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Lepton Flavor Violation (LFV)

• Quark mixing : CKM matrix

• established in Standard Model 

• Lepton :

• Neutrino : Neutrino oscillation

• New hint for new physics

• Charged lepton : No LFV is found yet

• SM + neutrino mass ⟹ BR(μ→eγ)<10-40

• Observation of μ→eγ will be a clear sign of new physics

• New physics like SUSY-GUT, SUSY-seesaw, Extra Dimensions etc. 
predict large BR (μ→eγ)

SM+Mν

New physics
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LFV from New Physics

• If muon g-2 discrepancy is really 
evidence for new physics, searches 
for μ→eγ reveal the “amount” of flavor 
violation in the new physics sector 

MSSM with 
large tanβ 

heavy squarks 

g-2
deviation

G. Isidori et al, Phys. Rev. D 75, 115019 (2007)

SUSY-Seesaw

S. Antusch et al, JHEP 0611:090(2006)

MSSM with 
large tanβ 

heavy squarks 

• Discovery of large θ13

→Large BR (μ→eγ)

Anomalous magnetic moment
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14 CHAPTER 2. µ → eγ Decay

of the search have been provoked by the various theoretical models which predict large
values of the branching ratio reachable with current experimental techniques, as already
discussed in the previous section.

In Figure 2.7, the historical progress of the upper limit on the branching ratio of
µ+ → e+γ decay is shown. The sensitivities have been improved primarily as the number
of observed muons increases. Innovations in muon source have enabled breakthrough.
The usage of accelerator achieved the first big progress in the middle of 1950s. Until
1964, muons were obtained from the π+ beam stopped in a target. Next series of ex-
periments from the middle of 1970s to present have used high-intensity µ+ beam from
meson factories. In particular in 1978, the experiment at LAMPF first used the surface
muon [31] which was first exploited at the Lawrence Berkeley Laboratory 184” cyclotron
in 1971. Owing to this technique, high-intensity µ+ beam can be stopped in a very thin
target. As the muon rate increases, the rate of background also increases. Therefore,
µ+ → e+γ search experiments have gradually improved detector resolutions. Table 2.3
lists the µ+ → e+γ search experiments in the era of meson factories and their results with
some experimental parameters. The MEGA experiment at LAMP set the current best
limit of B < 1.2 × 10−11 in 1999 [1]. A new experiment, MEG, has just started physics
data taking since 2008 aiming at the sensitivity of two orders of magnitude below the
current limits.
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Figure 2.7: Historical progress of µ+ → e+γ search.

μ -> e γ search ( Experimental situation )

• Simple kinematics

• Ee = Eγ = 52.8MeV

• Te = Tγ

• θeγ = 180°

• Long history since 1940s

• Previous best limit : MEGA 1.2x10-11

• 2011 MEG result : 2.4x10-12 at 90%C.L
(x5 improvement) based on 2009+2010 data

MEG
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MEG Experiment
• Key elements

• World most intense DC μ+ beam

• e+ tracking in high rate environment

• Innovative liquid xenon γ-ray calorimeter

• Proposal : 1999

• Physics data taking start : 2008

• Japan, Italy, Switzerland, Russia, USA 
~ 60 Collaborators

1.3 MW high intensity 
proton accelerator

@Paul Scherrer Institute
 in Switzerland

SC magnet

COBRA positron spectrometer

Liquid xenon γ-ray calorimeter
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MEG Detector

Stopping target
polyethylene

200μm
Drift chamber (DC)

16 segmented modules
low material budget 
(1.7x10-3X0)

Timing counter (TC)
σ: 70-80 ps 

μ+ beam
3x107/s

LXe γ-ray 
calorimeter
846 PMTs
2.7ton LXe 

γ

e+

COBRA Positron spectrometer
SC magnet

special gradient magnetic field
(1.27T-0.5T)
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Update since last publication
• Statistics

• Statistics is doubled ( 2011 = 
2009+2010 ), 3.6x1014 stopped μ+ on 
target

• DAQ efficiency is improved from 72% 
to 96% (double buffer readout)

• Hardware improvements

• Higher resolution BGO array detector 
in LXe calibration with CEX reaction (π-

p→π0n, π0→2γ)

• better performance evaluation

• New optical survey technique with 
laser tracker for drift chamber

• better precision of alignment 

CEX: π-p→π0n→γγn

Absolute Eγ (55MeV) calibration

NaI array 3x3 
→BGO array 4x4 
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Update since last publication (analysis on e+ side)

• FFT offline noise reduction for DC
• better angle resolution and 6% 

higher signal efficiency
• New track fitter (Kalman filter)

• reduced high energy tail

• 7% higher signal efficiency

• Per-event error matrix

• provided by Kalman filter is 
incorporated in likelihood 
analysis

• Sensitivity is improved by ~10%

Old algorithm
New algorithm
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Update since last publication 
(analysis on γ side)

• γ side

• At 3x107μ+/s beam rate, 15% 
of triggered events suffer 
from pile-up

• improved pile-up rejection 
using PMT waveform with 
template fit

• 7% higher signal efficiency

No pileup elimination
Old algorithm
New algorithm
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Analysis

• Maximum likelihood analysis to 
extract Nsignal

• Observables : Eγ, Ee, Teγ, θeγ, φeγ

• PDF

• Background : measured in 
sideband data

• RMD : theoretical spectrum 
convolved with detector 
response

• Signal : measured detector 
response function

• Blind analysis 

• applied to new data in 2011
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Sideband data ( 2009-2011 )

• Sideband BG data are 
consistent with sensitivity 
for 2009-2011 data 
( 7.7x10-13 @ 90% C.L. )

Negative time sideband off angle sideband

■ cosΘeγ < -0.99963
■ |t(')eγ+1.8| < 0.244 ps

■ 51 < Eγ < 55.5 MeV
■ 52.4 < Ee < 55 MeV

■ cosΘeγshifted < -0.99963
■ |t(')eγ| < 0.244 ps

■ 51 < Eγ < 55.5 MeV
■ 52.4 < Ee < 55 MeV

1113年8月27日火曜日



Event distribution after unblinding (2009-2011)

■ cosΘeγ < -0.99963
■ |t(')eγ| < 244.3 ps

■ 51 < Eγ < 55.5 MeV
■ 52.4 < Ee < 55 MeV

Signal PDF contours
(1, 1.64, 2σ)
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Likelihood fit

Total          
Accidental 2413.6
Radiative     167.5 
Signal             -0.4

Consistent with null signal

Teγ Ee Eγ

θeγ φeγ
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Latest result

• U.L. are obtained with 
2009-2011 data in a frequentist 
approach

• BR < 5.7x10-13 @ 90% C.L.

• 4x improved upper limit than 
previous MEG result 
2.4x10-12

• published in PRL110, 201801 
(2013)

Profile Likelihood curves

• Note these curves are not directly used to derive the U.L.
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Compatibility test

• Compatibility test for 2009-2010 data 
between the results with the new and 
old analyses : 31%

• Compatibility test for 2011 data 
between the results with toyMC 
sensitivity and observed 90%UL
 : 24%

Observed Observed
Average(median)

1513年8月27日火曜日



Constraint on new physics

MSSM with 
large tanβ 

heavy squarks 

MEG

g-2 deviation

SUSY-Seesaw

S. Antusch et al, JHEP 0611:090(2006)

MEG

G. Isidori et al, Phys. Rev. D 75, 115019 (2007)

1613年8月27日火曜日



Upgrade plan
• MEG-I 

• Physics data taking finished on 
26th/Aug/2013! Now we are making 
a beam test for upgrade study. 

• Statistics will be doubled with 
2012-2013 data since the latest 
result. Analysis is ongoing. 
Stay tuned!

• MEG-II

• MEG upgrade proposal approved at 
PSI in Jan. 2013

• Detector upgrade

• Use PSI full beam intensity

• Target sensitivity : 5x10-14

µ
γ

e
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Detector Upgrade

• Drift chamber

• Single volume drift chamber with stereo 
angle wire configuration

• Finer granularity & better resolution

• Larger DC+TC acceptance

• Timing counter

• Excellent resolution with pixelated 
scintillators with SiPM readout

• Gamma-ray detector

• Smaller photon sensors
 at entrance face

• Better uniformity, 
better efficiency

• Thinner target

• 200 → 140μm

Current Upgrade(CG)
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Sensitivity of Upgraded MEG Experiment

Target: 5x10-14 in three years data taking
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Summary

• The MEG experiment improved the BR(μ→eγ) upper limit this year, 5.7x10-13 
at 90% C.L. 

• MEG-I data taking finished 26th/Aug/2013.

• The statistics will be doubled by adding 2012-2013 data, and the analysis is 
ongoing. Stay tuned.

• MEG upgrade proposal is approved by PSI in 2013. R&D for detector upgrade 
is on-going. 

• The target sensitivity is 5x10-14, and data taking for three years starting from 
2016.
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Calibration, cont.

• can be evaluated by physics data 
(background spectra), too.

Michel spectrum

Eγ background spectrum
Radiative muon decay 

(μ→eγνν) 

timing coincident
Radiative muon decay 
+ Annihilation in flight

Cosmics
Pileup etc.

Ee

σE~313keV
 (core)

2113年8月27日火曜日



Drift chamber
• Single volume gaseous 

detector

• Cylindrical shape with 
longitudinal wires

• U-V stereo for hit 
position along z

フレームやプリアンプなど
に当たり飛跡が曲げられ
てしまう。

時間測定器に当たる
直前までトラッキング。
余分な物質はない。

Large number of  hits 

Red: new tracker 
<N> ≈ 64 
 

Momentum   ~130 keV (350 keV)
Angular      ~5 mrad ; ~5mrad 

(9mrad ; 11mrad)
Vertex ~1.2 mm ; ~0.7 mm 

(1.8 mm ; 1.1 mm)
DC-TC matching eff. ~ 90 % (41%)

Expected Performance

(Black: current one)
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New Pixelated Timing 
Counter

•Array of ultra-fast plastic scintillator counters

•SiPM readout

•high resolution with multiple counter hits

•Expected resolution 30-35ps
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LXe
• Small photon sensors (MPPC) at 

gamma-ray incident face

• wider incident face

• change PMT angle at lateral face

2413年8月27日火曜日
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MPPC R&D Status

• MPPC development in 
cooperation with Hamamatsu

• Achieved

• UV(~175nm) sensitivity ~17%

• Large area (12x12mm2), single 
photoelectron peak resolved

• Remaining issues

• Can we make shorter 
waveform?

• Should cross talk be 
suppressed in our application?  

12x12mm2 MPPCs on 
PCB

0%#
2%#
4%#
6%#
8%#

10%#
12%#
14%#
16%#
18%#
20%#

0# 0.5# 1# 1.5# 2#

PD
E�

Over(Voltage[V]�

3mm#sample#

pedestal 

1 p.e. 

2 p.e. 

3 p.e.  …  

∎ 12mm sample
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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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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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