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Figure 22 The RMD (red crosses) and AIF (green circles) y-ray back-
ground spectra around the signal region in the MEG detector estimated
by MC simulations.
1458
hauv beew,,
most 4-6%. The pile-up rejection methods are already dis;, .,
cussed in Sect. 3.1.3. The cosmic ray events are rejected by,
using topological cuts based on the deposited charge ratio of,_,
the inner to outer face and the reconstructed depth (w) be-,
cause these events mostly come from the outer face of the,,
LXe detector while signal events are expected from the in;,
ner face. After applying these cuts, y-ray background spec:,
tra are direcfly mieasured from itht: time side-band data, and

the measured shape is used for the physics analysis.

1487
4.3.2 Accidental background 1468
1469
Editor’s comments:
Section coordinator: Wataru 1474

The accidental overlap between a positron with energy..
close to the kinematic edge of the Michel decay and an eny,,
ergetic y-ray from RMD or positron AIF is a leading sourcg,
of the background for the u* — e*y search in the MEG,,
experiment. 1576

The effective branching ratio of the accidental background,
defined by the background rate normalised to the muon stoprazs
ping rate, can be approximately expregged by [27]

Bice ¢ RyOE(SEy) SteyBeybbey,

1470

1479
1480
1481
where R,, is the muon stopping rate and dx is the width of thes
signal region normally defined by the detector resolution fores
the observable x. It is, therefore, of great importance to havesss
excellent detector resolutions in order to suppress the accises
dental background. Fig. 23 (a) shows the effective branchinges
ratio for the accidental background as a function of the lowene
edges of E, and E, of the signal region. The same plot fomes
the physics background from RMD is shown in Fig. 23 (b)yes
which is described in detail in the Sect. 4.2.2. It can be seetus
that the accidental background is much more severe than thes
physics background.
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Figure 23 Effective branching ratios of the two types of background
into kinematic window defined by Eemin < Ee < 53.5 MeV, E, nin <
E, < 53.5 MeV, |ts] < 0.24 ns and cos @, < —0.9996. (a) Acci-
dental background evaluated from the timing side-band. (b) Physics
background from u* — e*yv¥ process calculated with theoretical for-
mula folded with detector responses.

The rate of the accidental background expected in the
analysis window was evaluated using the data ,lf?’ a wider
time window in the side-bands with larger statistics. The
background rate measured in the side-bands is used as a stat-
istical constraint in the likelihood analysis as described in
Sect. 4.4. The distributions of the observables in the physics
analysis were also precisely measured in the timing side-
bands and used as the accidental background PDFs in the
likelihood analysis.

4.3.3 Physics background (RMD)

Editor’s comments:

Section coordinator: Yusuke fe

Another background source consists o£ ut = ety RMD  “

process, producing a time-coincident positron—y-ray pair. The
RMD events fall into the signal region when the two neut-

rinos carry away?ﬁlalleamount of momentum. On the other <

hand, observation of the RMD events provides a strong in-
ternal consistency check for the u* — e*y analysis.
Q&’eﬂmdlcg fhe RMD in the E, side-band of the muon
decay data defined by 43 < E, < 48 I\t/{’g:\/, 34}-8.-“5‘* {Fe <
53 MeV, |¢ey| < 0.3 rad, and |6;,| < 0.3 rad. The RMD events
are identified by a peak around the centre in f,, distribution
(Fig. 18). The distribution of RMD in terms of energy and
angle is measured by the fit to the f,~distribution divided
into energy and angle bins. Figure 24 Shows the measured
distributions. The rates and shapes are compared with the
Standard Model calculation (in .g:e'_lowest order) [27] and
found to be consistent. The measured branching ;a;ftio within
the energy side-band agrees with the calculationnwithin 5%.

The expected number of RMD events in the u* — ety
analysis window is calculated by extrapolating the energy
side-band distribution to the analysis window, giving an es-
timate”’zNRMD) = 614 + 34, which isgﬁféa as a statistical
constraint in the likelihood analysis. '
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Figure 24 Projected distributions of y* — e*yv7 events measured™
in the energy side-band (dots with error bars) with the expectationsse
(histograms with the uncertainty specified by the yellow bands). Thess
expectations are calculated with the_theoretical formula folded with,
1532
1533

The RMD branchm% lrano is highly suppressed when thess
kinematic window gctssleser to the limit of u* — e*y kinsss
ematics. The effective branching ratio, which is calculatedsss

w®) con51denng the detector resolution, is plotted in Fig. 23 (b

1497

1498

1499

1500

1501

1502

1503

1504

1505

1506

1507

1508

1509

1510

1511

1512

1513

1514

1515

1518

1517

1518

as a function of the lower limits of integration ranges omsss
E. and E,. For example, the effective branching ratio forss
52.0 < E < 53.5 MeV and 52.0 < E, < 53.5 McV is
3 % 107, two orders of magnitude lower than that due t “these
accidental background.
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4.4 Maximum likelihood analysis
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4.4.1 Maximum likelihood analysis 154
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The numbers of signal, RMD and accidental backgrounds=
events in the analysis window (48 < E, < 58 MeV, 50 <
E, < 56MeV, |tey] < 0.7ms, [6y| < 50mrad and |6e] ==
75 mrad) are estimated by a maximum likelihood analysi¢s
with a likelihood function defined as 1557

L (Nsige Nemp, Nace, t) =
-N

Nuhs!
Nobs
[ ] (M (%3, & + NewpRx:) + NaceA(x:)

i=1

1552

1558

1559

1560

C(Nrmp, Nace, t) X

1561
1562

(2pes

1564

where x; = {Ey, Ee, tey, Beys qbey} is the vector of observables™
for the i-th event. Ngg, Nrmp and Nacc are the numbers 015
signal, RMD and accidental background events to be s
timated, while S, R and A are their corresponding PDFs.

N = Niig + Nrmp + Nacc and Neps is the observed total num-
ber of events in the analysis window, t is a set of parameters
which describe the position and the shape of the muon stop-
ping target, C is a term for the constraints of nuisance para-
meters. The expected numbers of RMD and accidental back-
ground events with their respective uncertainties, which are
evaluated in the side-bands, constitute Gaussian-constraints
on Ngyp and Nacc in the € term in Eq.2. The target pos-
ition and shape parameters are prepared for each year. The

fitting of the target positions is also constrained WftPryGaucsCl
sian functions whose sigmas are the uncertainty of the tar-
get position year by year. The uncertainty is 300 um for
2009-2012 data, and 500 pm for 2013 data, respectively.
The uncertainty of the target-shape due to the)deformation
is extracted from the difference between the shape measured
with the FARO scan in 2013 and the fitted paraboloid (see

w50+<

" :

Sect. 3.2.4). Since the deformation is likely to havelpeeﬁj <

evolvmé, the larger shape-uncertainties are assigned for the
later years; the maximum allowed deformations are 0.1, 0.1,

0.4, 0.5 and 1.0 of the measured FARO-paraboloid differ-
ence, for 2009-2013 data, respectively.

4.4.2 PDFs (Signal, BG)

Editor’s comments:
Section coordinator: Ryu

4.4.2.1 Event-by-event PDFs

As the detector resolutions depend on the chector le
ditions and the hit-position in the detector, we employ e
method of using different PDFs for each event (event by-
event PDFs). The energy response, the position resolution
and the background spectrum of the y-ray detector are eval-
uated as qunctlon of the impinging position and of the first
conversion depth. For the PDF of the p0s1tr%ns, the ﬁttmg-
errors of the tracking variables are used for computmg the
resolutions; namely a resolution (o) is replaced by a product
of a pull parameter (s) and the fitting-error (¢’). The pull
parameter (s) for each observable is extracted from the data
as,described in Sect. 3.2.5. The pull parameters are common
foﬁ all events in a Certain DAQ period. <

The correlations between observables are treated for each
event. For example, because the emission angle of positrons
is computed by extrapolating the fitted tracks to the target
plane, the errors on the momentum and the angle are correl-
ated. As the true positron momentum of the signal is known,
the mean of the angle PDF can be corrected as a function of
the observed momentum.

The PDFs of the observables (E,. Ee, foy, Oy, dey) for
signal, RMD and accidental background events, respectively,
are defined as

S(Ey, E¢, ley, ey, Bey|Py, Pes 0';;",:, Uée, C";sg, 0';;,: de) =

<
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S (tey|Ey, Ee, 0% ) X 1604
S ($ey/Pys Pes Oey, Ee, O, 0, O, O, Be) X
8 (Bey 1Py, Pes Ee, cr%:, 0';_,0';,,) %
S (Eelog,, de) X
S (EyIpy),

R(Ey, Ee, ley, $eys Oey|Pys Pes P, O, 0y, T, 0p ) =
R(tey|Ey, Ee) X

R(E'yy E., Pey, Bey‘p'yy Pe, (T;;e, O'ées O';e, U;,e, de),
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(4)673
1614
A(tey) X
Alpeylvy) X
A(Beylity)
A(Eylp.y) X 1617
A(Eela';se, Pe), (Skie
where p, and p, is the first conversion point of the y-ray*"”
and the muon decay vertex, respectively. i
As the signal is a two-body decay, the signal PDFs aré®®
described by the detector resolutions. The PDFs for 6, and®
¢e, are formed by combining the y-ray position resolutions?®
the positron angle resolutions and the muon-decay positiorf
resolutions. The position resolutions of the y-ray detectot®®
are evaluated from the MC simulation and validated in CEX®®
experiments (see Sect. 3.1.3) The correlations between thés
errors of the observables are implemented in the %, 6., and®
¢ey PDFs by shifting the centre and modifying the resolut®®
tons. p . 186
As jo the PDF for f., , events are categorised by using thé!
track-fitting quality and the matching quality between thé<
fitted track and the hit-position on the timing counter. Thes®
resolution and the central value are extracted for each cats*
egory from the observed RMD timing peak. The dependenceéss
on E, and E, are taken into account. Most of the paramet®
ers fo describe the correlations are extracted from data bys
using the double-turn method (see Sect. 3.2.5), while a fewss®
parameters (the centre of the oy,—¢b. correlation, the slopé
parameter for the dy_—dg,, correlation and the slope parat®®
meter for the 6, —0g, correlation, where &, is the differences*'
between the observed and the true value of the observables
x) are extracted from MC simulation. Th energy responsess
for monochromatic y-rays is extracted i CEX runs a$
described in Sect. 3.1.3. Convilubhon of
The RMD PDF is formed by eenvolving the detector
response and the kinematic distribution of E,, E., 6., andss
¢ey expected }g/ﬁ{g Standard Model [27]. The correlations
between the variables are included r;1{11_ t{tl?‘kine?ajjtc modelss
. . .4
The PDF for t., is almost the same ng.l-:gnalfDHW
while the correlation between 4;,, and E, is S e
The accidental background PDFs are extracted from théss
time side-band data. For E,, the spectrum after applying thess
same event selection on the track-reconstruction quality ases:

1615

16186

fov b

7
the physics analysis is fitted with a function formed frem the <

convolution of the theoretical Michel positron spectrum and
a parameterized function describing the detector response.
For E,, the energy spectra after the application of the pile-
up and cosmic ray cuts and of a loose selection on the y—
positron angle are fitted with a function to represent back-

round - ini i d the pile- -
g Y;Jay, Jemaining cosmic ray and the pile-up com
ponents

¢bey PDFs are represented w

the t.,. For t,, a flat PDF is used.

4.4.2.2 Constant PDFs

“with the detector response. The 6., and A4
polynomial functions fitted “
“ort data after applying the same event selection except for

ol .
The event-by-event PDFs employ the wil;‘fe information <

we have about detector responses and kinematic variable
correlations. A slightly less sensitive analysis, based on an
alternative set of PDFs, is used as ia cross check; this ap-
proach was already followed in f6]. "

In this alternative set of PDFs the events are charac-
terised by;categodes”, mainly determined by the tracking
quality fer ﬁositrons and by the reconstructed depth of the
first impinging point in the LXe detector for gamma rays.
A constant group of PDFs is determined year by year, one
for each of the categories mentioned above; the relative ste-

¥ Sesv ,

reo angle @, is I‘ﬁdke"mr instead of &, and ¢., separately,
while the three other kinematic variables (Ee, E, and fey)
a:eﬁ&j common the two sets of PDFs. Correlations
between kinematic variables are also taken into account in
a more simpli way and the systematic uncertainties as-

sociated with the target position are included by shifting .

@., of each event by an appropriate amount, computed by a
combination of the corresponding shifts of 6, and ¢.,. Sig-
nal and RMD PDFs are modelled as in the event-by-event
analysis by using calibration data and theoretical distribu-
tions, folded with detector response; the likelihood function
is analogous to Eq. 2 with the inclusion of the Gaussian
constraints on the expected number of RMD and accidental
background events and of the Poissonian constraint on the
expected total number of events. In what follows we will
refer to this set o%_PDFs as “constant PDFs” and to the ana-
lysis based on that as “constant PDFs” analysis. L

4.4.3 Confidence interval

Editor’s comments:
Section coordinator: Ryu .

The confidence interval oféﬁ‘e)l\fsig is determined by the
Feldman-Cousins approach [28] with the profile-likelihood
ratio ordering [29]. For ordering experiments, the ratio of the
likelihood at the best-fit and at given N, , which is defined

<

&

{ w;l)l"s'{fi c
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;;2/ the following equation, is used.

1694

1895

L) 1o 10

z i}

R L(0.8(0) 38

{I‘D (NSIg) LNsig HNsig)) cEa 8.0 (61359?
L(Nsie.8) BT e

where @ is a vector of nuisance parameters (Nacc, NrMbess
and target position and shape parameters), N, and & are,,
the values of Ny, and @ which maximize the likelihood,,,
é(Nsig) is the value of @ which maximizes the likelihood foro=
the specified Ng;,. The confidence interval is calculated ussos
ing the distribution of the likelihood-ratio in an ensembleros
of MC simulations. The following systematic uncertaintiesos
are included in the confidence interval; the normaliSationes
(defined in Sect. 4.5), the alignment of the gamma and thewr
positron detectors, the alignment (position and shape) of thers
muon stopping target, the gamma-energy scale, the positronimes
energy bias, the centre of the signal ¢, PDF, shapes of thero
signal and background PDFs and the correlations betweeny:
the errors of the positron observables. The dominant systemsz
atic uncertainty is due to the target alignment as described in,,,
Sect. 4.6.1, which ix include{l]by profiling it within the likex,,,
lihood fitting. Other uncertainties are included by randomy,,,
ising them in the generation of the MC simulations used tg;,
construct the distribution of the likelihood-ratio. —
1718
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Figure: 1.

The normalisation factor N, is the number of muon decay§™
effectively measured during the experiment and is used t&™
express the branching ratio in terms of the number of signal”
events (Ngg) e

1722
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Two independent methods are used to calculate N,. Since.
both ﬁlllethods use control samples measured simultaneously:s;
with signal, they are independent of the instantaneous beam..
rate.
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4.5.1 Michel positron counting
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Editor’s comments:

Section coordinator: Daisuke -

The number of high momentum Michel positrons is counted,,,

using a pre-scaled TC based trigger enabled during the phys:_,

ics data taking. Since B(u* — e*v¥) = 1, N, is calculated
as follows,

evy Vi 24

N, = N— X . 5

f;w é}g’f é’ﬁf
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where N®¥7 = 245860 is the number of Michel positrons
detected in 50 < E, < 56 MeV; f2” = 0.101 + 0.001 is
the fractim} of Michel spectrum for this energy range (the
uncertainty from tHe systematic uncertainty on the E, bias);
P = 107"is the pre-scaling factor of the Michel positron
trigger, which requires a correction factor e;g’ = 0.894 =
0.009 to account for the dead time of the trigger scaler due
to pile-up in the TC; & /€2 is the ratio of signal-to-Michel
efficiency for detection of positrons in this energy range;
Ay =0.985+0.005 is the geometrical acceptance for signal
y-ray given an accepted signal positron; €, is the efficiency
for detection and reconstruction of 52.83 MeV y-rays; ¢
is the trigger efficiency for signal events; and €, is the e*—y
pair selection efficiency for signal events given a reconstruc-
ted positron and a y-ray.

The absolute values of positron acceptance and efficiency

Cain (¢ " . ey evp
are-caneelled-out in tﬂs ;‘939 £ /€. Small momentum de-
pendent effects are exifaeted from the Michel spectrum fit,
resulting in € /€ = 1.149 + 0.017.

The y-ray efficiency is evaluated via the MC simulation
taking into account the observed event distribution. The av-
erage value is €’ = 0.647. The main contribution to the
y-ray inefficiency is from conversions before the LXe active
volume: 14% loss in the COBRA magnet, 7% in the cryostat
and PMTs, and 7% in other materials. Another loss is due to
shower escape from the inner face, resulting in 6% loss. The
y-ray efficiency is also measured in the CEX run. By tag-
ging an 83-MeV y-ray from a 7° decay, the efficiency for
detection of 55-MeV y-rays is measured to be 0.64-0.67,
consistent with the evaluation from MC simulations. With
an additional selection efficiency of 0.97 resulting by the re-
jection of pile-up and cosmic ray events, &, = 0.625+0.023.

The trigger efficiency consists of three components; -
ray energy, time coincidence, and direction match. The effi-
ciency of y-ray energy is estimated from the online energy
resolution and found to be z 0.995 for E, > 48 MeV. The
timing efficigncy is also estimated from the online time res-
olution and found to be fully efficient. The directiod match
efficiency is evaluated, based on the MC simulation, to be
€ = 0.91 + 0.01 and 0.96 + 0.01 for the data before and
after, 2011, respectively (Fig. 9).

é’%hé'*—y pairs, which satisfy the selection criteria for
each particle, two kinds of. ?Efec’t‘fé’n are imposed. One is the
cut for the AIF-like events described in Sect. 3.2.8, result-
ing in 1.1% inefficiency for the signal events. The other is

<
<

£

defined by the analysis window, in particular lffir the relative <.

angles and timing. The inefficiency is evaluated via the MC
simulation taking into account the pile-up and detector con-
dition. A loss of 3.2% comes from the tails in the angular
responses. Additionally, about 1.5%:£rents are outside the
time window, mainly due to the erroneous reconstruction of
the positron trajectory where one of the turns, usually the
first, is missed. As a result, €7 = 0.943 + 0.010.

sel

<
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In tg}al, the Michel positron counting method provides
N, with 4.5% uncertainty.
A

4.5.2 RMD channel

Editor’s comments:
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The other method use RMP events detected in the u* —
e’y trigger data. @Ifl'ﬂ‘%ﬂ 9)the Michel method, N, is ex-

pressed as,
7 ey ey ey ey
N, = NP w €e €y x En'g Esc]
BT ey T ey T Tevy T _evy © _eviy?
BT § T e

where 8% is the partial branching ratio of RMD in the
relevant kinematic rang%_( and the other facig?rs are defined
in the same way as for Michcl case. Sifice the same data
sample is used and the y- ray is also detected in this mode, all
the eﬂ;_menfy facst?rs are expressed in signal-to-RMD rathsas

rhand, the efficiency ratios need to be evaluatedse
differentially as functions of the relevant kinematic variablessr
because the kinematic range is wider than the y* — e*yms
analysis window.

We use events reconstructed in the E,, side-band defined™
in Sect. 4.3.3, corresponding to 8" = 4.9 x 107, The,,
number of RMD events is extracted from the fit to the /ey, ,
distribution separately for each year data sample and for 12, ,
statistically independent sub-windows, resulting in N®7 =
29950 + 527 in total.

The momentum dependent ratio of the positron detec;,
tion efficiency is extracted from the Michel spectrum fit. A,
additional correction for the momentum dependence of the,
mlssmg turn probability is applied based on the evaluation,,
wiﬂl the MC simulation. A pre-scaled trigger with a lowered
E, threshold (by ~ 4 MeV) allowd 4 relative measurement
of the energy-dependent efficiency curve of the LXe de—
tector. The efficiency ratio of the direction match is evalu-
ated from the distribution of accidental background. The ef1 -
fect of muon polarisation [30], which makes the e background,

distribution non-flat (asymmetnc)_ even in case of Jdetectco‘r812

and tnggeg@ﬂy eﬁicwnfls.&énjm;:%;m;! Inéyf‘ﬁcif:ncys13
due to the AlF-like event{ cut’and the tail in ime reconstruc-

tion are common to signal and RMD, and ﬁ'ms only tails i 1n -

1804

p wasl‘LCangular responses are relevant. A more detailed descnpuon L
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" of the RMD analysis is found in [31].

A x? fit is performed to extract N, from the mf:asurf:cwl817
RMD spectrum. The systematic uncertainty on each factorz s
correlated among different windows, is inserted in the y? as
a pull term. The uncertainty on N, from the fit to the full

data sample is 5.5%. 1820

4.5.3 NF summary 1821

1822
The normalisation factors calculated by the two methods areses
shown in Fig. 25. The two independent results are in goodsz:
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Figure 25 N, calculated with the two methods and the combination
for each year dataset.

agreement and combined to give N, with a 3.5% uncer-
tainty. The single event sensitivity for the full data sample
is 1/N, = (5.84 £ 0.21) x 10714,

The normalisation factor can also be expressed by

N,=N;".Q-¢

where N, is the total number of muons stopped in the tar-

get, Q is the geometrical acceptance of the apparatus and
€ is the overall efficiency. Wkr% integration of the estimated
stopping rate, corrected for,the variation ofﬁpnmary pro-
ton beam current, over the 11vc time gives an estimate of
N ~ 7.5 x 10 (Fig. 20). Therefore, (we—gei)an estimate
of the overall signal acceptance of ~ 2.3%, This is consist-
ent with £ ~ (.11 and our estimates of detector efficiencies,
& & ~ 0.30 X 0.63.

4.6 Results
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Figure: 5.

A maximum likelihood analysis has been performed to
extract the number of signal events ﬁ"tﬁ: full dataset after
the analysis tools were fully optmnsed and background stud-
ies in the side-bands were completed. The sensitivity and the
results in the analysis window are presented and discussed
in the following sections.

4.6.1 Sensitivity

The sensitivity of the analysis is evaluated by taking the me-
dian average of the distribution of the branching ratio upper
limits at 90% C.L. observed for an ensemble of pseudo ex-
periments with a null signal hypothesis. The rates of RMD

<

rfcﬂbflcu‘w‘{ <



1825
1826
1827
1828
1829
1830
e
/e
1833
1834
1835

1836

1838
1839
1840
1841

1842
1843
1844
1845

1846

2

> e sameebidentatty,

26

and accidental background events estimated from the sideses:
band studies are assumed in the pseudo experiments. All
the systematic uncertainties as listed in Sect. 4.4.3 are taken
into account in the sensitivity evaluation. Figure 26 shows
the distribution of the branching ratio upper limits for the
pseudo experiments simulated for the combined dataset. The
sensitivity for the combined dataset is calculated as the me-
dian of the dismbuﬁo%“‘togiaé‘%‘.sx1o-l3. The sensitivities
for the 2009-2011 and 2012-2013 datasets have also been
evaluated separately as presented in Table 2. The average
contributions of the systematic uncertainties are evaluated
by calculating the sensitivities without including them. The
dominant one is found to be the uncertainty on the target
alignment; it degrades the sensitivity by 18% on average,
while the total contribution of the other systematic uncer-
tainties is less than 1%. The sensitivity for the 2009-2011
dataset is found to be slightly worse than previously quoted
in [6] due to a more conservative assignment of the system-
atic uncertainty on the target alignment. The likelihood ana-
lysis has also been tested in fictitious analysis windows in
te,-side-bands centred at 7., = +2ns without the Gaussian
constraint on Npmp in the likelihood analysis. The upper
limit observed in the negative and positive time side-band
is 8.4x10713 and 8.3x10713, respectively. ‘ate consist-
ent with the upper limit distribution for pseudo experiments
as indicated in Fig.26.
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Figure 26 Distribution of the branching ratio upper limits for pseundo

experiments simulated for the full dataset. The sensitivity is calculated

as the median average of the distribution to be 5.6x107'3. The upper

limits observed in the f,,-side-bands are indicated with arrows for com-

parismﬁ?wo arrows overlap as the observed upper limits are Aa/lmost
C

4.6.2 Likelihood analysis in signal region

Figure 27 shows the event distributions for the 2009-2013
combined dataset on the (E.-Ey)- and (cos @,y-1.y)-planes
respectively, where 8., is the opening angle between posi-
tron and y-ray. The contours of the avcraged,si‘gq_a[l DFs
are also shown for comparison. No signiﬁcam{ Excess is ob-
served within the signal contours. .
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Figure 27 Event distributions of observed eveqlf_in the (E, — E,)-
and (cos @, — . )-planes. In the top figure, selections of cos @,, <
—0.99963 and |t.,| < 2.4 ns are plied with 90% efficiency for each
variable, and in the bottom’ .0 < E, <555 MeV and 524 <
E, < 55.0 MeV are applied with 74% and 90% efficiency respectively.
The signal PDF contours (1o, 1.640 and 207) are also shown.

< -]
fince ol
fer éau—»['g’
A et
17 e thas
L
bub et
(_aq,ff.-(akﬁi'( {

<

<



1858

1859

1860

1861

1862

e

P
{

1863

1864

7 1865
> 1866

1887

7 1888

1869

f

1870
1871
1872
1873
1874
1875
1876
1877
1878
1879
1880
‘?} 1881
1882
1883
1884

1885

b

r 1886

1887

1888

1889
1830
1891
1892
1893
1894
1895
1896
1897
1898
1899

1900

27

Table 2 Best fit values (Bg,’s), branching ratios (B) and sensitivities
(Ss0)

| dataset | 2009-2011 2012-2013  2009-2013 |
| Bux10® | -13 -55 -23 |
| Bopx10® | 6.1 79 42 |
| Sepx10% | 80 83 56 |

A maximum likelihood analysis has been performed to
evaluate the number of signal events in the analysis win-
dow by the method described in Sect. 4.4. Figure 28 shows
the profile likelihood ratios as a function of the branching
ratio observed for 2009-2011, 2012-2013, and 2009-2013

combined dataset, which are all consistent with a thé ° signal

hypothesm The kinks seen in ?l'ﬁﬁles (most obvious in 2012—
2013) are due to fitting on target local parameters (Sect.4.4.1).
the negative and positive side’of branching ratio, the local

parameters are fifted to opposite sule" therefore the likeli-

hood curve shxfts{:pne to another around 0 in branching ratio.

The best fit and the upper limit (90% C.L.) on the branching

ratio for the combined dataset are —2.3 x 10713 and 4.2 x

10713, respectively. The results from the likelihood analysis

are summarized in Table 2. The dominant systematic uncer-

tainty is due to the target alignment uncertainty, which in®®"'
creases the upper limit by 5% while the other uncertaintie$™

increase it by less than 1% in total. 180
The upper limit on the branching ratio is consistent with

the sensitivity under the background-only hypothesis presenrsos

ted in Sect.4.6.1. This result was confirmed by following

the profile of the log-likelihood curve as a function of thesos
number of signal events, in parabolic approximation, and bysos
A independent analysis, based on a set of constant PDFsior

which will be discussed in Sect. 4.6.3. 1908
The projection of the best fitted function on each observsses

able is shown in Fig. 29. (a)-(e), where all the fitted specso

tra are in good agreemenq?mth the data spectra. The agreew:
ment is also confirmed the relative signal likelihoods2
Rsig defined as, 1913

y 5(x) -
g =M (fRR(x,-) T ﬁiA(Xi)) & : &

1916
where S, R, A are the PDFs for signal, RMD and accidentab.?
background, respectively for the i-th event with observablesse
X;. fr and f, are the approximate fractions of the RMD andss
accidental background events which are estimated to be 0.lex
and 0.9 in the side-bands, respectively. Figure 29 (f) showsez:
the Ry, distribution observed in the combined dataset tosz2
gether with the expected distribution from the fit result. 1oz

A maximum likelihood fit without the constraints on Ngup
and Ncc estimated from the side-bands has been performedses
as a consistency check. The best fit values of Npyp andses
Nacc for the combined dataset are 7684 + 103 and 663 + 59z
respectively. They are consistent with the respective expectrees
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Figure 28 The negative log likelihood ratio (1) as a function of
branching ratio.

ations of 7744 + 41 and 614 + 34 and also with the total

number of é&)observed events (Nops = 8344) in the analysis
window.

4.6.3 Discussions

A maximum likelihood fit was also performed by using the
constant PDFs, obtaining results in good agreement with
those of the analysis based on event-by-event PDFs. The
best fit and upper limit at 90% C.L. on the branching ra-
tio obtained by this analysis on the full dataset are —2.5 %
10712 and 4.3 x 10712 respectively, in close agreement with
the results of the event-by-event PDF analysis presented in
Sect. 4.6.2. The fitted values of RMD and accidental events
are 630 + 66 and 7927 + 148, in agreement with the expec-
ted values obtained by extrapolations from the side-bands of
683+115 and 7915 +96. These numbers also agree with th
of the event-by-event analysis when one takes into account
that the angular selection based on the relative stereo angle
(B, > 176°) selects ~ 3;'% more ?CCIdCIltal events than that
based on 8, and ¢,. M an examplc of the results obt. ncd
with the constant PDFs analys1s @ue_showm Fig. .39 pro-
jection of the best fitted function on &,: the ﬁtted and the
data distributions are in %ood agreement.

_ The consistency b
aﬁ: a set of pseudo experiments, specifically produced to be
compatible with the structures of both the analyses (“com-
mon toy MCs”). The upper limits at 90% C.L. observed in
the two analyses for a sample of several hundred common
toy MCs are compared in Fig. 31; the experimental result is

g
5

-k_..

P

n the two analyses was also checked <
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<
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Figure 29 The projections of the best fitted likelihood function to the five main observables and Rj,. The markers show the 2009-2013 combined
data. The magenta dash and red dot-dash lines are individual components of the fitted PDFs of ACC and RMD, respectively. The blue solid line is
the sum of the best fitted PDFs. The green hatched histograms show the signal PDFs corresponding to 100 times magnified Ny, upper limit.
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Figure 30 The distribution of the relative stereo angle &, obtained
in the constant PDF analysis for experimental data (black dots) and thé*®
fitted spectrum. The RMD and accidental background components andsso
their sum are in red, magenta and blue respectively; the green hatched
histogram shows the signal PDF corresponding to 100 times magnified

Niig upper limit. 1951
g e f
@uc 'ln{ b 1952
marked with a yed star. The upper limits for the two analysessss

are well correlated and the analysis based on event-by-eveniss
PDFs shows ~ 20% better sensitivity. By analysing the dissss
tribution of the dif‘ferencﬁ between the UL reconstructed bysss

the two analyses on this samglgdolfﬂqopmon toy MCs we
found that the probability of getting a dﬁafcrence in the up- o
per limit at least equal to that measured on the real data is
70%.

The previous MEG publication [6] reported on the ana-
lysis based on the 2009-2011 dataset. The analysis presen-
ted here includes a re-analysis of the 2009-2011 dataset with
improved algorithms. Since the analysis algorithms are re-

.S?

d, the reconstructed observables are s]ighﬁ‘y c}langed, <

be, b

within the detector resolutions. A change in the res- <

ult of the likelihood analysis is expected due to statistical
effects. The expected difference in the upper limit between
the old and new analyses for the 2009-2011 dataset was
evaluated by a set of toy MC simulations based o, the Eues
pected changes in the reconstructed observables, Showing a
spread of 48 = 4.2 x 10713 (RMS) with a mean of nearly
zero. The difference observed in the experimental data is

A8 = 0.4 x 10713 and lies well within the spread.

5 Conclusions

Section coordinator: Paolo
Text: 1.
Figure: 0.
A high-precision search for the lepton flavour violating

muon decay mode u* — e*y{has—beeg) performed with the
Weg
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MEG detector in the years 2009-2013. A blind maximum®w
likelihood analysis cstablish‘é“a new upper limit for the bran;f:}:l-
ing ratio of Bt — e*y) < 4.2 x 107" with 90% confid;,
ence. This upper limit is the most stringent (apjto date andys
provides important constraints on the existence of physice«
beyond the Standard Model. iy
The measured upper limit improves our previous resu]z::

[6] by z;" factor 1.4; the imprcvement in sensi%i_ty is a]ﬂso.as’m
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