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講演内容

与太話と物理 

MEG実験のコンセプト 

MEG実験の現状と展望 

MEG II 実験の準備状況 

将来のミューオンを使ったcLFV探索実験



History of MEG
• ~1990: LEPでSUSY GUTのヒント  

    陽子崩壊では難しいかも? 

• ~1995: SUSY GUTだとμ→eγ起こる  
    PSIへ行って研究会始める 

• 1998: LoIをPSIに提出 
     ニュートリノ振動でもμ→eγ 

• 1999: ProposalをPSIに提出、承認 

• 2002: 「MEG」Collaboration 発足 

• 2008: MEG実験データ取得開始 

• 2013: MEG II 実験 Proposal 承認； MEGデータ取得終了



Lepton Flavor Violation

• Lepton flavor is severely violated 
in neutrino oscillations 

• It must be violated in charged 
leptons !! (cLFV)

i.e. mixings between generations



Charged leptons  
should also mix flavors !

μ e

W

νi

...but practically no mixing

γ

neutrinos are too light

3�

32⇥

�����
X

i

U⇤
µi

✓
m2

�i

M2
W

◆
Uei

�����

2

 10�45 10�50



muon (g-2) anomaly

170 180 190 200 210

aµ
SM ! 1010 – 11659000

HMNT (06)

JN (09)

Davier et al, " (09)

Davier et al, e+e– w/o BaBar (09)

w/  BaBar (09)

HLMNT prelim. (09)

experiment

BNL
BNL (new from shift in #)

FIG. 9: Comparison of aµ from theory and experiment [2].

measurements at KLOE, BaBar and Belle together with the more precise determination of

R below 4-5 GeV from CLEO-c and BES-III. Experiments will start soon at VEPP-2000

now commissioning, which is a VEPP-2M upgrade up to
�

s=2 GeV with Lmax = 1032

cm�2s�1 [34]. We can estimate that by 2012 the accuracy of ahad,LO
µ will be improved from

4.0 · 10�10 by a factor of about 2 and the total error of 3.3 · 10�10 will be limited by the LBL

term (2.6 · 10�10).

Let us hope that progress of theory will allow a calculation of ahad
µ from first principles

(QCD, Lattice). One can mention here a new approach in the QCD instanton model [35] or

calculations on the lattice [36].

In conclusion, it should be emphasized once again that BNL success stimulated significant

progress of e+e� experiments and related theory. Improvement of e+e� data led to substan-

tial decrease of the ahad,LO
µ uncertainty. For the first time the accuracy of the theoretical

prediction is better than that of the experimental measurement. Future experiments as well

as development of theory should clarify whether the observed di�erence between aexp
µ and

29

> 3σ

muon’s anomalous magnetic moment
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muon (g-2) anomaly

Given that both ‘i ! ‘j! and !a" ! "g" # gSM" $=2 are
generated by dipole operators, it is natural to establish a
link between them. To this purpose, we recall the dominant
contribution to !a" is also provided by the chargino
exchange and can be written as
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with gc2"x; y$ defined as fc2"x; y$ in terms of

 gc2"a$ !
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"a# 1$3 : (18)

It is then straightforward to deduce the relation
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To understand the relative size of the correlation, in the
limit of degenerate SUSY spectrum we get
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A more detailed analysis of the stringent correlation be-

tween the ‘i ! ‘j! transitions and !a" in our scenario is
illustrated in Fig. 6. Since the loop functions for the two
processes are not identical, the correlation is not exactly a
line; however, it is clear that the two observables are
closely connected. We stress that the numerical results
shown in Fig. 6 have been obtained using the exact for-
mulas reported in Ref. [41] for the supersymmetric con-
tributions to both B"‘i ! ‘j!$ and !a" (the simplified
results in the mass-insertion approximations in Eqs. (15)–
(19) have been shown only for the sake of clarity). The
inner dark-gray (red) areas are the regions where the
B-physics constraints are fulfilled. In our scenario the
B-physics constraints put a lower bound on MH and there-
fore, through the funnel-region relation, also on M1;2 (see
Figs. 3 and 4). As a result, the allowed ranges for !a" and
B"‘i ! ‘j!$ are correspondingly lowered. A complemen-
tary illustration of the interplay of B-physics observables,
dark-matter constraints, !a", and LFV rates—within our
scenario—is shown in Fig. 7.9

The normalization j'12
LLj ! 10#4 used in Figs. 6 and 7

corresponds to the central value in Eq. (14) for c& ! 1 and
M&R

! 1012 GeV. This normalization can be regarded as a
rather natural (or even pessimistic) choice.10 As can be

FIG. 6 (color online). Expectations for B"" ! e!$ and B"( ! "!$ vs !a" ! "g" # gSM" $=2, assuming j'12
LLj ! 10#4 and j'23

LLj !
10#2. The plots have been obtained employing the following ranges: 300 GeV * M~‘ * 600 GeV, 200 GeV * M2 * 1000 GeV,
500 GeV * " * 1000 GeV, 10 * tan% * 50, and setting AU ! #1 TeV, M~q ! 1:5 TeV. Moreover, the GUT relations M2 ' 2M1

and M3 ' 6M1 are assumed. The inner (red) areas correspond to points within the funnel region which satisfy the B-physics
constraints listed in Sec. III B [B"Bs ! "%"#$< 8& 10#8, 1:01<RBs! < 1:24, 0:8<RB(& < 0:9, !MBs

! 17:35+ 0:25 ps#1].

9For comparison, a detailed study of LFV transitions imposing
dark-matter constraints—within the constrained MSSM with
right-handed neutrinos—can be found in Ref. [42].

10For M&R
, 1012 GeV other sources of LFV, such as the

quark-induced terms in grand unified theories cannot be ne-
glected [43]. As a result, in many realistic scenarios it is not
easy to suppress LFV entries in the slepton mass matrices below
the 10#4 level [38].

FLAVOR PHYSICS AT LARGE TAN % WITH A . . . PHYSICAL REVIEW D 75, 115019 (2007)

115019-9

G.Isidori et al. PRD75, 115019

There is a generic relation 
with BR(μ→eγ) : 

|δ LL
12 |= 10−4

|δ LL
12 |= 10−4 assumed here

60 T. Mori, W. Ootani / Progress in Particle and Nuclear Physics 79 (2014) 57–94

Fig. 3. A correlation between the branching ratio B(µ ! e� ) and the deviation of (gµ � 2), �aµ , assuming |�12
LL | = 10�4. The observed deviation

corresponds to B(µ ! e� ) ⇠ O(10�12). The red area indicates the region where B-physics constraints are satisfied. The upper limit on B(µ ! e� ) [7]
and the observed �aµ [16,17] are depicted in the original figure from [18]. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

and the other is a measurement of the Lamb shift of muonic hydrogen [15], the so-called ‘‘proton radius puzzle’’. The former
result seems to fit in well with expectations of TeV-scale new physics such as supersymmetry, while an interpretation of
the latter is still controversial and thus is not discussed here.

The present discrepancy between experiment and theory for aµ is about 3.6 � which is interesting but still not conclu-
sive [19]:

aexpµ = 116592089 ± 63 ⇥ 10�11, (2)

aSMµ = 116591802 ± 49 ⇥ 10�11, (3)

�aµ ⌘ aexpµ � aSMµ = 287 ± 63 ± 49 ⇥ 10�11, (4)

where the theory errors are dominated by the leading-order hadronic vacuum polarisation contribution and the hadronic
light-by-light scattering contribution and the experimental errors are still statistics dominant.

Both theoretical and experimental efforts to reduce the uncertainties and verify the discrepancy are underway. A new
experiment (E989) aiming at reducing the uncertainty by a factor of 4 is being prepared at Fermi National Accelerator
Laboratory (Fermilab), USA. It uses the same ‘‘magicmuonmomentum’’ technique to eliminate the electric field components
with the same 15 m diameter superconducting ring magnet as the previous experiment (E821) at Brookhaven National
Laboratory (BNL) which obtained the above result (2). E989 is scheduled to start data taking in 2016. In the mean time the
theoretical uncertainty is also expected to improve by a factor of 2. R&D for amore challenging experiment (J-PARC g-2/EDM)
that uses a novel ultra-cold muon beam is ongoing at Japan Proton Accelerator Research Complex (J-PARC), Japan. This
experiment intends to verify the discrepancy with a similar precision to E989 but with different experimental systematics.
It also aims at measuring the electric dipole moment (EDM) of muon with a precision of 10�20 e·cm.

The discrepancymight be due to additional loop contributions arising from some new physics, such as shown in Fig. 1(b)
but without flavour violation. Whatever new physics might lie behind the deviation, it should also contribute to the
amplitude of the cLFV processµ ! e� if cLFV couplings exist. For example, in a supersymmetric model discussed by Isidori
et al. [18], the branching ratio of µ ! e� is related to �aµ in the following form with an unknown overall normalisation
associated with cLFV couplings |�12

LL |:

B(µ ! e� ) ⇡ 10�4
✓

�aµ

200 ⇥ 10�11

◆2

|�12
LL |2. (5)

This relation between B(µ ! e� ) and �aµ is rather generic, not much dependent on new physics models. It is illustrated
in Fig. 3, where a naturally expected level of cLFV for GUT/seesawmodels, |�12

LL | = 10�4, is assumed [18]. In fact much of the
region consistent with this value was already excluded by the MEG experiment [7] as indicated in the Figure. Ongoing and

unknown cLFV constant
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corresponds to B(µ ! e� ) ⇠ O(10�12). The red area indicates the region where B-physics constraints are satisfied. The upper limit on B(µ ! e� ) [7]
and the observed �aµ [16,17] are depicted in the original figure from [18]. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

and the other is a measurement of the Lamb shift of muonic hydrogen [15], the so-called ‘‘proton radius puzzle’’. The former
result seems to fit in well with expectations of TeV-scale new physics such as supersymmetry, while an interpretation of
the latter is still controversial and thus is not discussed here.
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where the theory errors are dominated by the leading-order hadronic vacuum polarisation contribution and the hadronic
light-by-light scattering contribution and the experimental errors are still statistics dominant.

Both theoretical and experimental efforts to reduce the uncertainties and verify the discrepancy are underway. A new
experiment (E989) aiming at reducing the uncertainty by a factor of 4 is being prepared at Fermi National Accelerator
Laboratory (Fermilab), USA. It uses the same ‘‘magicmuonmomentum’’ technique to eliminate the electric field components
with the same 15 m diameter superconducting ring magnet as the previous experiment (E821) at Brookhaven National
Laboratory (BNL) which obtained the above result (2). E989 is scheduled to start data taking in 2016. In the mean time the
theoretical uncertainty is also expected to improve by a factor of 2. R&D for amore challenging experiment (J-PARC g-2/EDM)
that uses a novel ultra-cold muon beam is ongoing at Japan Proton Accelerator Research Complex (J-PARC), Japan. This
experiment intends to verify the discrepancy with a similar precision to E989 but with different experimental systematics.
It also aims at measuring the electric dipole moment (EDM) of muon with a precision of 10�20 e·cm.

The discrepancymight be due to additional loop contributions arising from some new physics, such as shown in Fig. 1(b)
but without flavour violation. Whatever new physics might lie behind the deviation, it should also contribute to the
amplitude of the cLFV processµ ! e� if cLFV couplings exist. For example, in a supersymmetric model discussed by Isidori
et al. [18], the branching ratio of µ ! e� is related to �aµ in the following form with an unknown overall normalisation
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Recent Progress in Particle Physics
• Discovery of “Higgs” 

• Higgs is light（125GeV） 
　→　Higgs is likely to be elementary  
　　　Good prospects for GUT/seesaw 

• Discovery of the third neutrino oscillation 

• Mixing is large（mixing angle ~9deg） 
　　　Large BR( μ→eγ ) expected

H H

H H

λ2/2

MH = λ v

Expectations rising high for cLFV searches



TeV scale physics strongly 
constrained by LHC

• But : 

• Particles not strongly 
interacting are NOT 
strongly constrained 

• Dark matter may relate 
to unknown TeV scale 
physics!

Example: pMSSM

cLFV Search is Complementary to LHC

not necessarily SUSY

sleptons, gauginos



Muon cLFV 
Sensitivity comparisons
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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 “four-fermion” tree terms  
which could strongly enhance

µ ! 3e

a caveat !



Muon cLFV History before MEGT. 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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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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The                    process
• clear 2-body kinematics 

• need positive muons to 
avoid formation of 
muonic atoms 

• high rate ~108/sec muon 
beam necessary to reach 
BR ~1013 

• accidental background 
limits the experiment  

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

µ+ ! e+�
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MEG 国際共同実験
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1.4MW Proton Cyclotron at PSI

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

The Unique Place for μ→eγ Search
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Production of World’s Highest Intensity Muon Beam



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+



solenoid

DC

μ+ beam emitted e+

uniform 
B-field

gradient 
B-field

Low energy positrons 
quickly swept out

Constant bending radius independent 
of emission angles

R

28 CHAPTER 3. Experimental Apparatus

Figure 3.7: Conceptual illustrations of the COBRA spectrometer compared with one
with a uniform magnetic field. (a) and (c) show trajectories of positrons emitted at 88◦.
The uniform field makes many turns inside the detector, whereas the gradient field sweep
the positron out of the detector much more quickly. (b) and (d) show trajectories of
mono-energetic positrons emitted at various angles. In the uniform field, the bending
radius depends on the emission angle, whereas it is independent in the gradient field.
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Figure 3.8: Rate of Michel positrons per cm2 per second as a function of radius assuming
muon decay rate of 3 × 107/sec.
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Drift Chambers

• 16 radially aligned 
modules, each consists 
of two staggered layers 
of wire planes 

• 12.5um thick cathode 
foils with a Vernier 
pattern structure 

• He:ethane = 50:50 
differential pressure 
control to COBRA He 
environment 

• ~2.0 x 10-3 X0 along the 
positron trajectory 

filled with He inside COBRA



• 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

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.

2.7t Liquid Xenon Photon Detector
High resolution detector



Energy = total light yield 
Position = light peak
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Pile-up Photon Removal
•Good position/timing 

resolutions enable to 
remove pile-up photons  

•All the PMTs are read out 
by waveform digitizers 
(DRS)  

•Events are not thrown 
away

before
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for this analysis 
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7% better efficiency



Absolute ữ Energy Calibration

•negative pions stopped in liquid 
hydrogen target 

•Tagging the other photon at 180o 
provides monochromatic photons 

•Dalitz decays were used to study 
positron-photon synchronization 
and time resolution

⇥�p� ⇥0n� ��n

R.Sawada  Mar.14, 2009 @ Epochal Tsukuba, Tsukuba, Japan

PMT Energy Time

LED
Alpha source (5.5 MeV)

AmBe (4.4MeV)
Li(p,γ)Be (17.6 MeV)
π0➞γγ (55, 83 MeV)
Cosmic ray (160 MeV)

B(p,γ) (4.4+11.7 MeV)
π0➞e+eγ (55-83 MeV)
Muon radiative deay
Cosmic ray (160 MeV)

Calibration

19

!"

55 MeV

83 MeV

Opening angle

π -+ p ➝ π0 + n

π0➝ γγ (55MeV, 83MeV)

LH2 target

Pion Charge EXchange (CEX)

BGO crystal array on a movable stand 
to tag the other photon

LH2 target

charge exchange reaction (CEX)

New higher 
resolution BGO 
array introduced to 
tag the other 
photon
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Monitor Eữ during Run
•sub-MeV proton beam from a 

dedicated Cockcroft-Walton 
accelerator are bombarded on 
Li2B4O7 target. 

•17.67MeV from 7Li 

•2 coincident photons (4.4, 11.6) 
MeV from 11B: synchronization of 
LXe and TC 

•Short runs two-three times a week

17.67MeV Li peak

remotely extendable  
beam pipe of  

CW proton beam  
(downstream of  
muon beam line)
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• Positron time 
measured by TC and 
corrected by ToF (DC 
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ToF to the conversion 
point 
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BG Eγ spectrum

Teγ resolution

Blind & Likelihood Analysis
• Blind analysis  

• Optimization of 
analysis and BG study 
are done in sidebands

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



• fully frequentist approach (Feldman & 
Cousins) with profile likelihood ratio 
ordering

Maximum Likelihood Fit

4

intervals on Nsig:

LRp(Nsig) =

maxNBG,NRMD L(Nsig, NBG, NRMD)

maxNsig,NBG,NRMD L(Nsig, NBG, NRMD)
.

Other, different analysis schemes were also used and
found to be fully compatible with the analysis presented
here.
In order to convert Nsig to 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) a selection that is 90% efficient on the signal is
applied to teγ and cosΘeγ respectively (|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 events with high signal likelihood are
numbered in a decreasing order of relative signal likeli-
hood, S/(fRR + fBB), fR = 0.1 and fB = 0.9 being the
fractions of the RMD and the BG measured in the side-
bands, respectively. High signal likelihood events were
thoroughly checked and found to be randomly distributed
in time and detector acceptance.
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FIG. 1: Event distribution in the analysis region of (a) Eγ vs
Ee and (b) teγ vs cosΘeγ for 2009 data and in (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 the same events in the two
plots are numbered correspondingly, by decreasing ranking in
terms of the relative signal likelihood, S/(fRR+ fBB).

The observed likelihood as a function of the branch-
ing ratio for 2009, 2010 and the combined data sample
is shown in Fig. 2 3. The analysis of the full data sam-
ple gives a 90% C.L. upper limit of 2.4 × 10−12, which
constitutes the most stringent limit on the existence 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 branching ra-
tio, 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-

3 These curves are not directly used to derive the upper limits
which are obtained in a full frequentist approach as described
above.

3

detector is based on the sum of the number of scintillation
photons detected by the PMTs; correction factors take
into account the different PMT geometrical acceptances.
Due to its geometry the detector response is not totally
uniform over its entrance window; this is corrected for
by using γ-lines from CW and CEX reactions. The ab-
solute energy scale and resolution at the signal energy
Eγ = 52.8MeV are determined by the CEX measure-
ment; the resolution σR, extracted from a Gaussian fit
to the right-hand side of the spectrum, depends also on
the depth (w) of the γ−ray conversion point from the en-
trance surface of the LXe detector: σR = 1.9%(w > 2 cm)
and 2.4%(w < 2 cm). The 3D-map of the measured res-
olutions is incorporated into the PDFs for the likelihood
analysis.
The photon energy scale and the resolutions are cross-

checked by fitting the background spectra measured in
the side-bands with the theoretical RMD spectrum folded
with the detector resolutions; the resolutions during the
run are well represented by the CEX evaluations and the
systematic uncertainty of the Eγ-scale is estimated to be
≃ 0.3%. Since MEG operates at a high beam intensity,
it is important to recognize and unfold pile-up photons.
For each event the spatial and temporal distributions of
the PMT charge are studied to identify photon pile-up
in the LXe detector; in case of positive identification,
corrections to the PMT charges are applied. Cosmic ray
events are rejected by applying topological cuts.
The position of the first interaction of the γ-ray in

the LXe detector is derived from the light distribution
measured by the PMTs close to the region of the energy
deposition by fitting the distribution with the expecta-
tion. The position resolution in the plane of the entrance
window is measured to be 5mm in a dedicated CEX run
with a lead slit-collimator placed in front of the LXe de-
tector, while the resolution along the depth w and the
position dependence of the resolutions are evaluated by
a Monte Carlo simulation.
The resolutions on the relative directions (θeγ , φeγ)

are derived by combining the relevant resolutions of
positrons and photons discussed above; the results are
14.5 (17.1)mrad for θeγ and 13.1 (14.0)mrad for φeγ .
The relative time teγ is derived from the two time mea-
surements by the LXe detector and the TC, after cor-
recting for the length of the particle flight-path. The
associated resolutions at the signal energy 146(122)ps
are evaluated from the RMD peak observed in the Eγ

side-band; a small correction takes into account the Eγ-
dependence measured in the CEX calibration runs. The
position of the RMD-peak corresponding to teγ = 0 was
monitored constantly during the physics data-taking pe-
riod and found to be stable to within 15 ps.
A likelihood analysis is carried out for events in a

portion of the blind region (analysis region) defined by
48 < Eγ < 58MeV, 50 < Ee < 56MeV, |teγ | < 0.7 ns,
|θeγ | < 50mrad and |φeγ | < 50mrad. These intervals in

the analysis variables are between five and twenty sig-
mas wide to fully contain the signal events and also re-
tain some background events. The best estimates of the
numbers of signal, RMD and accidental background (BG)
events in the analysis region are obtained by maximizing
the following likelihood function:

L (Nsig, NRMD, NBG) =

e−N

Nobs!
e
− 1

2
(NBG−⟨NBG⟩)2

σ2
BG e

− 1
2

(NRMD−⟨NRMD⟩)2

σ2
RMD ×

Nobs∏

i=1

(NsigS(x⃗i) +NRMDR(x⃗i) +NBGB(x⃗i)) ,

where x⃗i = {Eγ , Ee, teγ , θeγ ,φeγ} is the vector of ob-
servables for the i-th event, Nsig, NRMD and NBG are
the expected numbers of signal, RMD and BG events,
while S, R and B are their corresponding PDFs. N =
Nsig + NRMD + NBG and Nobs(= 311(645)) is the ob-
served total number of events in the analysis window.
⟨NRMD⟩(= 27.2(52.2)) and ⟨NBG⟩(= 270.9(610.8)) are
the numbers of RMD and BG events extrapolated from
the side-bands together with their uncertainties σRMD(=
2.8(6.0)) and σBG(= 8.3(12.6)), respectively.
The signal PDF S(x⃗i) is the product of the PDFs for

Ee, θeγ , φeγ and teγ , which are correlated variables, as
explained above, and the Eγ PDF. The PDFs properly
incorporate the measured resolutions and correlations
among Ee, θeγ , φeγ and teγ on an event-by-event basis.
The RMD PDF R(x⃗i) is the product of the same teγ-PDF
as that of the signal and the PDF of the other four cor-
related observables, which is formed by folding the the-
oretical spectrum with the detector response functions.
The BG PDF B(x⃗i) is the product of the five PDFs, each
of which is defined by the single background spectrum,
precisely measured in the side-bands. The dependence
of the resolutions on the position of the γ-ray interaction
point and on the positron tracking quality is taken into
account in the PDFs.
A full frequentist approach with a profile likelihood-

ratio ordering [20, 21] is used to compute the confidence
intervals on Nsig:

LRp(Nsig) =

maxNBG,NRMD L(Nsig, NBG, NRMD)

maxNsig,NBG,NRMD L(Nsig, NBG, NRMD)
.

Other, independent analysis schemes were also used and
found to be fully compatible with the analysis presented
here.
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

New: per-event PDFs introduced also for positrons  
→ sensitivity improvement by 10%
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muon (g-2) anomaly

Given that both ‘i ! ‘j! and !a" ! "g" # gSM" $=2 are
generated by dipole operators, it is natural to establish a
link between them. To this purpose, we recall the dominant
contribution to !a" is also provided by the chargino
exchange and can be written as
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with gc2"x; y$ defined as fc2"x; y$ in terms of
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It is then straightforward to deduce the relation
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To understand the relative size of the correlation, in the
limit of degenerate SUSY spectrum we get
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A more detailed analysis of the stringent correlation be-

tween the ‘i ! ‘j! transitions and !a" in our scenario is
illustrated in Fig. 6. Since the loop functions for the two
processes are not identical, the correlation is not exactly a
line; however, it is clear that the two observables are
closely connected. We stress that the numerical results
shown in Fig. 6 have been obtained using the exact for-
mulas reported in Ref. [41] for the supersymmetric con-
tributions to both B"‘i ! ‘j!$ and !a" (the simplified
results in the mass-insertion approximations in Eqs. (15)–
(19) have been shown only for the sake of clarity). The
inner dark-gray (red) areas are the regions where the
B-physics constraints are fulfilled. In our scenario the
B-physics constraints put a lower bound on MH and there-
fore, through the funnel-region relation, also on M1;2 (see
Figs. 3 and 4). As a result, the allowed ranges for !a" and
B"‘i ! ‘j!$ are correspondingly lowered. A complemen-
tary illustration of the interplay of B-physics observables,
dark-matter constraints, !a", and LFV rates—within our
scenario—is shown in Fig. 7.9

The normalization j'12
LLj ! 10#4 used in Figs. 6 and 7

corresponds to the central value in Eq. (14) for c& ! 1 and
M&R

! 1012 GeV. This normalization can be regarded as a
rather natural (or even pessimistic) choice.10 As can be

FIG. 6 (color online). Expectations for B"" ! e!$ and B"( ! "!$ vs !a" ! "g" # gSM" $=2, assuming j'12
LLj ! 10#4 and j'23

LLj !
10#2. The plots have been obtained employing the following ranges: 300 GeV * M~‘ * 600 GeV, 200 GeV * M2 * 1000 GeV,
500 GeV * " * 1000 GeV, 10 * tan% * 50, and setting AU ! #1 TeV, M~q ! 1:5 TeV. Moreover, the GUT relations M2 ' 2M1

and M3 ' 6M1 are assumed. The inner (red) areas correspond to points within the funnel region which satisfy the B-physics
constraints listed in Sec. III B [B"Bs ! "%"#$< 8& 10#8, 1:01<RBs! < 1:24, 0:8<RB(& < 0:9, !MBs

! 17:35+ 0:25 ps#1].

9For comparison, a detailed study of LFV transitions imposing
dark-matter constraints—within the constrained MSSM with
right-handed neutrinos—can be found in Ref. [42].

10For M&R
, 1012 GeV other sources of LFV, such as the

quark-induced terms in grand unified theories cannot be ne-
glected [43]. As a result, in many realistic scenarios it is not
easy to suppress LFV entries in the slepton mass matrices below
the 10#4 level [38].
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Given that both ‘i ! ‘j! and !a" ! "g" # gSM" $=2 are
generated by dipole operators, it is natural to establish a
link between them. To this purpose, we recall the dominant
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A more detailed analysis of the stringent correlation be-

tween the ‘i ! ‘j! transitions and !a" in our scenario is
illustrated in Fig. 6. Since the loop functions for the two
processes are not identical, the correlation is not exactly a
line; however, it is clear that the two observables are
closely connected. We stress that the numerical results
shown in Fig. 6 have been obtained using the exact for-
mulas reported in Ref. [41] for the supersymmetric con-
tributions to both B"‘i ! ‘j!$ and !a" (the simplified
results in the mass-insertion approximations in Eqs. (15)–
(19) have been shown only for the sake of clarity). The
inner dark-gray (red) areas are the regions where the
B-physics constraints are fulfilled. In our scenario the
B-physics constraints put a lower bound on MH and there-
fore, through the funnel-region relation, also on M1;2 (see
Figs. 3 and 4). As a result, the allowed ranges for !a" and
B"‘i ! ‘j!$ are correspondingly lowered. A complemen-
tary illustration of the interplay of B-physics observables,
dark-matter constraints, !a", and LFV rates—within our
scenario—is shown in Fig. 7.9

The normalization j'12
LLj ! 10#4 used in Figs. 6 and 7

corresponds to the central value in Eq. (14) for c& ! 1 and
M&R

! 1012 GeV. This normalization can be regarded as a
rather natural (or even pessimistic) choice.10 As can be

FIG. 6 (color online). Expectations for B"" ! e!$ and B"( ! "!$ vs !a" ! "g" # gSM" $=2, assuming j'12
LLj ! 10#4 and j'23

LLj !
10#2. The plots have been obtained employing the following ranges: 300 GeV * M~‘ * 600 GeV, 200 GeV * M2 * 1000 GeV,
500 GeV * " * 1000 GeV, 10 * tan% * 50, and setting AU ! #1 TeV, M~q ! 1:5 TeV. Moreover, the GUT relations M2 ' 2M1

and M3 ' 6M1 are assumed. The inner (red) areas correspond to points within the funnel region which satisfy the B-physics
constraints listed in Sec. III B [B"Bs ! "%"#$< 8& 10#8, 1:01<RBs! < 1:24, 0:8<RB(& < 0:9, !MBs

! 17:35+ 0:25 ps#1].

9For comparison, a detailed study of LFV transitions imposing
dark-matter constraints—within the constrained MSSM with
right-handed neutrinos—can be found in Ref. [42].

10For M&R
, 1012 GeV other sources of LFV, such as the

quark-induced terms in grand unified theories cannot be ne-
glected [43]. As a result, in many realistic scenarios it is not
easy to suppress LFV entries in the slepton mass matrices below
the 10#4 level [38].
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Given that both ‘i ! ‘j! and !a" ! "g" # gSM" $=2 are
generated by dipole operators, it is natural to establish a
link between them. To this purpose, we recall the dominant
contribution to !a" is also provided by the chargino
exchange and can be written as
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A more detailed analysis of the stringent correlation be-

tween the ‘i ! ‘j! transitions and !a" in our scenario is
illustrated in Fig. 6. Since the loop functions for the two
processes are not identical, the correlation is not exactly a
line; however, it is clear that the two observables are
closely connected. We stress that the numerical results
shown in Fig. 6 have been obtained using the exact for-
mulas reported in Ref. [41] for the supersymmetric con-
tributions to both B"‘i ! ‘j!$ and !a" (the simplified
results in the mass-insertion approximations in Eqs. (15)–
(19) have been shown only for the sake of clarity). The
inner dark-gray (red) areas are the regions where the
B-physics constraints are fulfilled. In our scenario the
B-physics constraints put a lower bound on MH and there-
fore, through the funnel-region relation, also on M1;2 (see
Figs. 3 and 4). As a result, the allowed ranges for !a" and
B"‘i ! ‘j!$ are correspondingly lowered. A complemen-
tary illustration of the interplay of B-physics observables,
dark-matter constraints, !a", and LFV rates—within our
scenario—is shown in Fig. 7.9

The normalization j'12
LLj ! 10#4 used in Figs. 6 and 7

corresponds to the central value in Eq. (14) for c& ! 1 and
M&R

! 1012 GeV. This normalization can be regarded as a
rather natural (or even pessimistic) choice.10 As can be

FIG. 6 (color online). Expectations for B"" ! e!$ and B"( ! "!$ vs !a" ! "g" # gSM" $=2, assuming j'12
LLj ! 10#4 and j'23

LLj !
10#2. The plots have been obtained employing the following ranges: 300 GeV * M~‘ * 600 GeV, 200 GeV * M2 * 1000 GeV,
500 GeV * " * 1000 GeV, 10 * tan% * 50, and setting AU ! #1 TeV, M~q ! 1:5 TeV. Moreover, the GUT relations M2 ' 2M1

and M3 ' 6M1 are assumed. The inner (red) areas correspond to points within the funnel region which satisfy the B-physics
constraints listed in Sec. III B [B"Bs ! "%"#$< 8& 10#8, 1:01<RBs! < 1:24, 0:8<RB(& < 0:9, !MBs

! 17:35+ 0:25 ps#1].

9For comparison, a detailed study of LFV transitions imposing
dark-matter constraints—within the constrained MSSM with
right-handed neutrinos—can be found in Ref. [42].

10For M&R
, 1012 GeV other sources of LFV, such as the

quark-induced terms in grand unified theories cannot be ne-
glected [43]. As a result, in many realistic scenarios it is not
easy to suppress LFV entries in the slepton mass matrices below
the 10#4 level [38].
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Where we stand nowT. 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”-equiv BRs
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sensitivity 
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~Half data analyzed

Improved analysis will be applied to all data
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New data Data taking finished in summer 2013

2009-2011 sensitivity!
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Other physics results



Radiative Muon Decays

• Important check of 
μ→eữ analysis 

• BG, calibration, 
normalization 

• Close to kinematical 
edge w/ polarization 
~89% 

• sensitive to BSM 

• determine Michel 
parameters: ỷ, ₫

to be published soon

z 2009+2010 

Projected Distributions 

2/20/2012 MEG review meeting 7 

P=0.89 
P=0 

Normalized to Michel positrons 
Gray bands show systematic (diagonal elements) 

z Event selection 
� Tracking quality (uncert, chi2) of 

track fitting (Kalman filter) 
� Matching with TC hits in space & 

time 
� Originating at target 
� Cosmic-ray cut in LXe 
� They are identical to those for 
𝜇 → 𝑒𝛾 search 

z Measure number of RMD with fit to 
time distribution 
� no assumption on energy and 

angle distribution 
� high timing resolution of MEG 

enables it 

Counting RMD events 

2/20/2012 MEG review meeting 6 



Comparisons 

2/20/2012 MEG review meeting 9 

PDG 

Preliminary 

Preliminary 

PDG 

BRexp/BRtheo  
 = 0.98 ± 0.09 

likelihood fit 
in P→eJ search 
(spectrum assumed) 

z Ratio to theory (SM) 
 

No  definition  of  ʻ‘totalʼ’  BR 
(infrared divergent) 
BR in limited phase space 



Exotics
• μ→eφ, φ→ữữ 

• light, long-lived 
pseudo scalar 

• first search 

• expected 90% UL  
10-11ｰ10-10 for 
2009+2010 data 

• μ→eJ (Majoron) 

• TWIST result (not 
published) 
< 6.7ₒ10-5

μ→eφ, φ→γγ search

11/ Oct./2011 Hiroaki Natori

Event example(MC, Mφ=20MeV)

Search for μ+→e+J

✤ Majoron
✤ Massless Goldstone boson appeared in models with spontaneous 

breaking of lepton number
✤ Possibility to search using MEG data for two-body muon decay with 

Majoron, !→eJ, in SUSY model with spontaneous R-parity violation 
using is being investigated.
✤ Potentially complementary to accelerator search

✤ Previous search by TWIST
✤ BR(!→eJ) < 6.7×10-5 @90% C.L. (for A=-1)

(no publication, only conference presentation)

Possible signature in positron spectrum

Status  and Prospects of Physics Analysis

34

μ→eφ, φ→ữữ



MEG II Experiment

better uniformity w/ 
VUV-sensitive 

12x12mm2 SiPM

single-volume He:iC4H10  
small stereo cells

30ps resolution 
w/ multiple hits

full available  
intensity 
7x107/s

further reduction 
of radiative BG

x2 resolution everywhere
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MEG II

Major upgrade of the experiment for 10 times higher sensitivity.!

Upgrade concept!

Double beam intensity!

Double detector efficiency!

Factor ~30 background suppression!

Improved detector resolutions!

Possibility to add a new detector to identify background events!

Start the new experiment from 2016

10

→ full intensity of available μ beam



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.

higher uniformity → higher resolutions
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Calorimeter upgrade concept

Improved layout of PMTs!
Replace 2” PMTs on inner 
face with newly developed 
VUV-sensitive SiPMS
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computer graphics

12×12 mm2 MPPC 
~ 4000 ch

2 inch PMT 
216 ch

Factor 2 better energy and position resolutions 
10% higher efficiency

shallow / deep events!
(d = 2cm)

horizontal / vertical
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face with newly developed 
VUV-sensitive SiPMS
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Present Upgraded

computer graphics

12×12 mm2 MPPC 
~ 4000 ch

2 inch PMT 
216 ch

Present Upgraded

Energy 
resolution [%] 2.4 / 1.7 1.1 / 1.0

Position 
resolution [mm] 5 / 5 2.6 / 2.2

Detection 
Efficiency 63 69 Factor 2 better energy and position resolutions 

10% higher efficiency

shallow / deep events!
(d = 2cm)

horizontal / vertical

LXe Photon Detector



LXe Photon Detector

VUV-sensitive 12x12mm2 SiPM (MPPC) to test at 
low temperature inside “large prototype” cryostat

Assembled  
detector 
will move  

to πE5 area  
at the end of 

this year 
Liquefaction, 

tests, purification, 
& calibration 
will continue  
at πE5 area 

until it gets ready 
by summer 2016
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New	
  e+	
  Tracker
Single-­‐volume	
  drift	
  chamber

p 2-­‐m	
  long,	
  stereo	
  wire,	
  low	
  mass	
  chamber	
  
◆ 1200	
  sense	
  wires,	
  8°	
  stereo	
  angle	
  
◆ 1.7×10-­‐3	
  X0	
  per	
  track	
  
p Higher	
  transparency	
  to	
  timing	
  counter	
  
◆ Double	
  the	
  detection	
  efficiency	
  
◆ Precise	
  reconstruction	
  of	
  path	
  length	
  

(higher	
  timing	
  resolution)

pArray  many  fast  plastic  scintillator  
counters  

pHigh  resolution  with  multiple  
counters  hit    

Pixelated  timing  counterHelium-­‐base	
  gas

Thinner  μ-‐‑‒stop  target  
p 200  →  140  μm  
pOr,  make  it  active  with  
scintillator  fibers  (option)

Thinner  μ-‐‑‒stop  target  
p 200  →  140  μm  
pOr,  make  it  active  with  
scintillator  fibers  (option)
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counter

Track	
  up	
  to	
  just	
  before	
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No	
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  way.



Drift Chamber
Successful studies (ageing OK w/ 3 yr operation, single cell 
106um resolution, etc) & detailed designs finished 

Construction started: wiring machine, assembly machine, FE 
electronics, etc 

Partially wired “Mock-up Chamber” w/ HV & gas system delivered 
to PSI in July for mechanical integration & operational tests

wiring machine

assembly machine



� New TC = pixelated TC 

2015/Feb/9 @ PSI BVR Yusuke UCHIYAMA/ The University of Tokyo 

12 cm 

4
 o

r 5
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m
 

� 256×2 small counters 
� Readout by SiPMs 
� σ ~ 30 ps with multi-hits 

Timing Counter



Timing Counter
~30psec resolution demonstrated under ~MEG II conditions 

Michel & laser calibration developed very promising 

Downstream TC should be ready @πE5 this autumn 

various tests (mechanics, electronics, calibration) foreseen 

Michel decay measurements at end 2015 indispensable

• To test new items 
– final counter config. 
– final SiPM 
– final cable 
– back-plane prototype 

• Carried out 2 beam tests 
– at BTF w/ monochromatic e+ 

– at PSI πE5 w/ high-rate Michel 
e+ and Mott scattered e+ 

2015/Feb/9 @ PSI BVR Yusuke UCHIYAMA/ The University of Tokyo 

@ LNF BTF 

@ PSI πE5 

48 MeV/c 
e+ 

28 MeV/c μ+/e+ 

or 53 MeV/c e+ 

Michel e+ 

or Mott scat. e+ 



Mechanical integrity & functionality of MEG II design will 
be thoroughly checked this year

upstream connection to BTS

downstream insertion system

DC insertion

TC insertion

target system

He / He-iC4H10 gas system

Indispensable step for successful start-up in 2016



Trigger, DAQ & Computing
Innovative solution for Trigger+DAQ 

WaveDREAM Board + Trigger Concentrator Board 

can handle expected trigger rate of ~30 Hz 

e
+
 track based second level trigger to reduce rate by 2 

“Software Trigger” consisting of multiple PCs under consideration to reduce data volume 

A single full crate (256 channels) available in Sep-Oct for pre-engineering run  

Complete system will be ready at the beginning of 2016

Paul Scherrer Institut, 09-02-2015 L. Galli, INFN Pisa

Performance
• DRS

• read out with 14-bit 100 MHz ADC 
• larger bit range

• better charge resolution expected

• refined synchronisation
• order 15 ps electronic contribution to time resolution

• it was ~40 ps in MEG

• DAQ
• event read out with Gb serial links

• dead time <= 1 ms (it was 25 ms in MEG)
• expected trigger rate: 30 Hz - OK

• trigger efficiency close to 100%
• *track-based second level trigger for a factor two rate 

reduction
• on FPGA

• on CPU 
• check and training with real data

• offline discussed in Sawada’s talk

20

MEGII goal

MEG MEG II

beam rate 3x10^7 7x10^7

# channels ~3500 ~10000

DAQ rate 10 Hz 30 Hz*

DAQ eff >95% >95%

Paul Scherrer Institut, 09-02-2015 L. Galli, INFN Pisa

The first prototype

8

Paul Scherrer Institut, 09-02-2015 L. Galli, INFN Pisa

WaveDREAM board prototype

9



Optional Detectors

MEG-TN089

1 Introduction

Radiative Decay Counter (RDC) is being developed as an optional detector to improve the
sensitivity of MEG II further by identifying gamma rays from the radiative muon decay (RMD:
µ+ ! e+nµneg). Because of the higher beam rate and the better detector resolutions of MEG II
than MEG, the fraction of the accidental background over the total physics background will be
higher than MEG. The background gamma rays are generated either from the RMD or the AIF
dominantly. The fraction is about 50:50% in the analysis region in MEG, while the fraction of
RMD will be higher in MEG II because the material of the tracker will be less and the branching
ratio of the AIF will be lower. Moreover, the rate of the AIF could be reduced further by
analysis [1]1. Identifying the RMD gamma rays, which can mimic signals by coinciding with
positrons, will therefore play a significant role to improve the sensitivity of MEG II further.

Figure 1: Schematic view the MEG II detector including the RDC. The RDC detectors will
be placed on the beam axis on both upstream and downstream sides. A dashed red line shows
a track of a high momentum positron from a Michel decay accidentally overlapped with a
high-energy gamma ray from RMD those make a fake µ+ ! e+g signal.

The basic idea to identify RMD is to detect low momentum positrons (2–5 MeV typically)
coinciding with high-energy gamma rays (>48 MeV) as shown in Fig. 1. From a simulation
study, it was found that 83% of gamma rays from RMD (or 54% of the total background gamma
rays) can be identified with using the RDC when the energy deposit in the LXe detector is larger
than 48 MeV and both the upstream and downstream RDC are used.

1Feasibility to apply the analysis on MEG II data is not confirmed yet.

1

Radiative Decay Counter (RDC)

4

Upstream (US)

• 250 μm thick, 18 cm long plastic fibers

• <720 fibers.  Up to 64 fibers are bundled and read 
by two SiPMs at the both ends

Downstream (DS)

• 10 scintillation bars (0.5 cm thick, up to 18 cm long) 
for time measurement

• 76 scintillator crystals (2 × 2 × 2 cm, LYSO) for 
measuring energy to reduce Michel accidental hits.

MEG-TN089

Table 1: Scintillation properties of several inorganic scintillators.

Properties NaI(Tl) BGO LSO GSO LYSO
Density (g/cm3) 3.67 7.13 7.40 6.71 7.1
Attenuation length (cm) 2.6 1.11 1.14 1.38 1.12
Decay time (ns) 230 300 40 30–60 41
Wave length (nm) 415 480 420 430 420
Relative light yield 100 7–12 40–75 20 70–80

2 Detector design

The upstream RDC detector is made of plastic scintillation fibers, and the downstream detector
consists of the plastic scintillator and crystal counters.

The DS RDC detector consists of ten plastic scintillation (PS) counters and 76 LYSO crys-
tals. It covers the radius of 9 cm to detect positrons from the RMD efficiently. The maximum
length of the PS is 18 cm. The width of PS counters are 2 cm except for the two central counters
whose width is the half of others for reducing the occupancy. Two or three MPPCs are directly
attached on each side of the counters. The MPPCs are connected in series.

The size of the LYSO crystal is 2⇥ 2⇥ 2 cm3, which is large enough to detect positrons
from the RMD with high energy gamma ray. On the back side of each LYSO crystal, a 3⇥3 mm
MPPC is attached. Because the light yield of LYSO is high, 25 µm pitch MPPCs are used to
avoid the degradation of the resolution due to the SiPM saturation.

(a) Upstream detector (b) Downstream detector

Figure 3: RDC detector

The shape of the US RDC can be rectangular as shown in Fig. 3 or similar to the plastic
scintillator part of the DS detector. The active area of the US RDC covers the radius of 18 cm.
On the planer active area, there is a single layer of 704 scintillation fibers with 250 µm thick-
ness. On the both edges, sixty four fibers are bundled into 2 mm2 square and read by 3 mm2
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Positron and muon detection

• Able to detect both e+ and μ+ 

• Very clear separation between e+ and μ+ 
• The data are reproduced by the MC simulation

e+

 μ+

Nphe = Normalized Charge 
(Channel1 + Channel2)

Amplitude Channel1

e+

 μ+
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The Prototype v. 4 

• SiPM soldered on PCB
• < 300 um SiPM-fiber alignment precision

Fiber assembly 
(Lateral view):

5

Detail: 
SiPM-groove alignemet

SiPM array

Radiative Decay Counter (RDC)

Active Target (ATAR)
• single-layer 250um fibers 
• successful R&D 
• risks for higher background 
• mechanical issues 
• useful for beam tuning 
• technology for upstream RDC

• effects on 
stopping muons 
needs to be 
checked 

• pileup study

protptype v4



Optional Detectors

MEG-TN089

1 Introduction

Radiative Decay Counter (RDC) is being developed as an optional detector to improve the
sensitivity of MEG II further by identifying gamma rays from the radiative muon decay (RMD:
µ+ ! e+nµneg). Because of the higher beam rate and the better detector resolutions of MEG II
than MEG, the fraction of the accidental background over the total physics background will be
higher than MEG. The background gamma rays are generated either from the RMD or the AIF
dominantly. The fraction is about 50:50% in the analysis region in MEG, while the fraction of
RMD will be higher in MEG II because the material of the tracker will be less and the branching
ratio of the AIF will be lower. Moreover, the rate of the AIF could be reduced further by
analysis [1]1. Identifying the RMD gamma rays, which can mimic signals by coinciding with
positrons, will therefore play a significant role to improve the sensitivity of MEG II further.

Figure 1: Schematic view the MEG II detector including the RDC. The RDC detectors will
be placed on the beam axis on both upstream and downstream sides. A dashed red line shows
a track of a high momentum positron from a Michel decay accidentally overlapped with a
high-energy gamma ray from RMD those make a fake µ+ ! e+g signal.

The basic idea to identify RMD is to detect low momentum positrons (2–5 MeV typically)
coinciding with high-energy gamma rays (>48 MeV) as shown in Fig. 1. From a simulation
study, it was found that 83% of gamma rays from RMD (or 54% of the total background gamma
rays) can be identified with using the RDC when the energy deposit in the LXe detector is larger
than 48 MeV and both the upstream and downstream RDC are used.

1Feasibility to apply the analysis on MEG II data is not confirmed yet.
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Upstream (US)

• 250 μm thick, 18 cm long plastic fibers

• <720 fibers.  Up to 64 fibers are bundled and read 
by two SiPMs at the both ends

Downstream (DS)

• 10 scintillation bars (0.5 cm thick, up to 18 cm long) 
for time measurement

• 76 scintillator crystals (2 × 2 × 2 cm, LYSO) for 
measuring energy to reduce Michel accidental hits.
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Table 1: Scintillation properties of several inorganic scintillators.

Properties NaI(Tl) BGO LSO GSO LYSO
Density (g/cm3) 3.67 7.13 7.40 6.71 7.1
Attenuation length (cm) 2.6 1.11 1.14 1.38 1.12
Decay time (ns) 230 300 40 30–60 41
Wave length (nm) 415 480 420 430 420
Relative light yield 100 7–12 40–75 20 70–80

2 Detector design

The upstream RDC detector is made of plastic scintillation fibers, and the downstream detector
consists of the plastic scintillator and crystal counters.

The DS RDC detector consists of ten plastic scintillation (PS) counters and 76 LYSO crys-
tals. It covers the radius of 9 cm to detect positrons from the RMD efficiently. The maximum
length of the PS is 18 cm. The width of PS counters are 2 cm except for the two central counters
whose width is the half of others for reducing the occupancy. Two or three MPPCs are directly
attached on each side of the counters. The MPPCs are connected in series.

The size of the LYSO crystal is 2⇥ 2⇥ 2 cm3, which is large enough to detect positrons
from the RMD with high energy gamma ray. On the back side of each LYSO crystal, a 3⇥3 mm
MPPC is attached. Because the light yield of LYSO is high, 25 µm pitch MPPCs are used to
avoid the degradation of the resolution due to the SiPM saturation.

(a) Upstream detector (b) Downstream detector

Figure 3: RDC detector

The shape of the US RDC can be rectangular as shown in Fig. 3 or similar to the plastic
scintillator part of the DS detector. The active area of the US RDC covers the radius of 18 cm.
On the planer active area, there is a single layer of 704 scintillation fibers with 250 µm thick-
ness. On the both edges, sixty four fibers are bundled into 2 mm2 square and read by 3 mm2
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Positron and muon detection

• Able to detect both e+ and μ+ 

• Very clear separation between e+ and μ+ 
• The data are reproduced by the MC simulation
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The Prototype v. 4 

• SiPM soldered on PCB
• < 300 um SiPM-fiber alignment precision

Fiber assembly 
(Lateral view):

5

Detail: 
SiPM-groove alignemet

SiPM array

Radiative Decay Counter (RDC)

Active Target (ATAR)
• single-layer 250um fibers 
• successful R&D 
• risks for higher background 
• mechanical issues 
• useful for beam tuning 
• technology for upstream RDC

Adopted! 
+16% sensitivity

• effects on 
stopping muons 
needs to be 
checked 

• pileup study

protptype v4



Schedule towards MEG II Run
Pre-Engineering Run in 2015 & Engineering Run followed 
by ~120 day Data Taking Run in 2016 

Pre-Engineering Run in 2015 will allow to test mechanical 
integrity, fully optimize beam with new target + degrader, 
and test particularly downstream TC w/ Michel e+s 

MEG2016EngRun-v1.igx

SEPT.  -  OCT.  - NOV. -  DEC. JULY       -    AUGUSTMAY      -       JUNE  JAN. - FEB. -  MAR. -  APRIL

1st - 15th 16th - 30th 16th - 31st 16th - 31st1st - 31st 1st - 28th

2016 Setup & Engineering Run 
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            Starting Dates
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MEG II performance
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XI. FINAL SENSITIVITY

The evaluation of the upgraded MEG experiment sensitivity is obtained by using the maximum likelihood analysis technique
developed to extract the upper limit (UL) at 90% CL on the BR(µ ! e�) in MEG data analysis [1]. This technique is more
e�cient and reliable than a simple box analysis, since all types of background are correctly folded in the global likelihood
function and taken into account with their own statistical weight.

An ensemble of simulated experiments (toy MC) is created from the probability density functions (PDF) 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 re-
duces 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 5.5 ⇥ 107 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 detector resolutions and e�ciencies is summarized in Tab. VIII and compared with present MEG
performances. The e�ciency of the positron reconstruction is highly improved with respect to the current MEG detector, thanks
to the high e�ciency of the tracking system (close to 1) and to the optimized relative position of the tracker and the Timing
Counter.

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

PDF parameters Present MEG Upgrade scenario

�Ee+
(keV) 380 110

e+ �✓ (mrad) 9 5
e+ �� (mrad) 11 5
e+ �Z / �Y (core) (mm) 2.0/1.0 1.2/0.7
�E�
E�

(%) w>2 cm 1.6 1.0

� position at LXe �(u,v)-�w (mm) 4 2
�-e+ timing (ps) 120 80
E�ciency (%)
trigger ⇡ 99 ⇡ 99
� reconstruction 60 60
e+ reconstruction 40 95
event selection 80 85

As an example we show in Fig. 63 the E� PDF for signal and accidental background events, as simulated in toy MC. The
expected improvement for the upgrade scenario is visible in comparing these PDF (in blue) with the 2010 MEG data PDF
(in black). In the E� background PDF various contributions are taken into account: radiative muon decay (RMD), photons
from positron annihilation in flight (AIF), or from bremsstrahlung on materials in the detector, pile-up events and resolution
e↵ects. The new configuration of the cylindrical drift chamber, with a smaller amount of material close to the electromagnetic
calorimeter, reduces the AIF contribution, which is dominant for photon energies > 52 MeV, of about 20% with respect to the
present MEG detector. The combined e↵ect of the increased resolution and of the lower high energy background is clearly
visible in the right side of Fig. 63.

The toy MCs are generated assuming zero signal events and an average number of radiative and accidental events obtained
by extrapolating the previous years results and taking into account the new detector performances. The number of radiative and
accidental events is then left free to fluctuate, according to Poisson statistics. All toy MCs are fit with the likelihood analysis
procedure and an UL on the number of signal events is determined for each of them; this value is then converted to an UL on
BR(µ ! e�) by using the appropriate normalization factor. We define as sensitivity the median of the distribution of the UL
obtained on the toy MCs.

In Fig. 64 we show the evolution of the sensitivity as a function of the DAQ time (in weeks). With a muon stopping rate
on target of 5.5 ⇥ 107 per second and a target thickness of 140 µm and assuming 180 DAQ days per year, we can reach a final
sensitivity of (5 ÷ 6) ⇥ 10�14 in 3 years of running. We note that this result can be regarded as conservative since the number
of DAQ days per year could be even higher, if the detector start-up procedures are fast (⇠ 2 ÷ 3 weeks per year). Moreover,
we are considering an active shield against accidental background of a gamma-ray from RMD and a Michel positron, which
could identify 70% of this background. Further studies are needed to take into account the compatibility with the upgrade beam
configuration.

   Ryu Sawada                                   21–26  July, Manchester, England                                   SUSY2014
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where MEG II will reachT. 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”-equiv BRs

SINDRUM
1×10-12 SINDRUM II 

7×10-13 

MEG II
~4×10-14 

MEG
5.7×10-13 



Mu3e - Enabling Technology
• No experiment since ~a 

quarter century 

• Precision reconstruction of 
3-body decay μ→3e in high 
rate environment of 2x109 
muons/sec sounds 
daunting. 

• Scattering & E loss 
dominate — Minimum 
material required for O(10 
MeV) tracking. 

• HV-MAPS: < 50μm possible, 
Advanced R&D underway

Niklaus Berger – Lepton Moments 2014 – Slide 21

2 Billion Muon Decays/s
50 ns, 1 Tesla field

Niklaus Berger – Lepton Moments 2014 – Slide 31

Niklaus Berger – Lepton Moments 2014 – Slide 23

High voltage monolithic active pixel  
sensors

• Use a high voltage commercial  
process (automotive industry)

• Small active region, fast charge  
collection via drift

• Implement logic directly in N-well in the 
pixel - smart diode array

• Can be thinned down to < 50 μm

• Logic on chip: Output are  
zero-suppressed hit addresses and  
timestamps  
 
(I.Peric, P. Fischer et al., NIM A 582 (2007) 876 )

Fast and thin sensors: HV-MAPS

P-substrate

N-well

Particle

E field
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SINQ Target 

SINQ Target 

• Source Characteristics 
 

          Detailed study shows muon  

          50% survival length λ50 ~ 80 mm  

 Î Requires front-end capture element  

       just below target 

• SINQ Beam Line Constraints 
 

          SINQ Beam-pipe diameter constrained 

          by moderator tank dia. = 220 mm 

 Î Front-end Toroidal/Solenoidal capture 

       efficiency not sufficient to meet baseline 

       intensity ~ 1010 Muons/s if restricted to 

      beam-pipe dia. 

      Factor 2 in dia. needed 

 Î would require redesign of moderator tank 

       NOT FEASIBLE! 

  

 CONCLUSION – without lifting constraint on beam-pipe diameter 

                             NOT POSSIBLE to achieve Goal 1010 muons/s from  

                             SINQ Window   

 

  Î HiMB Study CONTINUES with Solenoidal  

           Target Station option in p-channel 

HiMB – midterm conclusions: 



Mu3e follows up MEG IIT. 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”-equiv BRs

Mu3e goal
1×10-16 

SINDRUM II 
7×10-13 

MEG II
~4×10-14 

depending on HiMB



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 6×10-17

cLFV in further future

μ-

e-

recoil

muonic atom

COMET 
@J-PARC
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…and COMET & Mu2eT. 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”-equiv BRs

Mu3e goal
1×10-16 

COMET/Mu2e 6×10-17 

MEG II
~4×10-14 
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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”-equiv BRs

Mu3e goal
1×10-16 

COMET/Mu2e 6×10-17 

MEG II
~4×10-14 

Great opportunities 
for discovery 

in next decade



Beyond Mu2e/COMET
• μ→eγ experiment for O(10-15) at HiMB (PSI) ? 

• Needs a clever experimental design based on new 
technology 

• μ→3e needs a higher intensity source than HiMB 

• Mu3e-type experiment still feasible? 

• μ→e conversion experiments have a potential for a higher 
sensitivity if a higher intensity muon source becomes available. 

• Perhaps better to think after looking at what will happen at 
Mu2e/COMET
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Possible	
  configuration
● In	
  1.5	
  T	
  uniform	
  B-­‐field	
  
● 10	
  super	
  layers	
  
– first	
  layer	
  from	
  r=26	
  cm	
  
– at	
  5	
  cm	
  radial	
  distance	
  

● A	
  super	
  layer	
  consists	
  of	
  
– two	
  100	
  um	
  Pb	
  converters	
  
– two	
  Si	
  pixel	
  layers	
  put	
  both	
  outside	
  the	
  
conversion	
  double	
  layer	
  

● Target	
  
– 100	
  um	
  plastic	
  sheet	
  
– slant	
  angle	
  of	
  10°	
  to	
  spread	
  vertex	
  
distribution	
  

p~15%	
  conversion	
  eff.	
  
assuming	
  50%	
  rec.	
  eff.	
  ⇒	
  7–8%	
  eff.	
  

◆ Need	
  active	
  area	
  of	
  160	
  m2	
  

CMS	
  level!	
  	
  	
  
⇒	
  Increase	
  B-­‐field,	
  increase	
  sub-­‐layers
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Possible	
  configuration
● In	
  1.5	
  T	
  uniform	
  B-­‐field	
  
● 10	
  super	
  layers	
  
– first	
  layer	
  from	
  r=26	
  cm	
  
– at	
  5	
  cm	
  radial	
  distance	
  

● A	
  super	
  layer	
  consists	
  of	
  
– two	
  100	
  um	
  Pb	
  converters	
  
– two	
  Si	
  pixel	
  layers	
  put	
  both	
  outside	
  the	
  
conversion	
  double	
  layer	
  

● Target	
  
– 100	
  um	
  plastic	
  sheet	
  
– slant	
  angle	
  of	
  10°	
  to	
  spread	
  vertex	
  
distribution	
  

p~15%	
  conversion	
  eff.	
  
assuming	
  50%	
  rec.	
  eff.	
  ⇒	
  7–8%	
  eff.	
  

◆ Need	
  active	
  area	
  of	
  160	
  m2	
  

CMS	
  level!	
  	
  	
  
⇒	
  Increase	
  B-­‐field,	
  increase	
  sub-­‐layers
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Detector	
  requirement
● Si	
  pixel	
  tracker	
  with	
  
– Large	
  area	
  
– High	
  time	
  resolution	
  (O(100	
  ps))	
  
– Ultra	
  thin	
  (~50	
  um)	
  
• If	
  build	
  e+	
  side	
  as	
  well,	
  <50	
  um	
  important

2014/Sep/18 @ JPS2014Autumn

New	
  technologies	
  open	
  new	
  physics!

(High	
  voltage	
  monolithic	
  active	
  pixel	
  sensors) 
I.	
  Peric	
  et.al.	
  NIMA	
  582	
  (2007)	
  876

HV-­‐MAPS	
  for	
  Mu3e	
  
50	
  um	
  thick	
  
High	
  rate

Giga-­‐tracker	
  for	
  NA62	
  about	
  in	
  use

● No	
  available	
  device	
  today	
  
Need	
  device	
  development

Hybrid	
  pixel	
  
σt	
  =	
  200	
  ps	
  
200	
  um	
  thick	
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● 10	
  times	
  larger	
  statistics	
  achievable	
  by	
  
– 5	
  times	
  higher	
  intensity	
  beam	
  
– twice	
  higher	
  signal	
  acceptance	
  

● with	
  multi-­‐layer	
  converting	
  photon	
  spectrometer	
  
– multi	
  layers	
  to	
  gain	
  efficiency	
  
– sub	
  layers	
  for	
  good	
  resolution	
  retaining	
  efficiency	
  

● Suppress	
  increased	
  BG	
  by	
  
– Vertex	
  matching	
  (compensate	
  increased	
  beam	
  rate)	
  
– Better	
  γ	
  energy	
  resolution	
  (3	
  times	
  better)	
  

◆ However,	
  realization	
  seems	
  really	
  challenging	
  
– Need	
  further	
  detailed	
  studies	
  
– Need	
  technological	
  development	
  
– Need	
  more	
  or	
  completely	
  different	
  idea
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Toward	
  μ→eγ	
  

 O(10-15)

(compared	
  to	
  MEG	
  II)



Summary
• No μ→eγ event has been found. 

• 20× more stringent constraint than the previous 
experiment on possible new physics:  
BR(μ→eγ) < 5.7×10-13 @90% C.L. 

• Final MEG result (x2 statistics) should be ready this 
year; So stay tuned! 

• Upgrade to MEG II underway:  
expected to start in 2016 with 10× higher sensitivity 
(4-5)×10-14 

• A full lineup of cLFV experiments in the next decade 
lead by MEG II


