming 175 DAQ days per

year, we expect to reach an UL on B(µ! e�) of ⇡ 6 ⇥ 10�14 in 3 years of running.
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μ→e conversion
•negative muons to 

make muonic atoms

•signal: 

•a single electron 
   Ee = Mμ - δ

•background: 

•decay in orbit
(Emax - Ee)5 

•beam related
   e.g. pion capture

μ-

e-

recoil

muonic atom

µN ! eN



Lots of muons are needed

1st Conference on Charged Lepton Flavor Violation                                 R. Tschirhart  
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Muon Transport

● For Phase-I need a collimator to reduce high momentum 
muons and all pionsCaptured pions are transported and momentum 

selected by solenoids 



Resources shared between COMET and Mu2eWhat is COMET?

8GeV proton beam
5T pion
 capture 
solenoid

3T muon transport
(curved solenoids)

muon stopping
target

electron tracker 
and calorimeter

electron 
transport

B(µ� + Al⇥ e� + Al) = 3.3� 10�17

B(µ� + Al⇥ e� + Al) < 7� 10�17 (90%C.L.)

2.6

6

Experimental Goal of COMET
J-PARC E21

• 1011 muon stops/sec for 56 
kW proton beam power.

• C-shape muon beam line 
and C-shape electron 
transport followed by 
electron detection system.

• Stage-1 approved in 2009.

3

Mu2e @FNAL

μ → e conversion
at 6×10-17COMET

@J-PARC

stopping target & detectors
are also in solenoids



Pulsed Proton Beam

1st Conference on Charged Lepton Flavor Violation                                 R. Tschirhart  
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Proton Beam Extinction

● Single bunch kick injection method successfully 
demonstrated in June 2012 at J-PARC

3 x 10-11

A. Edmonds, cLFV Lecce, May 2013



CLFV, Lecce, 2013mu2e conversion at FNALDavid Brown,  Lawrence Berkeley National Lab

Mu2e Signal Sensitivity

31

Full G4 detector simulation, background overlay, reconstruction

Rμe SES = 
2 × 10-17 

5events
BG~0.4events



TimeLine
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Timeline

● Current time scales

CLFV, Lecce, 2013mu2e conversion at FNALDavid Brown,  Lawrence Berkeley National Lab

Mu2e Project Status

34

• Schedule is technically limited

Detector 
Hall 

Design

Superconductor 
R&D

Solenoid 
Infrastructure

Solenoid 
Installation

Field M
apping

Install D
etector

Fabricate and  QA 
Superconductor

Engineering 
Solenoid Design

Solenoid Fabrication and QA

Site work/Detector Hall 
Construction

2013            2014          2015             2016            2017            2018            2019             2020

Accelerator and Beamline 

Detector Construction

Common Projects g-2 Commissioning/
Runningw

e 
ar

e 
he

re

mu2e 
Commissioning/

Running

Mu2e
commissioning

~2020

important milestone
to verify beam BG
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Facility Construction

● Work already under way on the facility construction

A. Edmonds, cLFV Lecce, May 2013



•Needs a sensitivity of 10-16 to be competitive

•Dominated by accidental overlaps

•DC muon beam: PSI - 10-15 possible?

•Biggest issue is high rate tracking

µ+ � e+e�e+ µ ! 3e



Niklaus Berger – Lecce, May 2013 – Slide 25

e+

e+

e-

• μ+ → e+e-e+ 

• Two positrons, one electron 

• From same vertex 

• Same time 

• Sum of 4-momenta corresponds to muon 
at rest 

• Maximum momentum: ½ mμ = 53 MeV/c

$e signal
need large acceptance 

to fully contain 3-body kinematics



Niklaus Berger – Lecce, May 2013 – Slide 26

• Combination of positrons from ordinary 
muon decay with electrons from: 
- photon conversion, 
- Bhabha sca!ering, 
- Mis-reconstruction 
 

• Need very good timing, vertex and  
momentum resolution

Accidental Background

e+

e+

e-



Niklaus Berger – Lecce, May 2013 – Slide 27

• Allowed radiative decay with internal 
conversion: 
 

  μ+ → e+e-e+νν 
• Only distinguishing feature:  

Missing momentum carried by neutrinos

Internal conversion background

µ+ νμ

e+

e-

e+

νe

γ*

W+
}Emiss

} Etot

Br
an

ch
in

g 
Ra

tio

mμ - Etot (MeV)
0 1 2 3 4 5 6

10-12

10-16

10-18

10-13

10-17

10-15

10-14

10-19

μ3e• Need excellent 
momentum resolution

(R. M. Djilkibaev, R. V. Konoplich,  
 Phys.Rev. D79 (2009) 073004)



•Needs a sensitivity of 10-16 to be competitive

•Dominated by accidental overlaps

•DC muon beam: PSI - 10-15 possible?

•Biggest issue is high rate tracking

•gain by better vertexing & momentum 
resolution over the previous experiment

µ+ � e+e�e+ µ ! 3e

Mu3e experiment at PSI



HV-MAPS

Niklaus Berger – Lecce, May 2013 – Slide 3750μm Si + 25μm Kapton flexprint w/ Al traces + 25μm Kapton frame
< 0.1% X0 / layer

cf. 0.2% X0 / e+ trajectory for MEG spectrometer

high voltage monolithic active pixel sensors



Niklaus Berger – Lecce, May 2013 – Slide 52

Detector Design

Target

Inner pixel layers

Scintillating !bres

Outer pixel layers

Recurl pixel layers

Scintillator tiles

μ Beam



Niklaus Berger – Lecce, May 2013 – Slide 59

Sensitivity

Phase IA: Starting 2015

Target

Inner pixel layers

Outer pixel layers

μ Beam



A. Edmonds, cLFV Lecce, May 2013 (modified by TM)
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Current Limits

● For dipole interactions an extra factor of 1/389 occurs for 
Al

new MEG limit

Phase-I S.E.S (2017)

Phase-II S.E.S (2022)

Eq
ui
v

MEG II 

µ
N

!
eN

COMET/Mu2e 

Mu3e IB

“Dipole-scaled” History Plot

µ ! e�The other modes are catching up with

Near Future Prospects



New muon source w/ higher intensity is 
necessary for further developments

Niklaus Berger – Lecce, May 2013 – Slide 59

Sensitivity

Phase IA: Starting 2015

Target

Inner pixel layers

Outer pixel layers

μ Beam

µ ! e�

µN ! eN

also benefit



Niklaus Berger – Lecce, May 2013 – Slide 24

• Muon rates in excess of 
1010/s in acceptance

• 2∙109/s needed for  
μ → eee at 10-16

• Not before 2017

$e High-Intensity Muon Beamline (HIMB)

Protons

Muons

SINQ Target Neutra Area

Access
Shaft

Muon Beam Cellar

Access
Shaft

Pb + Zr + D2O

Vacuum

Al

D2O

25 cm

High Intensity Muon Beamline at PSI

SINQ target 
(spallation neutron source)

experimental
area

good also for μ→eγ



Evolution from the Energy 
Frontier to the Intensity 

Frontier at Fermilab… 

R. Tschirhart, FRA Visiting Committee Meeting, March 28-29, 2013  
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Project-X   
High Power 

Campus  

1st Conference on Charged Lepton Flavor Violation                                 R. Tschirhart  

Good for Mu2e upgrade
also for μ→eγ & μ→3e
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PRISM/PRIME

● To get down to 10-18 and beyond PRISM/PRIME propose 
to use an FFAG ring

● This gives the muon beam a small momentum width 
which allows the use of one target disk

Before phase rotation (red)
After phase rotation (green)

E
n
e
rg

y

Time

mu-e conversion



Outline)of)this)talk)

•  A)very)brief)introduc:on)
•  The)Belle)experiment)
•  τ)LFV)results)from)Belle)

–  τ)→)3l)
–  τ)→)lV0)

–  τ)→)lhh’)
–  τ)→)Λh/Λh)
–  τ)→)lγ%

•  The)Belle)II)upgrade)
•  Prospects)for)τ)LFV)at)Belle)II)

2)

cLFV in τ decays

e+e- B factories

τ always pair-produced

tag one τ, and

look for LFV in the 
other side



τ+)→)l+l>l+)

•  Based)on)782/c)of)Belle)data)
•  Virtually)background)free)due)
to)good)lepton)ID)

•  Zero)events)observed)in)all)6)
modes)

90%)C.L.)upper)limits)between)
1.5)x)10>8)and)2.7)x)10>8)

11)

Phys.)LeR.)B687,)139)(2010))



Charged Lepton Flavour Violation in ⌧ decays

Results

• Expected & observed limit as a function of branching fraction
• yellow 68% region, green 95% region

• Limits are quoted for the phase-space model of ⌧ decay
• Variation of efficiencies in Dimuon mass range is small (< 20%)

• Upper limits:

]
-8

 10×)[-
µ -µ +µ → -τBR(

5 10

s
C

L

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

B(⌧� ! µ+µ�µ�) < 8.3(10.2)⇥ 10�8 at 90% (95%) CL

little worse than Belle, first upper limit for ⌧� ! µ+µ�µ� in proton collider

B. Khanji, LHCb (Milano-Bicocca, INFN) Charged Lepton Flavor Violation at LHCb 8-May-2013 17 / 52

LHCb is now
joining forces!
fully charged modes 

only

8.0×10-8 published



Old)result)for)τ)→)µγ%

•  Based)on)545/c)data)

•  Main)backgrounds:)

τ)→)µνν)and)dimuon)

events)with)ISR)

•  94)events)found)in)the)
5σ)signal)region,)while)
expec:ng)(88)+/>)7))

•  90%)C.L.)upper)limits)

–  Expected:)7.8)x)10>8)
– Observed:)4.5)x)10>8)

18)

Phys.)LeR.)B666,)16)(2008))

Now)upda:ng)to)the)full)

Belle)dataset)(980/c)…)

better sensitivity at τ/c factory?



cLFV searches in τ decays
Summary)Belle)τ)LFV)results)

48)modes)searched)for,)U.L.s)around)~10>8)
22)



Expected)luminosity)

33)Calendar)year)

50/ab)by)
the)end)of)
2022)

50/ab by end of 2022

1st Conference on Charged Lepton Flavor Violation                                 R. Tschirhart  

Sakai-san, KEK Roadmap Review April 2013 

FUTURE

The)Belle)II)detector)

27)

CsI(Tl))EM)calorimeter:)
waveform)sampling)
electronics,)pure)
CsI)for)endcaps)

RPC)μ)&)KL)counter:))))
scin:llator)+)Si>PM)for)
end>caps)

Time>of>Flight,))Aerogel)
Cherenkov)Counter)→)
Time>of>Propaga:on)
(barrel),)prox.)focusing)
Aerogel)RICH)(forward)))

4)layers)DS)Si)vertex)
detector)→)2)layers)PXD)
(DEPFET))+)4)layers)DSSD)

Central)Dri{)Chamber:)
smaller)cell)size,)long)
lever)arm))



τ)→)µγ)background)at)Belle)II)

35)

The)upper)half)ellipse)will)be)the)main)
signal)search)field)at)Belle)II)

But people and analysis methods are evolving...



Prospects)for)τ)LFV)at)Belle)II)

•  Belle)II)will)collect)
~1011)τ>leptons)(50/ab))

•  Sensi:vity)depends)on)
the)background)level)
–  τ)→)3l)s:ll)clean)even)
at)Belle)II)

–  For)τ)→)µγ)beRer)
understanding)of)
backgrounds,))signal)
resolu:on)and)
intelligent)selec:ons)
are)needed)

34)



Super e+e- factory sensitivity directly confronts New Physics models of CLFV

10-10

BABAR

§♣ tτ/c

§♣

David Hitlin    1st Conference on CFLV - Lecce 35May 8, 2013

τ - future prospects

D. Hitlin, cLFV Lecce, May 2013



Researches on Charged Lepton Flavor Violation

Pioneered by MEG and e+e- B factories

Complementarity and synergy with LHC

High expectations for discoveries (or constraints)

Preparations for next generation experiments going on

Bright future prospects even beyond

Conclusion


