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€
Physics Motivation %

u—eyYy search history

-d
o

® Past experiments

Forbidden in the standard model

-d
o
@

Discovery — evidence of new physics.

Previous upper limit (1.2x101!) is close
to prediction.

New physics predict B.R. from 101° to
1011,

MEG goal : ~10°13

MEG
R ;(expeCted)
1950 1970 1990 2010

Year
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€
Signal and Background %
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| he detector

PSI : most intense DC muon

|
1

im

COBRA Magnet

\ Drift chamber

|_|=—F=|_u

—a) A |

—r
7\
Muon Beam /}L
’ .

e’ .
Stopping Target Timing counter

Iﬁ_i 5 !!.'1 © i—_,

Drift chamber

Liquid Xenon
Scintillation Detector
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Coordinate system
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Analysis method

Likelihood fitting with 5 observables

. Gamma energy

. Positron energy

tey : Time difference
\ﬂeY . ¥ angle difference
ey ¢ angle difference

Unbinned likelihood fitting

T will explain later...

PF‘OJZCTIOH to Ee

-

BG : Accidental
RMD : Radiative muon decay
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Probability density functions (PDF)

RMD BG

Ly

by
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=

55 56
E. MeV)

Signal : CEX data Signal : Michel et edge fitting

BG - Sideband data BG - Sideband data

RMD : SM + detector response RMD : SM + detector response
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Probability density functions

RY
S (D

RMD BG Doy [

N

1 40 1
ey (mrad)

: 1 I 1 1 1 I 1 1 1 I 1 1 1 1 1 1 I
-40 -20 0
(])eY (mrad)

Signal : RMD data Signal : MC+CEX (y), two turn (e*)

BG - Flat BG . Sideband data
RMD : SM + detector response RMD : SM + detector response 10
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Analysis

Positron analysis
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Correlations In positron variables

( AEA

AR =—> AY 4
\ Aee
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Correlations In positron variables

( AEA

AR =—> AY 4
\ Aee

At. \ &5
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Correlations in positron variables %

( AEA

AR A =2 AYd =>Apy 4
Ate *A/ \ A@e¥ 14
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Correlations In positron variables

( AEA

AR =—> AY 4
\ Agae=0
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two turn method
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c
two turn method %

target plane
Real target

A QTRN (rad)
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Correlations

Many of correlations can be measured using data

Agreement with MC <10%

Large uncertainty 25% is assigned to un-measurable correlations

MC : two turn method Data : two turn method

T

Entries 36 | Entries 36
Mean 1.966 - Mean -0.7529
RMS 1.673 - RMS 2.239
7/ ndf 132.6/10 ¥*/ ndf 86.73/10
po -0.003987 + 0.000168 : p0 -0.00591 = 0.00018

. pl =0.01462 1 0.00041 f - p1 0.01619 = 0.00039
3 - +

s S ) + 3

= PY B e ot + +* =

- oho 3 ;
it |

CP' <0
' AE,
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Correlations and physics analysis %

All the known correlations are implemented in signal PDF including event-by-event feature

Both the fitting and the toy-MC generation

Full MC Pevy VS ’198‘)(

=} ::. |1 ]
"y mm

When correlation is included,

Oinner IS Used, Instead of o1
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c
Alignment of drift chambers %

Initial values : optical survey

Michel positrons — Cosmic rays
lterative process — Fitting all chambers

e e Millipede method,
Independent of initial values CMS-NOTE-2006-011

1.5 um and 102 mrad level reproducibility, from different initial alignment.

Fitting error : 130 um and 0.2 mrad.
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R
SN\

Alignment of the target

Q
®
V
-

verterposition_z_vs_y_higio
Entries 3445217
Mean x 0.4059
Mean y <0.39
RMS x

P

.
i1 o F & B = == = = =
So
-

-
L
-
-
™
=~
-
1
]

assumed target positron track

actual target

When mis-alignment exists...

z_vertex |cm]

hole position depends on angle
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Alignment of the target

_S
0]
V
-
RY
SN\

+2 | ndf B.239/6
Prob 0.2211

Y-hole [em]  -1.492 + 0.01057

A P [em] -0.03575 = 0.01852

P

.
i1 o F & B = == = = =
S
-

sumed target positron track

actual target

Confirmed that When mis-alignment exists...
Optical survey position is correct

hole position depends on angle
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€
Magnetic field ey

1. Calculated field : Accurate, but possible systematic differences

2. Measured field : Realistic, but possible measurement errors

Possible misalignment of hall sensors

——> causes false By and B, from B,  Secondary effect

1.27T @center, 0.49T @ends
» 1

Hall sensor(3-axis) 9 (B \ Non-negligible

Ideally zero
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€
Magnetic field ey

1. Calculated field : Accurate, but possible systematic differences
2. Measured field : Realistic, but possible measurement errors

3. Reconstructed field : Realistic, and measurement errors are reduced

Possible misalignment of hall sensors

——> causes false By and B, from B,  Secondary effect

1.27T @center, 0.49T @ends

~

Hall sendor(3-axis) Small

(<0.2xBz)

Ideally zero

Can be found and corrected
using Maxwell equations

24
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2009 data
DCH alignment using Michel tracks
Calculated B field

|
— 0 <-0.35rad
— -0.35<dp<0rad
0<$<0.35rad
— 6>0.35rad

| T T T T | T T =]

max. spread
180 keV

—5

Ee , [MeV]

&)
o

hole #1 (2009, 0pt.sur.) | x*/ 1484
Pras ¥ 11200

¥ehstsbe fomm] ) b o 0.00S3TT
A P|om] &0as17 = 000068

AY ~ tan(g@)-AP

2009 data
Millipede alignment
Reconstructed B field

|
— 0 <-0.35rad
— -0.35<¢p<0rad
0<¢<0.35rad
— 0 >0.35rad

max. spread
80 keV

=
o

Y-hole [cm]

%2 I ndf B8.239/76
Prob 0.2214

Y-hole [cm]  -1.492 = 0.01057

AP [em] -0.03575 = 0.01852
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Analysis

Gamma analysis
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Enerqy response

Non-uniformity due to

Geometry
Reconstruction algorithm

II||I|I|II|I||I|I||II||[|I||I|

Correction using
- 18 MeV calibration gamma (High stat)

- Additionally, 55 MeV calibration gamma 18 MeV data, uniformity before correction

18.5 [MeV]
Energy dependence correction

After correction : ~0.2 % uniform
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Enerqgy stability

Energy absolute scale calibration
CEX 55, 83 MeV y

FEN

Ni-G9G peak his

peak history
fory

Energy scale time-variation calibration

AmBe Tistory
MEG BG scale h

istory

: “"CR‘Hi:yry

Energy scale (a.u.)

CW 18 MeV y

)
P g
Dlis Q‘I)
eI
LD Ty 4
H.i®
Yhebek 1

Ni-n 9 MeV y

S LS

AmBe 4.4 MeV y
CR peak

Check
Fitting RMD y

/07 05/08 12/08 19/08 26/08 02/09 09/09 16/09 23/09 30/09 07/10 14/10 21/10 28/10 04/11 11/11

0.99

0.98

0.97

0.96-

C

05/11 12/11 19/11 26/11 03/12 10/12 17/12 24/12 /07 05/08 12/08 19/08 26/08 02/09 09/09 16/09 23/09 30/09 07/10 14/10 21/10 28/10 04/11 11/11

Time
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Analysis

Relative alignment
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Alignment between detectors

® Positron spectrometer

@® Optical survey
® Photon detector
® PMT position scan using AmBe source

® Calibration 18 MeV gamma, with lead collimators

Cosmic rays passing both systems

~1lmm agreement
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Analysis

Physics analysis
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| ikelihood function

£(Nsig, Nrw, NBG) — f(Nsig, NRrRMD, NB(;) X

Nobs

][ (NeigS(Z:) +Nrmp R () + Nec B(#;

1—=1
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€
Likelihood and test-statistic %

Two Gaussian constrain
L (Nsiga NRMD) NBG) —

—N . —(NpMD))” _(NBG_<NBG>)2\/ Nrmp and Nec
X

_ (NrMD
202

2
29RMD é BG

€

Nobs'
g _J

obs

H (NsigS ( ;) + NrvpR (T3) + NegB (7))
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e
Likelihood and test-statistic %

L _ _ Two Gaussian constrain
Ey vs T distribution without any selection. Newio and Nec

L (NsigaNRMDa NBG) —

(_ (NrMD — {NrMD))” _ (vBa
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Events /(0.080 nsec)

\
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c
Likelihood and test-statistic %

T _ _ Two Gaussian constrain
Ey vs T distribution without any selection. Newr and Nec

L (NsigaNRMDa NBG) —

—N f_ (Nemp—{NrMmD))® (Vg —(

3
e 29RMD e

\

e
Nobs!
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Events /(0.080 nsec)

\

L(Ngig, NRMD(Nsig)a NBG(Nsig)) T

= = Profile likelihood ordering
‘C(Nsigv NrMp, NBG) Feldman-Cousins approach
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c
Normalization %

H / Michel decay
7

2009 : 1.03 = 0.09

2010 : 2.21 £0.2
~ 10% Uncertainty
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c
Normalization %

H / Michel decay
/ V

2009 : 1.03 = 0.09

2010 : 2.21 £0.2
~ 10% Uncertainty

~
&
%]
|72]
=
=
]
=
<
~
~
j72]
~—
=
L
>
=

p—
[94]
(=
>

T

2009 : 1.14 +£ 0.10
2010 : 2.28 £ 0.27

~ 10% Uncertainty
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c
Normalization %

H / Michel decay
/ V

2009 : 1.03 = 0.09

2010 : 2.21 £ 0.2
. ~ 10% Uncertainty

<
2009 : 1.08 + 0.07
2010 : 2.23 + 0.16

4

~ 7% Uncertainty

Events /(0.080 nsec)

p—
[94]
(=
>

T T

2009 : 1.14 +£ 0.10
2010 : 2.28 £ 0.27

~ 10% Uncertainty
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Result
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Data statistics

# of muons stopped on the target

2009

|ll|lll|lll|lll|lll|lll|

Ill'llllllllllllllllllll

1808  29/08 09409 2009 01/10  12/10  23/10  03/11 14/11
< >

~1.5 months ~3 month

01v'll LU L AR B D B LT ) 0 | L S )
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Sensitivity

2009 : 3.3x10°1%

Ix10712
15
Upper limit

Sensitivity : Median UL of MC with

R.Sawada

background-only hypothesis

2010 : 2.2x1012

. Ix10
15
Upper limit

2009+2010 : 1.6x10712 -

Upper limit

Recent Result from the MEG experiment
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T 1me side-bands

Events / (33.04 nsec)

sideband
B — ey)< 1-8 x1072

consistent with U.L. of MC
experiments w/o signal

klIII|I.III|IIII||‘II|IIII|IIII|IIII_

|‘ Y |||9|.|0| [ ®

111 | 11 | ] o- ] ] ] ] L
S5 56 - -0.999 -0.999 -09985 -0.998
E. (MeV) cosO,,

contour : signal PDF (39.3, 74.2, 86.5 %) 42
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Angle side-bands

IIII|IIII|IIII|IIII|.IIII|IIII|IIIIPI

blI|IIII|IIII|IIII|IIII|IIII|IIII|IIII

.‘..
[

|IIII:I

||||||||||.|||||‘||l|||:|

- \

. \ o
‘ 1

®

0 51 52 53 54 55 56 1 -0.9995 -0.1?_?9(1 -0.9985 -0.998
E, (MeV) cos@F," (Ag, =-0.10rad)

no unexpected time correlated background

contour : signal PDF (39.3, 74.2, 86.5 %) A 3
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contour : signal PDF (39.3, 74.2, 86.5 %) 44
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c
2009, Result %

Nsignal Best fit : 3.0(preliminary) — 3.4(updated result) 2009 result stable

1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2

Confidence level

e R R R RN R R R EER R E R R RE AR SRS aul

lll|llll|llll|llll|llll|llll|llll|llll|llll|lll

1 % L 3x10712
10 15 20

Branching ratio

1.7 x10 < B (0 — €7Y)< 9.6 x10'% @ 90% C.L.
Best fit : 8.2 x101* p-Value of background-only hypothesis: 8%
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-15
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||f|||.|1|||

4il||=|.O|.|’||.‘_‘:|:E"‘||.|-‘;|||||||||||||| _2_| IR B |.| R N I B B S
§0 51 52 53 54 55 6 -1 -0.9995  -0.999 -09985 -0.998

E. (MeV) cos®,,

UI IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

contour : signal PDF (39.3, 74.2, 86.5 %) 46
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2009+2010 hkelihood

'C(Nsigy NRMD(Nsig)a NBG(Nsig))
L(Nsig, Nrmp, Naa)

(-
o

T

11‘f.|1111|111

-
-~
-

lll|llll|llll|llll|llll|llll|llll|l

9

8
d
6
5;;
43
3l
2E
0

. Ix1012
15
Branching ratio

| |

Note these curves are not directly used to derive the
U.L., which are obtained in a frequentist approach
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2009+2010 result

Confidence level

TTTTTT IIII|IIII|IIII|IIII|IIII‘|IIII

arXiv:1107.5547 [hep-ex]

PRL accepted L o Y [ =
10 15 20

Branching ratio

B — ey)< 2.4 x10"2 @ 90% C.L.

Systematic uncertainties (in total 2% in UL)

Data set Bt LL UL _
@ relative angle offsets

2009 32x 107" 1.7x107" 9.6 x 107" . .
2010 _9.9 x 1012 _ 1.7 x 10—12 ® correlations in et observables

—13 —12 . .
2009 + 2010 —1.5 x 10 — 2.4 % 10 ® normalization
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Data statistics : future

# of muons stopped on the target

I . e I A e
1808 29/08 0909 2009 0110 12/10 23/10 0311 14/ 1!" 0V BYT NN IET NI K 1SE LN NN ke

< > > <
~1.5 months ~3 month ~6 month

Iﬂfll O IVIE IR 2V 2900 2 e ame om
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C
Summary %
@® 2009+2010 data
@® Zero-signal is consistent

By — ey)< 2.4 <10
@® 5 times tighter new limit © 90% C.L.

® 2x2010 data in 2011 and 2012

G. Isidori et al 2007 PRD 75 115019

—

B <— 2009 UL

Q
©

Q

<
o

©
=
=
>
o
T o7
=
C
m

MEG constraint

<«—— 2009+2010 UL
<€ 2009+2010 Sensitivity

|- Lol i L Ll 1 1

B-physics constraint o2 B % S 4k %0
g-2 constraint  Aa,x 10"

[B(B, — p*u™) <8X 1078, 1.01 < Ry, < 1.24, 0.8 < Ry,, < 0.9, AMy = 17.35 = 0.25 ps~']

K. Hagiwara et al 2011 J. Phys. G: Nucl. Part. Phys. 38 085003
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External noise on this
line degrades timing

Reference

Loop Filter
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Energy reconstruction

Optimize weights by

minimizing pi0 peak width
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Energy resolution

Correction for original gamma width

| I Y [ Y I I I A N A A B |

True Ey distribution after cut by 56 57 38 (MeV)

reconstructed opening angle > 170°

900

100f

0

soof-
'mof
ol
soof
ol
300§

200f

Illlllllllll]lll i lz““lll'lflllll]ll

Actual resolution iIs better than

the measured
by ~0.15%

Better linearity of 55 and 83 MeV

illlilllill 3 ] . llil]lilllilll-

50 52 54 56 80 82 84 86

(MeV)
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Cosmic ray rejection

1 ' I 1 I ) ' I 1

Two variables cut
- Ratio of Inner and Ouiter charge

- Depth '
CR run data

‘Signal MC

N (S R W SR T |

2
r

!Q lllllllllllllllllllllllllllllllllllll

h

Additional cut using waveform

f10].widt

Waveforms of a small fraction waveforn

xecsumw
&=
o
®

of CR are narrow.

1
o
&

PMT Sum 30%
: Raw data 2
Mov-Ave-Opnts———]

C o .| . TemplateFit
-600 \400 200
[nsee]

. L 1 Average shape of a y
0.055 0.06 ] ]
xecenetotalsum|0].energy | nteraction
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Performance summary

Gamma Energy (%)
Gamma Timing (psec)
Gamma Position (mm)
Gamma Efficiency (%)

et Timing (psec)

et Momentum (keV)

et 6 (mrad)
et ¢ (mrad)

et vertex Z/Y (mm)

et Efficiency (%)
et-gamma timing (psec)
Trigger efficiency (%)

Stopping Muon Rate (sec')
DAQ time/ Real time (days)

Expected 90% C.L. Upper Limit

2009

1.9
96
5 (u,v), 6 (W)

58
107

310 (80% core)
9.4
6.7

1.5/ 1.1 (core)
40
146
91

2.9%x107
35/43

3.3x1012

c
gy

1.9
67
5 (u,v), 6 (W)

59
107

330 (79% core)
11.0
7.2

2.0 /1.1 (core)
34
122
92

2.9%x107
56/67

2.2x1012

Timing improvement by waveform digitizer upgrade in 2011;
The e+ tracking slightly worse due to DC noise problem in 2011
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T1ming

DRS, Electronics timing accuracy :
130—48 psec

2010
143 ps

j:lllllllllll

Events /(0.080 nsec)

megﬁi_ = 6XS5ps
sigma = 124 £ 5 ps
Nrd =5011+ 166

mean = 3z 14 ps
sigma = 143 = 7 ps
Npp =4375+157

RD

|III|III|III|III|III|I_I|_+|-I-III|III|III|III|I
+
_|_

ll\)_lll

T T S R T I T

0

| | | | | |
1
t., (nsec)

_|_
lQ_III|III|III|III|III|III|I_I|_'H-I-III|III|III|III|II

'
[\®)
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05% limit

B x 102

Data set  Best fit LL (90% C.L.) UL (90% C.L.) UL (95% C.L.)

2009 3.2 0.17(0.17) 9.6 (9.4) 11 (11)
2010 -0.99 - 1.7 (1.7) 2.3 (2.2)
Combined  -0.15 - 2.4 (2.3) 2.9 (2.8)
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Events / (56 psec)
Events / (0.4 MeV)

Events / (0.24 MeV)

50 52 5 5
Gamma Energy (MeV)

A~ ~
= =
] 3]
Bt ]
= =
Ny <
N’ N’
~ -~
2 2
- -
= =
5] 5]
> >
= =
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Events / (0.24 MeV)
Events / (0.4 MeV)
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50 52 54 : 58
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= =
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Gamma Energy (MeV)
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2009 2010
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