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&3 Overview A%

« Goal: Liquid xenon photon detector

« Describe the MEG I COBRA @ IR eee0s / (LRE)
experimental technique and its supercgnducting magnet ,:‘;:\ e
first physics analysis -‘

* Discuss:
« Theoretical background
* Experimental overview
* Physics analysis

é/iéféfal

Pixelated timing counter
(PTC)
Muon stopping target

Cylindrical drift chamber

Radiative decay counter (CDCH)
(RDC)
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o

u—ey Decay

« No instance of CLFV has been observed

. €.¢. y4—ey decay is possible in SM:
BR is negligible ~107>%; oc[(AmV)]

miy
« BTSM theories allow for CLFV and y—ey at
higher, detectable rates

(e.g. SUSY, BR~ 10711:1071%)

« MEG Il searches for p—ey; signal would be
clear indication of new physics

2/1/2024
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g CLFV History 0

History of CLFV experiments with muons

« MEG Ilisthe latestinalong _ R N Current bound
line of CLFV experimental E b vmo Y ROEY Blu” — ey) <1.2x 1077
searches with others following - .- muNoeN ] BT —efeten) <1.0 x 1072
soon S .ok euo3e 3§ Betochyy <72x 107"
e.g. Mu3e, COMET,Muze 8 &= = 7 Rchociy | 7«0

R(u~Al ~ <= Al -

. |mpr0vements from Improved 10—5 ............ ............. P ................. ................. ............ B(rj: N .u:l:};) {:59 9 10—8
aCCelel’atOl'S, detectOr 10—6 ............ .............. ................ ................. ................. ............ B(‘Ei N Ej:}’) -85 x 10—8
technology, and experience LA S e LT G R B(r* — uFutu~) | <2.0x 1078

. . 10—8 ............ ................. ................. ................. ............. B(Ij: N ej:e+e_) <2.6 x 10_8
« The current y—ey decay limit T — A S— B - A S— - 70 et p —1.7 % 10-6

is 4.2x10713 (90% CL), setby  jgop ' __________ S U P —— 08 x 100

MEG | L] S A TTIANS W S S, S— 70 = utcF <12% 107

. R s e KO — etpu7 <4.7 x 1012

« The MEG Il collaboration I T =
i 10 | | | | | | | D’ — e*pu <8.1 x 10

almStOdeteCt“%evor —14llllillllillllilllljllIliIllJilll[illll*BO_).ej:ﬁLq: {9.2){10_8

improve upon the sensitivity 101940 1950 1960 1970 1980 1990 2000 2010 2020
limit by ~10 e
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MEG Il Experimental Overview
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@ I\/IEG II Expenment A6

UTokyo INFN Genoa

o International collaboration
of ~ 60 physicists

o« Based at Paul Scherrer

Institut located in Villigen, KEK INFN Lecce
CH near Zurich Kobe INFN Pavia

] INFN Pisa

» Uses the PSI proton ring INFN Rorma

cyclotron
e 590 MeV protons

e Unbunched surface muon Ring

beam produced: Cyclotron
Stop rate = 4 x 107 Hz,

28 MeV muons =
- P o T
24 WMN" -

Au “ - .v-.--q-\\

e ML i S O PSI

R e - ETHZ
Y
: ‘K AR, :
- _— 3

UC Irvine BINP
JINR

—
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l?ﬁ MEG Il Experiment: Signal/Background %@

. The y—ey signal is a two-body decay at rest,

signal e/y have equal and opposite Signal Decay e
momentum (m,/2) u

« Background does not have these ‘
characteristics: /

 RMD (radiative muon decay) :

ut -yetv, v, (small Ev, V) 14
« Accidental background: high p,, coincident with y :
from RMD, AIF (e* e~ > yy) Accidental RMD | g 4 7
Background Sl
* The experiment requires precise . '
Kinematic measurements of the decay H . .
A

products to distinguish between VAR
signal/background decays A ’.‘ V
V
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‘?ﬁ MEG Il Experiment: Apparatus A

Nace XR+ ®AE; ¢ AD o+ 9 A+, 900+, ¢ AL+ o T

« Stopped u* decay in target; decay
products (e, y) are measured in Max B~1.3 T Liquid xenon photon detector
various detectors COBRA fok (LXe)

. Similar design to MEG I, but all S“percﬁuc“”g »CT::}.‘::,’;;}‘
detectors have been upgraded —

v
“““““
Voo

9

« Kinematic estimates at target
by propagating e™ to the target, then
projecting y to e™ target vertex

(Aee"'y’ A‘Pe"‘y' Ate+y, E,, Po+)

Pixelated timing counter
(PTC)
Muon stopping target

Cylindrical drift chamber

Radiative decay counter (CDCH)
(RDC)
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@ CDCH Detector A6

. Upgrades:

o New ultra-light open cell stereo drift chamber
to improve efficiency and resolution

e More track space points in drift chamber to
improve resolution (1150 readout drift cells)

« The chamber was filled with
He: C4H10' C3H80 02 (88 29 81 50 5)

Wire Positions at

. High voltage wires surrounding sense wire_Time-Distance Isochronesinsl = oo mper center
creates drift cell geometry iy I R e —
Kinematic MEG I e B | L e
Core ¢ MEG | Goal (;21 oo
Pe, (keV) 380 130
Oe. /@, (Mrad) 9.4/87%  5.3/3.7* ot
te+ (PS) 70 30 0z =
Zes [Yer (MM) 2.4/1.2 1.6/0.7 03 AR N
e+ Efficiency 30 70 Z:b' 0 795r01tjs017|01flso .'1'&;"."2-36.“."'21'-6 Sy
*@,. estimated at plane perpendicular to track 05 04-03-02-01 0 01 02 08 i X rom]
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@ pTC Detector A

« Upgrade: new design with higher hit
multiplicity

o Two semi-cylindrical modules, each
consisting of 256 timing counters

o Counter consists of a scintillation tile with
double-sided SiPM readout

« Individual counter timing precision ~90 ps
e Signal e, <Ny > ~9; ate+=30 pS

Kinematic MEG II
Core o MEG | Goal
De, (keV) 380 130
0. /@, (mrad)  9.4/8.7 5.3/3.7
t.. (pS) 70 30
Zei 1Yo (MM) 2.4/1.2 1.6/0.7
e+ Efficiency 30 70
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1?3 LXe Detector A6

100

« One of world’s largest liquid Xe detector (800 L)

. Upgrade: inner face PMTs replaced by 4092
15x15mm? MPPCs (Multi-Pixel Photon Counters)

« Other 5 sides remain covered by PMT photon
counters

Kinematic

Core o MEG| MEG Il Goal

E, (%) 2.4 1.1 i
u, (z,) (mm) 5 2.6
vy (Rpy) (mm) 5 2.2 £
w, (Ry) (mm) 6 5

t, (ps) 60 60

H ul 9 '
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1?3 LXe Detector A6

« One of world’s largest liquid Xe detector (800 L)

. Upgrade: inner face PMTs replaced by 4092
15x15mm? MPPCs (Multi-Pixel Photon Counters)

« Other 5 sides remain covered by PMT photon
counters

Kinematic I
Core 0 MEG| MEG Il Goal b
E, (%) 2.4 1.1 i
uy (z,) (mm) 5 2.6
vy (Rp,) (mm) 5 2.2 £
w, (Ry) (mm) 6 5

t, (ps) 60 60
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1?3 LXe Detector A6

100

« One of world’s largest liquid Xe detector (800 L)

. Upgrade: inner face PMTs replaced by 4092
15x15mm? MPPCs (Multi-Pixel Photon Counters)

« Other 5 sides remain covered by PMT photon
counters

Kinematic

Core o MEG| MEG Il Goal

E, (%) 2.4 1.1 i
u, (z,) (mm) 5 2.6
vy (Rpy) (mm) 5 2.2 £
w, (Ry) (mm) 6 5

t, (ps) 60 60

H ul 9 '
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@ Target Monitoring s

. Motivation:
Target 90 um normal-displaced, ¢,+=45°-
e* path length error of 130 ym —» 1 mrad ¢, error

« One of the most dominant MEG | systematic
errors

. Relative target/CDCH coordinates:

» Optical survey of the target/CDCH +
pre-installation CT scan of target shape

» ‘Hole Analysis’: image holes in made in target
by lack of positrons originating from the hole
position — incorrect target position results in
reconstructed hole position varying with angle

« Target motion measured by analyzing
photographs taken periodically during
data taking analysis
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‘?ﬁ Target Monitoring s

Y distribution for -0.2<Z < 0.3

. Motivation: e —
Target 90 um normal-displaced, @,+=45°> [y
e™ path length error of 130 ym — 1 mrad ¢, error [

. One of the most dominant MEG | systematic / \K
errors | J .\x

. Relative target/CDCH coordinates: R

o Optical survey of the target/CDCH +
pre-installation CT scan of target shape

» ‘Hole Analysis’: image holes in made in target
by lack of positrons originating from the hole
position —incorrect target position results in
reconstructed hole position varying with angle

« Target motion measured by analyzing
photographs taken periodically during
data taking analysis
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‘?ﬁ Target Monitoring s

« Motivation: ",
Target 90 ym normal-displaced, ¢,+=45°-
e* path length error of 130 ym —» 1 mrad ¢, error

« One of the most dominant MEG | systematic
errors

. Relative target/CDCH coordinates:

o Optical survey of the target/CDCH +
pre-installation CT scan of target shape

o ‘Hole Analysis’: image holes in made in target
by lack of positrons originating from the hole
position — incorrect target position results in

reconstructed hole position varying with angle

o Target motion measured by analyzing B e

photographs taken periodically during  °
data taking analysis
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1?3 RDC Detector A6

 RDC eliminates a fraction of RMD e \ /
. . z: 10-1E NAC-RANADY o F . Y 7 detector
accidental events using 2 o "","Eel o1 COPRAmage L%
T ;%:104 MC Michel e E ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,//// ?////////////,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
LXe/RDC matched y/e 5 | z
210°F ; . . RMD)
: ? mﬂ
« Downstream of target only N
10° ” : ﬁ H H" " ” H ” e ////,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
* Remove events based on: B et
« yle™ relative timing (scintillator bars) = or
+ : = A 2 MCRMD e™
« e™ energy (LYSO crystal calorimeter) ] [ 2 MC Accidental e+
_{ - .,;%: 107
, ~22 cm _ag
II g 107
7 ‘ i
| ||
/ l | | .
e+ ¥ = | 1 I I

0 ]0

RDC— LXe time dlfference [ns]
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o

MEG Electronics i

* All detectors use custom WaveDREAM
(Waveform Domino REAdout Module)
electronics boards

* O(10k) channels contain 1024 ‘sample-and-
hold’ cells that sample and temporarily store
detector signal (8x2 channels/board)

« After trigger, all charge is digitized via ADC

* Operated at a sampling frequency of 1.4
GHz

2/1/2024

Search for p¥>e*ty in the MEG Il Experiment's First Physics Dataset

|_wire 442,side 1 |

EF‘IIII\I\IH

T

Wi 1
‘ | LY i
I - | Tim. W ‘
i | , 11“‘1‘ IMM\ Uy L‘ [ || l,'\ ‘,1|:I‘I‘\.f’![|““‘ ]‘ | HT I "l I I | ‘H 'u ﬂ w l | l \“ l( ||"
| i ‘ I'{I [ ‘] II | \ | ‘ | | ] / o Il“.l r }l‘“ \lil |
(V]

I

-800 700 -600 -500 -400 -300 -200

Ritt: https://doi.org/10.1016/j.nima.2003.11.059
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https://doi.org/10.1016/j.nima.2003.11.059

@3 MEG Trigger A

253- L T T . T T O B A T . T T T ¢ 2 T & 3 T TR TR
-A:": B 5 oy RO TR L e 1 v 8 : : : 2 8 s g @ e

« MEG Trigger Conditions:
e | Xe Ey> EThreshold (40-45 MeV)

. Time Match: pTCILX
o1 AR LR LA VAL LA L i
|Te+/y| <12.5ns ANAAALE A A AR AN LS A

B
£ i

T S SR Tl SR e T N i S B TR B e SRR S LT r;.,.“:"ni‘;. i

138} ;1. ; % K I i e L ST TRUR A IR T

. Spatial Match: pTC/LXe based on Tt SRR
u—ey decays simulated in Geant4 ' ‘ ' -

] T T T T T T T G G T e YA o R S S S O S e o o
J‘_. . 2 L : ¥ M. :

XEC Tile ID

207 R

* Trigger rate of ~ 12 Hz at
4 x 107p/s

N R
ik e § 1. F 1 5 Deil iRty k
: N fof & M 7e o B GRR HY

L ¢ 5 | Z HE TR R TR T

: - |:-"":.:A,:.,:l:',:\:|A:‘_.:L:‘

S L ¢

T
IR NE SE RN R AL R LT i Ls Y 4 A

0 32 64 96 128 160 192 224 256 288 320 352 384 416 448 480 512

TC Tile ID
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4? //

MEG 1| 2021 Analysis
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&3 Data Analysis A

« Optimizing resolutions/efficiency is
critical to achieve the optimal sensitivity
and ultimately detect p—ey

« Much of the analysis work over the last
couple years focused on noise suppression,
calibrations, and alignment algorithms that
were critical to improve resolutions and
efficiency in the 2021 dataset

. Data Analysis:

e Positron analysis:
CDCH+SPX waveform data — e* kinematics

e Photon Analysis:
MPPC+PMT waveform data — y kinematics

o Target analysis: tracking target position,
orientation, shape

e RDC analysis: matching low momentum e* with
LXey
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o

Positron Analysis

« Multi-step procedure to convert the
CDCH+SPX digital waveforms into

positron tracks

« Examples calibrations/alignments

(bolded discussed):

2/1/2024

Noise suppression
CDCH wire-to-wire alignment

CDCH drift cell time-distance
relationship

CDCH+SPX time calibrations

Relative CDCH/SPX detector timing

7

Drift Chamber

Waveform Analysis
noise filters, identification of hits

Hit Reconstruction
reconstruction of hit properties
\J

Track Finding
grouping hits to form
track candidates

. |

-

Timing Counter

Waveform Analysis
noise filters, identification of hits

Y

Hit Reconstruction
< CALIB.

reconstruction of hit properties
v
Hit clustering

o

Y

Track Fit
Kalman filter to reconstruct
the positron kinematics

Magnetic field calculation/measurement

Search for p*>ety in the MEG Il Experiment's First Physics Dataset

grouping of hits produced by
the same particle crossing

A/

Timing Counter tracking
improvement of TC informations
with tracking through tiles

)
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@3 CDCH Waveform Analysis: Track Measurements AW,

. . , . . . |_wire 1382,side 0 | _

* Primary CDCH measurement is the track’s £ “E Nominal - | =
I I 40 = . . i \‘:"‘J. , h —E
distance of closest approach (DOCA) to a wire S5 HitTime | T | | | =

. . . . . o Bea il 2 f’\-"(.,’p\ﬂ’lil‘ ..‘.’\th. TS A Y "v'xlln;’ TS A MMt ‘J'\_Nm-"\"{‘.\h\\/mv;,r A I t\}“vﬂwnlywm_‘\ﬁ ,4’”‘“ N A E

« Analysis results in measured hit time. Combine AU | [N AT

800 700 600 500 400 300 200 =T

with track TO (from pTC), yields a drift time , , | | yire Tz side 1]

=
@
[+
Q|

[mV]

Tj;”‘\ll‘\ll“\l

* Requires time-distance relationship to E W
estimate the hit DOCA. Conventionally =AU ™ (A IR AV YW LY Y NI —
calculated by Garfield Y

E-H'II}TIH‘HI‘HIIHL

700 600 500 400 300 300 T

1
@l
f=1
Q)

« Replaced by convolutional neural network _ DoBARmer <DOCA Error>: Doca

by tralning On traCkS in MEG data é 805_.,.- ...... . ............. . ............. , ............ .
U 60:_ ..... - '._-:_.; ........... ; ............. :. ............

* Improves DOCA resolution, reduces DOCA % L i g — L
bias produced by ionization StatiStiCS, and < 20___,__- ............ .... . S - ........... E
iImproves kinematic resolutions D S iy e el

5_20_-=="_"'-\.-_.-r' ....... ¥ __"" ........ 3

8_40;_ ......................... A g

%—60;— ......................... .......................... ,‘::.‘.*_

. _80:_ ......................... ,_....,_- ........ -

T T o SN B B P M
T 0 200 0 01 02 03 04 0.

Hit DOCA - Track DOCA [um] Track DOCA [cm]
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‘?ﬁ CDCH Wire Alignment B

Average Y Error for Layer 4 Wires [um] X Error on Wire 401[um]

* Align the wires by
calculating residuals as

Hit R-Trk R>[um]

a function of position Survey :
along the wire axis Alignment

* Iteratively correct the
wire by applying o - FRE
translations, rotations, Axial Coordinate [cm]
and a wire Sagitta Average Y Error for Layer 4 Wires [um] X Error on Wire 401{um]
(electrostatic) - G

* Improves kinematic Track-Based:
resolutions and biases Alignment
In the kinematic
resolutions

k R>[um]

Axial Coordinate [cm]
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@ Physics Analysis A

NN Track Selection Trained Directly On Data
To Remove Mismeasured Tracks
25000

. Goal: detect the uy*—e*y signal or
calculate an upper-limit on BR of u*—e*y using

Ey: Ee» QDey» Hey: tey +(tRDC—LXE: ERDC)
. Two blind physics analyses
discussed In next few slides: 10000
« Cut and count analysis (2 separate analyses) 5000
« Maximum likelihood analysis (2 separate analyses)
. Common requirements:
o Calibrations, alignments, noise suppression —
. Positron/photon selection 1= imtenis
. Kinematic resolution estimates

20000 Acceptable Region

15000

MeV]

o
o

i=3;ExtSPX
i=4;ELossTGT-DCH

o
©

. - . % i=5;ELossDCH1-2 \
o Correlations between kinematics \
« Both opt to include event-by-event information
« Estimates of background rates/distributions o = s n,,\

i=13;SPXTO
i=14;Beam Rate ‘\\

.5 T T T T T T T +
0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
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‘?ﬁ Resolution Estimates ',

Liquid xenon photon detector

. WIll highlight some of the data-
driven kinematic resolution scpre'f? nducting magnet ,{%\
estimate approaches for the \
CDCH, pTC, and LXe detectors

. Optimal resolutions are
required to suppress the
background

.......

Pixelated timing counter
(PTC)
Muon stopping target

Cylindrical drift chamber

Radiative decay counter (CDCH)
(RDC)
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&% Positron Resolution

« Data-driven e* kinematic resolution estimate
compares two independently measured/fit
turns on a single e track: double turn analysis

« Compare kinematics at a common plane
between the turns

Turn 1 Turn 2

-,

N,
%o

7,

hz
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& Double Turn Analysis 20

Y Vertex DT Comparison Z Vertex DT Comparison P Vertex DT Comparison

* Turn kinematic jots e | ] P e mo

comparison at tal’get 1400F- AJA=0.10 : A/AR010 5 il B

plane oo
. 2 _ 2 2 3

OAA= OTurn2 t OTurn1 600F

400
* Fit to convolution of = |
. 0 1 1 1 1 1 1 1 1 1

two double gaussians 4 ’ V%Y, feml ’ ® P, MeVI
* Yields quallty estimate @ Vertex DT Comparison _ O Vertex DT Comparison

of the core/tail 2o orot9=0amaa | 10

0,720.81, 11 =0.0 [mrad]|  1600F-
A/A=010 1400F
1200

1800

resolution that only
requires minor MC

0=7.72, u =04 [mrad]
06,=25.42, 4 =0.0 [mrad
AJA =010

6,=5.58, n =-0.2 [mrad]

; 3

6,=17.77, 1 =0.0 [mraq]| 1000F
2

corrections 1000 AJA=0.10 800E-
800 E
600F
600 -
400 400
200 200F

0 - T 0E T —.

—0.05 0 0.05 ~0.05 0 0.05

(DZ- (I)l [rad] 0,- 0, [rad]

¢, estimated at plane perpendicular
to track, smaller ¢, is at |d,,|< 0.2 rad
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‘?y Double Turn Analysis

« Resolutions measured with
double turn analysis (DT)
are all improved with
respect to MEG | and close
to goal

 Improving single hit
resolution, magnetic field
map, etc. aim to achieve
the MEG Il goal resolutions

2/1/2024 Search for p*>ety in the MEG Il Experiment's First Physics Dataset

3¢ 107 /s
Kinematic MEG| MEGII MEG Il 2021
Resolution Core o Goal DT Core o
Core o
Pe, (keV) 380 130** 97
0., /¢..*(mrad) 0.4/8.7 5.3/3.7 7.2/14.1
Zoi 1Yo, (MM) 2.4/1.2 1.6/0.7 2.0/0.7

*P.. estimated at plane perpendicular
to track, includes correlations
**pased on early CDCH track fitting
algorithms
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‘?ﬁ XEC Resolutions ol

LXe CEX Energy Distribution
P LXe CEX Setu
- CEX Reactlg)n. . P with Varying Depth (w)
e M P—T n, T —VYY ————

z @ = -7
e E/,= O-SrnT[OY(:l-i Bcos Brest) 56[}0_ Rw<lzt'cm20‘y o 20 008 §
e By = 0; p~0.2; E, =55/83 MeV PP st SR W R B
. Separate detector (BGO) Hydrogen target T ol ]
selects back-to-back y pair ®rtex 5
(dtBGO—LXe1 EBGO’ pre-shower counter Oz(li))I R A

2 [ ndf 28.38/18 -
w> 2 cm

~  Resolution 1.8%

Opening angle > 170 deg ) The
« CEX reaction used to

55.16 +0.02
1.02 £0.01 4
ransition —0.6439 = 0.0511 4

Entries / (0.2 MeV)
=
(=]

. Calibrate E,, t, Be0 crystal ]
- Estimate Oy Oty 43 50 55 60 E [IM;VG]S
. Ongoing work to calibrate LXe | Kinematic MEGI  MEGII ?
to achieve MEG II goal Resolution MEGI|  Goal 2021
resolutions (E,) E, (%) 2.4 1.1 1.9
t, (ps) 60 60 70
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oY 2021 RMD Timing Peak g

. Use non-accidental RMD e™/y pairs at RMD t,,,, with TC per-event Errors

standard beam intensity to estimate Ot 1., I o o e e RARRE
= 600— - s TSN
_ = C 1 With kinematical cut
. Direct measurement of o; . S ot E
ety S 00 .
: : g F i
. Signal e contains ~9 Ny.. For events Faw -
with9 N TC) O'te+y~78 PS 30054..#.-%;}%%;+-.%;+..i‘1} ; ++__
. Comparable to MEG Il goal of 84 ps 200 E
100 | -
L — -3
t., (ns)

2/1/2024 Search for u*>ety in the MEG Il Experiment's First Physics Dataset Dylan Palo — University of California, Irvine



‘?ﬁ Physics Analysis Tools: Background Q.

hdTEGamma
Entries 4571 ] 5

* Tools to estimate background _ Z
rates/distributions in the signal region = Meany 048 —:-5
- Time sideband: - ]
» Signal region offset in t,+, ™ 3
« Estimate Ny In signal region SE_ 2.5
 Calculate distribution of accidentals (e.qg. s2f= " 2
E,, ve) expected in the signal region Bt 15
» Energy sideband: o b :
* Signal region shifted to lower E,, e BT _ s 3‘5
« Estimate Ng,p In signal region; found to be -3 2 -1 0 1 Te- Ty [ns]
completely negligible
* Toy MC.:

» Use resolutions and sideband results to
generate many toy MC “experiments”

« Toy MC experiments contain expected
accidental distributions: used to calculate the
upper-limit in the absence of signal

2/1/2024 Search for u*>ety in the MEG Il Experiment's First Physics Dataset Dylan Palo — University of California, Irvine




\ o

Probability Density Functions A

Time difference Positron momentum Gamma energy

T P | I — T BT R Y N S RN T Y M AN PR [T B R o

T

L

L
1l

. Using kinematic
resolutions and sideband
iInformation we build =

and accidentals =

I
I
()()0? ? Num Entries = 5004 — Num Entries = 5004

=N

S

S
[

» = 2466.01 0.00 +50.97 NBG = 2466.01 0.00 +50.97

2.
Q
"

9
=
-3
&
+

o
e
3

Loy

[T

D = 1.20 0.00 +0.20 NRD = 1.20 0.00 +0.20

'Y

ig = 2536.83 0.00 +51.64 -i\\lg = 2536.83 0.00 +51.64
4

Events/ ( 0.04 ns )

TTTT

vl

[N N

Events/ ( 5.2¢-05 GeV )
n
=)
S

Events/ ( 0.0004 GeV )

200 3

PDFs (graphic shows e 5
g p PN AR (R P . SR O 0 S AR s TP .

—0.4 —0.2 0 0.2 04 0!])48 0.05 0.052 0.054 0.056 0.05¢

E.v,(Ge\’)

¢ after correlation correction

equal weighting)

T L T oo L — T & T 1 & @ T T

7 400 E T 500 - B ek & E
= [ - r il| o £+ um Entries = 5004 i
ISEETT = ] ~ F 4 &

v 350 — Ioe) - = o) 2 = ]
=2 E | = 400 ) 1 g NBGi= 2466.01 0.00 +50.97 | -
= 300- ] S - ] = NRD = 1.20 0.00 +0.20

~ : : ~ - — e =1
2 250 | 2] L - z NSig=12536.83 0.00 +51.64

= 2O0C | - = g

5 = . g 300 7 b1

P . - LS

= 200 = = L ] =
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& Maximum Likelihood Analysis A

 Maximum likelihood analysis (MLA) uses the

Toy MC in the absence of signal

sighal/background PDFs to fit for Ng;, Nacc, Nryp, Xrer 90% upper limit on N_
o . ] T
« Extended Likelihood function: - :
L(0) = —— p(x;; 0) 160"
= exp|——= 80
20’]‘(:'1‘ : 60:
_ < (NrmD — (4\'1{1\11)>)2) , ( (NAce — <A\'A(~<~.>)2) 10
X exp | — — X exp | — == =
20MD 20 Acc 20F
e~ (Nsig+Nrmp+NAce) Nobs ) ) : ) 0: ‘
X v H (NsigS (73| Xtar, @) + Namp R(%5|G)) + NaccA(Ti]G))) 0
= (’)I)S' ]_1

* Applying the MLA to toy MC In the absence of signal, we
estimate a median upper-limit on Ng;; of 2.21 at the 90% CL
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‘%ﬁ Cut and Count Analysis A

: : : : Nycc in Toy MC in the absence of signal
- Cut and count analysis (CCA): define a signal region and . ——

count the number of events inside (Ng;;). No RDC used v oo
 The analysis region is defined by a hyperradius (ry < 3.45):

500

4001

my,

R \/( Loy )2 + ( fbmf )2 n ( 9@7 )2 n ((7 — a) —pC)Q N ((T — ) _ E’}')Q 300;_

O-t-m- O'@m O'gm_ Upe O'EA{

200

« Calculate <N,--> In signal region using time sidebands and
toy MC: <N,4--> =0.61 events

* The median/mode toy MC experiment results in zero events

» Using the Feldman Cousins approach, this null signal would
result in an UL on N of 1.8 at the 90% CL, but a lower signal
efficiency (<UL> of 2.95 at the 90% CL)

100

Ojl 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 11
0 1 2 3 4 5
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‘?y Normalization g

* In either physics analysis, to convert the upper-limit on N into a branching fraction of
u"—e™y, we require the number of ™ observed in our dataset, N,

* *Single event sensitivity is the branching fraction that would result in 1 signal event in the
dataset i.e., 1/N,

* Measure N, using two techniques:
« Measure the number of positrons reconstructed in a trigger requiring only an SPX hit:

e’y
e

f(GI/ET *) E%VEG ESUE
« Measure the number of RMD events in the physics trigger sample (45 < E, 48 MeV):

e
1 C1rg €

ey ey
N,u — N(’.U!j ’ Pm/ﬂ ’ ) A(J’y ) GA,.-! ) ES}{L

ey ey ey ey
N, = N. — . 1 ) TRG ) €e . E'Y . €SEL
[ evvry B = evrry evrry evrry evvry
(evvy, ) ennd, e 4 €SBl

» Both require acceptance and efficiency terms estimated from a variety of sources e.g. calibration
data, alternate trigger data, Monte Carlo, etc.

« Normalization measurements agree within 2o
« Normalization of MLA is 2.64¢1012, CCA is 1.98+10' due to a lower signal efficiency

2/1/2024 Search for p*>ety in the MEG Il Experiment's First Physics Dataset Dylan Palo — University of California, Irvine




‘?ﬁ Sensitivity From Toy MC A

= l l I | ! I
« ‘Sensitivity’ is median toy MC upper-limit in the absence of T -
signal: é’ 1071 a0 —
upper-limit on N, divided by the normalization,N,: ULy, . /N, = n
o | S SO SO S A MEG sensiavity (909 C.L.)”|
* This is the median upper-limit we expect to set in the absence of & Lo MEC it 0% CL)
signal s | 4 )
« MEG Il 2021 dataset sensitivity approaches that of MEG | - e i .
* Projects to reach its goal sensitivity by end of MEG Il lifetime b
10 :_ ! 2024 __:
- ® 2025 ]
Dataset Sensitivity  Single Event i ® foee
(10~13) Sensitivity (10~13) -
MEG | Sensitivity 5.3 0.58 ! 1]
MEG Il 2021 Sensitivity CCA 9.3 5.0 _ _
MEG |l 2021 Sensitivity MLA 8.8 3.8 101 | | | | | | | | |

0 10 20 30 40 50 60 70 80 90
DAQ livetime [Weeks]
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‘?ﬁ Signal Region A

« The CCA resulted in a null signal therefore resulting in an upper-limit of 9.3*10713

« The MLA resulted in an upper-limit on Ny, of 1.98 i.e., an upper-limit of 7.5*10713
NLL is comparable to that of toy MC

« Both results are in good agreement with the toy MC experiments (close to median)

Time difference Positron momentum Gamma energy
~ OE R e TRFNERIE B ~ % ~ "~ 1 7 77 = e e e R A Fe e e e e
& g% o 17 [ [ Neom E¥ 13 T 105 ] el T SO 2 il IR
-c'_ I... 2y . 1'Pies [ e :\||||| l‘..n_rn-~='66 2 ;: 5~.?;;,:, P ERLd Num Entries = 66 ‘ :,; l|)§ ‘-«_\‘M‘,_‘ 3 Num Entries = 66 .
= Hege Loged 11 LIt ) bl gl | 1K i 7 s o5 T W s =675 ] 2 Foel t i = 67.5 5
- f o 1 il .Nlil,,qﬂ.:ﬁﬁ.ao ¢33 [ o 0 9 R STLONBG = 67.56 0.00 +3.23 | | s E %4 n .o |NBG=67.560.00+3.23 1
o 1 1 1 4 ¥ = T Tt T {
8 1L T IR = 1919 0006020 | 3, [ ) *° TNRD = 1190.00 +0.20 | = | ™ NRD = 1.19 0.00 +0.20 | |
i E s : :.L = 0100 0.00 +0.63 | S L | KSi®= olof®op koeh | % i e -oie NSig =0:00 GO0 2063 |
] - [ 2 B 5 I B ) =} s MTTT T 1 a
g 2
107"
E 1
10 10!
102} i
E a 10 2L I ol
04 -0.2 0 0.2 0.4 0.0525 0.053 0.0535 0.048  0.05 0052  0.054 0.056 0.058
ley (ns) E.(GeV) E,(GeV)
6 angle ¢ angle ¢ after correlation correction
ol R G S R B B 2 W Er e ] 2 R
z - S ] e e ’6 """"" E ) 1 Edd [ 53 v~ Emmy, 14, A av ) Box g E ST s R & TR 1B |
E | . Nonglputries =06.9- e e . Nuong Entries/= 66 ] o _.9-¢ Num Entries =66 =
2 ottt Togl | L@l l T rrl7Ty Q H lgey [l T | @l | LT | el | Q -' % s N i, (SR : 1
£ [ee e 1 eeNBGe67.56 .00 +3.23 S . e Le | NBbe='67.50.00 +3.23 |0 2 [lase T NBE=lS 0803238
= ) o R = 20— = P O 1| NRD) = 0207 + = 1 l = h‘;":
= 1 | | NRD = LIS®0D + @209 — S 1 L » NRI} = 1919 0.00 }0.20 | = Sl e NRD 2112 0.00 +(20° |
z NSig = 0.00 (.0h +0(63 | - z NSig = 0,00 0.00 £0.63 | - 8 Froiss © | NSig = 0,00 .00 +0.63 | -
1} 1}
10 E 5 10 E 10}
I()"ET | = “)";f = 102 £
-0.04 -0.02 0 0.02 0.04 -0.04 -0.02 0 0.02 0.04 -0.04 —0.02 0 0.02 0.04
rad) Corrected ad)

6., (rad) o
ey e

1 ¢ (rad
ey
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Signal Region A

o

« The CCA resulted in a null signal therefore resulting in an upper-limit of 9.3*10713

« The MLA resulted in an upper-limit on Ny, of 1.98 i.e., an upper-limit of 7.5*10713
NLL is comparable to that of toy MC

* The top ranked events from the CCA are shown below. Good agreement between
the top ranked MLA and CCA events

Run # | Event # | 0., [mrad] | ¢, [mrad| | E. [MeV] | E, [MeV] | teyns| | 7 | MLA Rank
402458 22 1.3 3.4 52.69 49.51 0.14 | 4.2 2
401563 1286 -27.7 -2.2 52.97 51.95 -0.11 | 4.2 1
403059 2406 -13.3 -14 H2.74 52.01 -0.29 | 4.3 3
105800 | 1663 5.2 311 52.67 1963 | -0.06 | 4.6 - +—— |n-time RDC hit;
401603 2718 24.0 -22.8 52.77 49.19 -0.10 | 4.9 9 Not used in CCA
405442 9 -30.3 9.9 b2.77 49.72 -0.04 | 4.9 4
401221 892 -14.7 8.7 52.74 49.27 -0.25 | 5.1 11
401611 2589 -13.5 -0.1 52.74 48.77 0.21 | 5.1 9
406530 570 9.6 19.6 52.79 49.98 0.21 | 5.1 13
402692 2734 32.0 -21.8 52.53 51.75 -0.11 | 5.3 7
- Typical o 9 7 0.1 1.1 0.08 - -
- Signal 0 0 52.82 52.83 0 - -
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g MEG Il Current Status D

||||||||||||||||||||| | T T T T 1
Last run: §57189 (2023-11-09 08:10:39) /

» Figure shows the effective number g 94

u

of muons accumulated for Z 035
Fc 2021 T, :2.90e+06 s
2021-2023 Fé 0.3 o |
. 'E ® - - v’ 7.76e+06 s
« Accumulated data is already 9x E0.25F e e 2023
that of the 2021 result g 02 /
2022

* The sensitivity after the full 2023 0.15
run (December) should approach

the goal of the MEG Il experiment, / oo
L 0.05
expected to reach a sensitivity of

~9*10_14‘ 04)/;"",_'_'|I/lll|lll|||||||||

May 02/Jul 01/Sep 01/Nov

Mon Nov 13 19:00:25 2023 ate

0.1

II|IIII|IIII|IIII|IIII|IIII|IIII|III'I—
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‘?ﬁ Conclusions A

« MEG Il collaboration has come a long way In the last few years. In the 2020
engineering run, the drift chamber experienced high currents and only a small
fraction of the electronics were available

* In the 2021 physics run, the experiment achieved resolutions comparable to
the MEG Il design

* Now the 2021-2023 dataset is expected to achieve the most stringent limit on
the CLFV p—ey decay or detect a signal

« Will continue optimizing for 2022,2023 physics analysis. Focus on
shortcomings:
« Optimize the magnetic field calculation/measurements
 Alternative LXe energy calculations
 Alternative CDCH track finders

 Physics paper, Operations paper
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https://inspirehep.net/literature/2712678
https://inspirehep.net/literature/2712182

Thanks for listening! Questions?
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@3 Backup: Normalization @,

NV _ - .
AT evr I . evrv  _evl
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evy
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N e LY AT L oY Y
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Y
N ’ ey e
Bf?.“f - *'\ ey j evr ¥ '[rTJH{J ('f:’. l l l
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Backup: Beamline

o

v

B
.',
¥, ’\"

Schematic TTES Channel & MEG Beam Transport System

. B 553 PN T A =T, PP s o
Scale~1m Fiaaty ah R4 RSy
& el ' e 2 R
35 -

nES Channel

>

Proton Beam

"U"-Channel

st
Degrader | = % Insertion
Collimator System in : 4%z Svalcnm
Separator System beam vacuum ;

.

%
>>>>> —d
h 3
=
A
B
%
!

s
I'riplet |
Yiﬁ

Steering

"Z"-Channel [ B
| G0 Magnet 3
a’s{'
!

Figure 4 MEG Beam line with the 7ES channel and MEG detector system incorporated in and around the COBRA magnet.
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&% Backup: XEC QF D

MPPC Response under muon beam

®  Response to LED light

—
-

1 ITTTIT TITTTI HIT*TIHTI TTITTTITTTI T']ITT IR AR ] BRI I IR I IRA R ] 11 E IRB A

* Anneal MPPCs every year in
order to recover MPPC quantum

®  Response to VUV light

Visible light sensitivity

1.05

Normalized Response

efficiency e 2 4 pmemmece : R
» Quantum efficiency degrades with e .
peam exposure
* Likely related to removing a
orotective coating, removed to
absorb VUV light on MPPCs
* Anneal using Joule method: I.e.
applying high current

09

VUV light sensitivity

1
_Exposure to muon beam

220
200
180

160
140
120
100
80
60
40
20

11111111 1111«i 1111 111111 11 m}ml 1 lm | l‘l l;lllllllll

Accumulated Exposure
[hours at MEG Il intensity]

| |
24110 31110

-
=
®

Degradation speed ~0.08%/hour
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‘?ﬁ Backup: Camera Analysis A

« EXxpect target motion on a short time scale e.g., '
following target insertions/extractions (LXe calibrations)

« ~120 dots printed on target surface; imaged by
photographic camera ~1.2 m from target

« Image analysis code measures dot coordinates on the
CCD

 Fit for the 3D target position, rotation, shape using

o _ o
projection equations: Xpop = LXcAM
Zcam—f

« Analysis requires relative CDCH-target position
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‘?ﬁ Backup: Target Survey + CT Scan AV

» Three optical corner cubes on the ST L
t ar g et fr ame 0.2 _ e .

* Optical survey provides the corner £ e
position in relative to detectors 24—

* Target CT scan provides the 4*’““* s
re_Iatlve coordlnat_es of the_target o xem)
foll/corner cubes in a nominal e

* Combination yields the relative R
position of the target foil with oost Ak
respect to the detectors at the time -0af—
of the survey o5

H - * 1 1

i " i i

I DA i i

e [ Ty T T T
4

)

A (gm
:
h
|

1 L 1 I L 1 1 L 1 L 1 1 I 1 L 1 1 i 1 L
0.1 0 0.1 0.2
y (cm)
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o

Backup: Camera Analysis Result A
* Rigid body 6-parameter 080 ] 15.070 4 0.25 1
transformation: survey— . 15.065 1 0241 o'W g
MEG data start (0—1000 h) % o070 g 15.060 - ol 3]
_ §° S 1 oss i | So22q
« ~600 pm shifts normal to the e i Z:z R e on
i w ‘ . .
target surface: ' 0.201
COSg(15°)X + Sln(150)Z (IZI 5[;{] lDI{J'D lSI{J{] (IZI SEIJ"D lDI{]'D lSI{J{] IE) 5[;{] lDI{JID lSI{J{]
MEG MEG hours hours hours
« Unknown origin, but significant ozl 33T i
. -3.4 I 0.50 1§
work In area - —— -
. E 0.2 E 3.5 1 E 0.25 1
 Reminder: S |, < 3.6 = 000+
}g 0.1 i - }E‘ 374 NE 0.5 *
¢ ' | :
600 pm — ~7 mrad ¢, error 00 J N e Mini | s P i ®
o I ~ I ' ' | | 0 500 1000 1500 0 500 1000 1500
Small shifts of ~ 50 ym with ° 300 1000 1500 100  log

Insertions/extractions
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1?3 Backup: Target Shape :

« CT scan and camera analysis

shape agree within ~50 ym at =,

all points on the surface
 Implement target into MEG v«
analysis framework by [mm] |

tessellating the deformation
Into an array of triangular
faces

* Propagate positrons to
tessellation

—20

—-30 4

_10 -

CT scan dot coordinates  Zrgr [mm]
(Normal) =~ 50 microns at object
XXX . : —
000060 o Camera Residuals o S
"1 using CT shape >~ —™
o000 oo 02 | — - !
o000 00O 0.3 5 - o sy \‘f S f
000000 o4 é‘i- N T A =
(YXX XX 3 k"‘"““"‘“‘*—*—/;— - Ny
o0 o —03 21 /X\‘\\ A <y e v ‘
— 4 b * //...,__ L -
'YX 061 S< CTTR NN
—0.7 th l”‘r_h‘h\\
T T T T T ll) 2I ':l ﬁl é lID ll2 ll4 llﬁ
—-100 —50 4] 50 100 index
Xrer [mm]
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‘?ﬁ Backup: pTC Time Resolution g

4 hits 6 hits

2 EvenOdd-hit2 | 3 T 2 - w22 EVENOAd-hit3 |
| S & st atuim A A A b ¥ O [1717)] ST S Harlag == == siaininn s
o Mean ‘ 0.0d2134 E : '

. pTC o, , estimated by " s -

e. ] E Enev X 5005_...3. ........ ......... ""l ......... _ 7005_ ........ ------- x‘ ...... sz
comparing time of o ...... 0o e ] o oo e ..... Mﬁmﬁ
even/odd ordered hits b )\ DTN me e
in the same “cluster” of  wfifoXpid bl kg e
SPX hlts ot -0..4 02 (; o2 0;1 . ot -0i.4 -0.2 (; o.z 0.;4 : ) . . . :

(eventime — oddtime)/2 [ns] (eventime - oddtime)/2 [ns]
° Flt fOI’ O-t +(NTC) —
e

300F

F o . . H .
300 reeeeen- eeeacf.. P Fesecceas e
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L 3
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112 : 8 h.i.tsmm...w 10 hits

INTC i A

350

Pl A : H : :| Bigma  0.03527 =+ 0.00017
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. + POY S PR PR | comstans . .. 106630 62 OOt e ey iConstai "% "6z i 35 300F
. Slgnal e <NTC> ~9 E - | :oo:gi‘:::;m | N o | fean. . . 9002335 0.00019 | 2505
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Kinematics/ MEG Il MEG Il
Core o MEG | Goal 2021

t.. (ps) 70 30 37
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Positron Analysis
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@ Physics Analysis A

NN Track Selection Trained Directly On Data
To Remove Mismeasured Tracks
25000

. Goal: detect the uy*—e*y signal or
calculate an upper-limit on BR of u*—e*y using

Ey: Ee» QDey» Hey: tey +(tRDC—LXE: ERDC)
. Two blind physics analyses
discussed In next few slides: 10000
« Cut and count analysis (2 separate analyses) 5000
« Maximum likelihood analysis (2 separate analyses)
. Common requirements:
o Calibrations, alignments, noise suppression —
. Positron/photon selection 1= imtenis
. Kinematic resolution estimates

20000 Acceptable Region

15000

MeV]

o
o

i=3;ExtSPX
i=4;ELossTGT-DCH

o
©

. - . % i=5;ELossDCH1-2 \
o Correlations between kinematics \
« Both opt to include event-by-event information
« Estimates of background rates/distributions o = s n,,\

i=13;SPXTO
i=14;Beam Rate ‘\\

.5 T T T T T T T +
0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95 1.00
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@ Backup: Positron Kinematic Correlations %@

. The double turn analysis also % o5 z "
. E 0.6F Data p0=-0.01, p1=-1.05 %0.015_— ’

extracts correlations between .. } E ooff
kinematic variables o " oons
S-02f > %
. Some are not accessible in ik Zonst
the data and thus rely on MC ~ * . i

° COrrelathnS _ll}llll.lzllI1.|4HI1.IGIH1!8”|2 —0-025" 05 o0 05 1

0 [rad] 0 [rad]

6¢ = [p§ +pi - tan(e)] - 6B
5Y:poy—|—p}/-5E*

e

(=]

=
IIII

Data p0=0.02, p1=-0.01, p2=0.00

—— Data p0=0.007, p1=0.283

A

<Y, - Y,>[cm]
- =]
= &
T T
)/(Zg Z > [rad/cm]
= © g
[n*] (=] (%]
(521 [#%) (521
/ I
|

=
(=] .
TT 1T
bt

07 = [p3 +p3 - cot()] - SEx :
07 =pj +py - 00 | oot |
—0.05[ _
5¢ = [pS + 1§ - o+ Y - ¢°] - 62 : o J'
[ o ® ¢ . 12 :
0¢ =[py +p5 - ¢+ py- o700 015E, T
P, - P, [MeV] o [rad]

2/1/2024 Search for u*>ety in the MEG Il Experiment's First Physics Dataset Dylan Palo — University of California, Irvine




‘?ﬁ Backup: MEG II-Mu2e Comparison g

m

1L
K+ 1)A

Lerpy = ( 2 Aroer F* + h.c.

. Model-independent effective Lagrangian with two
types of theoretical models

(1+ k)

A2 UL YLEL (ﬂL'y”uL -+ Ci[,’}"ud[,) + h.c..

. If (e.g. SUSY, k<<1):
BR(p — ey) ~ BR(uN—eN)/a

A (TeV)

" B(u - e convin 7AN=10""

. If (e.g. leptoquarks, k>>1): |
UN—eN is at tree level and py—ey is at loop level o “Muze |

« MuZ2e reaches far lower sensitivities in the quark-
lepton coupling models

« MEG Il and MuZ2e are synergetic: in kK<<l models
the two will have a comparable sensitivity
(if MEG Il sees a signal, Mu2e should too)

de Gouvea, Vogel: K
https://doi.org/10.1016/j.ppnp.2013.03.006
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https://doi.org/10.1016/j.ppnp.2013.03.006
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Backup: XEC Calibrations AV
Process Energy Main Purpose Frequency
Cosmic rays 7 from atmospheric showers Wide spectrum Q(GeV) LXe—CDCH relative position Annually
LXe purity On demand
Charge exchange ap— a'n 55,83, 129 MeV photons L Xe energy scale/resolution Annually
¥ — yy
Radiative y—decay  u* — e*vyy Photons >40 MeV, LXe—pTC relative timing Continuously
Positrons >45 MeV
Proton accelerator "Li(p,y)*Be 14.8, 17.6 MeV photons LXe uniformity/purity Weekly
"UB(p,y)'2C 4.4,11.6, 16.1 MeV photons LXe—pTC timing Weekly
Neutron generator 3Ni(n, y)*’Ni 9 MeV photons LXe energy scale Weekly
Radioactive source  **' Am(a,y)*"Np 5.5 MeV a's LXe PMT/SiPM calibration Weekly
LXe purity
Radioactive source  “Be(@21 o, n)'2C* 4.4 MeV photons LXe energy scale On demand
IEC* {}',) 12 C
Radioactive source  >"Co(EC, y)*"Fe 136 (11 %), 122 keV (86 %) X-rays  LXe—spectrometer alignment  Annually
LED UV region LXe PMT/SiPM calibration Continuously
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1?3 CDCH Waveform Analysis: Noise Suppressmn%@

wire 442 side 1 |

520

Erok Low Amplitude H
 Observed low frequency noise on the CDCH o WA Wl bl ?
waveforms coherent over entire electronics chips - Y |1 T AL g
- Developed algorithms to suppress noise by e ““33.;;422‘)3.de2f°”d‘f’° -
- - - - E Low Amplitude Hit=
averaging the voltage bin-by-bin/chip away from I |, After, et E
. LA b WU e e ! ‘”““uh, | LAt 3
S|gnals o;,‘:"ﬂf it ‘}|‘ ! et /7?“‘ i 'J‘ rflﬂ‘f“?i"“‘ i 14 R 'i']".l;fl ""]"l'l_\"'"""ﬁ%\.%""iﬂ'?“q“‘q"“fl' vTrE
« Noise suppression is critical to improving hit 0 ST SN SO SR SR A S -
efficiency and improving track space-point _ Noise Spectra
measur em ents % i —— Coherent Noise Subtracted
DFT High
Frequency
Cutoff
—— 7
o2, B2 3

Dylan Palo — University of California, Irvine
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Backup: XEC Energy Calibration A

CEX 55 MeV (w < 2) CEX 83 MeV (w < 2) CW 17.6 MeV (w < 2)
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