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μ+→e+γ and ν oscillations
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Very light neutrino masses 
may imply μ+→e+γ

See-saw mechanism


Ultra-heavy majorana right-
handed neutrino 
　MN =10

9
 -10

12
 GeV


GUT? 

Leptogenesis? 
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SUSY Grand Unification
現在 宇宙初期

LFV grows through RGE to ~10-12

SUSY Unification

Precision Measurement at LEP
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Before MEG started: T. Mori, W. Ootani / Progress in Particle and Nuclear Physics ( ) – 7

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

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

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

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

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

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

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

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

“μ→eγ”-equivalent
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Muon cLFV Sensitivity 
Comparisons
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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 θ13 

Mixing is large（θ13 ~9deg） 
　　　Larger BR( μ→eγ ) expected

H H

H H

λ2/2

MH = λ v

Expectations even higher now for μ→eγ



TeV scale physics strongly 
constrained by LHC ?

Particles only electro-
weakly interacting are 
NOT strongly 
constrained yet and 
thus may be lighter!

Example: pMSSM

μ→eγ is Complementary & Synergetic to LHC

not necessarily SUSY

sleptons, gauginos





Background for μ+→e+γ

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

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

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

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

Bacc ≈ Rµ · (2δx) ·
[

α

2π
(δy)2(ln(δy) + 7.33)

]
· (δz)2

4
· (2δteγ) (2.28)

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

Bacc ∼ 1.2 × 10−12. (2.29)

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

2.3.5 Requirements of µ+ → e+γ Search

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

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

signalsignal

e+ background ữ background

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

Michel decays Radiative Muon decays

➡ Liquid Xenon  
Scintillation Detector

➡ Gradient Magnetic Field  
Spectrometer



1.4MW Proton Cyclotron at PSI

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

The Unique Facility 
for μ→eữ Search



COBRA spectrometer with gradient B-field 
 ( COnstant Bending RAdius )

Low energy positrons 
quickly swept out

Constant bending radius independent 
of emission angles

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.

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
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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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“COBRA Concept” to 
manage high rate positrons



Scintillation light from 900 liter 
LXe is detected by 846 PMTs 
mounted on all surfaces and 
submerged in LXe  
Fast response & high light yield 
provide good resolutions of 
energy, time, & position 
Gas/liquid circulation system to 
purify xenon  

Ultimate uniformity & purity 
unachievable by crystal 
calorimeter 

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



The Final MEG Data Analysis
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Issues & Improvements 
in μ+→e+γ Analysis

Alignment of Muon Stopping Target 

Alignment of LXe Detector 

Rejection of Annihilation-of-Flight (AIF) Gamma-rays 

Recovery of Missing First Turns 



Target Alignment
Position & shape of the target are 
surveyed by 

“hole” reconstruction 

optical survey between the runs 

Non-planar deformation seems to 
have developed during the runs 

Effects not negligible for the 2012-13 
runs 

~0.3 mm uncertainty  

treated as nuisance parameters in 
likelihood analysis 

A few different target materials being 
studied for MEG II
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AIF Gamma-rays

Gamma-rays from e+ 
annihilation inside DC were 
identified & rejected 

overall BG rejection 1.9%  
signal inefficiency 1.1%

W.Ootani,“Physics Analysis, Status and Perspectives”, MEG Review Meeting, Feb. 8th, 2016 PSI

AIF Analysis
• New algorithm to identify BG-γ generated by 

e+-annihilation in flight (AIF) by looking for a 
disappearing positron track pointing to γ hit in 
LXe detector 

• Clear peak observed in (Δθ, Δφ, Δt) 
• Included as a selection criteria 

•  Reduced to a single parameter  
•  Normalised distance with correlation on (Δθ, 
Δφ)  Mahalanobis’ distance 

•  Cut condition: d < 0.7σ  
•Performance 

• AIF-BG reduction ~2% (year dependent) 
• Signal inefficiency ~1% 
• Subtle improvement in sensitivity, but it also 

works as a protection for outlier events
10
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Missing 1st turn of e+

W.Ootani,“Physics Analysis, Status and Perspectives”, MEG Review Meeting, Feb. 8th, 2016 PSI

Missing First Turn Analysis
• Possibility to miss the first turn in a 

multiple turn event 
• Algorithm revised to recover missing 

first turn 
•  Signal efficiency improved by ~4%
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Blind & Likelihood Analysis
Blind analysis  

Optimization of analysis and 
BG study are done in 
sidebands

(Eγ, Ee, Teγ, θeγ, φeγ)

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

→ signal, acc BG, RD BG
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Maximum Likelihood Fit
Fully frequentist approach (Feldman & Cousins) with profile 
likelihood ratio ordering 

Event-by-event PDFs for both e+ & photons 

Target alignment (t), NRMD and NACC are treated as 
nuisance parameters and are profiled in the fit. 
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Figure 24 Projected distributions of µ+ → e+γνν̄ events measured
in the energy side-band (dots with error bars) with the expectations
(histograms with the uncertainty specified by the yellow bands). The
expectations are calculated with the theoretical formula folded with
the detector responses and a normalisation based on Michel events.

We studied the RMD in the energy side-band defined by1491

43.0 < Eγ < 48.0 MeV, 48.0 < Ee < 53.0 MeV, |φeγ| <1492

0.3 rad, and |θeγ| < 0.3 rad. The RMD events are identified1493

by a peak around the centre in teγ distribution (Figure 18).1494

The distribution of RMD in terms of energy and angle is1495

measured by the fit to the teγ distribution divided into en-1496

ergy and angle bins. Figure 24 shows the measured distribu-1497

tions. The rates and shapes are compared with the Standard1498

Model calculation (in the lowest order) [27] and found to be1499

consistent. The measured branching ratio within the energy1500

side-band agrees with the calculation within 5%.1501

The expected number of RMD events in the µ+ → e+γ1502

analysis window is calculated by extrapolating the energy1503

side-band distribution to the analysis window, giving an es-1504

timate ⟨NRMD⟩ = 614 ± 34, which is used as a statistical1505

constraint in the likelihood analysis.1506

The RMD branching ratio is highly suppressed when the1507

kinematic window gets closer to the limit of µ+ → e+γ1508

kinematics. The effective branching ratio, which is calcu-1509

lated considering the detector resolution, is plotted in Fig-1510

ure 23 (b) as a function of the lower limits of integration1511

ranges on Ee and Eγ. For example, the effective branching1512

ratio for 52.0 < Eγ < 53.5 MeV and 52.0 < Ee < 53.5 MeV1513

is 3×10−14, two orders of magnitude lower than that due the1514

accidental background.1515

4.5 Maximum likelihood analysis1516

Editor’s comments:1517

Section coordinator: Fabrizio, Wataru, Ryu1518

Text: 2.1519

Figure: 4.1520

4.5.1 Likelihood function1521

Editor’s comments:1522

Section coordinator: Wataru1523

The numbers of signal, RMD and accidental background1524

events in the analysis window, (Nsig, NRMD, NACC), are the1525

parameters to be estimated by a maximum likelihood anal-1526

ysis. In addition, a set of two parameters t which describe1527

the position and non-planarity of the muon stopping target1528

as discussed in Sect. 3.2.4 are also included as fitting pa-1529

rameters in the likelihood function since the impact of the1530

uncertainty of the target alignment on the fitting result is1531

not small. Of particular interest is Nsig, while the other pa-1532

rameters (NRMD, NACC, t) are treated as nuisance parameters1533

which are profiled in the calculation of the confidence in-1534

tervals as discussed in Sect. 4.5.3. The extended likelihood1535

function is thus defined as1536

L
(

Nsig,NRMD,NACC, t
)

=

e−N

Nobs!
C(NRMD,NACC, t) ×

Nobs
∏

i=1

(

NsigS (xi, t) + NRMDR(xi) + NACCA(xi)
)

, (2)

where xi =
{

Eγ, Ee, teγ, θeγ, φeγ
}

is the vector of observables1537

for the i-th event.1538

S , R and A are the Probability Density Functions (PDFs)1539

for the signal, RMD and accidental background events, re-1540

spectively. N = Nsig+NRMD+NACC and Nobs is the observed1541

total number of events in the analysis window. C is a term1542

for the constraints of nuisance parameters.1543

The expected numbers of RMD and accidental back-1544

ground events with their respective uncertainties, which are1545

evaluated in the side-bands, constitute Gaussian-constraints1546

on NRMD and NACC in the C term in Eq.2.1547

The target parameters t are prepared for each year. The1548

parameter space of the target position is also constrained1549

with Gaussian functions whose standard deviations are the1550

uncertainty on the target position year by year. The uncer-1551

tainty is 300 µm for 2009–2012 data, and 500 µm for 20131552

data. The uncertainty of the target non-planarity is extracted1553

from the difference between themeasurementswith the FARO1554

scan in 2013 and the fitted paraboloid (see Sect. 3.2.4). Since1555

the target deformation is likely to have been evolving, the1556

larger non-planarity uncertainties are assigned for the later1557

years; the maximum allowed deformations are 0.1, 0.1, 0.4,1558

0.5 and 1.0 of the measured FARO-paraboloid difference,1559

for 2009-2013 data, respectively.1560

4.5.2 PDFs1561

Editor’s comments:1562

Section coordinator: Ryu1563

4.5.2.1 Event-by-event PDFs1564

1565

NRMD evaluated from  
outside the blinded boxxi = (Eγ, Ee, Teγ, θeγ, φeγ)



Sensitivity
= average 90% CL Upper Limit 
w/ null-signal hypothesis 

Comparison w/ last publication 
of 2009-2011 data ~ Fine 

Checked by side-band data fits 

~5.3×10-13 for all data  
(~8×10-13 for 2009-2011 data)

W.Ootani,“Physics Analysis, Status and Perspectives”, MEG Review Meeting, Feb. 8th, 2016 PSI
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Fit to Side-band
• Likelihood analyses in fictitious analysis 

regions in sidebands. 
• Off-time sidebands:  e.g. 1.3 < |Teγ| < 2.7ns 
• Off-angle sidebands: e.g. 50 < |θeγ| < 150mrad
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The Blinded Box was 
opened in December, 2015



an example of events 
inside the blinded box
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4D Event Distribution
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BR(μ→eγ) < 4.2×10-13 @90%CL
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Final MEG Result: T. Mori, W. Ootani / Progress in Particle and Nuclear Physics ( ) – 7

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

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

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

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

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

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

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

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

“μ→eγ”-equivalent

Branching Ratios

MEG

New Physics
4.2×10-13 

×1/30 



Status of the Upgrade Experiment  
MEG II

This is not the end !



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

~4×10-14 sensitivity



Upgraded LXe Photon Detector

12
#m
m
�

MPPC
(silicon photo-sensor)

improvements in energy & position resolutions by uniform precision 3D-imaging

2” PMT
UV-sensitive



All 4200 VUV-sensitive 12x12mm2 SiPM 
(MPPC) were produced and tested



MEG II Timing Counter (half of downstream TC)  
installed & tested through full chain of trigger & 

DAQ electronics w/ Michel decays 
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Final detector
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2015 run: event monitor

M. De Gerone, BVR MEG 08/02/16 21

2015 run: event monitor

M. De Gerone, BVR MEG 08/02/16 21

2015 run: event monitor



Drift Chamber
Construction going on: wiring & assembly 

Expected to be delivered to PSI this fall for final tests toward 
the end of the yearPresent status of the chamber 

BVR 08 Feb 2016  12 

Assembly status 

 
!  Manpower needed for assembly 

!  5 persons for mounting 
!  3 persons for test and survey 

!  Full time mounting 
!  2 phycisists (Venturini, Chiappini) 
!  3 technicians (Petragnani, Tazzioli, Bianucci) 

!  Part time mounting 
!  3 phycisists (Grassi, Baldini, Signorelli) 
!  1 engineer (Raffaelli) 
!  1 technicians (Ceccanti ) 

!  Full time tooling  
!  1 technician (Orsini) 

BVR 08 Feb 2016  25 



Radiative Decay Counter

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

3

successful 
evaluation w/ 

beam

constructed 
Ready!

~28% sensitivity improvement by tagging gamma-rays from radiative decays



2.4ₒ10-12

Prospects for 
MEG II Data

ₒ10 sensitivity

4ₒ10-14

4.2ₒ10-13

k factor 
= SES-1 
(×1011)

MEG

needs at least 3 years of data taking 
expected to start in 2017



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

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

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

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

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

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

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

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

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

“μ→eγ”-equivalent

Branching Ratios

MEG
New Physics

4×10-14 MEG II
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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”-equivalent

Branching Ratios

New Physics MEG

…followed by many others

MEG II
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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”-equivalent

Branching Ratios

New Physics MEG

…followed by many others

MEG II

MEG II will continue to lead 
μ-LFV explorations



Summary
No μ→eγ event has been found yet. 

~30× more stringent constraint than the previous experiment 
on possible new physics:  
BR(μ→eγ) < 4.2×10-13 @90% C.L. 

Preparation for MEG II well underway: 
expected to start in 2017 with 10× higher sensitivity ~4×10-14 

MEG II continues to lead charged lepton flavor violation 
searches in the coming years

The final result will be submitted to arXiv shortly
Also check our recent other publications:  

“muon polarization”, arXiv/1510.04743 (submitted to EPJC) 
“radiative decay”, EPJC 76(3), 108 pp.1-8 
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a caveat !

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 strongly enhance

µ ! 3e



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 photonLH2 target

charge exchange reaction (CEX)



•Gamma ray 
energy  

•Signal PDF from 
the CEX 
calibration data 

•Accidental PDF 
from the side 
bands

•Scale & resolutions 
verified by 
radiative decay 
spectrum 

•systematic 
uncertainty on 
energy scale: 0.3%
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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 2-3 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 - Photon Timing
Positron time 
measured by TC 
and corrected 
by ToF (DC 
trajectory)  

LXe time 
corrected by 
ToF to the 
conversion point 

RMD peak in a 
normal physics 
run corrected by 
small energy 
dependence;  
stable < 20ps 

Radiative Muon Decays



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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Target Alignment by “Hole” Reconstruction 

The holes of the target 
are reconstructed by e+ 
tracks. 

Displacement of the 
target manifests itself in 
dependence of the 
reconstructed hole 
position on e+ angles.  (deg)

e
φ
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W.Ootani,“Physics Analysis, Status and Perspectives”, MEG Review Meeting, Feb. 8th, 2016 PSI

Target Alignment
• Target alignment (position, shape) done by 

•Optical survey for cross marks on target 
•Target hole position reconstruction (angle dependence) 

• Non-planar deformation was gradually developing 
during the experiment 

•Effect is not negligible especially for new data 
•Confirmed by precise survey with 3D scanner 

• Uncertainty of target position ~0.3mm (perpendicular 
to target plane)
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Target markers

Effect of target displacement

φ-dependence in reconstructed 
hole position 

Target shape measured by 3D scanner

Target shape measured by optical survey

Vertex distribution (2012)

indicates the true hole position  
is shifted by 1 mm

φe

yhole



Normalization
Michel events & 
radiative decay 
events (RMD) 
were used to 
count total # of 
muon decays 
measured 

Some of the 
systematics on 
acceptance 
cancelled 
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