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Abstract

e We have searched for a lepton flavor violating muon decay mediated by a
new light particle X, u* — e*X, X = yy, using the full datasets (2009-2013,
7.5 X 10Mu™s) of the MEG experiment.

e Statistics, reconstruction methods, and the decay search analysis are improved
from the previous analysis in 2012 (2009, 2010 data was used).

e No significant excess was found in the mass region of 20-45 MeV, lifetime
below 40 ps.

» In particular, the upper limits are pushed down to the level of O(107!1)
for 20-30 MeV.

e |t is at most 60 times more stringent result than the bound from the Crystal
Box experiment.
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The MEG experiment

Liquid xenon gamma-ray detector

e The MEG experiment searched for
charged lepton flavor violating muon

3x107u*/s
decay (ut — e™y).

e Physics data taking: 2009-2013
» 7.5x1014 stopped muons

Muon beam

e No excess was found and the most
stringent upper limit, 4.2 x10-13
(90% C.L.) was set on B(u* — e™y)
in 2016.

Stopping target
Drift chamber

Timing counter

: At Paul Scherrer Institut

Ein Switzerland ;

COBRA

. positron spectrometer
The final results: A. M. Baldini et al. (MEG

Collaboration), Eur. Phys. J. C 76 (2016) 434
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Physics motivation

e There is no clear evidence of new physics beyond the standard model to date
(except for some anomalies).

e We try to tackle this situation by combining two different directions: charged
lepton flavor violation and light new physics.
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Physics motivation: charged lepton flavor violation

e There is no clear evidence of new physics beyond the standard model to date
(except for some anomalies).

e We try to tackle this situation by combining two different directions: charged

lepton flavor violation and light new physics.

eInter-generational mixing in the charged lepton
sector (= charged lepton flavor violation, CLFV)
is clear evidence for new physics.

Charged Lepton

lepton flavor violating muon decay (u™ — e*). e?g ?°
ME

e The MEG experiment searched for charged

e No excess was found and the most stringent
upper limit, 4.2 x10-13 (90% C.L.) was set

e Q-0-0

*A. M. Baldini et al. (MEG Collaboration), Eur. Phys. J. C 76 (2016) 434
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Physics motivation: light new physics

e There is no clear evidence of new physics beyond the standard model to date
(except for some anomalies).

e We try to tackle this situation by combining two different directions: charged
lepton flavor violation and light new physics.

e LFV mediated by new light particle X ~O(10-100) MeV might been left

undiscovered as a loophole.

e A possible search in MEG: u™ — "X, X — yy (hereafter we call it "MEx2G")

» Xis generated via LFV coupling and the on-shell X decays back into SM
particles.

» In this search, we assume decay width is narrow and X is long-lived.

e Possible candidates of X: axion-like particle, majoron, familon, flaxion, and
strongly interacting DM (SIDM)
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Previous studies (1/2)

eDirect search: MEG (201 2) [1] (markers in bottom left plot)

» ut = e™X, X — yy decay search using the MEG 2009/2010 datasets.

» The first search in the world, available only in a Ph.D thesis [1].
[1] H. Natori, Ph.D. thesis (The University

elnclusive search: Crystal Box (1 988) [2] (solid lines in bottom left plot) of Tokyo), 2012
. . [2] R. D. Bolton et al., Phys. Rev.D 38 (7)
» LFV u decays including 4 — eyy were searched. (1988) 2077-21
[3] J. Heeck et al., Phys. Lett. B 776
» Limits on u — eyy can be converted to u* — e X, X - yy [1]. (2018) 385-390
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Previous studies (2/2)

eDirect search: MEG (201 2) [1] (markers in bottom left plot)

» ut = e™X, X — yy decay search using the MEG 2009/2010 datasets.

» The first search in the world, available only in a Ph.D thesis [1].

[1] H. Natori, Ph.D. thesis (The University
of Tokyo), 2012

[2] R. D. Bolton et al., Phys. Rev.D 38 (7)
(1988) 207721

[3] J. Heeck et al., Phys. Lett. B 776
(2018) 385-390

eInclusive search: Crystal Box (1988) [2] (solid lines in bottom left plot)

» LFV u decays including 4 — eyy were searched.

» Limits on u — eyy can be converted to u* — e X, X - yy [1].
eConstraints on X: beam dumps, SN1987A [3] white area in bottom right plot)

» “decay length <1 cm and myx >20 MeV” is hot spot.
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Target parameter space

e \We have searched for the white region:
» my =20 —45MeV
» 7 < 40ps
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Signal & Background

ol ]
"
e
Tea,
e
.
"a

Signal Background
opx and pe. is less than m, /2 = 52.8 MeV. eone of Y is accidental
oL, +E, is larger than m, /2. ect is accidental
e2ys are boosted and opening angle eet, Y, and y is accidental
between them is less than 180°. ephysics backgrounds are negligible

ec™,y, 7 are coincident in time (at each
vertex).
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ut — e*X, X — yy decay search analysis

e Blind analysis
» A blind analysis is used to reduce the experimenters'’s bias.
e Cut-counting-based analysis

» We apply several cuts to reduce BGs while keeping the number of signal
events.

e The number of signals and BGs in the signal region are simultaneously
estimated by a maximum likelihood fit.

e The confidence interval of the number of signal events and its significance are

calculated in a frequentist approach.

1
e Branching ratio: Byigxoc = Nsignal X Z

> Ngigna: the number of signal

» k: normalization factor, 1/k: single event sensitivity
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Blind analysis

e Blind analysis

» A blind analysis is used to reduce the experimenters'’s bias.
e Blind region: [z, | < InsA|z,| < 1ns
» 1., time difference between €™ and ;.

» t,,: time difference between twoys.

t ,  before cut (BG)
ey Blind region ,
4 P
Y2 [ Cq=3 é}{ Cs-=3
+1ns e .
Y2 ] () [[-Br=t+3] 1 Ba=1+3-
—1ns
Yl I C},t/ =éf+23 Cy=3
: : : > t‘
-1 +1
Signal region " O " 144
X1 XA X2
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Signal selection

Red: signal (MC)
Blue: background (data)
Black: optimized thresholds

e Geometrical cuts
|u,1 5| <25 cm(y acceptance), fixed

|Vy1,2| < 71 cm(y acceptance), fixed

4 \/(uyl _ uy2)2 + (vyl _ yZ)/

e Energy cuts
» Egm
3 E12 > 10 MeV, fixed

| P.. — Px| < 1 MeV, fixed

e X — yy vertex quality cuts

—

» P

— —
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» Vertex y?
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Signal estimation

eAfter the signal selections, we estimate the number of signal from the survived

events. normalization
k: true, k(: estimated

-----------------------------------------------------------------------------

elLikelihood function: £ (N,

1gna1’

> N, signal” number of signal Npgg is calculated from time sidebands
» Npg: number of background

» N, number of observed events in the analysis region (after unblinding).

e N can be estimated from number of events in the sidebands (see next).

JPS Annual Meeting 2020 (17aG21-7) Mitsutaka Nakao % Page: 14/23



Background estimation

e N can be estimated from number of events in the sidebands

e table: BG types. The same symbol indicates the same physics origin.

type | e Y1 Y2 | source
O: RMD
. O O 4 A: RMD, AIF, brems.
. (: Michel
Accidental 2 |O & & A AIF/RMD, AIF or brems. from RMD e’
(): Michel
. o 4 ¢ A, &: RMD, AIF, or brems.
PhySiCS 1 O O O | Doubly radiative muon decay, RMD accociated BG
—negligible
ey Blind region
A : : i
| ex)
Y2 Ci=3 A1 Ci=3 . .
Ll =/r*4/ A1 has contribution from BG
ns T + H h
] O {Br=resl L B=1+3 ] type2 and type3.
—1ns ; -
91’3/ A, c —type2 component of Nyg can
Yci =2 4=3 .
=23 be estimated from A and A..
—l:ns : +ins > t
Signal region O 144
— > —
Xc1 XA Xc2
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Number of observed events in the signal region

. . t . .
e \We observed 1, 2 events in some mass regions: er - Blindregion
sideband expected Npg Yo Ci=3 =A§1 Cs=3
mass (MeV) 4 C A, 74, B(=B;+By) C(=Ci+Cp+C3+Cy) in signal regionl nObs +ins /{
20 0 0 1 0.04870202 1 % | 9 [ Br=t+s [EE By=1+3 ]
21 0 0 3 0.146+0-198 0 " s
-0.084
22 1 0 5 0.292+0211 0 Yei c/x/ =%+23 ot
23 3 0 3 0.622703% 0 —— > 7
24 2 0 1 0.414i8‘gég 1 Signal region 0 44
25 2 0 3 0.41470-52¢ 0 Xci X e
26 0 0 3 0.150*0-359 0
0200
27 0 0 1 0.050%0-20 0
28 0 0 1 0.048*0-0% 0
0:202
29 0 0 1 0.048+0-292 1
30 0 0 0 0.000*0-375 0
0.202
31 0 0 1 0.0487%0-202 0
32 0 0 0 0.0007* -0 0
33 0 0 0 0.000*5-200 0
34 0 0 0 0.000* 9220 1
35 0 0 0 0.0007 0530 2
36 0 0 0 0.00070-230 2
37 1 0 0 0.4007 0551 1
38 0 0 2 0.16870-152 0
0:201
39 0 0 1 0.084;8% 0
40 0 0 0 0.000+0-210 0
41 0 0 0 0.000%0-50 0
42 0 0 0 0.000*0-500 0
43 0 0 1 0.08470-08% 0
44 0 0 0 0.0007 0529 0
45 0 0 0 0.000*0-270 0
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Number of signal (90% C.L.)

e The Feldman-Cousins approach is used to estimate the interval.

» Note that Feldman-Cousins can give both upper and lower limits.

e Some masses have both upper and lower limits.

number of signal (90%), 20 ps

e
N R
e e e e e e
W NN N N N N _N_u_ N
e e e

SRR N

JJJJJ

35 40 45

25 3
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Number of signal (90% C.L.)

e The Feldman-Cousins approach is used to estimate interval.
e Some masses have both upper and lower limits.

e The excess is not statistically significant.

number of signal (90%), 20 ps

6

1.30(local : 2.20)
5 @35 MeV :

: | : e

3 . I 3 : '
2 :

IERnERRRGEREERY UiERs
0 20 25 a0 T — 40 45

JPS Annual Meeting 2020 (17aG21-7) Mitsutaka Nakao % Page: 18/23



Normalization

e To get the relative normalization, Michel events (B(u™ — e*v)~100% ) are used.

pt—etub : Michel decay, Br ~ 100%
ut = etX, X - yy : MEx2G signal

1

BMrEx2G = Nsignal X I

1 / ~ 1 07 |

| rati i ., €Michel Effici fy, directi
_ X ‘%Michel XfMiChel qutlo of P& X Iclency of y, airection

match trigger, and cut.

ko NMichel o | trigger . €+ EMEx2G/et 0.2%-1.4%
raction o N
The number of Michel events Sffgi;cé\;]ec;
Michel events (7%—10%) (90%)
(¢]
*k(: measured

value of k

eBy using Michel e*s as a normalization, the estimation is independent of beam
rate (stopped muons), and insensitive to absolute positron detection efficiency.
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Uncertainty on normalization 20 mev, 20 ps

e Main source: systematic uncertainty coming from MC smearing and y detection
efficiency.
» MC smearing is estimated from differences of the efficiency with different
smearing parameters (mean, meanztsystematics).
» y detection efficiency from MEG1 study.

e The uncertainty is incorporated into the signal likelihood function;

» normalization factor k is also fitted

T

# of Michel events 53841 0.43 % (stat)
branching ratio of Michel 1 0

energy fraction of Michel [ERORJeZ 0.01 % (sys)

10 0
12 089% G uncertainty

Relative positron 1.024 1.3 % (sys) 1.3%
efficiency correction 0.98%
Missing turn correction KLY 0.21 % (sys) v 2.8%
Signal efficiency 0.0135 2.1 % (stat) 7.4%

(y, DM, selection) 9.5 % (sys) 4.8%
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BR limits (1/2)

eBR limits is improved by a factor of 4.4-13 depending on my from MEG2012
(2009/2010 MEG data is used).
» SES is improved by a factor of 5.6-13 depending on my
» Statistics (and positron analysis updates) contributes (at most) ~5.

» Optimization of selection efficiency at higher my contributes (at most) ~3.

¥ In the previous analysis in MEG2012, selection conditions are not optimized.

BR limits (90%), t = 20 ps

Lower limits of BR due

to excess events.
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BR limits (2/2): 3 key features

@ Improved BR upper limits in all my, from the previous analysis using 2009 and
2010 data (MEG2012).

@ Set BR upper limits down to 6(10~1).

® Improved BR upper limits in my > 30 MeV, which was not improved by
MEG2012.

BR limits (90%), t = 20 ps

A
NS

N [ 3,,,,\,:; N
NN X} \X s . 3/\‘ N N
,, 7 -
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Conclusion

e We have searched for a lepton flavor violating muon decay mediated by a new
light particle X, u* — e¢*X, X — y7, using the full datasets (2009-2013,
7.5 x 10'*u*s) of the MEG experiment.

e No significant excess was found in the mass region of 20-45 MeV, lifetime below
40 ps.

» In particular, the upper limits are pushed down to the level of O(107!!) for
20-30 MeV.

e It is at most 60 times more stringent result than the bound from the Crystal Box
experiment.

e The MEG Il experiment is planned and the sensitivity is expected to be
improved by one order of magnitude.

e A further update can be possible in the future CLFV experiments.
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MEG Apparatus

1m
COBRA Magnet
\ Drift chamber
[— ——— |
= _ !
— %L 3 _ﬂ\7'
Muon Beam X l
] / e’ Timing counter
Stopping Target | g
PT—
=/ =
]
|'-i; o ] P
S Drift chamber

/l!;v I|I X

[ |
Liquid Xenon — |
Scintillation Detector v
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u* Beam & target " e
e The world most powerful proton ring cyclotron @PSI in Switzd ™5 = o e
» 2.2-2.4 mA, 1.4 MW, 590 MeV proton, RF: 50.7 MHz. — }...,{ g )
e The 7E5 beamline P SO, LA

» provides 3 x 108u™/s at 28 MeV/c, operated at 3 X 107u*/s for the MEG
data taking.

eStopping target
» 205 um thick polyethylene and polyester sheet (density: 0.895 g/cm?).

» Slanted angle of 20°
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e”: COBRA magnet i

e COBRA = COnstant Bending RAdius R T,
=
Liquid Xenon /"?.:' f' === -Ill-" }
e Specially graded B field e b

» The diameter of the trajectories depend on e™ momenta independent of
their emission angles.

» Low momentum e*s are quickly swept out
v Low hit rate in the drift chambers

» e*s whose momenta are more than ~45 MeV come into the acceptance

—— ——

' O S
— H —m.
(a) (b)
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e™: Drift Chamber i

Drift chamber
[ — ——— ]
- e
[ ] TraCk e+s mt)’,’x € Timing counter
e Made of ultra low mass materials — }-A } -
» Minimize the multiple scattering. o N E—

» Suppress y BG.

» in total, 2.6 X 10_4X0
e 16 modules consist of two staggered layers.
e Vernier method is used for z reconstruction.

e Helium-based chamber gas.

3 He'C2H2=1 1 a l(vernltr pads) Jparticle trajectory
‘ J; — o X ° /o( 2

\
l (o potential wire 1)

X : sense wire

P “"“\""‘ anode readout
b } — =< L 2 . > ] V
- - >— N\
'("/ cathode resdout
vernier pad induced positive charge
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e”: Timing Counter

I —1
im

COBRA Magnet
Drift chamber

e Measure hit timing of e™s.

e 15 scintillator bars for both upstream and downstream.

e Scintillation light are detected by using fine-mesh PMTs at bo] smee®

= ——1]

Muon Beam

/i et .
Stopping Target | Timing counter

[ 7 1 H
[ — , —

o
ll
Liquid Xenon (—========
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y: Liquid xenon detector | w.-

Drift chamber
[ — ——]
e Detect y using liquid xenon (active volume 800 L). I — = g comr
=== ——
» Determine timing, energy, and position of y 7 }
Liquid Xenon =
Scintillation D Lt

e Good stopping power (Liquid xenon).
e Fast scintillation timing (Liquid xenon).
e VUV-sensitive (178 nm) PMTs (846 tubes).
» Newly developed for MEG by Hamamatsu.

. Top face
Lateral (Upstream) face
Outer face —
L
| -
-
M t: t
Muon target [ I ,Y/uon arge
Im - 1 /
Inner face I
==
o Inner face

Lateral (Downstream) face
Bottom face > )
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Event reconstruction

1. e’ reconstruction

o[ C: time

2. 2y reconstruction

eEnergy & position: simultaneous least

eDCH: momentum, position square fit using light yield of all PMTs.

eTime: least square fit using selected PMTs.

Y
+
et M X .
o= o e
4—.. ........ ’: ’I....
el Tt o0 .
taa, :§ 'iu
i i
Y i
T e
% 'fs. HI Q_/ [
E— e PMT PMT

3. Combined reconstruction

eX — yy vertex position: maximum likelihood
fit assuming my.
eMomentum: Ph, Pyz(,PX)

e Time differences: ty— 1t
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DAQ & Trigger

e DRS4 (Domino Ring Sampler)
» Switched capacitor array specially developed at PSI.

» Take the data from all detectors as waveforms.

e Trigger
» Trigger rate below 10 Hz.

» ¥ energy, time difference between e and y, and relative direction of e™
and y are used in the trigger algorithm.

» Not optimized for the MEx2G search and the direction match trigger
condition loses the MEx2G signal (down to 50-90 %).
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Dataset

e 7.5 x 10"u™s stopped on the target in 5 years.

» 1.8 X 1014,uJr (2009 and 2010) was used for the previous MEx2G analysis in
2012.

o ut — e*y data is reused for the MEx2G search.

N, on target (x10'%)
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