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The Mu3e Signal
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Åȋ+Ƃe+e -e+ rare in ϠSM

o Branching ratio <10 -54 

Ƃunobservable

ÅEnhanced in BSM theories

Å Rare decay (BR<10 -12, SINDRUM ô88)
ÅFor BR O(10-15)
ü >1015 muon decays

ü High decay rates O(10 8 µ/s)

Signal properties:
ÅВὉὩ ά‘ὧ

ς

ÅВὴὩ π
Å Common vertex

Å Coincident in time

Å Maximum electron momentum 53 MeV/c



The Mu3e Background

28.02.2017Dirk Wiedner, Mu3e 3

Å Accidental combinations
o ϟ+Ÿe+ϠϠ& ϟ+Ÿe+ϠϠ& e+e-

o many possible combinations

ÅВὉὩ ά‘ὧ
ς

ÅВὴὩ π

üGood time and

üGood vertex resolution 
required



The Mu3e Background
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Å Irreducible background:

o ϟ+Ÿe+e-e+ϠϠ

ÅВὉὩ ά‘ὧ
ς

ÅВὴὩ π

üGood momentum 

resolution

(R. M. Djilkibaev, R. V. Konoplich,
Phys.Rev. D79 (2009) 073004)



Challenges

ÅHigh rates: up to 10 8ȋ/s

ÅGood time resolution: 100 ps

ÅGood vertex resolution: ~200 ȋm

ÅExcellent momentum resolution: ~ 0.5 MeV/c 

ü Extremely low material budget: 1ĄX0 per Si-Tracker Layer
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The Mu3e Experiment

Å Target double hollow cone

Å Silicon pixel tracker

Å Scintillating fiber detector

Å Tile detector
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ÅMuon beam

ÅHelium atmosphere

Å1 T B-field
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The Mu3e Experiment
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Å Target double hollow cone

Å Silicon pixel tracker

Å Scintillating fiber detector

Å Tile detector

ÅMuon beam O(10 8/s)

ÅHelium atmosphere

Å1 T B-field

Phase I



PSI ϟ-Beam
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Paul Scherrer Institute Switzerland: 

Å2.2 mA of 590 MeV/c protons 

ÅSurface muons from target E 

ÅUp to  ~10 8ȋ/s

ü>1015 muon decays per year



PSI ϟ-Beam
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Paul Scherrer Institute Switzerland: 

Å2.2 mA of 590 MeV/c protons 

ÅSurface muons from target E 

ÅUp to  ~10 8ȋ/s

ü>1015 muon decays per year
O(108 µ/s)



Timing Detectors
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50 ns



Timing Detectors
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0.1 ns



Timing Detectors
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ÅFiber detector

o Before outer pixel layers

o 250 ȋm scintillating fibers

o 0.3% X/X0

o SiPMs

o Ò 1 ns resolution

ÅTile detector

o After recurl pixel layers

o 6.5 x 6.5 x 5.0 mm 3

o SiPMs

o Ò 100 ps resolution 



Fiber Detector
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Fiber ribbon modules

Å32 mm wide

Å~290 mm long

Å3 layers fibers of ᶮ250 ȋm

ÅSiPM arrays (LHCb type)

Å4 MuTRiG readout chips Scintillating fiber ribbons

TalkȯɯɁ2ÊÐÕÛÐÓÓÈÛÐÕÎɯFibre Detector for the 
Mu3e $ß×ÌÙÐÔÌÕÛɂȮɯ2ÐÔÖÕɯ"ÖÙÙÖËÐɯÖÕɯ
Monday



Tile Detector
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ÅScintillating tiles

o 6.5 x 6.5 x 5.0 mm 3

Å7 Tile modules per station

o 448 tiles/module

o Attached to end rings

ÅSiPMs attached to tiles

o Front end PCBs below

o Readout through MuTRiG

Rendering of Tile Detector station



Time Resolution
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ÅCoincidence between 

2 tiles in a row

ÅTime resolution å 70 ps

ÅTime-walk effect å 14 ps



Pixel Tracker
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VSuccessful feasibility

studies for:

VModule mechanics

VHe-cooling with low 

vibration

VUltra -thin flexible circuit 

boards

VHV-CMOS small 

prototypes

VReadout board 

prototype

Pixel Tracker
Rendering of CAD study



Ultra -thin HDI  
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ÅTwo layer HDI test 

design (top)

ÅPrototype from LTU

ÅSingle point tape 

automated bonding



Ultra -thin HDI  
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ÅTwo layer HDI test 

design (top )

Material Thickness [ϟm] X/X0

upper Al layer 14 1.57 · 10ǸƘ

isolator (PI) 35 1.22 · 10ǸƘ

glue 10 0.25 · 10ǸƘ

lower Al layer 14 1.57 · 10ǸƘ

lower PI shield 10 0.35 · 10ǸƘ

total 83 < 5 · 10ǸƘ



HV -MAPS
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ÅHigh Voltage Monolithic Active Pixel Sensors

ÅHV-CMOS technology

ÅN-well in p -substrate

ÅReversely biased

by Ivan Periļ
Iȭɯ/ÌÙÐîȮɯ ɯÕÖÝÌÓɯÔÖÕÖÓÐÛÏÐÊɯ×ÐßÌÓÈÛÌËɯ
particle detector implemented in high -
voltage CMOS technology 
Nucl.Instrum.Meth., 2007, A582, 876

P substrate

N well

NMOS PMOS

2ÌÌɯÛÈÓÒȯɯɁ"ÏÈÙÈÊÛÌÙÐÚÈÛÐÖÕɯÖÍɯÕÖÝÌÓɯ
prototypes of monolithic HV -CMOS pixel 
detectors for high energy physics 
Ìß×ÌÙÐÔÌÕÛÚɂȮɯ#Ùȭɯ2ÛÌÍÈÕÖɯTerzo on Friday



HV -MAPS
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ÅHigh Voltage Monolithic Active Pixel Sensors

ÅHV-CMOS technology

ÅN-well in p -substrate

ÅReversely biased ~85V

o Depletion layer

o Charge collection via drift

üFast <1 ns charge collection

o Thinning to 50 ȋm possible

Å Integrated readout electronics

by Ivan Periļ
Iȭɯ/ÌÙÐîȮɯ ɯÕÖÝÌÓɯÔÖÕÖÓÐÛÏÐÊɯ×ÐßÌÓÈÛÌËɯ
particle detector implemented in high -
voltage CMOS technology 
Nucl.Instrum.Meth., 2007, A582, 876

P substrate

depletion layer

N well

-85V

~9ȋm



Full System on Chip
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Å180 nm HV -CMOS

ÅPixel matrix:

o 40 x 32 pixels

o 103 x 80 ȋm2 each

ÅAnalog part

o Temperature tolerant

ÅDigital part

o Full system on chip

MuPix7



Chip Readout
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On Chip:

ÅZero suppression

ÅRead -out state machine

ÅPLL and VCO

ÅFast serializer

ü1.25 Gbit/s LVDS output
Eye diagram MuPix7;
eye height > 130mV,
eye width > 0.65 UI



Spatial Resolution
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ÅPixel size 80 ȋm x 103 ȋm

ÅMeasured track residuals:

o RMS x = 38.1 ± 0.1 ȋm

o RMS y = 30.6 ± 0.1 ȋm



X-talk
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ÅMUPIX7

ÅPSI October 2015

o 250 MeV e +/µ +/pion

ÅX-talk between

o Rows

o Around 10%

28.02.2017

X-talk to both sides



X-talk
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ÅMUPIX7

ÅPSI October 2015

o 250 MeV e+/µ +/ pion

ÅX-talk between

o Rows

ÅCapacitive coupling

o Line from diode to 

comparator

o Strongly depends on 

layout

28.02.2017

X-talk to both sides



Efficiencies
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Å>99.5% efficiency

o 4 GeV electrons@DESY

o 90° impact angle

o Individual pixel thresholds

MuPix7 Efficiency



Efficiencies rotated 
Sensor
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Å>99.8% efficiency

o 4 GeV electrons@DESY

o 30° impact angle

o Individual pixel thresholds

MuPix7 Efficiency

MUPIX7

MuPix7 under angle

e+



Time Stamps
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ÅTime difference of hits 

registered in MuPix 7 and 

scintillator 

Å4 GeV electrons

ÅSampling rate is 62.5 MHz

ÅȒ= 14.3 ns
Time Resolution of Pixels



Large Pixel Prototype
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Å10.8 x 20 mm 2

ÅTime walk correction

Å3+1 LVDS outputs

Å In production

üModule studies MuPix8

MuPix7



Summary

31

ÅMu3e searches for lepton flavor violation
o > 1015ȋ-decays Ƃ BR O(10 -15)(90% CL)

ÅTwo SiPM based timing systems

ÅSilicon tracker with ~182M pixel
o HV-MAPS 50 ȋm thin

ÅPrototypes exceed requirements

Dirk Wiedner, Mu3e 28.02.2017



Outlook:
Projected Sensitivity
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Single event sensitivity (SES) and the 
corresponding 90% and 95% C.L. upper limits 
versus data taking days for the Mu3e detector



Institutes
ÅMu3e -collaboration:

o DPNC Geneva University

o Paul Scherrer Institute

o Particle Physics ETH Zürich

o Physics Institute Heidelberg University

o Institute for Nuclear Physics Mainz University

o IPE Karlsruhe

o KIP Heidelberg
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Backup Slides
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Motivation
Backup
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The Mu3e Signal

28.02.2017Dirk Wiedner, Mu3e 37

Åȋ+Ƃe+e -e+ rare in SM

ÅEnhanced in:

o Super-symmetry

o Grand unified models

o Left -right symmetric 

models

o Extended Higgs sector

o Large extra dimensions

o é
Tree level

SUSY



ϟƂeee vs. 
ϟƂeȂ
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A. de Gouvêa, 
ɁȹCharged) Lepton Flavor Violation ɂȮɯ
Nucl . Phys B. (Proc. Suppl.), 
188 303ɬ308, 2009.



Challenges
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Challenges
ÅHigh rates: 10 8ȋ/s

ÅGood timing resolution: 100 ps

ÅGood vertex resolution: ~200 ȋm

ÅExcellent momentum resolution: ~ 0.5 MeV/c 2

üExtremely low material budget: 

ü1x10-3 X0 (Si-Tracker Layer)

üHV-MAPS spectrometer 

ü50 ȋm thin sensors

üB ~1 T field

ü+ Timing detectors
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SciFi
Backup
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#ÌÛÈÐÓÚɯȱ
staggered layers

254 ɛm

4
3

3
 ɛ

m

Thickness:
Åtheoretical ~ 683 mm
Åmeasured ~ 750 mm
< 1 g of glue / ribbon

7
0

0
 ɛ

m

Horizontal gap between fibers ~ 4 ɛm

250 ɛm
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Alternative:
Square shape fibers



Fiber Winding Tool

fiber

U channel

More R&D to optimize the construction of the ribbons

~ 40 cm

16 mm
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Readout of Fibers
Si-PMs (MPPCs) at both fiber ends

SciFi column readout with Si-PM arrays

Å 64 channel monolithic device (custom design)

Å ~250 Õm effective ñpitchò

Å 50 µm ³50 µm pixels 

Å Grouped in 0.25 mm ³1 mm vertical columns

Å Common bias voltage

LHCb type

detector
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Readout of Fibers
Si-PMs (MPPCs) at both fiber ends

SciFi column readout with Si-PM arrays

JReduced # of readout channels (2 ³64)

JEasy, direct coupling

LHigher occupancy

LñOpticalò cross talk

LHCb type

detector
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SciFi Column Readout

light travels preferentially

in the cladding

and exits the fiber

at large angles

Ýñopticalò cross talk

between Si-PM columns
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Readout Electronics 
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ÅMuTRiGASIC (KIP)

ÅFulfills SciFi requirements

o Compact design

ÅInstallation very close to Si -PM arrays

o 32 channels

Å4 chips / Si -PM array

ÅAssuming MuTRiG can sustain ~10 MHz hit -

rate

ÅPerformance to be tested

o In particular for low photon yield

47

STiC



Alternative Design with 
Square Fibers

2-3 layers of 250 mm square double cladding scint. fibers

128 fibers/layer

Single fiber Al coating ȹÔÐÕÐÔÜÔɯɁÖ×ÛÐÊÈÓɂɯÊÙÖÚÚ-talk)

16 mm

0.8 mm
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Testing Square Fibers
Fiber test setup developed at PSI

250 µm square fiber

timing performance

Cross talk:
By sputtering 30 nm Al 

coating on the fiber

cross talk < 1% 

was achieved
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0.5 Nphe threshold
Ϧɯǻɯ750 ± 17 ps



Tile Detector
Backup
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Efficiency
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ÅRequire hit in first & last 

column

ÅLook for hit in middle 

channel

ÅEfficiency > 99.5%

e-

tiles



Tile Detector
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ÅScintillating tiles

Å 6.5 x 6.5 x 5.0 mm 3

Å7 Tile Modules per 

station

o 448 tiles/module

o Attached to end rings

ÅSiPMs attached to tiles

o Distribution PCBs below

o Readout through MuTRiG

Tile detector 4 x 4 prototype



STiC Readout
Å Developed at KIP for EndoTOFPET-US 

o Optimized for ToF applications 

Å Key features: 
o Digital timing & energy information 

o 64 channels (version 3.0) 

o 50 ps TDC bins 

o SiPM bias tuning 

o SiPM tail cancelation possibility (version 3.0) 

o Currently å 1 MHz hit rate / chip 

o Up to å 20 MHz in future version 

Å Version 2.0 successfully operated in test -beam 
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STiC 3.0

STiC 2.0
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STiC 3.0

STiC 2.0



STiC Test Beam
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STiC Test Beam
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