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μ→eγ search
• Lepton flavor violating decay 

• In neutrino sector, this is 
violated via neutrino 
oscillation. In charged 
sector, there is no 
observation yet

• Expectation of branching 
ratio with SM + neutrino 
mass < 10-50

• New physics (SUSY-GUT, 
SUSY-seesaw, ...) predict 
large branching ratio below 
10-11
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 Signal & Background

• μ+ decay at rest

• Clear two body 
decay in final state

• Ee, Eγ = 52.8MeV

• Te = Tγ

• back-to-back
(θeγ=180°)

• dominant for us

• Michel e+ + 
random γ from 
RMD/AIF

• timing 
coincident
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MEG 
experiment
• Requirements

• Intense μ+ beam

• e+ tracking in high rate environment

• Good energy, position, and timing 
measurements

SC magnet

PSI proton accelerator

Liquid xenon
gamma-ray
calorimeter
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MEG detector
LXe γ-ray 
calorimeter
846 PMTs
2.7ton xenon 

Drift chamber
1.7x10-3X0

Timing counter
σ: 70-80 ps 

Stopping target
polyethylene

200μm

μ+ beam
3x107/s
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MEG status
• 1999 : Proposal

• 2007 : Engineering run

• Physics data taking 

• 2008 Sep-Dec  published in Nucl.Phys.B834 1   

• 2009 Nov-Dec Preliminary result was presented in ICHEP2010 

• 2010 Aug-Oct  2009 + 2010 combined results (today’s topic)

• 2011 Jul-Nov   is being analyzed
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Detector performance(γ)
• π-p → π0n, π0 → 2γ

• back-to-back 55, 83MeV 2γs are suitable 
calibration for signal γ

• Various calibration methods are established to 
calibrate and monitor the detector condition

• γ : CW Li(17.6MeV), Ni(9MeV), CW 
Boron(4.4,12MeV)

• 241Am α (QE, light yield), LED (PMT gain)

Linearity
Lxe Detector
Light Yield Stability

1.9%(w>2cm)
2.4%(w<2cm)
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Detector performance (e+)

σp~0.32MeV 
(core 79%)

e+ angle(θ)
~ 11.0mrad

e+ angle (φ)
~7.2mrad

Michel spectrum

Teγ
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Analysis
• Blind analysis 

• (Teγ, Eγ)

• calibration, BG 
estimation, 
performance 
evaluation can be 
done outside the 
box

• Accidental background 
study -timing sideband 
data

• RMD study - Eγ 
sideband data
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Likelihood analysis

• Fully frequentist approach ( Feldman-Cousins ) with profile 
likelihood ratio ordering

• Extended maximum likelihood fit 

• Observables : Eγ, Ee, Teγ, θeγ, φeγ

• Fit parameters : Nsignal(S), NRMD(R), NBG(B)

• PDF is evaluated (mostly) from data

• Background : spectrum measured in sideband data

• RMD : theoretical spectrum convoluted with detector response

• Signal : measured detector response function

Background rate 
constraints

PDFs
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Sensitivity
• 90% C.L. upper limit averaged over an ensemble of many toy PC 

experiments with BG only hypothesis with BG rate measured in 
side-bands.

• Combined 2009 + 2010 Sensitivity - 1.6 x 10-12                                    

is 8x better than previous best upper limit (Br<1.2x10-11

(90%C.L.) MEGA 1999)

2009 2010 2009+2010

Br=3.3x10-12 Br=2.2x10-12 Br=1.6x10-12
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Sideband Analysis
• Same analysis 

performed in sideband 
data before unblinding 

• Teγ sideband (off-
time)

• Angle sideband (off-
angle)

• Observed branching 
ratio upper limits 
consistent with 
sensitivity

• Ready to open the blind 
box.

Off-Time

Off-Angle

Blue curves: PDF contour (1,1.64,2-σ)
Selection 
(Ee-Eγ:θeγ<178.4°, |Teγ|<0.278ns
(cosθeγ-Teγ): 51<Eγ<55MeV, 52.34<Ee<55MeV N.B. : These plots are just for reference, not used in the analysis
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Event distribution in 2009 and 2010
• Blue curves : 

signal PDF 
contour (1, 
1.64, 2-σ)

• Events with 
highest signal 
likelihood (S/
(0.1R+0.9B)) 
are 
numbered. 

• These plots 
are just for 
reference, not 
used in the 
analysis

2009

2010

θeγ<178.4°, |Teγ|<0.278ns 51<Eγ<55MeV, 52.34<Ee<55MeV

θeγ<178.4°, |Teγ|<0.278ns 51<Eγ<55MeV, 52.34<Ee<55MeV
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Confidence interval in 2009 and 2010
• Confidence interval calculated with Feldman-Cousins method  + profile likelihood 

ordering

• Run2009 marginally excludes B = 0, but the significance is not high. (p-value~8%)

• Compatibility between 2009 and 2010 ~15%

CL curve: Allowed region of branching 
ratio can be read at any confidence level.

Confidence Intervals Profile likelihood ratio

Likelihood curves are not directly used 
in confidence interval calculation

90%C.L.
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New result

• New upper limit : B(μ+→e+γ)<2.4x10-12(90%C.L.)

• x5 more stringent than previous limit (B<1.2x10-11, MEGA 1999)

• Published in Oct. 2011 (Phys. Rev. Lett. 107, 171801(2011))

Data set Best fit Sensitivity LL(90%CL) UL(90%CL)

2009 3.2x10-12 3.3x10-12 1.7x10-13 9.6x10-12

2010 -9.9x10-12 2.2x10-12 -- 1.7x10-12

2009+2010 -1.5x10-12 1.6x10-12 -- 2.4x10-12
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Run 2011
• Data statistics doubled.

• Analysis on data 2011 is 
in a good shape

• Detector performance 
(preliminary) already 
comparable to previous 
years 
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Prospects
• Run 2012 in preparation

• Explorer O(10-13) with 
2011+2012 data

• BG is starting to limit the 
sensitivity improvement 
-> Detector upgrade
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Detector upgrade
• Upgrade of MEG experiment 

under consideration, aiming at 
sensitivity ~O(10-14)

• Higher beam intensity(108 μ
+/s, already possible at PSI)

• R&D have started based on 
various ideas on new detectors

• LXe detector with smaller 
photo-sensors(PPD, PMTs, ...)

• Unique-volume gaseous 
tracking system

• Thin silicon vertex tracker

• Active target 

• Tracker with scintillating thin 
sheets

• ...

Imaging calorimeter

29

PMT

PPD

PPD

Performance of LXe detector with PPDs is being studied in MC

Preliminary results are shown in the following slides.
The results are already better than PMT MC using the same 
reconstruction algorithm.
We are going try to develop new reconstruction algorithms to 
take the advantage of the smaller size.

21 Feb 2012 33 

Event in longitudinal case 

PSI - BVR 43 

Blue dots: hit cell  

3 full crossing 
before hitting the 
chamber walls 

Very thin silicon tracker technology can be a good candidate of the 
upgrade of MEG positron tracker 

High rate tolerance with solid device, cope with pileup by high 
granularity, high spatial resolution. 
Mu3e, Belle II & superB, ILC 
 

Replacing all tracker with silicon is not feasible to date 
mainly from the viewpoint of cost 
 

Idea to use as a vertex detector 
Only small number of modules at small R 
 

How much we can improve? 
resolution (momentum, angle, vertex) 
efficiency ? 
 

Available technology? 

Idea of silicon vertex tracker 

2/20/2012 MEG review meeting 2 

Unique-volume gaseous tracking system Silicon vertex 
tracker

Liquid xenon gamma-ray 

calorimeter 
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Other physics in MEG
• Measurement of radiative 

muon decay (RMD) branching 
ratio and Michel parameters

• Exotic physics searches

• Search for muon decay 
mediated by light pseudo-
scalar particle, μ+→e+φ, 
φ→γγ

• Search for muon decay with 
massless Majoron, μ→e+J

7 JPS 67th Annual, 24/Mar/2012 

Event selection 
Tracking quality (uncert, 2) 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 

 search 
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 

Yusuke UCHIYAMA, the University of Tokyo  

Accidental BG 

RMD peak 

Mφ~30MeVの時 (Γ ~ 10-16 )
φの寿命 τ ~  6.6ns

Mφ<Mμの擬スカラー粒子φが存在するなら
μ→eφ、φ→ee or γγの崩壊が存在しうる

Decay width of φ→ee and φ→γγ
calculated by

Phys. Rev. D 72, 117701 (2005)

~~~~~~~
~~~~

μ+

e+

φ
γ

γ

Mφが大きいとe+の運動量が小さく、
アクセプタンスが減る。

Mφが小さいとφの寿命が長くなり、
検出器を突き抜ける事象が増え

アクセプタンスが減る
2011/4/23土曜日
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Summary

• MEG updated the BR(μ→eγ) upper limit 2.4x10-12 at 
90% C.L.

• 2011 data analysis is in progress

• More data in 2012 to explorer the branching ratio 
region of O(10-13)

• Detector upgrade R&D in progress 

• aiming at sensitivity of O(10-14)
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Event distribution in 2009+2010

• Blue curves : Signal PDF contour (1, 1.64, 2σ)

• Selection : 51<EGamma<55MeV, 52.34<EPositron<55MeV, cosθeγ<-0.9996
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Likelihood fit

232012年3月26日月曜日



ICHEP2010 result
• Preliminary result on data 2009 was presented in ICHEP2010 

showing a small excess

New Result from Data 2009/2010

! Preliminary result on data 2009 was presented in ICHEP2010 showing 
a small excess.

! Updates with new data (from run2010) and new analysis
! Data 2010 (data statistics = 2 × data 2009)

! Improve detector alignment

! More detailed implementation of correlations in positron observables

! Improve magnetic field map

! Improve likelihood analysis tool

! New result from analysis on combined data sample for run 2009+2010 
was published in Oct.’11.ICHEP, Palais des Congrès, Paris, July22-28, 2010    R.Sawada for MEG collaboration

Event distribution after unblinding

11

Blue lines are 1(39.3 % included inside the region w.r.t. analysis window), 1.64(74.2%) and 2(86.5%) sigma regions.
For each plot, cut on other variables for roughly 90% window is applied.

Preliminary results from data 2009 shown at 
ICHEP2010

7
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Updates from ICHEP2010 result

• Updates with new data (from run2010) and new analysis

• Data 2010 (data statistics = 2xdata 2009)

• Improve detector alignment

• More detailed implementation of correlations in 
positron observables

• Improve magnetic field map

• Improve likelihood analysis tool
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MEG Constrains New PhysicsMEG Constrains New Physics
S. Antusch, et al., JHEP11(2006)090

MEG (2011)

g-2 discrepancy

B-physics constraint

G.Isidori, et al., PRD75(2007)115019

K.Agashe, et al., PRD74(2006)053011

Recent T2K/MINOS/
Double Chooz results 

favors large !13!

M.Blanke et al., Acta Phys.Polon.B41(2010)657

SUSY-GUT SUSY-Seesaw

Extra dimensions

Little Higgs

MEG (2011)

MEG (2011)

Be
lle

/B
aB

ar

Sindrum II

MEG (2011)

Sindrum II

13
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Run 2011
• All sub-detectors operational with reasonable performance for whole period

• New DC HV-system (reduced noise)

• New DC alignment system

• More efficient LXe calibration (CEX with new BGO detector)

• Slow LXe light yield degradation (well monitored and corrected)

• Higher DAQ efficiency with multi-buffer scheme

• DAQ had to stop in beg-Nov due to damage of cryo-plant caused by 
power outage.

• Data statistics doubled. run2011 ~ (run2009+run2010)
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Run2012

• Increased beam intensity is planned (x1.15, 
~3.5x107 μ+ stops/s)

• Some improvements in resolutions and efficiencies 
anticipated
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Likelihood analysis
• Fully frequentist approach (Feldman & Cousins) with 

profile likelihood ratio ordering

A geometrical correlation exists between errors on!e at
the vertex position and Ee, which is measured by using the
two-turn method and is perfectly reproduced by the
Monte Carlo (MC) simulation. The !e resolution has a
!e dependence due to the correlation and has a minimum
at!e ¼ 0, where it is measured to be"!e

¼ 6:7 (7.2) mrad
for 2009 (2010) data. (From here on we will quote in
parentheses the value in the 2010 data when different
from that in 2009.) The #e resolution is measured by the
two-turn method to be "#e ¼ 9:4 (11.0) mrad. The resolu-
tion on the decay vertex coordinates is also determined by
the two-turn method; along the beam axis it is described by
a Gaussian with "z ¼ 1:5 (2.0) mm while in the vertical
direction it is described by the sum of two Gaussians with
"y ¼ 1:1 mm for the core [87% (85%)] and "y ¼ 5:3
(4.8) mm for the tail.

The determination of the photon energy E$ in the LXe
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.
Because of its geometry the detector response is not totally
uniform over the photon entrance window; this is corrected
for by using $ lines from Cockcroft-Walton and CEX
reactions. The absolute energy scale and resolution at the
signal energy E$ ¼ 52:8 MeV are determined by the CEX
measurement; the resolution"R, extracted from a Gaussian
fit to the high energy side of the spectrum, depends also on
the depth (w) of the $-ray conversion point from the
photon entrance surface of the LXe detector: "R ¼ 1:9%
(w> 2 cm) and 2.4% (w< 2 cm). The 3D map of the
measured resolutions 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
sidebands with the theoretical RMD spectrum folded with
the detector resolutions; the resolutions during the run are
well represented by the CEX evaluations, and the system-
atic uncertainty of the E$ scale is estimated to be ’ 0:3%.
Since MEG operates at a high beam intensity, it is impor-
tant 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 the case of positive identification, corrections
to the PMT charges are applied. Cosmic ray events are
rejected using their characteristic PMT charge distribution.

The position of the first interaction of the $ ray in the
LXe detector is derived from the light distribution mea-
sured by the PMTs close to the region of the energy
deposition by fitting the distribution with the expectation.
The position resolution in the plane of the photon entrance
window is measured to be 5 mm in a dedicated CEX run
with a lead slit collimator placed in front of the LXe
detector, while the resolution along the depth w of 6 mm
and the position dependence of the resolutions are eval-
uated by MC simulation.

The resolutions on the relative directions (#e$;!e$) are
derived by combining the relevant resolutions of positrons
and photons discussed above; the results are 14.5
(17.1) mrad for #e$ and 13.1 (14.0) mrad for !e$. The
relative time te$ is derived from the two time measure-
ments by the LXe detector and the TC, after correcting for
the length of the particle flight path. The associated reso-
lutions at the signal energy 146 (122) ps are evaluated from
the RMD peak observed in the E$ sideband; a small
correction takes into account the E$ dependence measured
in the CEX calibration runs. The position of the RMD peak
corresponding to te$ ¼ 0 was monitored constantly during
the physics data-taking period 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< E$ < 58 MeV, 50< Ee < 56 MeV, jte$j< 0:7 ns,
j#e$j< 50 mrad, and j!e$j< 50 mrad. These intervals
in the analysis variables are between 5" and 20" wide to
fully contain the signal events and also retain some back-
ground events. The best estimates of the numbers of signal,
RMD, and accidental background (BG) events in the analy-
sis region are obtained by maximizing the following like-
lihood function:

LðNsig; NRMD; NBGÞ ¼
e$N

Nobs!
e$½ðNRMD$hNRMDiÞ2=2"2

RMD&

' e$½ðNBG$hNBGiÞ2=2"2
BG&

YNobs

i¼1

½NsigSð ~xiÞ

þ NRMDRð ~xiÞ þ NBGBð ~xiÞ&;

where ~xi ¼ fE$; Ee; te$; #e$;!e$g is the vector of observ-
ables for the ith 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 ¼ Nsigþ
NRMD þ NBG and Nobs [¼ 311 (645)] is the observed total
number of events in the analysis window. hNRMDi [¼ 27:2
(52.2)], and hNBGi [¼ 270:9 (610.8)] are the numbers of
RMD and BG events extrapolated from the sidebands
together with their uncertainties "RMD [¼ 2:8 (6.0)] and
"BG [¼ 8:3 (12.6)], respectively.
The signal PDF Sð ~xiÞ is the product of the PDFs for Ee,

#e$, !e$, and te$, which are correlated variables, as ex-
plained above, and the E$ PDF. The PDFs properly incor-
porate the measured resolutions and correlations among
Ee, #e$,!e$, and te$ on an event-by-event basis. The RMD
PDF Rð ~xiÞ is the product of the same te$ PDF as that of the
signal and the PDF of the other four correlated observables,
which is formed by folding the theoretical spectrum with
the detector response functions. The BG PDF Bð ~xiÞ is
the product of the five PDFs, each of which is defined
by the single background spectrum, precisely measured in
the sidebands. The dependence of the resolutions on the
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position of the !-ray interaction point and on the positron
tracking quality is taken into account in the PDFs.

A frequentist approach with a profile likelihood-ratio
ordering [18,19] is used to compute the confidence inter-
vals on Nsig:

"pðNsigÞ ¼
LðNsig;

^̂NRMDðNsigÞ; ^̂NBGðNsigÞÞ
LðN̂sig; N̂RMD; N̂BGÞ

;

where the hat and double hat denote the best estimates
maximizing the likelihood for floating and fixed Nsig, re-
spectively. Other, independent analysis schemes based on
averaged PDFs without event-by-event information or
Bayesian approach were also used and found to be compat-
ible with the analysis presented here to within 10%–20%
difference in the obtained branching ratio upper limits.

In order to convert Nsig into a branching ratio value the
normalization relative to the Michel decay is computed [6]
by counting the number of Michel positrons passing the
same analysis cuts. This is accomplished by means of a
prescaled Michel positron trigger enabled during the physics
data taking. A correction to the prescaling factor due to
positron pileup in the TC is taken into account. Another
method for computing the normalization uses RMD events
in the E! sideband and the theoretical branching ratio of the
RMD. The normalizations calculated by these two indepen-
dent methods are in good agreement and are combined to
give the normalization factor with a 7% uncertainty.

The sensitivity of the experiment with a null signal hy-
pothesis is evaluated by taking the median of the distribution
of the upper limit on the branching ratio obtained over an
ensemble of toyMC experiments. The rates of RMD and BG
events, as measured in the sidebands, are assumed in the
simulated experiments. The branching ratio sensitivity at
90% 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 combined. These sensitivities are consistent with
the upper limits obtained by the likelihood analyses in
several comparable analysis regions of the te! sidebands.

After calibrations, optimization of the analysis algo-
rithms, and background studies in the sidebands are com-
pleted, the likelihood analysis in the analysis region is
performed. In Fig. 1 we present the distributions for the
2009 and 2010 data samples, respectively, showing the
events seen in the analysis region projected in the E! vs
Ee and te! vs cos!e! planes, !e! being the opening angle
between the ! ray and the positron. In Figs. 1(a) and 1(c)
selections in te! and cos!e!, each of which is 90% effi-
cient on the signal, are applied (jte!j< 0:28 ns and
cos!e! <%0:9996); in Figs. 1(b) and 1(d) a selection in
Ee which is 90% efficient on the signal and a selection in
E! which is 73% efficient on the signal inside the analysis
window are applied (52:3<Ee < 55 MeV and 51< E! <
55 MeV). The contours of the signal PDF are also drawn
and a few events with the highest signal likelihood are

numbered in a decreasing order of relative signal like-
lihood, S=ðfRRþ fBBÞ, fR ¼ 0:1 and fB ¼ 0:9 being
the fractions of the RMD and the BG measured in the
sidebands, respectively. High signal likelihood events
were thoroughly checked and found to be randomly dis-
tributed in time and detector acceptance.
The observed profile likelihood ratios as a function of the

branching ratio for 2009, 2010, and the combined data sam-
ple are shown in Fig. 2 [20]. The analysis of the full data
sample gives a 90% C.L. upper limit of 2:4$ 10%12, which
constitutes the most stringent limit on the existence of the
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FIG. 1 (color online). Event distributions in the analysis region
of (a)E! vsEe and (b) te! vs cos!e! for 2009 data and of (c)E! vs
Ee and (d) te! vs cos!e! for 2010 data. The contours of the PDFs
(1#, 1:64#, and 2#) are shown, and a few events with the highest
signal likelihood are numbered for each year. [The two highest
signal likelihood events in 2010 data appear only in (c) or (d).]
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FIG. 2 (color online). Profile likelihood ratios as a function of
the $þ ! eþ! branching ratio for 2009, 2010, and the com-
bined 2009 and 2010 data sample.
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A geometrical correlation exists between errors on!e at
the vertex position and Ee, which is measured by using the
two-turn method and is perfectly reproduced by the
Monte Carlo (MC) simulation. The !e resolution has a
!e dependence due to the correlation and has a minimum
at!e ¼ 0, where it is measured to be"!e

¼ 6:7 (7.2) mrad
for 2009 (2010) data. (From here on we will quote in
parentheses the value in the 2010 data when different
from that in 2009.) The #e resolution is measured by the
two-turn method to be "#e ¼ 9:4 (11.0) mrad. The resolu-
tion on the decay vertex coordinates is also determined by
the two-turn method; along the beam axis it is described by
a Gaussian with "z ¼ 1:5 (2.0) mm while in the vertical
direction it is described by the sum of two Gaussians with
"y ¼ 1:1 mm for the core [87% (85%)] and "y ¼ 5:3
(4.8) mm for the tail.

The determination of the photon energy E$ in the LXe
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.
Because of its geometry the detector response is not totally
uniform over the photon entrance window; this is corrected
for by using $ lines from Cockcroft-Walton and CEX
reactions. The absolute energy scale and resolution at the
signal energy E$ ¼ 52:8 MeV are determined by the CEX
measurement; the resolution"R, extracted from a Gaussian
fit to the high energy side of the spectrum, depends also on
the depth (w) of the $-ray conversion point from the
photon entrance surface of the LXe detector: "R ¼ 1:9%
(w> 2 cm) and 2.4% (w< 2 cm). The 3D map of the
measured resolutions 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
sidebands with the theoretical RMD spectrum folded with
the detector resolutions; the resolutions during the run are
well represented by the CEX evaluations, and the system-
atic uncertainty of the E$ scale is estimated to be ’ 0:3%.
Since MEG operates at a high beam intensity, it is impor-
tant 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 the case of positive identification, corrections
to the PMT charges are applied. Cosmic ray events are
rejected using their characteristic PMT charge distribution.

The position of the first interaction of the $ ray in the
LXe detector is derived from the light distribution mea-
sured by the PMTs close to the region of the energy
deposition by fitting the distribution with the expectation.
The position resolution in the plane of the photon entrance
window is measured to be 5 mm in a dedicated CEX run
with a lead slit collimator placed in front of the LXe
detector, while the resolution along the depth w of 6 mm
and the position dependence of the resolutions are eval-
uated by MC simulation.

The resolutions on the relative directions (#e$;!e$) are
derived by combining the relevant resolutions of positrons
and photons discussed above; the results are 14.5
(17.1) mrad for #e$ and 13.1 (14.0) mrad for !e$. The
relative time te$ is derived from the two time measure-
ments by the LXe detector and the TC, after correcting for
the length of the particle flight path. The associated reso-
lutions at the signal energy 146 (122) ps are evaluated from
the RMD peak observed in the E$ sideband; a small
correction takes into account the E$ dependence measured
in the CEX calibration runs. The position of the RMD peak
corresponding to te$ ¼ 0 was monitored constantly during
the physics data-taking period 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< E$ < 58 MeV, 50< Ee < 56 MeV, jte$j< 0:7 ns,
j#e$j< 50 mrad, and j!e$j< 50 mrad. These intervals
in the analysis variables are between 5" and 20" wide to
fully contain the signal events and also retain some back-
ground events. The best estimates of the numbers of signal,
RMD, and accidental background (BG) events in the analy-
sis region are obtained by maximizing the following like-
lihood function:

LðNsig; NRMD; NBGÞ ¼
e$N

Nobs!
e$½ðNRMD$hNRMDiÞ2=2"2

RMD&

' e$½ðNBG$hNBGiÞ2=2"2
BG&

YNobs

i¼1

½NsigSð ~xiÞ

þ NRMDRð ~xiÞ þ NBGBð ~xiÞ&;

where ~xi ¼ fE$; Ee; te$; #e$;!e$g is the vector of observ-
ables for the ith 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 ¼ Nsigþ
NRMD þ NBG and Nobs [¼ 311 (645)] is the observed total
number of events in the analysis window. hNRMDi [¼ 27:2
(52.2)], and hNBGi [¼ 270:9 (610.8)] are the numbers of
RMD and BG events extrapolated from the sidebands
together with their uncertainties "RMD [¼ 2:8 (6.0)] and
"BG [¼ 8:3 (12.6)], respectively.
The signal PDF Sð ~xiÞ is the product of the PDFs for Ee,

#e$, !e$, and te$, which are correlated variables, as ex-
plained above, and the E$ PDF. The PDFs properly incor-
porate the measured resolutions and correlations among
Ee, #e$,!e$, and te$ on an event-by-event basis. The RMD
PDF Rð ~xiÞ is the product of the same te$ PDF as that of the
signal and the PDF of the other four correlated observables,
which is formed by folding the theoretical spectrum with
the detector response functions. The BG PDF Bð ~xiÞ is
the product of the five PDFs, each of which is defined
by the single background spectrum, precisely measured in
the sidebands. The dependence of the resolutions on the
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Likelihood Fit 2009
Teγ Ee Eγ

θeγ φeγ Total
Accidental : 273.1±12.3

Radiative : 26.9±4.5

Signal : 3.4+6.6
-4.4

Solid lines correspond to the best fit, and dashed lines correspond to 90% upper limit of number of signals
Without physics constraint : Nsignal is allowed to be negative in the fitting
Gaussian constraints from sideband: <NRMD>=27.2±2.8, <NBG>=270.9±8.3

MINOS 1.645σ
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Likelihood Fit 2010
Teγ Ee Eγ

θeγ φeγ
Total
Accidental : 608.5+18.7

-18.6

Radiative : 50.2±9.2

Signal : -2.2+5.0
-1.9

Solid lines correspond to the best fit, and dashed lines correspond to 90% upper limit of number of signals
Without physics constraint : Nsignal is allowed to be negative in the fitting
Gaussian constraints from sideband: <NRMD>=52.2±6.0, <NBG>=610.8±12.6
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2009+2010 Likelihood Fit

Teγ Ee Eγ

θeγ φeγ
Total
Accidental : 882.1+22.4

-22.3

Radiative : 76.5±12.0

Signal : -0.5+7.9
-4.7

Solid lines correspond to the best fit, and dashed lines correspond to 90% upper limit of number of signals
Without physics constraint : Nsignal is allowed to be negative in the fitting
Gaussian constraints from sideband: <NRMD>=79.4±7.9, <NBG>=881.7±15.1
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Systematics
• Method to incorporate systematics

• Uncertainties for NRMD and NBG : Profiling

• Other systematics : Smearing likelihood ratio distribution simulated for 
the pseudo-experiments in the computation of the confidence intervals, 
by fluctuating PDF parameters according to their uncertainties.

• Size of effect of systematics : ~ 2% shift in UL

• Largest contributions come from uncertainties of 

• Offsets of the relative angles

• Correlations in the positron observables

• Normalization
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Search for μ+→e+φ, φ→γγ
• Search for muon decay mediate by 

very light pseudo scalar particle

• μ+→e+φ, φ→γγ is not yet 
searched

• Leptophobic case is possible, 
coupling to ee is small and 
only decay into γγ

• Phys. Rev. D72, 117701(2005)

• Preliminary result from analysis on 
data 2009+2010 shows branching 
ratio UL of O(10-11-10-10) 
depending on Mφ

Mφ~30MeVの時 (Γ ~ 10-16 )
φの寿命 τ ~  6.6ns

Mφ<Mμの擬スカラー粒子φが存在するなら
μ→eφ、φ→ee or γγの崩壊が存在しうる

Decay width of φ→ee and φ→γγ
calculated by

Phys. Rev. D 72, 117701 (2005)

~~~~~~~
~~~~

μ+

e+

φ
γ

γ

Mφが大きいとe+の運動量が小さく、
アクセプタンスが減る。

Mφが小さいとφの寿命が長くなり、
検出器を突き抜ける事象が増え

アクセプタンスが減る
2011/4/23土曜日

!!e", "!## search

11/ Oct./2011 Hiroaki Natori

Event example(MC, M"=20MeV)

Event Example(MC, Mφ=20MeV)
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Search for μ+→e+J
• Possibility to search using 

MEG data for two-body 
muon decay with 
Majoron, μ+→e+J

• Potentially complementary 
to accelerator search 

• Previous search by TWIST

• BR(μ+→e+J)
<6.7x10-5@90%C.L.(for 
A=-1)

Theoretical Introduction 

!Majoron is a Goldstone boson, which is created in a 
spontaneous R-Parity breaking scenarious.

!     We take in account a model in which Majoron is a weak 
isospin singlet (this model was not excluded by LEP in 
Z->invisible), appearing in a lepton decay final state:                      

    
μ->e J

    Neglecting positron mass we can write (Phys. Rev. D 80, 
055023 (2009) M.Hirch et al. )

Very similar to angular distribution of Michel Positron

3

M. Hirch et al.,
Phys. Rev. D80, 055023(2009)

Majoron Signature

    μ->e J 

   is a two body 
decay, so the 
signature is a 
monochromatic 
positron at the 
Michel edge.

6

MC
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