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Signal and Background

2

What’s Necessary for !"e# Search?

• Signal

• Back-to-back

• Mono-energetic 
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• A lot of muons

• High intensity !+ beam

• High duty factor to minimize accidental background

• Good detector

• Precise measurements of energy, timing and angle both for positron and gamma

• Capability to identify pileups 
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• Prompt background: !"e#$$

• “Accidental” overlap: !"e$$ + %
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Back-to-Back
52.8 MeV
Same time

Any angle (Energy correlated)
< 52.8 MeV
Same time

Any angle
< 52.8 MeV *
Flat time difference

* Measured Eγ can be larger than signal in the case of pileup of two γs.

Eγ Ee+ T φ θ

Signal BGRMD
Radiative muon decay Accidental pileup
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2008 data

• The first three months of MEG experiment

• 3×107 muons/sec rate, in total 9.5 × 1013 
muons stopped on the tarted.

• Physics run

3

Integrated proton current
from Sep. to Dec. Event rate 4.6 event/sec

DAQ time 4.0 Msec

# triggered events 21.7 M *

Data size 1.5 MB/event

Total data size 31TB *

* including 15% of calibration events.

5/Sep 16/Dec

• Condition was not the best

• DCH discharge (low efficiency and 
resolution.)

• TC fiber not in operation. (lower 
trigger efficiency)

➝ next talk

• Several calibration trigger data were mixed in 
physics runs, with each pre-scaling factor
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Pre-selection 
Blind box
Analysis box

:   T [-6.9, 4.4] nsec  && at least one e+ track associated with trigger.
:   T [-1,    1] nsec,      Eγ[48, 57.6] MeV
:   T [-1,    1] nsec,      Eγ[46, 60   ] MeV
   (T[-3.5,3.5] nsec is used for sideband studies)

Analysis procedure

4

• Final analysis is done for pre-selected 
3.7 M events (20% of recorded events).

• Blinding analysis (T and Eγ) to avoid 
experimenter’s bias.

• Analysis was tuned, and background 
spectrums were obtained from 
sideband data.

• Unblinded the box after fixing analysis 
and, selection criteria, chose of tools.

Analysis box Blinding box Signal box

Preselection

T

Eγ

All pre-selected events
(No selection by Ee+, φ and θ)
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Estimation of branching ratio

5
Branching Ratio

Number of signals (Numerator) Number of observed muons [Denominator]

Event quality cut for gamma(acceptance, 
partial pileup cut, CR cut) and positron(track 
fitting uncertainty, matching between DCH 
and TC...).

Same event quality cut.

Selection of analysis event with Eγ, Ee+, 
T, φ and θ.

Fitting distribution of  Eγ, Ee+, T, φ and 
θ, with Signal + RMD + BG probability 
density function(PDF).

Counting number of muons by using Michel 
positrons, which was taken in parallel with 
physics data.

Scaling by difference of several 
efficiencies between Michel and Signal.
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Branching Ratio

Number of signals (Numerator) Number of observed muons [Denominator]

Event quality cut for gamma(acceptance, 
partial pileup cut, CR cut) and positron(track 
fitting uncertainty, matching between DCH 
and TC...).

Same event quality cut.

Selection of analysis event with Eγ, Ee+, 
T, φ and θ.

Fitting distribution of  Eγ, Ee+, T, φ and 
θ, with Signal + RMD + BG probability 
density function(PDF).

Counting number of muons by using Michel 
positrons, which was taken in parallel with 
physics data.

Scaling by difference of several 
efficiencies between Michel and Signal.
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Maximum likelihood fitting

• Fitting 5 dimensional event distribution with three PDFs

• BG (accidental background)

• RMD (radiative muon decay)

• Signal

• PDFs are obtained mostly from data.

• Event-by-event PDF to take into account position or time dependent change of 
response.

• RMD PDF is made from theoritical RMD shape ⊗ detector response function.
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Maximum Likelihood Fit
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study. The number of µ+ → e+γ events is deter-
mined by means of a maximum likelihood fit in the
analysis window defined as 46 MeV < Eγ < 60MeV,
50 MeV < Ee < 56MeV, |teγ | < 1 ns, |θeγ | < 100 mrad
and |φeγ | < 100mrad. An extended likelihood function
L is constructed as,

L(Nsig, NRMD, NBG)

=
NNobs exp−N

Nobs!

Nobs�

i=1

�
Nsig

N
S +

NRMD

N
R +

NBG

N
B

�
,

where Nsig, NRMD and NBG are the numbers of µ→ eγ,
RMD and accidental background (BG) events, respec-
tively, S, R and B are the probability density functions
(PDFs) for µ → eγ, RMD and BG events, respectively,
N = Nsig + NRMD + NBG and Nobs(= 1189) is the total
number of events observed in the analysis window. The
signal PDF S is the product of the PDFs for the five
observables (Eγ , Ee, teγ , θeγ and φeγ), each defined by
the detector response function with the measured resolu-
tions, as previously described. The RMD PDF R is the
product of the PDF for teγ , which is the same as that
for the signal and the PDF for the other correlated ob-
servables (Eγ , Ee, θeγ and φeγ). The latter is formed by
folding the theoretical RMD spectrum [6] with the detec-
tor response functions. The BG PDF B is the product
of the background spectra for the five observables, which
are precisely measured in the data sample in the side-
bands outside the blinding- box. The position depen-
dence of the resolutions in the case of the γ−ray is taken
into account in the PDFs, together with all their proper
normalizations. An example of the Eγ-distribution for
all events in the analysis window is shown in Figure 3,
together with projection of the fitted likelihood function.

The 90 % confidence intervals on Nsig and NRMD are
determined by the Feldman-Cousins approach [8]. A
contour of 90 % C.L. on the (Nsig, NRMD)-plane is con-
structed by means of a toy Monte Carlo simulation. On
each point on the contour, 90 % of the simulated exper-
iments give a likelihood ratio (L/Lmax) larger than that
of the ratio calculated for the data. The limit for Nsig

is calculated by taking the projection of the contour to
the Nsig-axis. The obtained upper limit at 90 % C.L. is
Nsig < 14.7, where the systematic error, due mainly to
the uncertainty of the positron and photon energy scale,
is included. The confidence intervals are calculated by
three independent likelihood fitting tools each with dif-
ferent schemes and algorithms. The results are all consis-
tent. The expected number of RMD events in the analy-
sis window is calculated to be 40±8, obtained by scaling
the number of events in the peak of the teγ-distribution
obtained with lower energy cuts using the probability ra-
tio in the PDFs. This expectation is consistent with the
best estimate in the likelihood fitting of (25+17

−16
).

The upper limit on BR(µ+ → e+γ) is calculated by
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FIG. 3: Distribution of Eγ for all the events in the analy-
sis window. A solid line shows the projection of the fitted
likelihood function.

normalizing the upper limit on Nsig to Michel positrons
counted simultaneously with the signal, with the same
analysis cuts, assuming BR(µ → eνν̄) ≈ 1. This tech-
nique has the advantage of being independent of the
instantaneous beam rate and is nearly insensitive to
positron acceptance and efficiency factors associated with
the DCH and TC, which differ only for small momentum
dependent effects between the signal and the normaliza-
tion sample. The branching fraction can in fact be writ-
ten as:

BR(µ+ → e+γ) =

=
Nsig

Neνν̄
× fE

eνν̄

P
× �trigeνν̄

�trigeγ

× ATC

eνν̄

ATC
eγ

× �DCH

eνν̄

�DCH
eγ

× 1
Ag

eγ
× 1

�eγ
,

where Neνν̄ = 11414 is the number of detected Michel
positrons with 50MeV < Ee < 56MeV; P = 107 is
the prescale factor in the trigger used to select Michel
positrons; fE

eνν̄ = 0.101 ± 0.006 is the fraction of Michel
positron spectrum above 50 MeV; �trigeγ /�trigeνν̄ = 0.66 ±
0.03 is the ratio of signal-to-Michel trigger efficiencies;
ATC

eγ /ATC

eνν̄ = 1.11 ± 0.02 is the ratio of signal-to-Michel
DCH-TC matching efficiency; �DCH

eγ /�DCH

eνν̄ = 1.02±0.005
is the ratio of signal-to-Michel DCH reconstruction effi-
ciency and acceptance; Ag

eγ = 0.98 ± 0.005 is the geo-
metrical acceptance for signal photons given an accepted
signal positron; �eγ = 0.61± 0.03 is the efficiency of pho-
ton reconstruction and selection criteria. The trigger ef-
ficiency ratio is different from one due to the imposition
of stringent angle matching criteria at trigger level. The
main contributions to the photon inefficiency are from
conversions before the LXe active volume and selection
criteria imposed to reject pile-up and cosmic ray events.

The limit on the branching fraction of the µ+ → e+γ

Nsig < 14.7 @90% CL

NRMD consistent with 

sideband estimate:

teγ

φeγ θeγ

Pe Eγ
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where Neνν̄ = 11414 is the number of detected Michel
positrons with 50MeV < Ee < 56MeV; P = 107 is
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The limit on the branching fraction of the µ+ → e+γ
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PDF - Time difference
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Sensitivity

• Sensitivity (average 90% C.L. upper limit with null signal hypothesis) is estimated 
by repeating the fitting for many toy-MC to be 1.3×10-11.

• 90% C.L. upper of two sidebands (negative/positive T) are 0.9. and 2.1×10-11.

12

Sensitivity can be estimated by using MC based on PDF

(Current upper limit given by MEGA in 1999 is1.2x10-11)

Normalization used for this calculation will be discussed later.Preliminary
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Upper limit

• Perform many toy-MC experiments at 
several      (NSignal, NRMD) sampling 
points by means of PDF.

• Compare                              
Rdata=Ldata,max/Ldata(NSignal,N RMD) and   
RMC  =LMC,max /LMC(NSignal,N RMD) for 
each simulated experiment.

• If the probability of Rdata<RMC is less 
than 90%, the sampling point is 
outside of 90% C.L. contour.

14

signalN
10 12 14 16

C
.L
.

0

0.2

0.4
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0.8

1

14.5

Important in case of null or few signal events

most likely the case...

!(NLL) = 0.5 (68%CL), 1.28(90%) may not be a proper way.

Toy MC method

Procedure

Calculate likelihood ratio at a sample point (Nsignal, NRD)

Rdata = Ldata, max / Ldata(Nsignal, NRD)

Simulate many experiments taking (Nsignal, NRD) as a true 

value.

Calculate likelihood ratio for each simulated experiment

RMC = LMC, max / LMC(Nsignal, NRD)

Calculate probability that Rdata < RMC over the simulated 

experiments

If the probability < 0.9, the sample point should be 

outside the 90% CL contour.

Confidence Level Calculation

CL contour

Best fit in likelihood fit
Sample point
Simulated experiments
with sample point

Rdata RMC

Nsignal

NR
D

2009年 7月 14日 火曜日

90% C.L contour set by means of Feldman-Cousins approach.

NSignal
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Systematic errors

15

Systematic error is estimated by repeating fitting with using alternative parameters.

For example, on Eγ

 scale [%]γError of E
-1 -0.5 0 0.5 1
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t f

it
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0

0.5

1

1.5

2 Dominant errors
     Eγ scale : 0.4 events
     Ee+ spectrum parameters : 1.1 events

Total : 1.3 events

Upper limit including systematic error = 14.7
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Branching Ratio

Number of signals (Numerator) Number of observed muons [Denominator]

Event quality cut for gamma(acceptance, 
partial pileup cut, CR cut) and positron(track 
fitting uncertainty, matching between DCH 
and TC...).

Same event quality cut.

Selection of analysis event with Eγ, Ee+, 
T, φ and θ.

Fitting distribution of  Eγ, Ee+, T, φ and 
θ, with Signal + RMD + BG probability 
density function(PDF).

Counting number of muons by using Michel 
positrons, which was taken in parallel with 
physics data.

Scaling by difference of several 
efficiencies between Michel and Signal.
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Normalization

17

trigger positron gamma

Nsig = Nµ × Breγ × τeγ × εtrig
eγ × GDC

eγ × ATC
eγ × εDC

eγ × ALXe
eγ × εLXe

eγ

Neνν̄ = Nµ × Breνν̄ × τeνν̄ × εtrig
eνν̄ × GDC

eνν̄ × ATC
eνν̄ × εDC

eνν̄ × fE
eνν̄ × P

By using using Michel positrons, normalization is independent of beam rate, and 
insensitive to absolute positron detection efficiency.
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# of Michel trigger events 11414

Fraction of Michel > 50 MeV 0.101 ± 0.006

trigger efficiency ratio 0.66 ± 0.03

DC-TC matching efficiency ratio 1.11 ±0.02

DCH reconstruction and acceptance ratio 1.02 ± 0.005

Geometrical acceptance of LXe 0.98 ± 0.005

LXe efficiency 0.61 ± 0.03

Normalization factor 2 ± 0.2×10-12

Normalization

18

➃

➁
➀

➂

➆
➅
➄

Normalization to Observed # Michel Decays

• Nsig normalized to Michel 
positrons counted 
simultaneously with the 
signal.

• Independent of 
instantaneous beam rate 
and insensitive to positron 
acceptance and efficiency

Ee  (MeV)

theory

+ resolution

+ efficiency
selection

BR(µ+ → e+γ) =
Nsig

Neνν̄
× fE

eνν̄

P
× �trig

eνν̄

�trig
eγ

× ATC
eνν̄

ATC
eγ

× �DC
eνν̄

�DC
eγ

× 1
ALXe

eγ

× 1
�LXe
eγ

= ~1

➃➀ ➂ ➄➁ ➅ ➆

(effect of radiative decay is negligible.)

Nsig = Nµ × Breγ × τeγ × εtrig
eγ × GDC

eγ × ATC
eγ × εDC

eγ × ALXe
eγ × εLXe

eγ

Neνν̄ = Nµ × Breνν̄ × τeνν̄ × εtrig
eνν̄ × GDC

eνν̄ × ATC
eνν̄ × εDC

eνν̄ × fE
eνν̄ × P

1
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The Preliminary 2008 Data Result

data signal MC

Note: all the other parameters are cut to select ~90% of signal events in these plots

BR(µ+ → e+γ) < 3.0× 10−11

Ee+

EγEγ

Ee+
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Summary

• Physics data of the first 3 months of MEG was analyzed. Because of hardware 
problems, statistics is much lower than expected.

• B.R. upper limit was estimated to be 3.0 × 10-11.

• Normalization was obtained with a method insensitive to DCH efficiency.

• Maximum likelihood fitting by means of PDF based on measured response.

• Upper limit by Feldman-Cousins approach.

• 5 times improvement of sensitivity is expected in 2009.  => Next talk.

20
http://arxiv.org/abs/0908.2594.

http://arxiv.org/abs/0908.2594
http://arxiv.org/abs/0908.2594
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Backup
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Cross check of efficiency

22
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Normalization
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Normalization to Observed # Michel Decays

• Nsig normalized to Michel 
positrons counted 
simultaneously with the 
signal.

• Independent of 
instantaneous beam rate 
and insensitive to positron 
acceptance and efficiency

Ee  (MeV)

theory

+ resolution

+ efficiency
selection

BR(µ+ → e+γ) =
Nsig

Neνν̄
× fE

eνν̄

P
× �trig

eνν̄

�trig
eγ

× ATC
eνν̄

ATC
eγ

× �DC
eνν̄

�DC
eγ

× 1
ALXe

eγ

× 1
�LXe
eγ

= ~1
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Normalization by using Michel positrons.
Independent of beam rate, and insensitive to positron detection efficiency.

theory

+resolution

+efficiency
  selection
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NRD fit result

• data 25 +17 -16

• Expected 40± 8

24
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