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The py+r—et+y decay

e The decay is forbidden for conservation of lepton flavor in Standard Model
 However lepton flavor is violated by the neutrino oscillations = Mixing in lepton sector
e SO pr—rety exists but is highly suppressed in massive-neutrino SM modifications

Amz. |2
B(u — ey) ‘ Z U:quUejm—Qw ~ 10"

SM contribution negligible

Loop process, can get contributions from Beyond SM Physics
Synergy with other (C)LFV searches
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Signal and Backgrounds

Signal Irreducible Accidental
J Background: Background:
‘ v
0<—0
0 UV
) "}/
E~ = 52.8 MeV E~ < 52.8 MeV E~ < 52.8 MeV
o+ = 02.8 MeV E.+ < 52.8 MeV E.+ < 52.8 MeV
ee'y — 1800 ee'y < 1800 ee'y < 1800

Photon from: RMD, AlF, Bremsstrahlung

Rroa = R, B(n — evvy|AE,, AE,, AO.~) ]

S

Race = R} - AE. - AE? - AO7Z, - AT,
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MEG detection strategy

— Liquid xenon
y scintillation
/ detector
- L L ]

. !
/’1'+ , Stopping . I . < P
- / target Timing
Q Muon beam > g counter
T =
L - — J
| J 1 !
. t Thin Drift
€ superconducting chamber
coil 1m

 Stop muon at center of experiment— High intensity continuous muon beam needed
(7x107” mu/s @ Paul Scherrer Institut)
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MEG detection strategy

Oy, Ly, 15

| / Liquid xenon
Y [ \ sgmtlllatlon
/ : \ : detector
A :
. p— n| :
+ , Stopping I - P

/ target Timing

T —T
[ | J - . 1 I l
. + Thin Drift
& superconducting chamber
coil 1m

 Stop muon at center of experiment— High intensity continuous muon beam needed
(7x107 mu/s @ Paul Scherrer Institut)
 Liquid Xenon detector (scintillation calorimeter) to reconstruct gamma variables
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MEG detection strategy

Oy, Ly, 15

. / Liquid xenon
Y [ \ scintillation
/ : \ : detector

Stoppmg I - )

/ target Timing

Thin Drift

superconducting chamber
coil 1m

 Stop muon at center of experiment— High intensity continuous muon beam needed

(7x107 mu/s @ Paul Scherrer Institut)
 Liquid Xenon detector (scintillation calorimeter) to reconstruct gamma variables
 Magnetic Spectrometer (drift chamber + TOF) to detect the positron
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MEG detection strategy

Oy, Ly, 15

. | ’ Liquid xenon
| \ scintillation
detector

, Stopping l .o

/ target Timing

Thin Drift

superconducting chamber
coil 1m

 Stop muon at center of experiment— High intensity continuous muon beam needed
(7x107 mu/s @ Paul Scherrer Institut)

 Liquid Xenon detector (scintillation calorimeter) to reconstruct gamma variables

 Magnetic Spectrometer (drift chamber + TOF) to detect the positron

 Dedicated online event selection and offline full-waveform analysis (chip DRS4)

B(pt — et 4+ ) <4.2x 107 (90% CL)
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From MEG | to MEG |

LXe

Scintillation
Detector
4092 SiPMs
+ 668 PMTs

Measure:

Ey ~(1%)
Oy ~(2cm) @ r=68cm
Ty ~(70ps)

Drift Chambeér
1728 square drift cells
Measure electron track

with ~110um
resolution:

Ee ~(130 KeV),

©e ~(5 mrad)

b aw
L

‘ 8% Very good charge and time measurement on
X 47 8”77 | Y,Q\X;.'f;_‘_j/ 1| heterogeneous detector technologies while handling an

1024 plastic scintillator tiles with SiPMs high pileup enV|ronmth:
double-readout. Measure: Te ~(30ps) How much a 8000 channel oscilloscope?
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Evolution of Trigger and DAQ

PMT

MEG DAQ and Trigger systems: oc. S o
. GSPS sampling by DRS4 ASIC oo o
« Parallel 1T00MHz sampling for | PC
triggering ”V f [ —
VME readout V-G v i—b '5 -~y
L_r.l-—/_> %E ATC ,
! et B | B — 7 15 e
Bowa | [T | ors -
Fully integrated Trigger and DRS Board
sampling:
WaveDAQ system ol b el B

Boards

« fit MEG Il in the same rack space =
* No more signal splitting T
« SiPM biasing by the frontend
card
e scale up to 16384 channels "per] [TReT] [Pc] [Pc]
 GbE Readout

Old Trigger + DAQ Systems New WaveDAQ System
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Trlgger Data Flow In new system

e Grown from 1 to 6 crates
Signals are connected to WaveDREAM Boards

\

Assembly of digital output within each crate

Trigger information (80 MSPS waveform + analog
discriminator state) are streamed to Trigger Crate

Triggeris sent back to stop WaveDREAMs for event readout

Run Status
426707 Fuonmingg irwe Ohoin® 5y

Stz Tarhm & 22

=eslarl Mo Liada du . omafmeydalcfloy
Expariment Hame: VG
DAQ aperator: St TS
Run description: zzer a0 (fioerrl 2,3 4, =3ermigger 0 Hz, sser-syne L@ 5

7oL 2T [Analyzer IW 7O Wanring: SEXSaanter2anaht == Rezz cion(S7X s Sonf ithe-778) was Ao Soune RSk welie wil =2 nz=z

Events[is] Data[MBis]

Equipmemnt Status Events
cgmu 112 1.3 %
LC Hy Jnzabled 0 su 2,000

» |nstalled and tested with Timing Counter and LXe detectors
« Fully integrated in the MEG MIDAS DAQ software.
« Overall latency constrained by readout DRS4 chip:

. fam €
* To operate at 2 GSPS: 512 ns maximum latency Samp!

Pisa, 22/10/2018
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Online trigger variables

Race & R AE, -AE2) AG2, - AT,

Very important: quadratic in accidental background | Xe detector

Marco Francesconi

Weighted sum of the amplitude of LXe sensors
— avoid waveform integration
(requires time to integrate the tail)

SiIPM Waveform PMT V_\/a_\(_eform

250 . ............................................... IWU:— " _:
150 Mll:—-g---
100 .umf—.é.,
S0+ 200
0k { ok I _
E | ST ST SRR "1 | N
0.6 1.6 04 4.2 0
Weights will be tuned for:
e Sensor gain variations
e |ocal ratio of sensitive area to dead material
e pulse shape difference
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Online trigger variables
Race & R AE, -AE2) AG2, - AT,

Complete trigger sum, calibration, threshold and veto | Xg detector
with overall latency of 700ns

Real Data! Preliminary test with limited number of channels

Offline Energy spectrum at two online thresholds

- Ul‘;zzzzzzzgzzzzzzzzzzszzzzz::i 7; 4 |
e : ? > _ 4.""’{#_*:
7w Ratio ¢
w _ _ 0.6 ,,'/
il e /
EX e (et i
;g l : ulﬂ“m ol
~900 Channels out of ~4800 4% resolution at threshold level

Limited by

e shower fluctuations due to missing channels,
« weights not set,

* Noise
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Online trigger variables

Race = R (AE) AE2 - AOZ, - AT,

Pulse formation in Drift Chamber takes time

0.3
Up to 150 ns to be added on top of the

Computatior;atency ia
0.1

Impossible to track the helix in 400 ns

e Positrons from muon decays tends to be at

E10-1 L e S M S o e e S S e S S S A
= 0.1
= 107
£ \
2 10" 02
£
g 107y 03¢ N
= 0.2
z 10" i
£ . ——yfromu—evvy |- . high energy
= cefroml—>evV “~.» Positron spectrometer has a non uniform
107010 20 30 a0 so magnetic field to swipe low energy
Energy (MeV) pOS|tronS
Very loose energy cut, starting from 35-40 MeV
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Online trigger variables

Race ~ R - AE, - AE?. AT,

Rely only on LXe reconstruction and hit on Timing Counter

a Search Max on the inner face

Offline photon position

Y (¢cm)
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Reduce combinatorial:
group channels in 4x4 "Patches”

LXe detector
Tirming Counter

—\

FITT | Ao Bba-S7
/ T N \./ll\’.:\ll

IN S

—_—

Check is consistent with TC hit assuming
signal positrons (Lookup Table from MC)

Direction Match table
Direction Mach table

500~ = -

- e
100
remce_ . eelly. g
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400 e iy s

pPaTC pixel Numdier
o=
~

|
/
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200
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Online photon position
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Online trigger variables

Race ™ R AE. - A2 AOZ - AT,

Check time difference between LXe Patches and TC Tiles LX@ d@t@CtOF
Exploit fast analog discriminators: 640 MHz refresh rate Timi MY Lounter
— OTile= 320pS

Checked by compared recorded time by two nearby tiles = orie= 420pS
Similar studies for averaging 16 channels in LXe Patch in progress

Online time difference |
TAGTDCAd|Tiles

N Entries 10086
| Mean 0.1806 ' '
L | ey 2188 | Final selection

2 ndl 209973 | [imited by possibility

’ \| Constant 3159 + 51.0
LM os67:0008 | O COITECH for track
J Sigma 05936 + 0.0055

| length:
i only gain in tail cut

Offline-reconstructed positron tracks| . A
-3 0 5
Time difference [ns)
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What 1S missing

Ey Photon energy

e Optimize weights
« Study noise filtering

@e}, Emission angle
« Reconstruction of TC hit position

Te}/ Relative time

* Time extraction from single channel timing
« Add time information to @ey

* Final system integration with Data Concentrator Board and online computing
* Needed to achieve goal DAQ speed (~1Hz = ~1kHz)

o Offline Analysis tools
e To monitor of selection efficiency

1 month Pre-Engineering run this Fall
Long Engineering run next year
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Prospectives

S T rr T T T History of CLFV experiments with muons
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take this sensitivity expectation,
and, in three years, add a limit here.

alie Or discover something new...
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Backup



SUSY sensitivity

A (TeV)
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A = New Physics scale
k = Relative weight of two terms

my

Lorry = (ki t 1)
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AZM_RUW@L FHY 4

A. de Gouvea & P. Vogel, hep-ph 1303.4097
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MEG Analysis

>
U
= .
= Similar expected for
Blinding Box . MEG ”
Positive (with improved
Analysis Timing )
Window Side-band resolutlons)

: » . Sra
oBET GaE  ead ek oae O AT 0L 0AE GAE A oM Gy

E (GeY)
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Irigger Time resolution

| The same 640MHz clock used for data
Clk © 80 Mz ‘ serialization can be used for fast sampling
of the analog input

Discrimmated waveform @640 M Hz
000000000001 11T10D00D00000000C
TDC block output 8 sample bit “waveform” each clock cycle
011=3

than encoded in the FPGA

Time difference between two adjacent TC tiles

" - TRGTDCAdjTiles

1,56ns / sgrt(12) rms resolution S 3000 Entries 10086

i - Mean 0.1806

each channel 2s00F- Std Dev 0.8281

- 2 | ndf 20.99 /3

: Constant 3159 = 51.0

2000 Mean  0.167 = 0.008

. - Sigma  0.5936 = 0.0055
In TC Test Run: 1500
single tile resolution ~415 ps (320 1000
ps intrinsic electronics -

contribution) 00 &Q
0: | | L i N |

5 0 5
Time difference [ns]
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Online Gamma Time

Efficiancy

Online T_gamma from MC

hicmp !

| Fmtries ... 15191 L
Mean 66.17

75
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Online T_egamma from MC

105

S

-

onine T_egamma (ns)
Equally spaced peaks:

1,2,3 turns in the drift chamber volume by

~2.5ns

impossible to discriminate without drift
chamber information (and tracking)
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CoBRa

Constant Bending Radius

particle in acceptance have a

banding radius proportional to the

energy

= not to the parallel component of
momentum

0 0.2 0.4 0.6 0.8 1 1.2
(m]
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Liqu

id Xenon Noise

Offline energy
—— Total number of photons ——
m:_ | i Reconstructed energy spectrum isum2 Muon beam
- 1 WaDe LSS S Qsum trigger :2 crate MPPC
50— - U ) B - 2500 — e ONliNE position selection : patch 2.
40 i - 2000 — '
30: ’ lll 15005—
20 ! [ = 1000 —
ol G
ognin [‘1:r1r,l"‘r‘}|1 1 l 4 4 =V Mar Aanl ::'do3 0 :4 ] . L x10°
~500 0 S00 1000 0 10 20 30
nsum?2
ph.e for pedestal RMS =1.5 10A5 Radiative Muon endpoint = 1.3 10A7 ph.e.
Z ot ] "1 Online pulse amplitude
% 1505 cables B E
é Iﬁllf— : —f
140E- no cables E . _
0. E RMS of pedestal scales linearly instead of sgrt(N)
100 - -
30- ,_ E Evidence of correlated noise
6l — A =
.mf— o : r
zui—_,." : E
R B )
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Number of channels
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Online Noise
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MEG - MEG |

I 2. &

FEaaaEE.
Upgraded
MEG 6.
........................... 7.

I O

ARRRARRRRRARLY - illlfllllllllll
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The LX

detector

@D

4092 UV SiPM
12mmx12mm

optimized
positions of the
remaining 688
PMT

Position 5mm

Energy 2.4%-1.7% 1%

Timing 67 ps 60ps

\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\ Ll ‘lllll
9 49 50 51 52 53 54 55 56 57 58
E, (MeV)

Detector installed:

Beam test in 2017, noise optimization in progress
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Cylindrical Dritt Chamber

High Xo material

» Single volume stereo drift chamber with He:lsobutane
e 1.5 103 Xo per turn

 Drift cells 6mm x 6mm to cope with pileup (PCB-based
construction)

~65 hits per track (MEG: ~12)

Recently installed:
Service connection in progress,
preliminary measurements by end
of this year

Efficiency 29% /0%

Theta 9.4 mrad 5.3 mrad
Phi 8.7 mrad 3.7 mrad
Energy 306 keV 130 keV

Marco Francesconi 28/ 17 Pisa, 22/10/2018



MEG [l Timing Counter beam test

Q ‘

Ve 7%
s /
Tested with final detector and full MEG Il beam 010 20 30 a0 50 60 70 80 80 100 110 120
intensity (8 108 py/s): 100 . .
256 scintillating tiles, 512 readout chn. (two
crate system)
2 Auxiliary Laser chn. for monitoring
Trigger on single tile (coincidence of two tile
channels) select positron tracks

x? / ndf 8.537/3
single  92.62 + 0.6224

R
—

const 0 £3.032

previous MEG T

N
—

Offline DRS4 analysis: Time resolution scales as
square root of hit multiplicity with electronic | | | | |
contribution on the order of 10ps/chn N4 6 8 10

L Electronic contribution not relevant
Marco Francesconi 29/ 17 Pisa, 22/10/2018
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RDC
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Number of evenls

2

"_‘_r'.__T-J‘J-lLﬂ-Il\_JIJ“‘L_I

T[ A ‘]_l"ri' | BB l'_l"l__l"T'%._l"l_TT‘I 1T T[]

100

w
o
i BB LR, &

Y20 - E 5 0 ‘ 10 T 20
RDC —BGO lime dillerence | ns|

Detector Completed
« Plastic Scintillators + LYSO
e Jag events with low energy
positrons, possibly with high
energy photons
e veto in search for y—ey

Marco Francesconi

MC
. RM D . AI F Photon yield per muon decay

Reduction of AIF thanks to the
light drift-chamber in MEG ||

0 1.5 3.0 4.5 6.0
%106

COBRA magnet
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;[ beam — ©_/—\__'n

E v (RMD)

BGO detector
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DRS 4 Digitizer

Analog switched capacitor array: analog memory with a depth of 1024 sampling cells
Developed at PSI for the MEG experiment, perform a “sliding window” sampling

500MSPS « 5GSPS sampling speed

. E.‘c
8 analog channels + 1 clock-dedicated channel =
:8:‘-]‘)
2
0.2-2 ns =yortoys(D s : g"
\ Inverter “Domino” ring chain 5
Sampling s;;eed | GSPS)
IN
: '—_ , i _ _ _ —— ; .-_ —_— Sforoge ' \\\\\\\\IIMIIII//
ar | | | | capaciters 3 s :
| _ = — — = 3 = — NEE] 1‘ -
Out z ] E
Z
FADC 7
Clock O— Shift Register 33 MH3z

External trigger needed before data in signal cell is overwritten
— 512ns maximum trigger latency at 2GSPS
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Single board DAQ

Single board DAQ software
developed by PSI.
HTML5-Ajax web interface
working at 60 fps
with online Histogramming

Server software using
Mongoose C/C++ Framework
Easy low level calls for fast
DAQ operations:

Single executable with no
need of dedicated http
server

Wide use within and outside
MEG Il collaboration for small
scale prototype tests and
fast signal checks

e et e A g e e s — 4
% o e —

e »na [ el

Zeant Zvge
[ | 213
«Es 3
8 2 0N
12 13 14 15

.....

Fully working demo: http://elog.psi.ch/scope

See poster #388 “Web-based Real Time Monitoring with HTMLS” by Stefan Ritt

Marco Francesconi
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WaveDREAM Block Schematic

A MCX
\I . TRGIN
~ Temperature sensors 1-Wire® I\ MCX
7 | L TRGouT
\ RGB i Rttt I_p_re_vigugc_hgnﬂel_ ______________ . Cox Trigger PHY <-|>_ RJ45§
N 1
: DAC Shaper offset | PoE optional
! !
Input : Atin. : e I'l L © I
ttn < l I +5V 0—] .
""" W » O==0"1 1124 = Os O /3‘@» —O-{—— x2 DRS4 == ADC ‘_l v o N DO K DCin
I - o~ -_. o o ! T8V - 24V
N . : 4? calibration : 2 \/ 25 o DC
SiPM s B ! j R
next channel o c
~ PLL 5| >
RAM  fe—e FPGA 5 3
fmmmmmmeeeeee e . [ (LMK) | R |l |BUS
1 | o — -
: : | VY ” =
Input : 1 SPI > _
)——[T]—; ... 2x 8 channels ... i x2> | DRS4 == ADC <—' =
| : SPI J -
! —
L : % Trigger Temp PROM ]
E o o e DAC / =
I _
i HV Piggy-back oo™ | =
| S8-63V I BUS CLK =
DC -0 -0 =
| 58-63V 5V DAC = o0 O\O—o -
N DC ' =
: | : — Osc. _
HV L e | T En ]
~ ON
\% J/I - McX
LVDS \I . CLKIN
N - MCX
'I/ . CLKOUT
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WaveDREAM boarad

WaveDREAM:
16 ch Drs4 REAdout Module

Waveform digitizer with two | DRS4 |each with 8OMSPS | ADC | for
fast readout and parallel trigger sampling
yd ~ McX
\I -~ TRGIN
>Tmper 1-W N VX
l/ . TRG OUT
N Tigger — | PHY| <+ s
/ EorE|opt|onal
oroa {008 1]~ 2 =
jT .z_svo_DE
RAM FPGA °LBUS
Vv e Yy g
DRS4 = ADC <—t L.X %
ol e
L e |
= e |- P& g S
DC i =
JE - T E
b CHON
SN MCX
'l/ - CLKOUT

P|ggy back HV module up to 240V for SlPI\/I

arrays with integrated current readout

Marco Francesconi

. Selectable frontend
. gain and PZC intensity

Additional fast analog
comparator for online
pulse timing
(450 ps rms limited by
current FPGA firmware)

Can work in crate or standalone for 16¢ch
tabletop DAQ with Gb Ethernet readout

Pisa, 22/10/2018



SPI & MSCB
Slow Control

Trigger Serial Links
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Up to 16 WaveDREAMSs fit in a custom designed 3U crate (256 channels) with hardware
compensated Clock distribution and shared LVDS Trigger signal.
Crate management board with MIDAS Slow Control Bus node and SPI interface to boards.

Trigger combination by means of Kintex 7 Trigger Concentrator FPGA Board using
low latency serial links, up to 64 trigger lines involving charge and time algorithms.

Shared readout through 10Gb interfaces on Zyng 7 SoC in the Data

Concentrator Board
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Bigger systems

Bigger systems?

Ancillary Crate TCB Crate
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b Reuse existing hardware
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16:1 inside crate
4:1 through trigger cables Sl | bbb ]
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16:1 inside trigger crate
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trigger and cloek S
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system

<10ps jitter on clock up to 16384 channels
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Radiative decay counter

COBRA magnet
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TC Multiplicity
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Calibrations

- ] Li(p,y)Be

1 LiF target at
1 COBRA center

1 17.6MeV y

] ~daily calib.

] also for initial

] setup

x> yy (55MeV, 83MeV)
x +p-=2y+n(129MeV)
LH, target

| ower heam intensity < 107

Is necessary to reduce pile-

'r:".'.'::] ups

A few days ~ 1 week to get
enough statistics
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Trigger Links

Automatic SerDes calibration
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wz) MR | whz) M using ISerdes/Oserdes primitive by
PLL . iz 4o PLL Xilinx
: from !
e e MultiGigabit GTX transceiver have been
discarded due to the high intrinsic
8 links each with a serialization ratio of 8 latency

= 64 bit/clock
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Ancillary Crate
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Erergy Resolution (%)

Applications outsi
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BGO calorimeter
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drift chamber ,/ magnets  detector

=
% Silicon strip detectors

Tal:get ‘Silicon pixel

FragmentatiOn Of Target

2 020
§ Proton | c
5 caroon {5
i % 0 15 [ 'I'
Vi o1
4 2
(s
g 010 .
§ PE
3 ‘
N = 005 ® O
® @ -
- O
o
=
: : : ‘B 000 . : . . : . .
100 200 300 400 o 0 100 200 300
Particle Energy (MeV/u) Particle Energy (MeV/u)

Prototype bars tested on beam at CNAO (IT) with
standalone WaveDREAM board
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Measuring ion
fragmentation cross
sections for proton therapy
simulation improvement

Single crate WaveDAQ
has been selected to

Start counter trackers scheme obtaned with FLAR 121 raadout AE-TOF detector

(good time and charge
resolutions needed)

™™ 44 Plastic Scintillator bars
2x0.3x44 mm with SiPM
readout at both edges
. ] +
| Start counter (to be
400 defined)

Very high trigger ~kHz
Mandatory Data suppression
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