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The Mu3e Experiment in a Nutshell

Search for the charged lepton flavor violating decay

Standard Model Ideal probe for physics beyond SM
Highly suppressed branching ratio Any observation is a clear sign
BR< 107> for
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The Mu3e Experiment in a Nutshell

Current limit on ut = e*e~e* BR,,0qs< 1071% (SINDRUM 1988)

Goal of Mu3e
Enhance sensitivity to branching ratios 0(10716)
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neutrino mixing/masses

o Sensitive to very high mass scales

o Complementary to other muon cLFV searches ol
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The Experimental Concept



Inside 1 T magnetic field
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The Signal Decay

Muons are stopped before decay

Experimental Signature
o Common vertex
o Coincident

o xp=0
o XE=m,
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Inside 1'T magnetic'field
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muon beam
7~ target

—
s

We need to measure precisely
o Decay vertex

o Momentum of decay particles
o Time of the tracks

Why? Because of backgrounds!
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Main Sources of Background

Radiative SM decay
+ photon conversion

ut—-ete“etvv

Experimental Signature
o Common vertex

o Coincident

o Xp#+0

o LE#my,
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V. Combinatorial
background e

Experimental Signature
o No common vertex
o Not coincident

o Xp#0

o LE+m,
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Detector Requirements
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1 O_TS_ 5 sigma around signal
1 0-16 4 sigma around signal
107" 3 sigma around signal
1 0-18 2 sigma around signal
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Reconstructed Mass Resolution [MeV/c?]

s

o Required average momentum

resolution o, < 1.0 MeV/c

o Momentum resolution limited
by multiple scattering

» Material budget < 1%o0 X, per layer
o High muon decay rates (Phase ll)

require o, < 500 ps per frack
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Inside 1'T magnetic
o Vertex meas

o Momentum measurement, — e _
. L - o _ ) "“:?—::::j:j- ~ lh

o Time measurement ]
il -

- 1

I -

—_—

——
_—

——

scintillating

NUFACT - Daegu - 29.08.2019 Sebastian Dittmeier - Heidelberg University



Inside 1 T magnetic field
o Vertex measurement

o Enhance momentum measurement with recurlers
o Enhance time measurement with ftiles

recur| pixel
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Simulated Performance

Events per 0.2 MeV
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Experimental Infrastructure



Experimental Area @ PS|

Infrastructure
— platform II

Controlled
access door

Detector control

’ and filter farm ExistingnEs
front access
barracks
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Removable
access stairway

Infrastructure
platform |




Muon Beam @ PSI

o Most intense DC muon beam
available at Paul-Scherrer-Institut

o Phase I: 0(108s™1)
o Compact Muon Beamline

o Single event sensitivity goal: 2 x 1071°

o Phase Il: 0(10° s71)
o High Intensity Muon Beamline
o Under investigation
o Sensitivity goal: 0(10716)
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Muon Beam @ PSI

o Most intense DC muon beam
available at Paul-Scherrer-Institut

o Phase I: 0(108s™1)

qd Bl TR R /
o Compact Muon Beamline .

Commissioned CMBL in place @ PSI

o Single event sensitivity goal: 2 x 1071° o "SI
o Phase Il: 0(10° s71) L
o High Intensity Muon Beamline . 10 w0
o Under investigation \ Talk this afternoon: - i:
o Senstivity goal: 0(10-16) ) Dereopmentofnexigeneaton, ;°
by Ryoto Iwai . S
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Expected beam spot profile at the Mu3e
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The Mu3e Solenoid

o Being produced by Cryogenic Ltd.
o Magnetic field range 0.5 — 2.0 Tesla

o Very homogeneous magnetic field
in alarge volume > 2 m?3

AB < 2-107%
B

NUFACT - Daegu - 29.08.2019 Sebastian Dittmeier - Heidelberg University 17
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The Pixel Tracking Detector



The Mu3e Pixel Sensors — MuPix

oy

o High-Voltage Monolithic Active Pixel Sensors [ e
i Ol | 8

o
()
~
w
~J

o Produced in 180 nm HV-CMOS technology | | | | L'"”_‘_“"J’-’L/ﬁ* |
o Fast charge collection via drift el

m i
o Fully integrated digital readout VR

o Can be thinned 1o 50 um ~ 0.5 %o X,

Mu3e requirements
> 99 %
Time resolution <20 ns

Efficiency

NUFACT - Daegu - 29.08.2019 Sebastian Dittmeier - Heidelberg University 19




Single pixel time resolution MQ(
— obtained with Sr-90 source
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Upcoming Prototype MuPix10

Main requirement:

module production readiness Svere | Evee |1 e
Amplifier | Amplifier | Amplifier

o Full scale 2 x 2 cm? active pixel matrix

. e Source Current Source
O Slngle non-sensitive edge Follower Driven Follower

o Minimal amount of pad connections
o Last prOTOType for finaAl deSign decision Pixel Periphery | Pixel Periphery | Pixel Periphery

Sub-Matrix Periphery Sub-Matrix Periphery Sub-Matrix Periphery

Common Chip Periphery

A
v

20 mm

NUFACT - Daegu - 29.08.2019 Sebastian Dittmeier - Heidelberg University 21
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Building the Pixel Tracking Detector

NUFACT - Daegu - 29.08.2019 Sebastian Dittmeier - Heidelberg University 22



A Tracking Detector Module

Overlap

) . 2 HDI
MuPix chips, 20 x 23 mm Mupix sensor 50um tap-bonds
\
Interposer \ HDI ~100pm R
b /‘
\ Mupix periphery

\
W polyimide 15um

L (|
1 1
6mm \

T | Flexprint V-channels for
Endpiece support and cooling

NUFACT - Daegu - 29.08.2019 Sebastian Dittmeier - Heidelberg University 23
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Pixel Tracker Cooling with Helium

o Cooling of sensors required (surface power density up to 400 mW/cm?)

o As little material as possible
o Gaseous Helium: low density, reasonable cooling capabilities
& 4 ,V-fold layer 3 ,Gap layer 3 & SciFi

/Global V-fold layer 4 ,Gap layer 3
- S —_—
= — | — —
-> -
- \ ?
MuPix layer 3 Lz &Mupix layer 1
MuPix layer 4 MuPix layer 2 Target

Ga p |ayer 1 & 2 M. Deflorin. “Helium cooling of Silicon Pixel Detector for Mu3e Experiment”. Master Thesis, University of Applied Sciences and Arts Northwestern Switzerland
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Development of Tooling

- gl

Inner layer

assembly tool

NUFACT - Daegu - 29.08.2019

Robotic gantry for

placement of MuPix chips

/3

Tool for gluing of
v-channels

on vacuum jig

Sebastian Dittmeier - Heidelberg University
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Thermo-Mechanical Mockup

Mockup of layer 1 and 2

o Validate mechanical and electrical concept
o Test and optimize the cooling system

o Compare CFD simulations with
measurements

Temperature

Simulation Measurement
75.0 T
67.5

60.0

52.5
45.0

37.5

30.0
22.5
15.0

7 B - 20
— | 1 -
7.5 10
0.0
[C]

0
M. Deflorin. “Helium cooling of Silicon Pixel Detector for Mu3e Experiment”. Master Thesis, University of Applied Sciences and Arts Northwestern Switzerland
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The Timing Detectors



Common Readout ASIC — MUTRIG

o Both fiming detectors use
silicon photomultipliers

o Custom designed SiPM
readout ASIC: MUTRIG

o 32-channels
o 50 ps Time-to-digital converter

NUFACT - Daegu - 29.08.2019 Sebastian Dittmeier -

Heidelberg University

28



Fibre Detector

o Precise timing suppresses TP
combinatorial background

o 12 fibre ribbons
o 30 cm long
o 3 staggered layers of 250 um thin fibres

o Material budget < 2%. X,
fulfills requirement < 3%o X,

o 128 channel SiPM column arrays g

o Complete mechanical
CAD-model

NUFACT - Daegu - 29.08.2019 Sebastian Dittmeier - Heidelberg University 29
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Fibre Detector Studies -

550

o Studied different fibre types je
o Number of fibre layers: .
Trade-off

timing, efficiency « material budget
o Reqguired time resolution < 500 ps

lavers

o i f Ocore 359ps
e .Fulflllef:l by prototypes | 2| )
including readout ASIC | f whmi2.35 366 ps

o Efficiency > 95 %
4 layers SCSF-78

1 1 T 1 T
-4 -2 0 2 4
tiert — trignt [NS]



448 channel
module

Tile Detector

cooling pipe

o Scinfillating tiles 6 x 6 x 5 mm?3

o Complete mechanical
CAD-model —

o Prototype modules produced /? p
o Required time resolution < 100 ps

o Test beam: single channel
fime resolution of 45 ps

scintillator
tile

\
\

MuTRIG
flexprint

AN\

<

kl
B
¢ 3
» "
-’
»
¥ A
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The Readout System



The Mu3e Readout Concept

Electrical
links

Opfical
links

Optical
links

NUFACT - Daegu - 29.08.2019

(youbew apisul)

pua-1uo.i

o Trigger-less, streaming readout

Sebastian Dittmeier - Heidelberg University

2844 Pixel Sensors 3072 Fibre Readout Channels 6272 Tiles
up to 45
1.25 Gb/s links | A A A A A 8
FPGA FPGA | 86 FPGAs| FPGA FPGA | 12 FPGAs| FPGA FPGA |14FPGAs | FPGA
16.25 Gb/s
link each
]
Switching Switching Switching Switching
Board Board Board Board

410 Gb/s

links per | |[ ' °

Switching ] o Lero-suppression

Board (el el . o
voimputs | opu | | opu | ypos | GPU o Online event selection based

each PC PC PC °

on track reconstruction
Ghit Ethernet |
Data
Collection Sﬂ?:;e
Server
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The Mu3e Readout Concept

2844 Pixel Sens
The Front-end Board f

“‘ “ “ o Sorts hits by timestamps A
Arna2v

Electrical  i0us o Distributes clock and reset to ASICs

FPGA | 86 FPG/

links 1-25‘5"’3” o Custom designed board

Ontical 16.25Gb/s I : ; N
prica ink each Prototype board with Stratix [V FPGA:
links first vertical slice tests
Switching Switching
Board Board
410 Gb/s I
. link
Optical  swing
links Board =l
16 input GPU GPU
cach | pc || pc | 12PCS

Gbit Ethernet
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The Mu3e Readout Concept

2844 Pixel Sens

Electrical
links

Opfical
links

Optical
links

L

1.25 Gb/s links

C

FPGA

FPGA

16.25Gb/s
link each

e
Switching
Board

410 Gb/s

86 FPG/

The Switching Board
o Collects data of several
front-end boards

o Merges into single data stream &g
o PCle40 board (LHCDb)

Switching
Board

links per l——

Switching

Board

' GPU
PC

Gbit Ethernet

L= I

12 PCs

NUFACT - Daegu - 29.08.2019

The GPU Filter Farm

o Online track reconstruction and
event selection
o Large Arrial0 FPGA card
o High-end commercial GPU
o Triplet fit (arXiv:1606.04990)
o Vertex fit

SepasIan Dimerer - neigeberg Universty




Pixel Readout Integration

o8 x MuUPix8 as a beam telescope
o Parallel operation using one

front-end board prototype

o Performed rate scans up to
~ 10 MHz per sensor

o Checked performance of

o Sensor data links
o Firmware implementation

o First vertical slice tests successful

o Timing detectors currently
working on vertical slice tests

NUFACT - Daegu - 29.08.2019 Sebastian Dittmeier - Heidelberg University 36
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Bit error rate monitoring of

Pixel Readout Infegration

= 1275¢ ,
S c ¢ Data rate 10
= 1270; —=— Error rate
§1265;_ Run periods | 10°

o8 x MuPix8 as a beam telescope g]ii% 1

on usi e g

o Parallel operation using one Rafe scan 1245%% % % o

E ‘ % f i 1240 107
front-end board PrOfOfype 2 gl 1238 Error free e
I | . — 1230f g 10-13
o Performed rate scansup to = e | o SILCTONIONE S 310 I I 107
S 0oL T T 05:00 06:00 07:00
~ 10 MHz per sensor LR Time [rh:mn)
g 107 U 5 o N Performance test
o Checked performance of L - Samsor + Samo3 ff seiling clgeiin:
. 17 R M X 522z2:4 . Sz:zz:s % [ acket boundaries broken g
o Sensor data links 10—1E ...... iﬁ?i?_'__r?; _____ S _____________ 7 M s dropped due totiming |10
T O O O S A N A 2L hits dropped due to overflow |.fo Qo
o Firmware implementation e w0 0 T 70 0 E| | esion |

o First vertical slice tests successful A RSSOl

o Timing detectors currently
Working on Verﬂcgl Slice 'I'eS'I'S msg_lT

qo bl PRI YV P EPPIYY P 1 YPY B
1 10 10° 10° 10 10°
Online hit rate [kHz]
S, Dittmeier. “Fast data acquisition for silicon tracking detectors at high rates”.
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Summary and Outlook



o Mechanical design including services available

o Thermo-mechanical mockup
o Verity and optimize cooling/mechanical concepts
o Continuation with outer layers and silicon heater chips

o Production readiness of all detectors
expected within 2020

o Pixel detector
o MuUPix10 upcoming prototype (submission soon)
o Modules: study operation of a MuPix sensor on an HDI

o Vertical slice tests of pixel and timing detectors

NUFACT - Daegu - 29.08.2019 Sebastian Dittmeier - Heidelberg University 39
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Searching for New Physics with Mu3e

;7000 T T T T T T T T T T T T

£i6000—
< 5000F

4000
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Considers effective 20007

Lagrangian with dipole and
four fermion interaction
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André de Gouvéa, Petr Vogel,

Lepton flavor and number conservation, and physics beyond the standard model,
Progress in Particle and Nuclear Physics, 71 (2013) 75-9
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Four fermion
dominates for large k
At tree level for

wleptons only“-Lagrangian

Dipole type
dominates for small k

+
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Simulation: Momentum Resolution
Short Tracks (4 hits) Long Tracks (6 hits, recurlers)
T 3 30.45_— .
T 3 >
E - :_ I-... é 0.45_ I.f
i : .._- bao.ssg— .l'
e ._.'-. 0.3;— i ..l
1.\5— .'-.... 035;_ -. —-
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I " E
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Oo_l - '1101 - .210. - .310. - .410. - .510. | 00:I - 11101 - I:Iol - l310l - 14101 - l5[0l |
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Simulated Performance

o 102 Mu3e Phase | U — eee
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Branching Fraction Limit at 90% CL
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Experimental Area
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Muon Beam

Separator Dipoles

proton beam

el
Extraction
dipole

Dipoles
Target E

Quadrupole
Split Triplet

QSM ASK dipole

'I;iplet I ASC Singlet
a Dipole :
N
AST s
Dipole 0/7
Z

solenoid Mu3e Triplet Il

solenoid
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Beam losses along the beam line
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Inside 1 T magnetic field
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muon beam
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\% T
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Stopping target prototype

Simulation of stopping power of target
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Momentum Measurement

o Stopped muons
— low momentum e e™

o Momentum resolution limited by
multiple scattering

o Advantageous:
o Large lever arm Q

o Low mulfiple scattering 6,5
— Material budget < 1%o0 X, per layer

NUFACT - Daegu - 29.08.2019 Sebastian Dittmeier - Heidelberg University
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Enhancing Momentum Measurement

o Allow particles to recurl intfo the detector /

o Multiple scattering uncertainty cancels
to first order for a half-turn
X8

50 MeV/c 25 MeV/c

NUFACT - Daegu - 29.08.2019 Sebastian Dittmeier - Heidelberg University



Invariant Mass Resolution

Branching Ratio

1E-12

m
~

m
o~

1E-18 ]
100 102 104 106 Me*eet [MeV/c?]

« Requires momenfum resolution g, < 0.5 MeV/c

 Multiple scattering dominates momentum resolution a,, /p « \/x /X,

NUFACT - Daegu - 29.08.2019

Material budget x < 1%o0 X, per layer

Sebastian Dittmeier - Heidelberg University
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The Latest MuPix Pro’ro’rypes

3mm

o MUPix7
o AMS H18
o First fully infegrated HV-MAPS
o Resubmitted in TSIH18

o MUPix8
o AMS AH18 | 41
o First large scale HV-MAPS (2 x 1 cm?) | "B

o MUPix9
o AMS AH18
o Command decoder
o Power regulators

3mm

=2)) MuPix 8
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MuPix7

o Active area 3 x 3 mm?

o Pixel size 80 x 103 pm?

o Integrated readout state machine

= - : : H : —]

% 0.99 S 9.9..0./2.....-............?............?.."xt.!v.. Y.v:.v..v.;.’.. ..... .

i S, E i vvy 5 C ]

o Untriggered readout 20,98 : s o -
Y0 g7E... ¥ Efficiency | WY A

) T E A Noise vwoo : N ]

= : : : : MUPIX/: ]

R I e s Y07 0T 1 M

P T T N N T T 1 1
0.7 0.72 0.74 0.76 0.78
Threshold [V]

N
0.68

NUFACT - Daegu - 29.08.2019 Sebastian Dittmeier - Heidelberg University 54

10°

10?

-
o

Noiserate per pixel [1/s]



MuPix8 Readout Architecture |
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/%@/
MuPix8 Readout Architecture |l

o Hits are tagged with an on-chip timestamp

o Position priority based readout:

Hit chronology noft strictly conserved
o Trigger-less, continuous readout

o Serial data outputs @ 1.25 Gb/s
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High Density Interconnect

Mupix sensor 50um tap—b_\onds

\\ HDI ~100pum N2

Produced by LTU Ltd. | \ e
° ° . e o 4mm \\“\ Mupix er; he
Thin foils: 14 um Aluminium per layer ] . payimice 15um PR

Dielectric spacing: polyimide foils

L

SpPTAB technology: Single point
Tape Automated Bonding

Aluminium

O
O
O
O
_Aluminivm

Polyimide M i . I b d 1,
arerial puage
E g
45 um Polyimide
Via Sensor bond + 28 pm Aluminium
+ 10 um Glue
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/3
Material Budget of Selected Pixel Detectors

ATLAS IBL¥ 1.9 % X,
CMS (current)? ~2.0% X,
CMS (upgradef ~1.1%X,
ALICE (current)* 1.1 % X,
ALICE (upgrade)* 0.3 % X,
STAR° 0.4 % X,

BELLE I © 0.2 % X,
Mu3e 0.1% X,

¥ ATL-INDET-PROC-2015-001
0
t CERN-LHCC-2012-016 : CMS-TDR-11 talk by G. Contin at PIXEL 2016

*arXiv:1211.4494v1 A talk by C. Koffmane at PIXEL 2016
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Readout Bandwidth Requirements

o Hit rates derived from full detector simulation
o Pixel detector only: 2844 sensors = 178 MPixel
o Hit rates increase by a factor of 20 for Phase

Muon stopping rate (Phase 1)

Maximum hit rate of the busiest pixel sensor 1.5 MHz/cm?
Average total pixel hit rate 1.06 GHz

Data rate due to pixel hits (32 bits per hit) 34 Gb/s

Data rate due to pixel noise 5.7 Gb/s - Rypise pix/HzZ
Total readout bandwidth 3.8 Tb/s

Rroisepix- NOIse rate per pixel « 10 Hz
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Clock and Reset Distribution

o Phase stability requirement < 100 ps
o Precise timing measurements
o Synchronize all detectors

o Custom designed optical clock
distribution system ready
o Master clock generation
o Electrical fanout to 288 optical copies
o Connects to front-end boards
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