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Overview

Charged lepton flavour violation experiments:

LXe Calorimeter

> Higher resolutions and efficiency
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Lepton flavour violation experiments

Standard Model branching

fractions of

’I O—SOish

Only limited by number of muons
and background suppression:

Experimental/technical challenge

Niklaus Berger — Flavour & Dark Matter, Karlsruhe, September 2018 - Slide 3



History of cLFV experiments
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LFV Muon Decays

Niklaus Berger — Flavour & Dark Matter, Karlsruhe, September 2018 - Slide 5



LFV Muon Decays: Experimental Situation
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LFV Muon Decays: Experimental signatures
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Kinematics

. 2-body decay

- Monoenergetic e*, y
+ Back-to-back
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LFV Muon Decays: Experimental signatures
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Kinematics
. 2-body decay
- Monoenergetic e*, y
+ Back-to-back
Background
- Accidental background

- Radiative decay

Niklaus Berger — Flavour & Dark Matter, Karlsruhe, September 2018 — Slide 8



LFV Muon Decays: Experimental signatures
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Kinematics Kinematics

. 2-body decay - Quasi 2-body decay

- Monoenergetic e*, y - Monoenergetic e

+ Back-to-back . Single particle detected
Background

+ Accidental background
- Radiative decay
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LFV Muon Decays: Experimental signatures
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Kinematics Kinematics

. 2-body decay - Quasi 2-body decay

- Monoenergetic e*, y - Monoenergetic e

+ Back-to-back . Single particle detected
Background Background

+ Accidental background . Decay in orbit

- Radiative decay - Antiprotons, pions, cosmics
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LFV Muon Decays: Experimental signatures
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Kinematics Kinematics Kinematics
. 2-body decay . Quasi 2-body decay + 3-body decay
- Monoenergetic e*, y - Monoenergetic e + Invariant mass constraint
+ Back-to-back - Single particle detected - 2p,=0
Background Background
- Accidental background + Decay in orbit
- Radiative decay - Antiprotons, pions, cosmics
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LFV Muon Decays: Experimental signatures
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Kinematics Kinematics Kinematics
. 2-body decay . Quasi 2-body decay + 3-body decay
- Monoenergetic e*, y - Monoenergetic e + Invariant mass constraint
+ Back-to-back - Single particle detected - 2p,=0
Background Background Background
+ Accidental background . Decay in orbit + Internal conversion decay
- Radiative decay - Antiprotons, pions, cosmics « Accidental background
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LFV Muon Decays: Experimental signatures
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Kinematics Kinematics Kinematics
. 2-body decay + Quasi 2-body decay + 3-body decay
- Monoenergetic e*, y - Monoenergetic e + Invariant mass constraint
+ Back-to-back + Single particle detected - 2p =0
Background Background Background
- Accidental background . Decay in orbit + Internal conversion decay
- Radiative decay - Antiprotons, pions, cosmics - Accidental background
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LFV Muon Decays: Experimental signatures
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Searching for pu - ey with

MEG and MEG ||
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MEG Signal and background
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J/ uT > ety

Kinematics

. 2-body decay

- Monoenergetic e*, y
+ Back-to-back

Measure
- Photon energy
- Positron momentum
- Opening angle (in two projections)

. Time difference
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MEG Signal and background

- Accidental -
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Kinematics
. 2-body decay - Not exactly in time
. Monoenergetic e, y - Not exactly same vertex
+ Back-to-back . €',y energies somewhat off

+ Not exactly back-to-back

Niklaus Berger — Flavour & Dark Matter, Karlsruhe, September 2018 - Slide 17



MEG Signal and background
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The MEG Detector
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COBRA Magnet
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Drift chamber
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J. Adam et al. EPJ C 73, 2365 (2013)

Niklaus Berger — Flavour & Dark Matter, Karlsruhe, September 2018 - Slide 19



MEG Results
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MEG Results %
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How the sensitivity can be pushed down?

e More sensitive to the signal... Angela Papa (Mainz Seminar)
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New electronics: M EG I I

Wavedream

~9000 Liquid xenon photon detector

channels COBRA (LXe) Better uniformity w/
at 5GSPS SUPEfC\MUCﬂng ma 12x12 VUV SiPM

x2 Resolution x2 Beam Intensity

everywhere %

Updated and
new Calibration
methods

Quasi mono-

Pixelated timing counter 35 ps resolution
(PTC) w/ multiple hits
Muon stopping target

Cylindrical drift chamber Full available

chromatic Radiative decay counter (CDCH) Slopped Seam
positron beam (RDC) Single intensity
Background rejection volume 7 x 107
He:iC,H,

Angela Papa, NuFact 2018
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MEG Il - Calorimeter

. ~4000 VUV sensitive SiliconPMs on entry face
(new development with Hamamatsu)

. Better position and energy resolution

. Better efhiciency
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MEG Il - Calorimeter

Detector commissioning started ! | New Data
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MEG Il - Drift Chamber

5\ A A + New single volume drift chamber
AN 4
|IIII 1 /

[ X X . Lower Z gas mixture

| t“af ’f More space points per track
'.‘s )
M\ \\ \ "_! | . Better rate capability

+ Less material in front of timing counters
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MEG Il - Drift Chamber

. Assembly completed

Angela Papa, NuFact 2018




MEG Il - Drift Chamber

+ Assembly completed
- at PSl

Angela Papa, NuFact 2018




MEG Il - Timing Counter

+ Many small scintillators
+ Read-out by SiliconPMs

. On average eight counters hit by track

- 30 ps timing resolution per track

~12 cm

~5mm

SiPM

Plastic scintillator p

4—5cm

Plastic scintillator

PCB

Support structure
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MEG II - Timing Counter
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MEG Il - Timing Counter
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¥= [ ndf 8.537/3 .
single 92.62 + 0.6224
const 0+3.032 ]

Resolution (ps)

ngela Papa, NuFact 2018 )
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MEG Il - Radiative Decay Counter

. Detect low energy positrons from LYSO 2 x 2 x 2 cms3
radiative decays with high energy gammas BC418 MPPC 512572-025
MPPC .
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Angela Papa, NuFact 2018
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Where we will be Angela Papa (Mainz Seminar)

MEG ~ 4 x 1014

500 k factor (x 1011)

2012+2013

MEGiII
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Searching for - e conversion with

Mu2e, DeeMee, COMET,
PRISM

Niklaus Berger — Flavour & Dark Matter, Karlsruhe, September 2018 - Slide 34



Conversion Signal and Background

) 13+
: Backgrounds:

Anything that can produce a 105 MeV/c

electron
N> eN g

+ Primary proton beam
+ Decay in Orbit (DIO)
- Nuclear capture (AlCap effort at PSI)

- Single 105 MeV/c electron observed
- Cosmics
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Beam induced backgrouna

1695 ns

2000
Time (ns)

+ Proton beam produces pions, photons, (antiprotons) etc.
- Wait until things become better..
- Makes it hard to use high Z targets
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Deacy-in-orbit background

u Decay in Orbit Spectrum for 27Al

T o003
2
= |
©T|T _ . .
“|= o025
Without recoil
1071
0.015 .
| Recoil Tail N With nuclear
= |> 10—16 .
Michel Peak LI 1 ]\ 2 recoil
0.005 101 103 105 )
S et
| | R
all [ \
20 40 60 80 100 \
E(MEV) 10—20 A\‘
. 1
+ Nuclear recoil allows for electron ener- \
gies abOVemH/2 00 ior 12 i3 id 105
E, (MeV)
+ Calculation by Czarnecki, Garcia i Tormo

and Marciano, Phys. Rev. D84 (2011)

- Requires excellent momentum resolution
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Muons from Fermilab...

Re-use part of the Tevatron infrastructure

Recycler
Ring

Proton pulses every 1700 ns

« > 10" /s

PIP-Il would give another 2 orders of
magnitude at an energy below the

Muon g-2 :

Target Station “\\

Beam Transport
& Delivery Ring~
o
//

/.«
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Hadron Beam Facility

Nuclear
Transmutation

(Phase 2)

Neutrino to
Kamiokande

o

=

3 eV Rapid Cycle L o b
50 GeV Main Ring
__ Sch. (25 Hz, 1MW) . (0.75 MW)

.,

| J-PARC = Japan Proton Accelerator Research Complex

+ 10" p/s from 8 GeV/c protons
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Experimental concept - DeeMee

Proton
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Yohei Nakatsugawa, NUFACT2014
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Experimental concept - DeeMee
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Sensitivity - DeeMee

+ Expect 2.1x10" single event sensitivity
for one year running

. Beamline under construction

N DIO

D 10|k background

> u-e

N E conversion

O 107k signature

~ E

— b Delayed

n o E proton

r=grn background

> ~

S Natsuki Teshi
- ' afsukl lesnima,
90 BT T .11%"11&&_ NUuFACT2017

Momentum [MeV/c]
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First DIO Measurement - DeeMee

. Very first measurements:
Different setup and different beamline

1 20:_ ____________________________ ______[e_a_l__da_t_a?__(J_une_)______________
N | | MC(Czarnecki-C)
100:— ----------------------- i il gt MG LW atanabe-C) 1
O
GO
40—
20—
- | L 44 mi I I + !"I"—"-‘"i 4 j+++|++ | | .
(5).04 0.045 0.05 0.055 0.06 gé965 Dakai Nagao,

NuFACT2018
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Production target inside a solenoid

Matching Solenoid

Proton Beam .
Production Target

Pion Capture Solenoid Radiation Shield

Capture most pions produced in target Shielding of superconducting magnet
very challenging
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Experimental layout - COMET Phase |

—samnmnnm  Pion Capture Section
ﬂ High solenoidal field
Capture pions with large

Production

Target SO“C] ang]e

Pion-Decay and
Muon-Transport Section

Stopping

/Target Detector Section

sl

5m

Comet CDR
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#:Curved solenoid
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Cylindrical Detector System

. Large drift chamber for momentum
measurements

. Trigger hodoscope

Superconducting coils

(Al discs)

fer hodoscope
[ | Manabu Moritsu,
feem ey S NUFACT2018
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Cylindrical Detector System

= - Large drift chamber for momentum
" measurements

. Trigger hodoscope

180°

| e

Vacuum window Cryostat O s
Manabu Moritsu, 270

N u FACTzO 1 8 Niklaus Berger — Flavour & Dark Matter, Karlsruhe, September 2018 - Slide 48




Experimental layout - COMET Phase |l

Protons Pion Capture Section
.
&
.§ Production
:@_ Target
= Separate muon decay

ot

= and detector region

Detector Section

Muons
One more bend 'f?'// storping (O
7
///
HIIHII (Ui
Pion-Decay and
Muon-Transport Section ——

T

Comet CDR
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COMET Phase Il Detector System

. Straw tubes in vacuum

. LYSO calorimeter

Manabu Moritsu,
NuFACT2018

Straw Tracker prototype ECAL prototype
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Experimental layout - MuZ2e

Production Solenoid Proton Beam

Ar‘c Solenoid

Detector Solenoid

vy

P \=

Conversion Target

Calorimeter

Tracker

Mu2e CDR

+ Separate muon production and
conversion target

» Not shown: cosmic ray veto and absorbers
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Experimental layout - Mu2e

Production Solenoid Detector Solenoid

..--‘_':"_.-:-—-:: » Transport Solenoid

- I oL e -
. — = T Ty m-::r-
T e R 2T Ty
S L s
=

=

=g

Sign Selection
Collimator

Stopping Target
Steven Boi, NuFact 2018

+ Charge selection in curved solenoid
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Mu2e Tracker

. Straw tubes in vacuum

- QOutside of radius of Michel electrons

Mu2e CDR
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Mu2e Tracker

Steven Boi, NuFact 2018

Niklaus Berger — Flavour & Dark Matter, Karlsruhe, September 2018 — Slide 54



Mu2e Calorimeter

Steven Boj, NuFact 2018
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Mu2e Cosmic Ray Veto

Steven Boi, NuFact 2018

Production
Solenoid

. Without veto:
~ 1 signal-like event/day
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Conversion: Expected sensitivities

. |-PARC: Comet/DeeMee Fermilab: Mu2e

. Comet Phase | and DeeMee might get to ~107* as early as 2019
- Both Comet Phase Il and Mu2e will start around 2022

- Should get single event sensitivities well below 107

- Paths to 10"° being explored
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Searching for pu* > e*e’e” with

Mu3e
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The signal

U ->e'ee’

Two positrons, one electron

From same vertex

Same time

2p =m,

Maximum momentum: %2 m, = 53 MeV/c
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Accidental Background

- Combination of positrons from ordinary
muon decay with electrons from:
- photon conversion,
- Bhabha (electron-positron) scattering,

AN ot : :
\ —~ . - Mis-reconstruction
= /
4 .
. :

~

- Need very good timing, vertex and
momentum resolution
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Internal conversion background

-~ t.
//.\4—\/,
. 9,

. Need excellent
momentum resolution

(24

£

e

=

e—l-

—

=

78]

. Allowed radiative decay with internal
conversion:

U > e'ee’ Vv

. Only distinguishing feature:
Missing momentum carried by neutrinos

10-12
10

10-16

Branching Ratio

1078

101 102 103 104 105 106
etee* mass (MeV/c?)
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Need excellent momentum resolution
for very low momentum electrons
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Momentum measurement
+ 1T magnetic field

+ Resolution dominated by multiple
scattering

- Momentum resolution to first order:

Op/ p ~ eMs/ )

+ Precision requires large lever arm
(large bending angle Q) and
low multiple scattering 0, .
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Precision vs. Acceptance

50 MeV/c 25 MeV/c 12 MeV/c

! 33cm '
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Precision vs. Acceptance
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Precision vs. Acceptance

50 MeV/c 25 MeV/c
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Detector Design
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Detector Design

muon beam
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Detector Design

Vo target



Detector Design

outer pixel layers
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Detector Design
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Detector Design

recur| pixel
S layers

Scintillating
tiles

recur| pixel
~layers
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Detector Design

____ &cintillating
T :
O tiles

e
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Detector Design

Challenges:
. Thin detectors
. Services (and beam) inside detector

. Cooling with gaseous Helium
____ &cintillating
o tiles

P
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Detector Design

. Full CAD with wires and pipes
+ Mechanics being fabricated
. Cooling working in simulation

- On the way: Full thermo-mechanical mock-up



Very thin and fast silicon pixel sensors:

HV-MAPS
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Fast and thin sensors: HV-MAPS

High voltage monolithic active pixel
sensors - lvan Peri¢

+ Use a high voltage commercial
process (automotive industry)

Niklaus Berger — Flavour & Dark Matter, Karlsruhe, September 2018 - Slide 80



Fast and thin sensors: HV-MAPS

High voltage monolithic active pixel
sensors - lvan Peri¢

+ Use a high voltage commercial
process (automotive industry)

. Small active region, fast charge
collection via drift

Particle
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Fast and thin sensors: HV-MAPS

- Implement logic directly in N-well in the

High voltage monolithic active pixel pixel - smart diode array

sensors - lvan Peric . Can be thinned down to < 50 ym

+ Use a high voltage commercial

o | Peri¢, NIM A 582 (2007) 876
process (automotive industry) \Lperi€ \2007)876)

. Small active region, fast charge
collection via drift

Particle
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The MuPix Prototypes

Developed a series of HV-MAPS prototypes

. Goal: Detection and signal processing
with just 50 um silicon
+ 6th chip, MuPix7, is a full system-on-a-chip

. Well characterized, working very nicely

+ Now: Going "big" 2 x 1 cm? MuPix8
with 80 by 80 um pixels under test
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MuPix8: Flrst results
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MuPix8: Flrst results
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I\/\uPix8: First results
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Better timing:
Scintillating fibres and tiles
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Timing Detector: Scintillating Fibres

j;;;;_aeeasaeeaeaaw@ebwgw o

X

L < Zf . v J

mean u Ops

ﬁ - 359 ps
% Ubase 811ps
Ncorebease 10.54

Texp-gauss 2984 ps
Oexp-gauss 300ps
fwhm/2.35 366 ps

tiert — trighe [nS]

- 4 layers of 250 um scintillating fibres

- Read-out by silicon photomultipliers

(SiPMs) and custom ASIC (MuTRiG)

Timing resolution < 400 ps including
ASIC (using a Sr*” source)

> i
//%////z///%/%
scintillating < /

fibres
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Timing Detector: Scintillating tiles
+ ~ 0.5 cm’ scintillating tiles

+ Read-out by silicon photomultipliers
(SiPMs) and custom ASIC (MuTRiG)

10000
8000 0=79.2ps
6000

4000

2000

& & & & I + 1 1 1 1 1 1 1 1 i i I & & & i I
-950 -500 -250 0 250 500 750
Time Difference [ps]

. Test beam with tiles, SiPMs and readout
ASIC

. Timing resolution better 80 ps
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Phased experiment:

Phase | uses the existing PiE5 beam line at PS|,
shared with MEG I, T0® muons/s

Phase Il requires a High Intensity Muon Beamline
(HIMB, > 2:10” muons/s)



Phase | Data Acquisition and Filter Farm

2844 Pixel Sensors 3072 Fibre Readout Channels 6272 Tiles
W, Ly
up to 45 I
1.25 Gbit/s links A A A A A A A % g
D
FPGA FPGA | 86FPGAs | FPGA FPGA | 12FPGAs | FPGA FPGA | 14FPGAs | FPGA =
1 6 Gbit/s
link each
Switching Switching Switching Switching
Board Board Board .
No trigger
' | 1 Thit/
witching e v IU/S
Board =l =
GPU GPU GPU
16InPuts | pc PC | 12PCs | pC . FPGA-based switching network
Ghit Ethernet . 12 PCs with GPUs reconstruct
|
o S tracks and vertices
Server

Only save things that look like
u"->e'ee’



Phase | Performance Simulation
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Sensitivity - Mu3e Phase |

—

BR(u — eee

107"

1072

10713

1074

1071°

Mu3e Phase | 10° muon stops/s
19.7% signal efficiency

SINDRUM 1988

SES 95% C.L.

0 50 100 150 200 250 300
Data taking days

. Start 2020

- Phase Il with a high intensity muon beam
line at PSI under study
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It we find something..
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1695 ns

1

Conversion: Z-dependence
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Mu3e: Decay distributions!
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Ann-Kathrin Perrevoort
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Summary

Target
LXe Calorimeter Thinner target
Higher resolutions and efficiency Active target option

with higher granularity.

Muon Beam

Exciting range of experiments going on-line: t. Ly

New lepton flavour violation limits

upcoming

Drift chamber
Higher tracking performance

with long single tracking Radiative Decay Counter

volume Timing Counter "
Higher time resolution with iy
highly segmented detector vadive-decays

MEG Il starting engineering run now, data ™~

taking from next year

DeeMee and Comet Phase | almost ready

Mu3e Phase | starting 2020

Mu2e and Comet Phase Il from 2022

More things we can do: Ann-Kathrin

Production Solenoid Proton Beam

M

l\
S _
T A=

Production Target o ‘ Calorimeter
Tracker
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Backup Material
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History of LFV experiments

...
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Lepton flavour violating T-decays

Summer 2016

++
A
u

| <
______ 1 1 _______ 1 1 —I_
®
o
—

sHwi| Jaddn 10 %06

LHCb

o ATLAS 4 BaBar = Belle + CLEO
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Belle Il at Super KEKB

e+ 4 Gev 36 A]

Belle Il

" New beam pipe SuperKE KB

& bellows

Add / modify RF systems
for higher beam current

Low emittance positrons
to inject

Damping ring #h\\_\ﬁ_‘_ i
R ———————— N

o/

Low emittance gun

Positron source

New positron target /
capture section

Low emittance electrons
to inject

Expect 5x 10" T pairs - branching fractions of 107 achievable
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Limitations of last experiment: SINDRUM ||

- Beam induced background

- Muon rates

1 All e-from target
1 Prompts removed
1 Cosmics removed
@ Simulated signal

o

]
P o

events / channel (0.5 MeV/c)

| | '
70 80 90 100 110 120

electron energy (MeV)
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Capture Solenoid

Further steps: Prism/Prime

Add a muon storage ring

Matching Section
Solenoid

Detector
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