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What we ultimately want to achieve:
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Large enough detectors (20kton JUNO, 18kton RENO-50) can sit at a 
large distance and, with enough stability and energy resolution, 
detect a spectrum containing information on the mass hierarchy.
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This only works because θ13 is large!

Expect 3σ NH/IH discrimination
in 6 yr dataset w/o external info
and 4σ discrimination with ∆m2

measurements from LBL exps.

Quarks mix Neutrinos oscillate

How about charged leptons ?
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SM Contribution to cLFV

Figure 1: Feynman diagrams for µ ! e� through (a) neutrino oscillations and (b) TeV-scale
particles that carry flavour violating couplings.

B(µ ! e�) turns out to be negligibly small:
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is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix of neutrino mixings and �m
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are
the mass squared di↵erences between the neutrinos. Flavour is conserved in charged leptons with a
very high precision; any observation of flavour violation in charged leptons, or “charged lepton flavour
violation” (cLFV), such as µ ! e� will definitely constitute existence of new physics beyond the
standard model.

On the other hand, any new physics scenario, supersymmetry or extra dimensions, tends to introduce
rather large cLFV because no fundamental principle prevents cLFV. To avoid unacceptably large cLFV
in a supersymmetric scenario, it is a common practice to assume flavour universality in supersymmetry
breaking. In a supersymmetric grand unified theory (GUT) or a supersymmetric seesaw model, however,
sizeable cLFV couplings naturally arise at the weak scale through the renormalisation group running
of the soft-breaking terms. Such cLFV couplings lead to experimentally observable rates for cLFV
processes through loop diagrams as shown in Figure 1 (b). As an example, branching ratios of cLFV
processes in a supersymmetric seesaw model with three ultra-heavy right-handed Majorana neutrinos
are plotted in Figure 2 [10]. The predicted branching ratios are within a near-future experimental reach
for these cLFV processes, B(µ ! e�) ⇠ O(10�14) and B(⌧ ! µ�) ⇠ O(10�9). Note that recently
measured neutrino mixing angle ✓

13

⇠ 9� points to a higher branching ratio for µ ! e�, making µ ! e�

more experimentally competitive than ⌧ ! µ� in this model.
In this article we focus on cLFV processes of muons. The best experimental sensitivities to new

physics have been and will continue to be achieved by muon cLFV processes, rather than tau cLFV
processes or (semi-)leptonic cLFV decays of hadrons. This is because an enormous amount of muons
are and will be available at existing and planned muon beam lines of high intensity proton accelerators,
and the long decay time and simple kinematics of the muon processes enable precise measurements in
an extremely high rate environment.

The reader is referred to [11] for a thorough review on basic phenomenology and theoretical ideas
involving muons that are useful for cLFV researchers. An overview of more general cLFV studies

2

SM contribution is too small to be detected because of tiny neutrino mass!

SM NP
● Any observations of cLFV will be unambiguous 

evidences of new physics (NP) 

● Complementary to direct searches at LHC 

● Sensitive to higher NP masses  

● color-less new particles are not constrained very 
much

● In the SM, the charged lepton flavor is conserved 

● cLFV have not been observed 

● cLFV in SM through ν-oscillations is very tiny 

● In many new theories beyond the SM (e.g. SUSY-GUT, SUSY-seesaw, extra-dimension…), 
the charged lepton flavor is naturally violated 

● Predicted branching ratios of cLFV rare decays are sizable !!

charged lepton flavor violation (cLFV) 3
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● Muon g-2 : 3.6 σ difference from the SM value (BNL E821) 

● Next generation experiments at Fermilab (first result in FY2017—2018) and J-PARC 

● Proton radius puzzle : 7 σ difference between ep and μp (CREMA@PSI) 

● e-μ universality violation ? 

● New results expected from CREMA, MUSE, PRad, MAMI 

● B-physics 

● B→Dτν vs B→Dμν : 3.9 σ difference from SM 

● b→s flavor anomalies 

● BR(B+→K+μμ) / BR(B+→K+ee), BR(Bs→φμμ), B→K*φμμ angular analysis 

● H→μτ: CMS observed with 2.4 σ significance in Run 1 data

4Hints of new physics in charged lepton sector
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cLFV search channels

● Muon channels are “Golden” 

● High intensity muon source available 

● O(108) μ/sec @PSI, O(1011) μ/sec in next 
generation experiments 

● Low background
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μ→eγ

μN→eN

τ→eγ

μ→eee
τ→μγ
τ→μμμ

τ→eee

K→πμe

Z→μe
qq→μτ

qq→eμ
τ→μhh

τ→ehh

ep→μX
νμN→τX

J/ψ→μe
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The cLFV Wheel 6
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μ cLFV history and status

Sensitivity of the searches are already 
predicted region by BSM theories

7Final MEG Result: T. Mori, W. Ootani / Progress in Particle and Nuclear Physics ( ) – 7

Fig. 5. Experimental upper limits (90% C.L.) on cLFV muon processes as a function of the year where the µ ! 3e and µ�N ! e�N bounds are converted
into equivalent µ ! e� bounds by using Eqs. (6) and (7). The corresponding new physics scale ⇤ for  = 0, defined in Eqs. (9) and (10), is also indicated.

with a detection efficiency ✏ ⇡ O(1%) in a few years of data taking (T ⇡ O(107) s), a DCmuon rate of 1013/✏/T ⇡ 107–108/s
is necessary. Such a high rate DC muon beam is currently only available at Paul Scherrer Institute (PSI), Switzerland. PSI’s
590 MeV isochronous ring cyclotron constantly supplies a 2.2 mA proton beam with 50.6 MHz RF time structure. Since
the muon life time of 2 µs is much longer than the RF structure, the muon decay rate becomes constant (DC) without any
time structure. The cyclotron is currently being upgraded and its beam current is planned to increase eventually to 3.0 mA,
approaching an unrivalled beam power of 1.8 MW.

Major experimental challenges are (1) a good photon energy resolution to suppress background photons from radiative
muon decays and annihilation of positrons in material, and (2) precise measurements of positrons in the high rate environ-
ment of 107–108 positrons per second.

The MEG experiment at PSI, which finished data taking in summer 2013, obtained the world’s best upper bounds on
B(µ ! e� ) < 5.7⇥ 10�13 at 90% C.L. [7] using ⇠1/2 of the data taken. The final result of MEG is expected during the year
2014. Currently at PSI, preparations are underway for the MEG II experiment, an upgrade of MEG, which plans to start data
taking in 2016 with a goal of achieving an order of magnitude better sensitivity than MEG in three years’ data taking.

1.2.2. µ+ ! e+e�e+
Searches for the µ ! 3e decay also require positive muons to avoid muonic atom formation just like µ ! e� searches.

With three particles in the final state, they also suffer from accidental coincidences: positrons from normal muon decays
coincidewith e+e� pairs fromphoton conversions or fromBhabha scattering of positronswith atomic electrons. Tominimise
the accidental background, a DC muon beam, one as constant in time as possible, should be used.

With the presently available DC muon beam at PSI (⇠1 ⇥ 108 muons/s), an improvement in sensitivity by two orders
of magnitude over the current 90% CL upper bound on B(µ ! 3e) < 1.0 ⇥ 10�12 [20] may be possible. However, a much
more intense muon source of �109 is required to become competitive with the existing upper bound on B(µ ! e� ) <
5.7 ⇥ 10�13 [7]. A new high intensity muon beamline, ‘‘High Intensity Muon Beam’’ (HIMB), that can provide >109 muons
per second, has been proposed and is under serious consideration at PSI [31]. An upgrade plan of the proton accelerator
complex at Fermilab (Proton Improvement Plan-II (PIP-II)) aimed at providing a beam power of at least 1 MW on target at
the initiation of the long baseline neutrino facility (LBNF) is embeddedwithin a longer-term concept for upgrades to achieve
multi-MW, continuous wave capabilities, which could accommodate a high intensity muon source [32].

Amajor experimental challenge for aµ ! 3e search is precise tracking and vertexing of positrons and electrons in a high
rate environment of >109 muon decays per second. Tracking detectors must have low momentum thresholds and cover a
large solid angle to efficiently measure three-body final states of µ ! 3e decays. Because of this daunting challenge, no
experiment had been proposed for more than a quarter century since the last experiment. Recent advances in ultra-thin
silicon pixel detector technology, however, seems to rise to the challenge. The mu3e experiment [33], recently proposed at
PSI, envisages to use High Voltage Monolithic Active Pixel Sensors (HV-MAPS) to realise ultra-thin tracking detectors that
minimisemultiple scattering and energy loss for precise tracking and vertexing. The first phase ofmu3ewill use the existing
beamline to achieve an O(10�15) sensitivity, but the second phase for O(10�16) requires realisation of the HIMB.

“μ→eγ”-equivalent
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“μ→eγ”-equivalent

Branching Ratios

MEG

New Physics
4.2×10-13 

×1/30 

Final MEG Result: T. Mori, W. Ootani / Progress in Particle and Nuclear Physics ( ) – 7

Fig. 5. Experimental upper limits (90% C.L.) on cLFV muon processes as a function of the year where the µ ! 3e and µ�N ! e�N bounds are converted
into equivalent µ ! e� bounds by using Eqs. (6) and (7). The corresponding new physics scale ⇤ for  = 0, defined in Eqs. (9) and (10), is also indicated.

with a detection efficiency ✏ ⇡ O(1%) in a few years of data taking (T ⇡ O(107) s), a DCmuon rate of 1013/✏/T ⇡ 107–108/s
is necessary. Such a high rate DC muon beam is currently only available at Paul Scherrer Institute (PSI), Switzerland. PSI’s
590 MeV isochronous ring cyclotron constantly supplies a 2.2 mA proton beam with 50.6 MHz RF time structure. Since
the muon life time of 2 µs is much longer than the RF structure, the muon decay rate becomes constant (DC) without any
time structure. The cyclotron is currently being upgraded and its beam current is planned to increase eventually to 3.0 mA,
approaching an unrivalled beam power of 1.8 MW.

Major experimental challenges are (1) a good photon energy resolution to suppress background photons from radiative
muon decays and annihilation of positrons in material, and (2) precise measurements of positrons in the high rate environ-
ment of 107–108 positrons per second.

The MEG experiment at PSI, which finished data taking in summer 2013, obtained the world’s best upper bounds on
B(µ ! e� ) < 5.7⇥ 10�13 at 90% C.L. [7] using ⇠1/2 of the data taken. The final result of MEG is expected during the year
2014. Currently at PSI, preparations are underway for the MEG II experiment, an upgrade of MEG, which plans to start data
taking in 2016 with a goal of achieving an order of magnitude better sensitivity than MEG in three years’ data taking.

1.2.2. µ+ ! e+e�e+
Searches for the µ ! 3e decay also require positive muons to avoid muonic atom formation just like µ ! e� searches.

With three particles in the final state, they also suffer from accidental coincidences: positrons from normal muon decays
coincidewith e+e� pairs fromphoton conversions or fromBhabha scattering of positronswith atomic electrons. Tominimise
the accidental background, a DC muon beam, one as constant in time as possible, should be used.

With the presently available DC muon beam at PSI (⇠1 ⇥ 108 muons/s), an improvement in sensitivity by two orders
of magnitude over the current 90% CL upper bound on B(µ ! 3e) < 1.0 ⇥ 10�12 [20] may be possible. However, a much
more intense muon source of �109 is required to become competitive with the existing upper bound on B(µ ! e� ) <
5.7 ⇥ 10�13 [7]. A new high intensity muon beamline, ‘‘High Intensity Muon Beam’’ (HIMB), that can provide >109 muons
per second, has been proposed and is under serious consideration at PSI [31]. An upgrade plan of the proton accelerator
complex at Fermilab (Proton Improvement Plan-II (PIP-II)) aimed at providing a beam power of at least 1 MW on target at
the initiation of the long baseline neutrino facility (LBNF) is embeddedwithin a longer-term concept for upgrades to achieve
multi-MW, continuous wave capabilities, which could accommodate a high intensity muon source [32].

Amajor experimental challenge for aµ ! 3e search is precise tracking and vertexing of positrons and electrons in a high
rate environment of >109 muon decays per second. Tracking detectors must have low momentum thresholds and cover a
large solid angle to efficiently measure three-body final states of µ ! 3e decays. Because of this daunting challenge, no
experiment had been proposed for more than a quarter century since the last experiment. Recent advances in ultra-thin
silicon pixel detector technology, however, seems to rise to the challenge. The mu3e experiment [33], recently proposed at
PSI, envisages to use High Voltage Monolithic Active Pixel Sensors (HV-MAPS) to realise ultra-thin tracking detectors that
minimisemultiple scattering and energy loss for precise tracking and vertexing. The first phase ofmu3ewill use the existing
beamline to achieve an O(10�15) sensitivity, but the second phase for O(10�16) requires realisation of the HIMB.
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M.Blanke et al., Acta Phys.Polon.B41(2010)657

ratio LHT MSSM (dipole) MSSM (Higgs)

Br(µ�!e�e+e�)

Br(µ!e�)
0.02. . . 1 ⇠ 6 · 10�3 ⇠ 6 · 10�3

Br(⌧�!e�e+e�)

Br(⌧!e�)
0.04. . . 0.4 ⇠ 1 · 10�2 ⇠ 1 · 10�2

Br(⌧�!µ�µ+µ�
)

Br(⌧!µ�)
0.04. . . 0.4 ⇠ 2 · 10�3 0.06 . . . 0.1

Br(⌧�!e�µ+µ�
)

Br(⌧!e�)
0.04. . . 0.3 ⇠ 2 · 10�3 0.02 . . . 0.04

Br(⌧�!µ�e+e�)

Br(⌧!µ�)
0.04. . . 0.3 ⇠ 1 · 10�2 ⇠ 1 · 10�2

Br(⌧�!e�e+e�)

Br(⌧�!e�µ+µ�
)

0.8. . . 2.0 ⇠ 5 0.3. . . 0.5

Br(⌧�!µ�µ+µ�
)

Br(⌧�!µ�e+e�)

0.7. . . 1.6 ⇠ 0.2 5. . . 10

R(µTi!eTi)

Br(µ!e�)
10�3 . . . 102 ⇠ 5 · 10�3 0.08 . . . 0.15

Table 3: Comparison of various ratios of branching ratios in the LHT model (f = 1TeV)

and in the MSSM without [92,93] and with [96,97] significant Higgs contributions.

7 Conclusions

We have presented an update of our 2006-2007 results for FCNC processes in the LHT

model, including the previously missed O(v2/f 2) contribution to Z0-penguin diagrams

and updating some theoretical and experimental inputs. We have identified the most

evident LHT e↵ects in both the quark and lepton sectors and pointed out the decay

channels that could allow for a clear distinction from other NP models. The main

results of this analysis are summarised below.

While the data on "K provide a stringent constraint on the LHT parameter space,

much less fine-tuning is needed to fulfil this constraint than in the RS model with cus-

todial protection.

In the kaon system large enhancements of the branching ratios Br(KL ! ⇡0⌫⌫̄),

Br(K+ ! ⇡+⌫⌫̄) and Br(KL ! ⇡0`+`�) with respect to the SM predictions are possible.

Though the removal of the divergence reduces these enhancements by approximately a

factor of two, the strong correlations among them are not modified and provide a useful

tool to distinguish the LHT model from other NP scenarios. Another interesting LHT

correlation, which we have studied here for the first time, is between Br(K+ ! ⇡+⌫⌫̄)

and Br(KL ! µ+µ�), pointing out that it is opposite and therefore distinguishable from

the correlation predicted in the custodially protected RS model. Moreover, Br(KL !
µ+µ�)

SD

in the LHT model can be as large as 2.5 · 10�9, that is much larger than the

19
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Figure 1: (a) loop diagram with SM neutrino mixing; (b) loop diagram with supersymmetric particles; (c) tree diagram with an intermediate boson.

2. E↵ective LFV Model

The most general Lagrangian for the decay µ! eee can be written as [9]:

Lµ!eee =
4GF

2

h
mµARµR�

µ⌫eLFµ⌫ + mµALµL�
µ⌫eRFµ⌫

+ g1 (µReL) (eReL) + g2 (µLeR) (eLeR)
+ g3 (µR�

µeR) (eR�µeR) + g4 (µL�
µeL) (eL�µeL)

+ g5 (µR�
µeR) (eL�µeL) + g6 (µL�

µeL) (eR�µeR) + H.c.
i

(1)

This e↵ective Lagrangian describes the tensor type LFV loops (dipole couplings) as shown in figure 1 b) and e↵ective
four-fermion contact interactions as shown in figure 1 c). The LFV dipole couplings are for instance tested in the
radiative LFV muon decay µ ! e�. Loop diagrams with a virtual photon and four-fermion interactions can be tested
in the decay µ! eee, demonstrating the complementarity of the two experiments.

In this e↵ective model the kinematic properties of the decay, neglecting polarization e↵ects, can be described by
five coe�cient functions:

d4B(µ! eee)
dx1 dx2 d cos ✓ d�

=

5X

k=1

ck ↵k(x1, x2) (2)

The functions ↵k are given in the appendix of [9]. The variables x1 and x2 are normalized energies of the more
energetic and less energetic same charge decay lepton, respectively.

The coe�cients ck depend on the dipole couplings A and four-fermion couplings gi in the following manner:

c1 = g2
12/16 + g2

34 (3)
c2 = g2

56 (4)
c3 = e A2 (5)
c4 = e Ag34 ⌘ (6)
c5 = e Ag56 ⌘

0 (7)

where the following new definitions were used:

A2 = A2
L + A2

R , tan �0 = AL/AR (8)
g2

12 = g2
1 + g2

2

g2
34 = g2

3 + g2
4 , tan �34 = g3/g4

g2
56 = g2

5 + g2
6 , tan �56 = g5/g6

⌘ = sin �0 sin �34 sin!3 + cos �0 cos �34 cos!4

⌘0 = sin �0 sin �56 sin!5 + cos �0 cos �56 cos!6
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Figure 1: (a) loop diagram with SM neutrino mixing; (b) loop diagram with supersymmetric particles; (c) tree diagram with an intermediate boson.

2. E↵ective LFV Model

The most general Lagrangian for the decay µ! eee can be written as [9]:
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4GF
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µ⌫eLFµ⌫ + mµALµL�
µ⌫eRFµ⌫

+ g1 (µReL) (eReL) + g2 (µLeR) (eLeR)
+ g3 (µR�

µeR) (eR�µeR) + g4 (µL�
µeL) (eL�µeL)

+ g5 (µR�
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(1)

This e↵ective Lagrangian describes the tensor type LFV loops (dipole couplings) as shown in figure 1 b) and e↵ective
four-fermion contact interactions as shown in figure 1 c). The LFV dipole couplings are for instance tested in the
radiative LFV muon decay µ ! e�. Loop diagrams with a virtual photon and four-fermion interactions can be tested
in the decay µ! eee, demonstrating the complementarity of the two experiments.

In this e↵ective model the kinematic properties of the decay, neglecting polarization e↵ects, can be described by
five coe�cient functions:

d4B(µ! eee)
dx1 dx2 d cos ✓ d�

=

5X

k=1

ck ↵k(x1, x2) (2)

The functions ↵k are given in the appendix of [9]. The variables x1 and x2 are normalized energies of the more
energetic and less energetic same charge decay lepton, respectively.

The coe�cients ck depend on the dipole couplings A and four-fermion couplings gi in the following manner:
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12/16 + g2

34 (3)
c2 = g2

56 (4)
c3 = e A2 (5)
c4 = e Ag34 ⌘ (6)
c5 = e Ag56 ⌘

0 (7)

where the following new definitions were used:
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R , tan �0 = AL/AR (8)
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34 = g2
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⌘0 = sin �0 sin �56 sin!5 + cos �0 cos �56 cos!6

dipole coupling

four-fermion interaction 
through a boson (H, Z’…)

New physics can be discriminated from the correlations in searches
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Figure 1 A schematic view of the MEG detector showing a simulated event.

Figure 2 The thin muon stopping target mounted in a Rohacell frame.

system comprised of a 300 µm thick mylar R� foil and the He-119

air atmosphere inside the spectrometer in front of the target.120

The round, Gaussian beam-spot profile has �x,y ⇡ 10 mm.121

The muons at the production target are produced fully122

polarized (Pµ+ = �1) and they reach the stopping target with123

a residual polarization Pµ+ = �0.86 ± 0.02 (stat) +0.05
�0.06 (syst)124

consistent with the expectations [9].125

Other beam tunes are used for calibration purposes, in-126

cluding a ⇡� tune at 70.5 MeV/c used to produce monochro-127

matic photons via pion charge exchange and a 53 MeV/c po-128

sitron beam tune to produce Mott-scattered positrons close129

to the energy of a signal positron (Sect. 2.7).130

2.2 Muon stopping target131

Positive muons are stopped in a thin target at the centre of132

the spectrometer, where they decay at rest. The target is op-133

timised to satisfy conflicting goals of maximising stopping134

e�ciency (⇡ 80%) while minimising multiple scattering,135

Bremsstrahlung and AIF of positrons from muon decays.136

The target is composed of a 205 µm thick layer of polyethy-137

lene and polyester (density 0.895 g/cm3) with an elliptical138

shape with semi-major and semi-minor axes of 10 cm and139

4 cm. The target foil is equipped with seven cross marks140

and eight holes of radius 0.5 cm, used for optical survey and141

for software alignment purposes. The foil is mounted in a142

Rohacell R� frame, which is attached to the tracking system143

support frame and positioned with the target normal vector144

in the horizontal plane and at an angle ✓ ⇡ 70�. The target145

before installation in the detector is shown in Fig. 2.146

2.3 COBRA magnet147

The COBRA (constant bending radius) magnet [10] is a148

thin-walled, superconducting magnet with an axially graded149

magnetic field, ranging from 1.27 T at the centre to 0.49 T150

at either end of the magnet cryostat. The graded field has the151

advantage with respect to a uniform solenoidal field that par-152

ticles produced with small longitudinal momentum have a153

much shorter latency time in the spectrometer, allowing sta-154

ble operation in a high-rate environment. Additionally, the155

graded magnetic field is designed so that positrons emitted156

from the target follow a trajectory with almost constant pro-157

jected bending radius, only weakly dependent on the emis-158

sion polar angle ✓e+ (see Fig. 3(a)), even for positrons emit-159

ted with substantial longitudinal momentum.160

The central part of the coil and cryostat accounts for161

0.197 X0, thereby maintaining high transmission of signal162

photons to the LXe detector outside the COBRA cryostat.163

● Searching for cLFV decay μ+→e+γ 

● Most intense DC μ+ beam, 3×107 μ/sec @ PSI, Switzerland

● Data taking in 2008-2013 

● Previous result with 2009-2011 
dataset 

● Br UL : 5.7×10-13 (90%CL) 

● Analysis of full data completed

PRL, 110 201801 (2013)

● Detector 
● Photon : Largest LXe photon detector 

● Positron : gradient B-field, Ultra light drift 
chamber, high resolution e+ timing counter
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● 90%CL UL Sensitivity

MEG : Analysis with full data

● Full data : Double the data statistics 

● All data (including 2009-2012) were analyzed with improved analysis 
● Target alignment 

● Positron missing first turn analysis 

● AIF event veto 

● Photon-detector alignment
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No visible excess in signal region

W.Ootani, “Review of Experimental cLFV Searches”, Neutrino2016, Jul.4-9, 2016, South Kensington, London
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51<Eγ<55.5MeV

|Teγ|<0.244ns,  
cosΘeγ<-0.9996

No significant excess in signal region

MEG full dataset (2009-2013)
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The upper limits observed in the negative and positive tim-1735

ing side-bands are 8.4⇥10�13 and 8.3⇥10�13, respectively.1736

These are consistent with the upper limit distribution for1737

pseudo experiments as indicated in Fig. 26.1738

Upper limit
0 5 10 15 20

13−10×0
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40
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80
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120

140

Figure 26 Distribution of the branching ratio upper limits for pseudo
experiments simulated for the full dataset. The sensitivity, defined as
the median of the distribution and shown as a dashed vertical line,
equals to 5.3⇥10�13. The upper limits observed in the timing side-
bands are indicated with arrows for comparison (the overlap of the two
arrows is accidental).

4.7.2 Likelihood analysis in the analysis window1739

Figure 27 shows the event distributions for the 2009-20131740

full dataset on the (Ee+ , E�)- and (cos⇥e+�, te+�)-planes. The1741

contours of the averaged signal PDFs are also shown for1742

comparison. No significant correlated excess is observed within1743

the signal contours.1744

A maximum likelihood analysis is performed to eval-1745

uate the number of signal events in the analysis window1746

by the method described in Sect. 4.5. Figure 28 shows the1747

profile-likelihood ratios as a function of the branching ra-1748

tio observed for 2009–2011, 2012–2013, and 2009–20131749

full dataset, which are all consistent with a null-signal hy-1750

pothesis. The kinks visible in the curves (most obvious in1751

2012–2013) are due to the profiling of the target deforma-1752

tion parameters (see Sect. 4.5.1). On the negative and pos-1753

itive sides of branching ratio, these parameters are fitted to1754

opposite sides, therefore the likelihood curve shifts from one1755

to another around 0 in branching ratio. The best fit value on1756

the branching ratio for the full dataset is �2.2 ⇥ 10�13. The1757

upper limit of the confidence interval is calculated follow-1758

ing the frequentist approach described in Sect. 4.5.3 to be1759

4.2 ⇥ 10�13 at 90% C.L.1760

The projection of the best fitted function on each observ-
able is shown in Fig. 29 (a)–(e), where all the fitted spec-
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Figure 27 Event distributions of observed events in the (Ee+ , E�)-
and (cos⇥e+�, te+�)-planes. In the top figure, selections of cos⇥e+� <
�0.99963 and |te+� | < 0.24 ns are applied with 90% e�ciency for
each variable, and in the bottom figure 51.0 < E� < 55.5 MeV and
52.4 < Ee+ < 55.0 MeV are applied with 74% and 90% e�ciency
respectively. The signal PDF contours (1�, 1.64� and 2�) are also
shown.

tra are in good agreement with the data spectra. The agree-
ment is also confirmed by the relative signal likelihood Rsig
defined as

Rsig = log10

 
S (xi)

fRR(xi) + fAA(xi)

!
, (4)

where fR and fA are the expected fractions of the RMD and1761

accidental background events which are estimated to be 0.071762

and 0.93 in the side-bands, respectively. Figure 29 (f) shows1763

Accidental BG
RMD
100× signal upper limit

e+γ Time

e+γ Angle (θ) e+γ Angle (φ)

e+ Energy γ Energy

Relative signal likelihood

Data consistent with BG PDF
→ 
signal-like
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Final result of MEG 13

Systematic uncertainties
UL increase by
•5% by target position/shape uncertainties
•<1% by other systematic uncertainties

(                )

4

where N̂ is the best estimate and
̂̂
N is the best esti-

mate for fixed Nsig. Other, independent analysis schemes
based on averaged PDFs without event-by-event informa-
tion or Bayesian approach were also used and found to
be compatible with the analysis presented here to within
10 to 20% in the obtained branching ratio upper limits.

In order to convert Nsig into a branching ratio value
the normalization relative to the Michel decay is com-
puted [6] by counting the number of Michel positrons
passing the same analysis cuts. This is accomplished
by means of a pre-scaled Michel positron trigger enabled
during the physics data-taking. A correction to the pre-
scaling factor due to positron pile-up in the TC is taken
into account. Another method for computing the nor-
malization uses RMD events in the Eγ side-band and the
theoretical branching ratio of the RMD. The normaliza-
tions calculated by these two independent methods are
in good agreement and are combined to give the normal-
ization factor with a 7% error.

The sensitivity of the experiment with a null signal hy-
pothesis is evaluated by taking the median of the distri-
bution of the upper limit on the branching ratio obtained
over an ensemble of toy MC experiments. The rates of
RMD and BG events, as measured in the side-bands, are
assumed in the simulated experiments. The branching
ratio sensitivity at 90% confidence level (C.L.) is found
to be 3.3× 10−12 (2.2× 10−12) for the 2009 (2010) data
sample and 1.6 × 10−12 when 2009 and 2010 are com-
bined. These sensitivities are consistent with the upper
limits obtained by the likelihood analyses in several com-
parable analysis regions of the teγ side-bands.

After calibrations, optimization of the analysis algo-
rithms and background studies in the side-bands are com-
pleted, the likelihood analysis in the analysis region is
performed. In Figures 1 we present the distributions,
for the 2009 and 2010 data samples respectively, showing
the events seen in the analysis region projected in the Eγ

vs Ee and teγ vs cosΘeγ planes, Θeγ being the opening
angle between the γ-ray and the positron. In plots (a)
and (c) selections in teγ and cosΘeγ , each of which is
90% efficient on the signal, are applied (|teγ | < 0.28 ns
and cosΘeγ < −0.9996) ; in plots (b) and (d) a selection
in Ee which is 90% efficient on the signal and a selec-
tion in Eγ which is 73% efficient on the signal inside the
analysis window are applied (52.3 < Ee < 55MeV and
51 < Eγ < 55MeV). The contours of the signal PDF
are also drawn and a few events with the highest signal
likelihood are numbered in a decreasing order of relative
signal likelihood, S/(fRR+ fBB), fR = 0.1 and fB = 0.9
being the fractions of the RMD and the BG measured in
the sidebands, respectively. High signal likelihood events
were thoroughly checked and found to be randomly dis-
tributed in time and detector acceptance.

The observed profile likelihood ratios as a function of
the branching ratio for 2009, 2010 and the combined data
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FIG. 1: Event distributions in the analysis region of (a) Eγ

vs Ee and (b) teγ vs cosΘeγ for 2009 data and of (c) Eγ vs
Ee and (d) teγ vs cosΘeγ for 2010 data. The contours of the
PDFs (1-, 1.64- and 2-σ) are shown, and a few events with
the highest signal likelihood are numbered in each year. (The
two highest signal likelihood events in 2010 data appear only
in (c) or (d).)

sample are shown in Fig. 2 [20]. The analysis of the full
data sample gives a 90% C.L. upper limit of 2.4× 10−12,
which constitutes the most stringent limit on the exis-
tence of the µ+ → e+γ decay, superseding the previous
limit by a factor of 5. The 90% C.L. intervals as well as
the best estimate of the branching ratio for 2009 and 2010
data separately are also given in Table I. The 2009 data
set, which gives a positive best estimate for the branch-
ing ratio, is consistent with the hypothesis B = 0 with
an 8% probability.

The systematic uncertainties for the parameters of the
PDFs and the normalization factor are taken into account
in the calculation of the confidence intervals by fluctuat-
ing the PDFs according to the uncertainties. The largest
contributions to the systematic error, which amount to
a shift of about 2% in total in the branching ratio upper
limit, come from the uncertainties of the offsets of the rel-
ative angles, the correlations in the positron observables
and the normalization.

The MEG experiment continues data-taking and is ex-
pected to explore the µ+ → e+γ decay down to a branch-
ing ratio sensitivity of a few times 10−13 in the next few
years.

New limit on the lepton-flavour violating decay µ+ → e+γ
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We present a new result based on an analysis of the data collected by the MEG detector at the
Paul Scherrer Institut in 2009 and 2010, in search of the lepton flavour violating decay µ+ → e+γ.
The likelihood analysis of the combined data sample, which corresponds to a total of 1.8 × 1014

muon decays, gives a 90% C.L. upper limit of 2.4× 10−12 on the branching ratio of the µ+ → e+γ
decay, constituting the most stringent limit on the existence of this decay to date.

PACS numbers: 13.35.Bv; 11.30.Hv; 11.30.Pb; 12.10.Dm

The lepton flavour violating (LFV) decay µ → eγ is
forbidden within the standard model of elementary parti-
cles (SM). Even with the introduction of neutrino masses
and mixing SM predicts an immeasurably small branch-
ing ratio (B ! 10−51) for this decay. Conversely new
physics scenarios beyond SM, such as supersymmetric
grand unified theories or theories with extra dimensions,
predict branching ratios in the 10−12 to 10−14 range [1–
3]. This is close to the present limit set by the MEGA
experiment [4], B ≤ 1.2 × 10−11, which places one of
the most stringent constraints on the formulation of such
theories. Observation of µ → eγ therefore would be an
unambiguous signature of new physics, while improve-
ments on the existing limit would stringently constrain
many of the new physics scenarios beyond SM.

The MEG experiment [5, 6] covers a 10% solid angle,
centred around a thin muon stopping target (205µm-
thick polyethylene) and is composed of a positron spec-
trometer and a photon detector in search of back-to-back,
monoenergetic, time coincident photons and positrons
from the two-body µ+ → e+γ decay. The positron spec-
trometer consists of a set of drift chambers (DC) [7] and

scintillation timing counters (TC) [8] located inside a su-
perconducting solenoid with a gradient field [9] along the
beam axis, ranging from 1.27 Tesla at the centre to 0.49
Tesla at either end. The photon detector [10], located
outside of the solenoid, is a homogeneous volume (900 ℓ)
of liquid xenon (LXe) viewed by 846 UV-sensitive photo-
multiplier tubes (PMTs) submerged in the liquid. The
spectrometer measures the positron momentum vector
and timing, while the LXe detector is used to reconstruct
the γ−ray energy as well as the position and time of its
first interaction in LXe. All the signals are individually
digitized by in-house designed waveform digitizers based
on the multi-GHz domino ring sampler chip (DRS) [11].
The PSI πE5 beam line is used to stop 3 × 107 posi-
tive muons per second in the target. The residual polar-
ization of the decaying muons along the beam axis was
measured to be ⟨P ⟩ = −0.89± 0.04. The background to
µ+ → e+γ decay comes either from radiative muon de-
cays µ+ → e+νν̄γ (RMD) in which the neutrinos carry
away little energy or from an accidental coincidence of
an energetic positron from a normal Michel decay with a
γ−ray coming from RMD, Bremsstrahlung or positron

< 4.2 ×10-13 @ 90% C.L.

Previous limit with 2009-2011 dataset : 5.7×10-13

(×10-13) 2009-2011 data 2012-2013 data All combined

Best Fit -1.3 -5.5 -2.2
90% CL

Upper limit 6.1 7.9 4.2
Sensitivity 8.0 8.2 5.3

No excess was found and the new UL was set

UL : Feldman-cousins with profile-likelihood ratio ordering

arXiv:1605.05081
ready for publication from EPJC

×30 more stringent than the previous experiment

γ)+ +
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Future : MEG II 14

Beam intensity >2 higher than MEG I

Single volume, stereo 
wire chamber

highly segmented plastic counters

VUV sensitive SiPMs
~4000 SiPM in the detector

Newly added e+

detector for BG veto

Upgrades for 10 times higher sensitivity
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Future : MEG II 15

Present status of the chamber 

BVR 08 Feb 2016  12 
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Future : MEG II 15

Present status of the chamber 

BVR 08 Feb 2016  12 

The detector and the TDAQ electronics 
production will be completed by 
Autumn 2017 
Engineering run followed by physics run.
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MEG II physics reach 16

Bðμ → eγÞ and Bðτ → μγÞ could be close to the current
experimental upper bounds in the case of Fig. 2. We note
that our result is consistent with the other recent studies in
Refs. [29,30].

It is pointed out that there is around 3σ deviation of the
muon g − 2 between the SM prediction and the present
experimental result [50,51]. In the context of the minimal
supergravity, it is known that the SUSY contribution to the

FIG. 2 (color online). Excluded region plots in the nondegenerate case with the normal hierarchical neutrino masses. The parameters in
YN are assumed as y1 ¼ 0.05, y2 ¼ y3 ¼ 1.5, and θ ¼ π=4. The notation is the same as in Fig. 1.

FIG. 1 (color online). Excluded region plots for ðM0;M1=2Þwith fixed parameters of ½signðμÞ; A0; tan β% in the degenerate case with the
normal hierarchical neutrino masses. The parameters in the neutrino sector are assumed as ~MN ¼ 7 × 1012 GeV and ON ¼ 1. Each
colored region is excluded by the observable as exhibited in the legend. The dotted, dashed, and solid lines show the contours of mh,
Bðτ → μγÞ, and Bðμ → eγÞ, respectively.

GOTO et al. PHYSICAL REVIEW D 91, 033007 (2015)

033007-8

Phys. Rev. D 91, 033007 (2015)
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muon g − 2 between the SM prediction and the present
experimental result [50,51]. In the context of the minimal
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SUSY-seesaw

MEG (2013) ~MEG II reach

Projected sensitivity *

* to be 20—30% better with BG 
reduction by additional detector (RDC)

MEG II sensitivity will reach the MEG limit in a couple of months 
10 times higher sensitivity with 3 years of data
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μ→eee : Mu3e @ PSI 17

June 21st, 2016 D. vom Bruch, Mu3e 9

Detector Concept

Requirements

● Excellent momentum resolution: < 0.5 MeV/c

● High rates: 108 -109 μ/s 

● Good timing resolution: 100 ps 

● Good vertex resolution: 300 μm

● Minimum material budget

June 21st, 2016 D. vom Bruch, Mu3e 22

Mupix Protoype

● Readout electronics on chip

● Fast LVDS link: 1.25 Gbit/s,

∼ 30 million hits/s

● Mupix7: latest prototype

● Thinned to 50 μm

● 32 x 40 pixel matrix

● Pixel size: 103 μm x 80 μm

● 3.2 x 3.2 mm2 

June 21st, 2016 D. vom Bruch, Mu3e 33

Scintillating Fibers
● 2 or 3 layers of scintillating 9bers

● Two types of prototypes, 250 μm 
diameter:

– Round

– Square

● Read out by Silicon Photomultipliers 
(SiPMs) at both ends

● Thickness < 0.1 % radiation length per 
layer

● Stage I (2018–2020), BR < 10-15 

● Stage II (> 2020), BR < 10-16

current limit : 1.0×10-12 (SINDRUM, 1988)

Mu3e Baseline Design 

thin (< 0.1% X0), fast, high resolution detectors 
(minimum material, maximum precision) 
 
275 M HV-MAPS (Si pixels w/ embedded amplifiers) channels 

20 k ToF channels (SciFi and Tiles) 

acceptance ~ 70% for m+ o e+ e- e+ decay (3 tracks!) 

B = 1 T 

surface m 
 

p ~ 28 MeV/c ~15cm 

~1.5 m 

Phase I 
scintillating tiles scintillating fibers 

Si pixels (HV-MAPS) 

Alessandro Bravar, ICHEP2016

50 um thick silicon wafer

Mupix prototype

Scintillating fibers
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Principle of Measurement
SINDRUM II

• Process : μ- +(A,Z) →e- +(A,Z)
• A single mono-energetic 
electron
• Eμe(Al) ~ mμ-Bμ :105 MeV
• Delayed：~1μS

• No accidental backgrounds
• Physics backgrounds
• Muon Decay in Orbit (DIO)
• Ee > 102.5 MeV (BR:10-14)
• Ee > 103.5 MeV (BR:10-16)

BR[μ- + Au →e- + Au] < 7 × 10-13

1-2μs

Rext= number of proton between pulsesnumber of proton in a pulse

6 Physik-Institut der Universität Zürich
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Figure 3.2: Distribution of the phase of the track
time w.r.t. cyclotron r.f. signal v.s. longitudinal
momentum. The bulk of the events have a flat
phase distribution as expected for muon decay in
orbit which has a decay time of≈ 70 ns. The red
contour indicates events induced by radiative π−

capture in the moderator (see also Fig.3.1 and
the discussion in the text).
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Figure 3.3: The measured energy distribution is
compared with simulated distributions for muon
decay in orbit and µe conversion. No events are
found above 100 MeV.
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Figure 3.4: L(Nµe) and
∫ Nmax

µe

0 L(Nµe)dNµe.

Indicated are some events from radiative π−

capture in the moderator followed by asymmet-
ric γ → e+e− conversion and large-angle e−

scattering in the gold target, a process that keeps
memory of the 50 MHz time structure of the
proton beam. The observed rate for this back-
ground process is in rough agreement with the
predictions from the GEANT simulation. Fig-
ure 3.3 shows e− energy distribution after re-
moval of the events in the indicated region. The
steep drop below 74 MeV reflects the require-
ment that the electron moves at least 46 cm
from the spectrometer axis.
The measured spectrum is in reasonable agree-
ment with the prediction for decay in orbit. One
event is observed around 96.4 MeV which is
marginally compatible with the energy distribu-
tion expected for µe conversion. We performed
a likelihood analysis of the energy distribution
including a flat background from cosmic rays
and radiative pion capture in addition to the dis-
tributions shown in Fig. 3.3
Figure 3.4 shows the resulting likelihood
function L(Nµe) for the expectation value
of the number of µe conversion events.
The 90% C.L. upper limit deduced from∫ 2.45
0 L(Nµe)/

∫ ∞
0 L(Nµe) =90% is

Nmax
µe (90% C.L.) = 2.45. Combined

with the single event sensitivity quoted above
this leads to:

Bgold
µe < 8 × 10−13 90% C.L.

This final SINDRUM II result lowers the best
previous limit on µe conversion on a heavy
target[4] by two orders of magnitude.

[1] Y. Kuno and Y. Okada, Rev. Mod. Phys. 73
(2001) 151.
J. Ellis, PSI Summer School, Zuoz, 2002,
hep-ph/0211168.

[2] SINDRUM II Collab., Annual Report
2000-2001, Physik-Institut, Zurich Univer-
sity, p.8.

[3] SINDRUM II Collab., Annual Report
2001-2002, Physik-Institut, Zurich Univer-
sity, p.7.

[4] SINDRUM II Collab., W. Honecker et al.,
Phys.Rev.Lett.76 (1996) 200.

3. SINDRUM II

μ→e conversion 18

Experiments: 
• COMET @ J-PARC 
• Mu2E @ Fermilab 
• DeeMe @ J-PARC 1.2×10-13—2.1×10-14, 

                      will start after beam line complete 
                      in Japanese FY2016

µ-e conversion Signal
• Eµe ~ mµ-Bµ

– Bµ: binding energy of the 1s muonic atom

• Comparison with µ!eγ (and µ!3e) from the view point 
of experimental technique

• Improvement of a muon beam is possible, both in purity 
(no pions) and in intensity (thanks to muon collider 
R&D). A higher beam intensity can be taken because of 
no accidentals.

• Potential to discriminate different models through 
studying the Z dependence

R.Kitano, M.Koike, Y.Okada
P.R. D66, 096002(2002)

Background Challenge

µ!eγ and 
µ!3e

Accidental Detector performance
resolution, high rate

µ-e 
conversion

Beam
Cosmic

Beam background

nucleus
μ-

μ-e Conversion

✤ Signal
✤ A mono-energetic electron

✤ Ee = m! - B! ~ 105MeV
✤ Delayed by ~1#s (Al target)

✤ BG
✤ Muon decay in orbit (DIO)
✤ Beam related

✤ Radiative pion capture
✤ Muon decay in flight (DIF)

✤ Cosmic-ray
✤ No accidentals!

1s-state in a muonic atom

nucleus
"-

Standard model

Muon decay in orbit (DIO)

Nuclear muon capture

Beyond standard model
!-e conversion

signal rate depends on the target material 
→  Discriminate physics model

Background Challenge

μ→eγ accidental Detector resolution

μN→eN beam, cosmic ray Beam quality

No accidental BG  → high beam intensity

current limit : 7×10-13 (SINDRUM II)
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Mu2e @ Fermilab

● Target single event sensitivity: 2.6×10-17 

● Fully funded 

● Construction ongoing 
● Physics data taking expected to start in ~2021

19
current limit : 7×10-13 (SINDRUM II)

W.Ootani, “Review of Experimental cLFV Searches”, Neutrino2016, Jul.4-9, 2016, South Kensington, London

Produc'on)Solenoid)
Detector)Solenoid)

Transport)Solenoid)

Produc'on)Target)
Tracker)

Calorimeter)

Proton)Beam)
Cosmic)Ray)Veto)not)shown)
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μ-N→e-N Mu2e@Fermilab

Chapter 2: Project Overview 

Mu2e Conceptual Design Report 

2-3 

Both Mu2e and g-2 require the ability to re-bunch beam in the Recycler Ring.  A new 
2.5 MHz RF system will divide batches of protons from the Booster into four smaller 
bunches that will be transferred one-at-a-time to the existing P1 line.  A new connection 
is required from the Recycler Ring to the P1 line, which currently connects to the Main 
Injector. A new extraction kicker is also required.  The RF system, Recycler to P1 
connection and the extraction kicker are part of the g-2 Project scope. 

Figure 2.1. Layout of the Mu2e facility (lower right) relative to the accelerator complex that will 
provide proton beam to the detector.  Protons are transported from the Booster through the MI-8 
beamline to the Recycler Ring where they will circulate while they are re-bunched by a new 2.5 
MHz RF system. The reformatted bunches are kicked into the P1 line and transported to the 
Debuncher Ring where they are slow extracted to the Mu2e detector through a new external 
beamline. 

• Target S.E.S.: 2.5×10-17 
• Existing Recycler and 

 Debuncher at Fermilab to be  
 used.  
(8GeV, 8kW, rebunched@1695ns)


• Compared with COMET

• S-shape transport solenoid 


• COMET: C-shape

• Muon stopping target in detector solenoid


• COMET: detector after electron transport 
solenoid → lower detector hit rate


• No conflict with NOvA experiment 

• COMET can’t share the beam with other 

experiments. 

• No phased approach 


• COMET: 3×10-15@phase-I (105days) 
→2.6×10-17@phase-II (1year)

Fermilab accelerator complex

W.Ootani, “Review of Experimental cLFV Searches”, Neutrino2016, Jul.4-9, 2016, South Kensington, London 26

μ-N→e-N Mu2e@Fermilab
A.Gaponenko, CLFV2016

• Civil construction underway 
• Advanced detector prototyping 
• Successful CD3c review 

recently.  
• Mu2e fully funded.


• Data taking expected to start 
in 2021

Mu2e building completed

Cold test of a TS module

Andrei Gaponenko 54 CLFV 2016

Solenoid cold test

COMET experiment, but instead low-momentum negatively-
charged particles are selected by an off-axis collimator
system in the middle of the transport solenoid and are drifted
back on-axis in the latter half of the transport solenoid with a
bend in the opposite direction.

The muon stopping target and the detector are placed in the
same straight solenoid in contrast to the COMET detector
where the signal electron is transported from the target to the
detector in a curved solenoid as described in the previous
section. The muon target is composed of 17 thin aluminium
disks of 200 µm each with an interval of 5 cm and the
stopping efficiency is estimated as high as about 0.5. The
radius of the target disk varies from 8.5 to 6.53 cm to
minimize the energy loss of the electron at the downstream
target disks. The front part of the detector solenoid where the
muon stopping target is located is designed to generate a
gradient magnetic field ranging from 2 to 1T to maximize the
collection efficiency for the signal electron. A thin conical
frustum made of polyethylene is inserted between the muon
target and the detector system to absorb protons coming from
the target, which would be a potential background source.
This kind of proton absorber is not necessary for the COMET
experiment with the curved transport solenoid between the
muon target and the detector. The detector system composed
of a tracker and a calorimeter is located in a uniform
magnetic field of 1 T generated by the second half of the
detector solenoid. The tracker, called “T-tracker”, is based on
a set of straw drift tubes aligned transversely to the magnet
axis (see Fig. 9). The tracker only covers a larger radius such
that the signal electron can reach the tracker, whereas most of
the low energy DIO electrons make turns at a smaller radius
without hitting the tracker. This would be crucial for a stable
operation of the tracker, which is in contrast to the COMET
tracker where the low energy particles can be removed in the
curved solenoid between the muon target and the detector.
The calorimeter based on two disks of fast inorganic
scintillator crystal array is located behind the tracker to
measure the energy and timing of the signal electrons.
Background events induced by cosmic-rays are reduced by
covering the detector solenoid with a passive shielding based
on concrete wall and an active veto shielding composed of
four layers of long scintillator strips. The active veto
shielding also covers the downstream side of the transport
solenoid.

Assuming the number of protons stopped on the target
of 3:6 ! 1020 and three years of data taking (DAQ time
of 2 ! 107 s=year), the expected single event sensitivity is
estimated to be 2:7 ! 10"17. The total number of background
events is estimated to be 0.4, mainly coming from DIO
electrons (0.20), anti-protons (0.10), cosmic ray (0.05), and
RPC (0.04). The expected upper limit sensitivity (90% C.L.)
is calculated to be 6 ! 10"17. The DOE CD-2=3b was
approved in March 2015 and the Mu2e collaboration is
working for the CD-3c approval to be ready for the
construction of the beamline and the detector. The beamline
and detector commissioning is scheduled to start in 2020 and
then the data taking is expected to begin in 2021.

2.3 DeeMe
DeeMe is another !"N ! e"N search experiment at

J-PARC.15) The main concept of the experiment is an earlier

start of the experiment using a simpler setup, but with a
moderate sensitivity compared to the other two !"N ! e"N
experiments described in the previous sections. The DeeMe
experiment will be carried out at a new beamline, H-Line,
under construction at the Muon Science Establishment
(MUSE) in the Material and Life Science Facility (MLF) at
J-PARC. The concept of the DeeMe experiment is illustrated
in Fig. 10. A 3GeV proton beam from the Rapid Cycling
Synchrotron (RCS) is brought to the DeeMe production
target. The produced pions decay to muons and then some of
the muons form muonic atoms in the production target. The
idea is to look for the electron from !"N ! e"N in the
muonic atom generated in the production target. The signal
electrons are transported to a magnet spectrometer based on
the PACMAN magnet borrowed from TRIUMF and four
MWPCs. Low momentum background particles are removed
mainly by dipole magnets in the beam transportation system.
The muonic capture rate depends on the target material. The
experiment will be started with the current graphite target to
reach the sensitivity of 1 ! 10"13 (SES) with a running time
of 2 ! 107 s at 1MW operation of RCS. The target will be
later on switched to SiC, whose muonic capture rate is six
times higher than that of graphite to improve the sensitivity
down to 1 ! 10"14 (SES) for 2 ! 107 s running time and
further go down to 5 ! 10"15 (SES) if the running time is
extended to 8 ! 107 s.

The capture solenoid was already installed and the other
part of the H-line is under construction. The construction of
the spectrometer will be done in parallel and the experiment
is expected to be started in 2016 at the earliest time as soon as
the beamline is ready.

3. !þ ! eþ"

!þ ! eþ" has been a leading channel in the experimental
searches for the muon cLFV as seen in Fig. 1. Since !þ !
eþ" is a two-body decay, the signal signature is quite simple.
In the rest frame of the muon, a photon and a positron from
!þ ! eþ" decay are emitted back-to-back with an energy

Fig. 9. (Color online) Mu2e tracker composed of straw drift tubes aligned
transverse to the solenoid axis. Cited from Ref. 14.

Fig. 10. (Color online) The conceptual layout of the DeeMe experiment.
Provided by M. Aoki.

J. Phys. Soc. Jpn. 85, xxxxxx (2016) Special Topics W. Ootani
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Steve Boi CRV at Mu2e experiment 

Tracker

12

C
hapter 4: O

verview
 of the M

u2e D
esign 

M
u2e C

onceptual D
esign R

eport 

4-15 

system
 w

ill be required for the electronics to m
aintain an appropriate operating 

tem
perature in vacuum

. 
 The tracker is designed to intercept only a sm

all fraction of the significant flux of 
electrons from

 m
uon decays-in-orbit. The vast m

ajority of electrons from
 m

uon decay in 
orbit are below

 60 M
eV

 in energy (Figure 3.4). O
nly electrons w

ith energies greater than 
about 53 M

eV
, representing a very sm

all fraction of the rate (about 3%
) w

ill be observed 
in the tracker. Low

er energy electrons w
ill curl in the field of the D

etector Solenoid and 
pass unobstructed through the hole in the center of the tracker. This is illustrated in 
Figure 4.12. 

Figure 4.12. C
ross sectional view

 of the M
u2e tracker w

ith the trajectories of a 105 M
eV

 
conversion electron (top) and a 53 M

eV
 M

ichel electron (low
er right) superim

posed. The disk in 
the center is the stopping target. Electrons w

ith energies sm
aller than 53 M

eV
 (low

er left), 
representing m

ost of the rate from
 m

uon decays-in-orbit, m
iss the tracker entirely. 

Tracker resolution is an im
portant com

ponent in determ
ining the level of several 

critical backgrounds. The tracker is required to have a high-side resolution of σ < 180 
keV

 [7]. The requirem
ent on the low

 side tail is less stringent since it sm
ears background 

aw
ay from

 the signal region w
hile a high-side tail sm

ears background into the signal 
region.  C

urrent sim
ulations indicate that the high side resolution of the M

u2e tracker can 
be w

ell represented by the sum
 of tw

o G
aussians. The high-side resolution, w

hich is the 
m

ost im
portant for distinguishing conversion electrons from

 backgrounds, has a core 
com

ponent sigm
a of 115 K

eV
/c, and a significant tail sigm

a of 176 K
eV

/c. The net 

The tracker 
Knoepfel - FPCP 2014 41 

•  End product has multiple modules with total of 23K straws 
•  Module rotations optimized to ensure maximum coverage 

3.3 m 

Low mass straw drift tubes 
5 mm diameter straws 

– 15 !m Mylar walls 
– Filled with 80/20 Ar/CO2 

25 !m gold-plated tungsten sense wires

100 Straws = Panel; 6 Panel = Plane; 2 Planes = Station; Tracker = 18 Station

3.3 m

Straw tube tracker

More Mu2e prototypes. . .

CRV

Transport solenoid

Calorimeter

Tracker

Andrei Gaponenko 53 CLFV 2016

Calorimeter prototype
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More Mu2e prototypes. . .

CRV

Transport solenoid

Calorimeter

Tracker

Andrei Gaponenko 53 CLFV 2016

Mu2e @ Fermilab 20

Prototype detectors
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COMET @ J-PARC 21
current limit : 7×10-13 (SINDRUM II)

● Phase I (C-shaped muon solenoid, muon target in the detector), 2018 or 2019 
● Single event sensitivity: 3.1×10-15 

● Phase II (Full apparatus shown above), 2021 
● Single event sensitivity: 2.5×10-17

COMET'Experiment'

Aug'5,'2016' M.J.Lee,'COMET'Phase5I,'ICHEP'2016' 4'
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•  1%year%DAQ%
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Background'measurement'

•  StrEcal'
–  Detector'for'Phase5II'
–  5'staDon'of'straw'detectors+'~2000'LYSO''

calorimeter'
•  Beam'measurement'program'at'Phase5I'

–  ParDcle'composiDon,'beam'profile'
–  1/1000'reduced'beam''

•  no'radiaDon'tolerance,'pile5up'issue.''
–  CyDet'rolls'out'and'StrEcal'installed''

Aug'5,'2016' M.J.Lee,'COMET'Phase5I,'ICHEP'2016' 13'

Position mm
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Si
gm

a 
um

0

50

100

150

200

250

300
Sigma vs Position for Ar/C2H6=50/50, 2000V

Position mm
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Ex
pe

ct
ed

 P
os

iti
on

 R
es

ol
ut

io
n 

um

0

50

100

150

200

250

300

Expected Position Resolution vs Position for Ar/C2H6=50/50, 2000V

Ideal Position Resolution
Timing Resolution Effect
Ideal & Timing Resolution
Track Position Resolution
Multiple Scattering
Total

Expected Position Resolution vs Position for Ar/C2H6=50/50, 2000V

Figure 11.37: Incident position dependence of the obtained spatial resolution, gas mixture =
Ar/C2H6(50/50), HV = 2000 V. (Left) Data, (Right) Garfield++ simulation

(Left) shows the incident position dependence of the obtained spatial resolution for for the gas2400

mixture of Ar/C2H6(50/50) and HV of 2000 V. Figure 11.37 (Right) shows the result from2401

the simulation by GARFIELD++. In the Section 11.2.3, two contributions are investigated, ie.2402

a fluctuation of the primary ionisation position and a di�usion e�ect of drift electron. Now2403

further detailed estimation is possible to take into account the other uncertainties such as tim-2404

ing resolution due to noise, tracking resolution, and the multipe scattering e�ect. Figure 11.372405

(Left) shows the expected spatial resolution simulated by GARFIELD++, where the green (open2406

circle) plot shows the ideal spatial resolution which is simulated in Figure 11.18. As shown in2407

both plots of Figure 11.37, the behavior of incident-position dependence is almost reproduced2408

in the simulation, thus the detector response is now well understood. Figure 11.38 shows the
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Figure 11.38: Incident position dependence of the obtained spatial resolution, gas mixture =
Ar/CO2(70/30), HV = 1900 V. (Left) Data, (Right) Garfield++ simulation

2409

same plots as Figure 11.37 but the tracker condition is di�erent; gas mixture of Ar/CO2(70/30)2410

and HV of 1900 V. In both gas mixtures, good enough spatial resolution, better than 200 µm,2411

over all the straw region is obtained.2412

2413

As described at the beginning of this section, inside the full-scale prototype can be evacuated2414

via vacuum ports whilst operating the straws as a stand-alone detector. Figure 11.39 (Left)2415

shows the straws viewing from outside the vacuum window. This photo was taken during2416

112

σ~180keV/c%

Figure 12.18: The measured energy resolution as a function of beam momentum, depending on the
beam particle impact position. The definition of the centre, border and corner area is shown in the
bottom-right figure, where the black solid line represents the 20 ◊ 20 mm2 central crystal and each
area is 10 mm square.

Figure 12.19: The measured position resolution as a function of beam momentum.

Figure 12.20: The measured position resolution as a function of beam momentum, depending on
the impact position (CENTER, BORDER and CORNER defined by Figure 12.18). ”NO CUT”
corresponds to the resolution without using the CENTER, BORDER and CORNER separation.
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σE/E~4.2%%

Y. Fujii @ CLFV2016

R&D Status

• Single crystal optimizations
• APD: 5×5mm

2
 → 10×10mm

2
, ×3 photon yield

• Wrapping: Teflon+Al-mylar → ESR+Teflon, ×1.3 photon yield
• Vacuum test using 8×8 prototype detector newly manufactured

• Reach ~1Pa vacuum level
• Two candidates

• Saint-Gobain and OXIDE, performance comparison ongoing
24
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}×4 better

CyDet'construcDon'

•  ConstrucDon'completed'June'
2016,'Cosmic'ray'test'from'
August'2016'

•  SpaDal'resoluDon'requirement'
200μm'can'be'possible'both'gas'
mixture'

Aug'5,'2016' M.J.Lee,'COMET'Phase5I,'ICHEP'2016' 9'

CDC Pictures
11OMET

on 31st Aug. 2015

June%2016%

Y. Fujii @ CLFV2016

CDC

• Cylindrical Drift Chamber
• Main tracker for Phase-I physics measurement

• All stereo wires enable to reconstruct 3D hit positions
• 20 layers consists of ~5,000 sense wires  + ~15,000 field 

wires
• Gas mixture, He:iC4H10=90:10 or He:C2H6=50:50

• Both gas mixtures show good performance
• Required momentum resolution, σp ~ 200 keV/c 

@p=105MeV/c, is achievable
• Mass production/test of readout boards done @IHEP

17

Position resolutions of CDC prototype obtained in the beam test @Spring-8

RECBE Board Mass Test @IHEP

Y. Fujii @ CLFV2016

Proton Monitor/Target
• Proton monitor

• Measure the beam profile/extinction in front of the capture solenoid
• Use the innovative diamond detector

• High radiation tolerance & Fast time response
• First beam test for diamond prototype is ongoing @J-PARC MR

• Clear signals synchronized with beam bunch observed
• Proton target

• Graphite(or SiC)/Tungsten target for Phase-I/Phase-II
• Geometry optimized to increase the stopping muon yields, 

R=13mm, L=700mm

13

Target prototype

Geometry of proton monitor

Diamond prototype detector

Scintillator signal 
inside beam pipe

Abort lin
e @J-PARC MR

Facility'/'Beams'
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Comparison : COMET vs. Mu2e
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COMET @J-PARC Mu2e @FNAL

COMET Phase-I : 
physics run 2017-
BR(μ+Al→e+Al)<7x10-15 @ 90%CL
  *8GeV-3.2kW proton beam, 12 days

      *90deg. bend solenoid, cylindrical detector

      *Background study for the phase2

COMET Phase-II : 
physics run 2019-
BR(μ+Al→e+Al)<6x10-17 @ 90%CL
 *8GeV-56kW proton beam, 2 years

 *180deg. bend solenoid, bend spectrometer,  

   transverse tracker+calorimeter

Mu2e : 
physics run 2019-
BR(μ+Al→e+Al)<7x10-17 @ 90%CL
 *8GeV-8kW proton beam, 3 years

 *2x90deg. S-shape bend solenoid, 

  straw tracker+calorimeter

COMET Phase-I COMET Phase-II

Y. Fujii @ CLFV2016
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Target prototype

Geometry of proton monitor
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τ cLFV

● NP prediction of BR is O(10-7–10-10) 

● Belle and Babar searches for ~50 channels of 
rare decays in tau pairs of O(109) 

● No excess of events 

● Upper limits in O(10-8)

22

W.Ootani, “Review of Experimental cLFV Searches”, Neutrino2016, Jul.4-9, 2016, South Kensington, London

• O(1011) τ-pairs will be collected by Belle II at 
SuperKEKB 

• Sensitivity 
• τ→μγ: O(10-(8-9))  BG dominated  
• τ→lll, τ→l+meson:  O(10-(9-10)) still clean

32

LFV τ Decays Prospects

M.Barrett, PoS(FPCP2015)049 

P
o
S
(
F
P
C
P
2
0
1
5
)
0
4
9

The Belle II Experiment Matthew Barrett

ments for the foreseeable future. Thus any observation of lepton flavour violation would be a clear
and unequivocal observation of New Physics. There are a number of New Physics models that pre-
dict LFV in t lepton decays with branching fractions as high as 10�10 to 10�7. Belle II could have
sensitivity to observe or see evidence of these decay modes should this New Physics enhancement
exist. Figure 4 shows the possible Belle II sensitivity for a number of t LFV modes. For most of
these modes the Belle II reach is obtained using a simple luminosity scaling from the Belle limits,
which assumes that these modes are background free; this assumption is not valid for t ! eg and
t ! µg , and these projections include the projections of the expected backgrounds.

Figure 4: Current limits for selected lepton flavour violating t lepton decays from the CLEO, BaBar, and
Belle collaborations, and projections of expected limits for Belle II after collecting 50ab�1.

5. Schedule and Commissioning

Beams will start circulating in SuperKEKB in 2016. There will be three phases in the com-
missioning and operation of Belle II.

• Phase 1: SuperKEKB commissioning without Belle II. A commissioning detector will be
used during this phase.

• Phase 2: Belle II will be rolled in, but without the inner vertex detectors.

• Phase 3: This phase will use the full Belle II detector proceeding to full operations.

Physics data taking with Belle II will start in 2018. The goal of Belle II is collect a data set with an
integrated luminosity of 50ab�1. Figure 5 shows how the instantaneous and integrated luminosity
of SuperKEKB/Belle II are projected to evolve over time.

6

● Belle II 

● Accelerator upgrade is finished 

● Full physics run expected to start in 2019 

● 50 ab-1 by 2023—2024 

● Expected sensitivity O(10-9–10-10)

Belle II Physics  /  Bryan Fulsom (PNNL)  /  ICHEP  /  2016-08-05 

Current Status and Schedule 

5 

Belle II Collaboration: ~700 members, ~100 institutions, 23 countries 
 
Phase 1 (complete) 

Accelerator commissioning 
 
Phase 2 (2017) 

First collisions 
Partial detector  
Background study 
Physics possible 

Phase 3 (“Run 1”) 
Nominal Belle II start 

Ultimate goal: 50 ab-1 

See: P. Lewis, Detector 05 Aug 09:20 

Total BaBar+Belle Luminosity 

KEKB Performance 

Belle II Goal 

SuperKEKB Goal 
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Daniel Troendle, Uni Hamburg, troendle@cern.ch

Search for H→μτ @ 13TeV!

18CMS-PAS-HIG-16-005

● Repetition of 8TeV H→μτ analysis: no change of 
strategy and kinematic cuts

● Slight excess of 8TeV analysis could not be 
confirmed so far, but also not excluded!

● Updated B(H→μτ) Limit: B(H→μτ)<1.2% 
observed (1.62% expected)

cLFV searches at LHC

● cLFV searches through decays of SM particles and 
new particles 

● H→μτ 

● 8 TeV data 

● best fit Br=0.84±0.39% (2.4σ excess) in CMS 

● no excess in ATLAS (Br < 1.43%) 

● 13 TeV data 

● no excess in CMS so far 

● Br < 1.2% (8 TeV best-fit value is not rejected) 

● No excess over the SM is seen so far in other 
channels (Atlas, CMS and LHCb) 

● Much more data coming in Run 2 and beyond

23

CLFV2016, Daniel Troendle
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Prospects 24

Lepton'Flavour'Viola0on'''''''''''''''''''''''''
George'Lafferty'(University'of'Manchester)' 7'

Trends'in'improvements'in'experimental'sensi0vity'to'LFV'

Based'on'slide'presented'by'Craig'Dukes'at'Tau'2010'

2020

Belle II

MEG II

DeeMe, 
COMET, Mu2e

Mu3e

PRISM/PRIME 

PIP II

NA62
MEG (2016)
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Conclusions

● Charged lepton flavor experiments are powerful probes into new physics 

● Many near-future experiments in the U.S., Europe and Asia have high 
potential to discover new physics in the next decade 

● It is important to measure many channels for discriminating new 
physics

25
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25

Big surprises may be hiding where we haven’t 
seen deeply enough yet
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Backup

26



    Ryu Sawada                                                                               Flavor Physics : Charged leptons                                                                           ICHEP 2016

MEG II Data Statistics 27

MEG I

0

12.5

25

37.5

50

2009 2010 2011 2012+2013

MEG II

k factor 
 = SES-1 (×1012)



    Ryu Sawada                                                                               Flavor Physics : Charged leptons                                                                           ICHEP 2016

MEG II expected performances 28

90

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
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● The target position and shape are measured by 
● Optical survey of cross marks 
● Positron data : hole position reconstruction 

● Approximation as paraboloid 
● 3D scanner 

● The position uncertainty (0.3—0.5 mm) and the 
deformation uncertainty (difference of the two 
measurements) included as a systematic 
uncertainty as nuisance parameter. 
● e.g. 0.5 mm position error ~ 4 mrad error in the eγ angle

True target

Target position error

Track angle error

Positron track

Target Alignment
Position & shape of the target are 
surveyed by 

“hole” reconstruction 

optical survey between the runs 

Non-planar deformation seems to 
have developed during the runs 

Effects not negligible for the 2012-13 
runs 

~0.3 mm uncertainty  

treated as nuisance parameters in 
likelihood analysis 

A few different target materials being 
studied for MEG II
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Probing New Physics 

Can probe mass scales way beyond direct reach 
of colliders 
 
Complementary to other CLFV searches  
(e.g. µ → eγ)  and direct searches at the LHC 
 

New Physics can enhance rate to observable values, either through 
loops or exchange of heavy intermediates particles 

See for example 
   Marciano, Mori, and Roney, Ann. Rev. Nucl. Sci. 58 
   M. Raidal et al, Eur.Phys.J.C57:13-182,2008  
   A. de Gouvêa, P. Vogel, arXiv:1303.4097 

Supersymmetry Heavy neutrino Two Higgs doublet 

Leptoquarks Compositness 
New heavy bosons /  
anomalous coupling 

Lo
op

s 
Co

nt
ac

t 
in

te
ra

ct
io

n 

loop contact 

After A. de Gouvêa, P. Vogel, arXiv:1303.4097 
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