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& History of LFV Decay experiments
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/3@/ Lepton Mixing & Lepton Flavor Violation
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/@/ cLFV Decay p* —e'e’e
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loop diagrams tree diagram
@ Supersymmetry * Higgs Triplet Model
» Little Higgs Models » New Heavy Vector bosons (Z')
*» Seesaw Models » Extra Dimensions (KK towers)

» GUT models (Leptoquarks)
* many other models

Many models “naturally” induce charged lepton flavor violation (cLFV)
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73 Mu3e Experiment

Search for y* — e*e*e- at the Paul Scherrer Institute
project approved in Jan 2013

PSI provides
high intensity
DC muon beam
of E_ =29 MeV

Aiming for a sensitivity of

BR(u — eee) <10 (Phase| @ PIE5)

BR(u — eee) <106 (Phase Il @ HiMB - not approved)

André Schoning, Heidelberg (PI) 5 PSI Review Meeting BVR49, February 13, 2018



£73 Backgrounds

Irreducible BG: radiative decay with internal conversion

signal: B(u* — e‘*e'e’)
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Backgrounds

Irreducible BG: radiative decay with internal conversion
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/3@/ Accidental Backgrounds

» Overlays of two ordinary y* decays with a (fake) electron (e’)
» Electrons from: Bhabha scattering, photon conversion, mis-reconstruction

Need excellent: | 4
+~ Vertex resolution (
-~ Timing resolution

+~ Kinematic reconstruction
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Mu3e Design Concept
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9 Mu3e Baseline Design
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u Beam
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9 Mu3e Baseline Design
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Inner pixel layers
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U Beam Target ¢
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Mu3e Baseline Design

Inner pixel layers : :
\

/

M Beam Target

YYYYY

/

Scintillating fibres ‘

\ /

Outer pixel layers
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9 Mu3e Baseline Design

Recurl pixel layers /_\

/ N
S
Scintillator tiles Inner pixel layers
/
> uBeam Target
/
T Contflating fbres 0

A 7

Outer pixel layers
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9 Mu3e Baseline Design

solenoid B=1T

Recurl pixel layers

/ AN

Scintillator tiles Inner pixel layers : :

N\ S
U Beam Target é
Scintillating fibres

A\ /

\/ Outer pixel layers

YYYYY
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9 Mu3e Baseline Design

solenoid B=1T

Recurl pixel layers
/7

Scintillator tiles

Inner pixel layers

\
1 Beam Target ¢
/

Scintillating fibres

YYYYY

A\ 7

\/ Outer pixel layers

Momentum resolution dominated by multiple scattering!
* helium-gas atmosphere

- pixel tracking layer X/X, ~ 1 per mil!
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‘& Compact Muon Beamline (Phase )

Mu3e Phase I Schematic

Coupling
Solenoid

Mule
Solenoid

Proton Beam
—.'lb

nES Channel

nES Front Area

"U"-Channel

Collimator
System

aanfaana

HEEN P I_I__||

@ muon rates of up to 8.4-107/s at solenoid entrance achieved in 2016

» further optimizations might be possible

@ aiming for: — 10%/s muons on target
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/3@/ PIE5 Beamline + Experimental Region

Space is very tight!

W

Compact Muon Beamline was
successfully commissioned
providing up to ~10® muons/s

LR
e

mockup for Mu3e solenoid

b /’// i / g

.// | 2 ,'j.:, L / g .
Meeting BVR49, February 13, 2018
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/@@/ Prel. Design from Cryogenic Ltd.
A
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Main parameters
* superconducting
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& The Mu3e (MEG) PiE5 Area

Infrastructure

Removable
—— l_;').l_z.i.tform I access stairway
New ' |
“Skywa | k” Access i
” Infrastructure
walkway
\ .- platform |
> New
platforms
Controlled
access door vy /(I
Target E

Mu3e

New '

Detector control Il
PSYS [ and filter farm F’"Stt'ng nES
access barracks ront access

New platforms needed for services

André Schoning, Heidelberg (PI) 19 PSI Review Meeting BVR49, February 13, 2018






73 Mu3e Experiment

Aiming for a sensitivity of

BR(u —>eee) < 210" (phase ) — 108 muons/s (existing)

BR(u —> eee) <107 (phase II) - >10° muons/s

Pixel Tracker
Scintillating

Detector has to cope with Fibers
very high particles rates! Scintillating Tiles
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& Pixel Detector Technology

High Voltage-Monolithic Active Pixel Sensor
(HV-MAPS)

transistor logic embedded in N-well
(“smart diode array”)

e pixel detector about 1m?
« very thin: X/X, ~ 1 per mil

* Helium gas cooling Particle
|.Peric, P. Fischer et al., NIM A 582 (2007) 876

* Active sensor:
~ hit finding + digitization + readout
* HV-CMOS: 60-80 V
* commercial process (Austria Microsystems)
e thinned to ~50 pm (~ 0.0005 X))

* fast timing <20ns
* continuous readout
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& Monolithic HV-CMOS Sensor

MuPix7

* Mupix8 received in August 2018 _
(pre-production)

* pixels size 80 x 80 pm?

* new substrate ~80 Qcm
— larger depletion

» design and area close to final chip
(— 20 x 20 mm?)

20mm

design real chip
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“@/ Recent Mupix Performance Plots

* Mupix8 characterized in lab
* test beams at DESY (x3) & CERN
* Mupix8 beam telescope (4 layers)
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§ @/ Threshold Scan Mupix8 (untuned*)
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& @/ Status of Mu3e Pixel Detector

* TDR table updated with Mupix8 prel. results

Specification  MuPix7 MuPix8 prel.
Pixel size (um?) 80 x 80 103 x 80 80 x 81
Sensor size (mm?) 20 x 20 3x3 10 x 20
Thickness (pum) 50 50 650
Bandwidth per chip (Gbit/s) 3x1.25 1x1.25 3x1.25
Hit rate (MHz/cm?) 2.5 5.5 -
Spatial resolution (1) < 100 103/4/12 80 / V12
Time resolution (ns) < 20 11 12 (— 5-10)
Efficiency (%) > 99 99.5 ~99.7 (99.9)
Signal to noise > 20 10...15 ~18 (untuned)
Power (mW/cm?) < 300 < 300 ~210

> s0 far only pre-produced Mupix8 characterized
> Mupix8 main production expected for March 2018
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& (Outer) Pixel Tracker Module

Overlap

MuPix chips, 20 x 23 mm? HDI

Interposer

MuPix (HV-MAPS) Flexprint

Endpiece/

High Density Interconnect (LTU, Ukraine)

& -~

AN
180 nm HV-CMOS (AMS)
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5 V-Fold Cooling Channels

Endpiece Flexprint Interposer

el =
S
(=

Sl j

I
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e

MuPix chip

V-fold He distribution chamber
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&  Outer Pixel Tracking Layers

layer 3 and layer 4 modules:
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&  Outer Pixel Tracker Module
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&  Outer Pixel Tracker Module

Ladder

Interposer

Endpiece

N
™

Flexprint

MuPix
chips

Polyimide
V-fold

\/ \ Cooling gas inlet
Contact matrix

Lot Push-down lid  to interposer
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‘& Inner Pixel Tracking Layer

layer 2 half shell
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‘& Inner Pixel Tracking Layer

layer 2 half shell

thermo-mechanical mockups were manufactured!
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73 Helium Gas Cooling

: : Vol FI d

3D computer simulations oHHme ow speed (m/s)
~ for power dissipation 400 mW / cm? Gap L1/L2 10
- gas flow with T. = 0°C Gap SciFi/L3 5
g V-folds L3/L4 20

pressure drops Gap L3/L4 10
) . . .

design details considered Clobal 05

70°C |40°c
| L3/L4 DS

i20°C

I Us
0°C « MuPix8 produces ~ 210 mW / cm 2 0°c
* Further optimizations are possible!
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g @/ Mu3e Time Timing Detectors

Recurl pixel layers
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&

André Schoning, Heidelberg (PI)

*** Requirements
Thickness X/X, £ 0.5% (<1 mm)
* Efficiency 295 %

Time resolution better than 1ns -> 500 ps
* Limited space

PSI Review Meeting BVR49, February 13, 2018



Scintillating Fiber Detector

&

André Schoning, Heidelberg (PI)

*»* Design Parameters
12 ribbons, 3-4 layers of 250 um
scintillatingfibers
28-30cm long, R= 6 cm
SiPM array for optical readout
MuTRiG ASIC

PSI Review Meeting BVR49, February 13, 2018



/3@/ Scintillating Fibers Tests & Prototyping

@ Several types of scintillating 250um fibres studied:

-~ Kuraray: SCSF-81M, 78M, NOL11

= Saint Gobain: BC F12, BC 418

-+ round & squared

- different coatings (no coating, Al, TiO,)

full size ribbon

Effective area/ channel:

Two independent
chipsx 64 ch. each

» SiPM: Hamatsu S13552-HQR (LHCDb) Lo s
-~ SiPM array i)

-~ 128 channels

» New MuTrig readout chip (KIP, Heidelberg)
+ time resolution 50 ps
= 32 channels >
~ bandwidth 1.25 Gbit/s = o
- chip successfully tested

André Schoning, Heidelberg (PI) 38 PSI Review Meeting BVR49, February 13, 2018




£

Integration Studies: SciFi Module P

Modular Construction

MuTRIG, x8
-
2 x MuTRIG chips

in one package

Cooling Plate

=>4 packages

André Schoning, Heidelberg (PI) 39 PSI Review Meeting BVR49, February 13, 2018



"7 Scintillating Tile Detector

Recurl pixel layers @ 3 X 3 mm2 Slngle SIPM
e 5 B O e S
Scintillator tiles Inner pixel layers * Hamamatsu S13360-3050PE
——= uBeam Target¢ @ timing resolution of <100 ps

7

FIEE — measured in testbeams
et e

T ‘\g’omerpw e » readout based on MuTrig
Scintillating tiles cintillating fibers AR B s

Temp.

25.1mm

w

ens.

design sketch
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/3@/ Performance & Status Timing Detectors

Fibers Tiles
Time Difference @ 0.5 phe, Use Min Cluster T, ¢ = 0°
2000 T N Ty e 3
= ank 3
1800 e 90r .
NOL 11, 3 Layers o 80:— ;-
1600 81 MJ, 4 Layers S E - — —- 3
1400 L BCF12Al, 3 Layers § 70;—-— AR "."+ e L _.;
1200 r e et
1000 qé 50;_ _;
800 & O,r = 500 ps = 40 E
—— 0,; =430 ps 30E- =
600 _ e 5
: o, = 980 ps sl Data 3
400 g —— 0, = 700 ps - , , 3
o5 10E- Simulation =
200 : 2
0: T [ -
0 b NpEeERE A TR
o~ by 1] el S
better than specified: better than specified:
o, < 1400 ps — 700 ps c, < 100 ps

Plan for 2018: Demonstrator modules to achieve production readiness
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A@/ Detector Integration

* 10 kW of power (Pixel Tracker, MuTrig readout chip, ...)
* helium-gas cooling with high flux 20-40 m*/ min

* high number of readout channels and cables

* modular design required

* very limited space!

CAD drawings exist for almost all parts
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73 Cross Section at Target

Cut through target.
Observe: SciFi not in
here.

inner pixel layers

outer pixel layers
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g @/ Cross Section at Recurl Station

Similar cut inside SciTile

Helium distribution

copper bars (power)

outer pixel layers

scintillating tile detector
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/3@/ Status of Detector and Plans

Status

» We have working prototypes for all sub-detectors & readout electronics
» We have detailed CAD drawings for most parts

Next Steps
» finalize overall design

» build demonstrator modules
& full vertical slice test

» achieve production readiness
» production
» detector integration
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‘7 New Mu3e Institute and Groups &

* University of Bristol (BRI)
* University Geneva (GVA)

* Kirchhoff Institute for Physics@Heidelberg (HD-KIP)
* Physics Institute@Heidelberg (HD-PI)
« Karlsruhe Institute of Technology (KIT)

(Bri)

* University of Liverpool (LIV)

* University College London (UCL) i:

* Universitat Mainz (JGU) Joost X_‘?S)Sfabe”

v :
* University of Oxford (OXF) Gavin Hesketh
* High Energy Group at PSI, Villigen

(UCL)

* Muon Group at the PSI, Villigen
 ETH Zurich (ETHZ)
* University Zurich (UZH)

Bohdan Kotlinski
(PSI-HE)

2 ~ 60 authors N'C(()SZSH?"a
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& New Mu3e Institute and Groups

University of Bristol (BRI)
University Geneva (GVA)

Physics Institute@Heidelberg (HD-PI)

University of Liverpool (LIV)

University College London (UCL)
Universitat Mainz (JGU)

University of Oxford (OXF)
High Energy Group at PSI, Villigen

Muon Group at the PSI, Villigen
ETH Zurich (ETHZ)
University Zurich (UZH)

— Pixel Detector

André Schoning, Heidelberg (PI)

Kirchhoff Institute for Physics@Heidelberg (HD-KIP)

Karlsruhe Institute of Technology (KIT)

5

Joel Goldstein
(Bri)

i ’
Joost Vossebelt
(Liv)

Gavin He1sketh
(UCL)

lan Shipsey
(Oxf)

Bohdan Kotlinski

(PSI-HE) _
Nicola Serra
(UZH)
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‘7 New Mu3e Institute and Groups &

* University of Bristol (BRI)
* University Geneva (GVA)

* Kirchhoff Institute for Physics@Heidelberg (HD-KIP)
* Physics Institute@Heidelberg (HD-PI)
« Karlsruhe Institute of Technology (KIT)

(Bri)

* University of Liverpool (LIV)

* | University College London (UCL)

k !

* Universitat Mainz (JGU) Joost X_‘?S)Sfabe”

v :
* University of Oxford (OXF) Gavin Hesketh
* High Energy Group at PSI, Villigen

(UCL)

* Muon Group at the PSI, Villigen
 ETH Zurich (ETHZ)
* University Zurich (UZH)

Bohdan Kotlinski

S - (PSI-HE)

— Clock Distribution Nicola Serra
(UZH)

lan Shipsey
(Oxf)
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& New Mu3e Institute and Groups

* University of Bristol (BRI)
* University Geneva (GVA)

* Kirchhoff Institute for Physics@Heidelberg (HD-KIP)
* Physics Institute@Heidelberg (HD-PI)
« Karlsruhe Institute of Technology (KIT)

Joel Goldstein
(Bri)

* University of Liverpool (LIV)

* University College London (UCL)

n
 Universitat Mainz (JGU) Joost X_‘?S)Sfabe”
v

* University of Oxford (OXF)
* High Energy Group at PSI, Villigen

* Muon Group at the PSI, Villigen
 ETH Zurich (ETHZ)
* | University Zurich (UZH)

lan Shipsey
(Oxf)

Bohdan Kotlinski
PP : (PSI-HE)
— Scintillating Fiber Detector Nicola Serra

(UZH)
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/3@/ Last but not least...

Thank Youl!

» PSI for the hospitality and support

» PSI| Research Committee and Mu3e Reviewers for a very constructive
and helpful review process
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André Schoning, Heidelberg (PI)

Backup
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”@/ Beam Requests for 2018

We would like to thank PSI for providing us so much support!

Test Beams in 2017:

* Delays in licensing new piE5 safety installations at the beginning
of 2017 did not allow for testing the CMBL at piES5.

* Mu3e had one week of test beam in piM1 (SciFi)

Requests:
» PiE5: 4 weeks CMBL tests
-~ PiM1 (or equivalent) week 41+42 for detector prototype tests:
=~ one week SciFi
= one week pixel detector

Mupix beam telecope
in Juli 2014 at PSI

- ‘
4 b ! €3
4 prOCe o U
AL
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g @/ Example: Low Scale Seesaw Model

“‘Inverted Seesaw Model”

N _ -, P, ,Uij\.-' - -
Wis = Wussm+Y, 0°LHy+Mp U°Ng + TNSNS m., o Uy
right-handed leptonic
neutrinos gauge singlets
M.E.Krauss, W. Porod et al., arXiv:1408:0138
10—14 _
10710 i
o 'non-SUSY Z penguin; S~ W cancellation
CQ e =~ ~
-18 | s o 4
T SUS) ~
3 Deng, > < _
= 107} T Sugy, T
M E T~ \pengz .
- ~ S J}DS
1072 £ S~
- non-SUSY v penguins e !
500 1000 2000 5000 1x 104
Me= 1TeV Mgy sy [GGV} Mspygsy = my = My = =4y
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£73 u* —>e*e*e- Diagrams

l"+ s e+e+e-
e\/ e e\/ e
Y Z
” A 4 e I‘l A4 e
photon penguin Z - penguin
e e e\ / e
1
1
 H
: /
1
M Q e M e
Higgs-penguin box diagram
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Some CLFV Processes psenzinsk

Process Current Limit Next Generation exp
T =2 un BR <6.5 E-8
T2 Wy BR <6.8 E-8 10-9- 109 (Belle )
T =2 LUU BR <3.2E-8
T = eee BR < 3.6 E-8
K. = eu BR <4.7 E-12
K* 2> e u* BR < 1.3 E-11
B? = eun BR<7.8 E-8
B* 2 K*eu BR <9.1 E-8
u+t 2> ety BR<E.7 E-13 10-14 (MEG)
ut =2 efe'e BR<1.0 E-12 1016 (PSI)
uN 2> eN R, <7.0E-13 1077 (Mu2e, COMET)

(current limits from the PDG)

* Most promising CLFV measurements use u

André Schoning, Heidelberg (PI) PSI Review Meeting BVR49, February 13, 2018



”@/ Complementarity of LFV Processes

Blanke et al., Acta Phys.Polon. B41 (2010) 657-683

ratio LHT MSSM (dipole) | MSSM (Higgs)

b o 0.02...1 ~6-1073 ~6-1073
iz o 0.04...0.4 ~1-1072 ~ 11072
B ) 0.04...0.4 ~2-107% 0.06...0.1
e 0.04...0.3 ~2-107% 0.02...0.04
e 0.04...0.3 ~1-1072 ~1-1072
i 0.8...2.0 ~ 5 0.3...0.5
T ] 0.7...1.6 ~ 0.2 5...10

By o) 1073 ... 10 ~5-107? 0.08...0.15

Table 3: Comparison of various ratios of branching ratios in the LHT model (f = 1TeV)
and in the MSSM without [92(95] and with {96, 97 significant Higgs contributions.
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/@/ Model Independent Comparison

Andre de Gouvea et al.

MeNN contact IA

dipole

A (TeV)

K = oo

..........
....................

|} IIIJIJ

— LFV processes are highly complementary!

57 PSI Review Meeting BVR49, February 13, 2018
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73 LFV Higgs Couplings |

R. Harnik, J. Kopp J, Zupan [arXiv:1206.6497]
Framework LEV

- 2 e 10!

Yij = —0i; + —j"ij
v V2A2 100
107!

LFV decays of SM Higgs:

D(h — (209 1072

BR(h — (*(°) =
R(h = 80) = 505 20%) 1 Ty

51073

4
LFV muon decay: 10 z
o Y Y
~ VY| + [Yepl? 1073 - > 67? 5
10—6 “. ,.E.. Lo I
oo 2
LHC not competitive with 10-7 i qi £ o i s 'é:.-.?Li.h S

LFV muon decay searches! 10°710°°107°10"%4107310"210"" 10° 10!
Vel
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&  LFV-Effective Field Theory

A.Crivellin et al., PSI-PR-16-15

1 (5)
Legg = LQED+QCD + I ; . Q

Representation by Wilson coefficients
and higher-dimensional operators:

Of = emy, (éa"" Pp) Fu,
Of " = (en"Prp) (fruPLf) .
(ey" Prp) (fyuPrS)

SM (ePrp) (fPLE)
(e

= (eo

VLR

“ﬂ ePy )UHJ)
Ppu) (fo" PLf),

TLL
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100 -

CS LL

10}

zyﬁ@k+o(m)

A=my /GeV

. | == MEG (2016)
| == MEG Il (BR<4-1071)
SINDRUM (1988) |
== Mu3e (BR<101%)
- Mu3e (BR<10 ')
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““Mu3e Acceptance of BSM-Models

08 [
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“Kinematic Resolution + Multiple Scattering

» Muon decay:

— electrons in low momentum range
p <53 MeV/c

limited hit » Multiple scattering is dominant!
resolution regime

+~ Need thin, fast and high resolution
v tracking detectors operated at
high rate of ~ 10° particles/s

O, ~ % VXTX,

mutiple scattering
regime
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““Momentum Resolution in MS Regime

» Standard spectrometer:

o)
P

O
Q2

[ )

(linearised)

André Schoning, Heidelberg (PI) 63

precision requires large lever arm
large bending angle Q
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& Tracking Design Considerations

R

50 MeV/c 25 MeV/c
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““Momentum Resolution in MS Regime

» “Half turn” spectrometer:
MS

-
-
-

+~ best precision for half turn tracks
-~ have to measure recurlers
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/@@/ High Intensity Muon Beamline (HiMB)

nearon ssanatoe st HIMB Studies:

5 Neutrom Spatlabon S
L Tegel-Storaps: FR

s iosiine refurbish target M

Isofope Production P2

2 EyeTreatment OPTIS ~ > 9 rates >> 10%s
> promising!

proton cyclotron
| =2.4 mA
@ 590 MeV

world-highest
intensity beam!

Particle Physics
Iﬁ::,fg;ﬂ_ﬁf“ *SINQ target:

> rates >10%%/s possible
> but extremely difficult

g~
| g ”
‘ "!' FiREX ‘:.-
4® e
1% i
\
i _-= |

i:l m:
PIES beamline: MEG+Mu3e expeme ts
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73 Mu3e Solenoid Magnet

* Contract with Danfysik canceled by Heidelberg University at January 25"
2017 because of non-fulfillment

> Danfysik had underestimated technical risk and business hazard Q-BVR438
> problem were not our specifications (B=2T, homogeneous)

* 2018 events...
* tendering process started Easter 2017

specs almost unchanged; B — 2.6T

serious offers from Cryogenic Ltd and TESLA Ltd only
decision for Cryogenic (better price)

kick of meeting in September 2017

* Magnet TDR March 2018 (no show stopper so far)

* Magnet delivery expected for beginning 2019 (in accordance with out plans)
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Mupix7 Results

test beams
performed at
CERN
PSI
DESY
MAMI

50 um
thickness

¢ ¢ © ©

 serial readout with 1.25 Gbit/s
* up to 33 Mhits/s

[ ! (sl B (o] [ [Runiom sy s [cac

lock
NRZ | [Ampltude - 3 B ) 0
Mo

— o % A ] .
0.85:— .......... ."';'X“AA' ............................................. —h— ng1h0l:)oowe;;I 3\77(;??132 __________________
0.8 A —+— Medium Power Settings |
e 400 mW/cm?
e —=&— Low-Medium Power Settings |
0.75 - 300 mW/cm?
: —— I —e LowPowerSotngs |
o 2 s T s “E  eff. > 99% achieved! 225 mW/ems
B wimces 8] 0-65:_n"u"'|"'I"'|'"|"'i"]'"l"'u'"f"f"i"l"]'"{"u'"u"'l"i"]"'|"]mlmf"i"i"]"'|"T"f"f"i"l"':'"u'"u"'f"l"i"]"]mu'"Imf"fni"
0.7 0.71 0.72 073 074 0.75 076 0.77 0.78

7 7 7 Threshold [V]
André Schoning, Heidelberg (PI) 68 PSI Review Meeting BVR49, February 13, 2018



,@i

Mupix8 and Crosstalk

essentially 100% efficient

-
o 1
@
Is) ()] 03_
= O] - .
= — B — triple ‘
i I - — double
_ 50.25
L - Ncluster vert — "Vcluster horiz
099_ 02 N Ncluster
HED 0.15F i
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N

Mupix8 and ATLASpIx Design

Darinbhars

00 x3
.5 Diwval
Q. Pixel
=
z sensor
test-pule
injection
integrate
charge
X Pixel
ol
v sensor
L
< H >t
tesﬂ_:-ulse
injection

André Schoning, Heidelberg (PI)

Periphery,___ . State Machine
baseline "
CSA X —= VCO
I\ l— f:: readout &
| comparator 1&2 o state PLL
I/ = L |

| " machine
; readout . _
I . VDS
;une

8b/10b | cerializes LVDS,

DAC —{ encoder
threshold

amplification

digital output

line driver per pixel A
threshold J g
adjustment ' Ti“ J l_
Periphery State Machine
. : T ©
CSA baseline Im_e g — VCO
}— driver = — readout &
£ | state PLL
I: e machine
readout
comparator -
fune T _ 8b/10b | |gerializer | LYDS,
DAC recelver encoder
threshold
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Efficiency Comparison

ATLASpix

- -
o 1 O
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© s
S O
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5} @
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@chanical Prototypes for Pixel Tracker

even larger stable structures with 100 um thickness possible

by using Kapton folds
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ﬁ@chanical Prototypes for Pixel Tracker

Ultra-thin detector mock-up:
 sandwich of 25 ym Kapton®
* here 50 ym glass (instead of Si)

50 mu silicon wafer

* HV-MAPS

Sandwich
* Flex print %
« Kapton Frame

X =0.1% X, per layer possible
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MuPix7: Efficiency

Efficiencies of DUT in a telescope:

1 0 —14000

B 99 % Y + : el
PSP OPRPRPSRPRTURTRTRE- 2. 25 SR v Y Yy..¥ 3. A0 /ANI AU  STTP —3500
0.98— \A A/ ]
g Y W YT —{3000

Efficiency
l
[ |
]
[ |
]
[ )
:
<
-
]
]
>
%
«
La

Noiserate per pixel [1/s]

0.96 F— e S —12500

_, ------------------- —4&— NoiseRate —2000
0.94 — ey -
T ' YY ............................. __EdgeseXCIUded ........................... _1500

SR & 2 S R =
ol P —¥— Edges included N o10%
Ty e e —500

| I
>

0.9

1 1 1 I | 0
0. 0. : : 0.76 0.78

Threshold [V]

Data taken at PSI

One setting (intermediate power) as example with noise rate /@
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Y MuPix6 Time Resolution

signathelght T atency vs ToT
A

250 — %

_ PSI Testbeam with 500 MeV protons 'BO

e 1
S| ¢
- -
v | 150—
% -
100—
=
oh—

Latency [2.5ns]
— timewalk correction possible
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/3@/ Thermal Expansion of Pixel Layers

Cooling simulations

Average temperature of ladder translated into thermal expansion of polyimide:

5_

0
5
-10 4
-15 4
20
25 ]
-30 -
-35

-45
50 ]
.55 ]
-60 4
65 -1
70
_?5 _.

Thermal Linear Expansion
Relative to 20°C (um)
A
=
1

-80

A 250 mW/cm?
v 400 mWicm?

Note: This is a result calling for more studies. Plan is to optimise gas inlets. Interplay with duct layo

hence non-trivial.

Kapton Segment Layer 3
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Kapton Segment Layer 4
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£

Ribbon Characterization: Summary

Coating Oar [ps]  Efficiency within £ 30 [%)]
SCSF 78 M) 3 Clear 500 92.3
SCSF 78 M) i | Clear 450 97.3
SCSF 78 M| 4 TiO220% 430 94.0
NOL 11 2 TiO2 Outside 510 88.7
NOL 11 3 TiO2 Outside 430 93.8
NOL 11 4 TiO2 20% 395 95.8
NOL 11 4 Clear 380 94.3
SCSF 81 M) 4 TiO2 20% 580 91.1
BCF 12, square 3 Al 100 nm 700 68.5
Design requirement 710 95.0

» Ribbons will be produced with Kuraray SCSF 78 MJ using Clear epoxy
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€23 Online Filter Farm

» Data reduction by factor 100 required

@ GPU Filter farm
= reconstruction of tracks

in central detector Mu3e Data Acquisition
- Slmpllfled vertex fit 2844 Pixel Sensors 3072 Fibre Readout Channels 6272 Tiles
~ about 2 million 50ns-frames WW ﬁ ’Hﬁ: F WW F Hﬁ’: ;m
per second on GTX1080 poss L0 T T r . F . F &
+~ 12 PC needed for farm recn | rareena oo | s rron |
180 Gbit/s [z S
—— =
|
T | T baie s
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73 Data Acquisition

= Total number of pixels ~280 mill 1116 Pixel Sensors

(+fibers+tiles) “H ‘ ‘ Hﬁ

= Frontend data rate of ~1 Thit/s upt0 108 P P P
(Phase ”) 800 Mbit/s links = - -
FPGA FPGA 42 FPGAs | FPGA
= Online event reconstruction (no trigger) 13 Gbit's
link each
= FPGA based switching network =
Boards
= Graphics Proessmg Units (~50 GPUs) 1210 G
-' el .
GPU GPU GPU
4(';?}_‘.“ PC pc |12PCs | pC
Gbit Ethernet I
Data Mass
Collection Storage
Server
plan to perform complete vertical slices test Logging rate ~50-100 MB/s

with existing prototypes in 2018
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”@f Simulation and Performance
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& Simulation and Performance

Track Reconstruction Efficiency

— 60—
> I limited acceptance ,*®
> 0
= T —~—— |
50—
o i
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- 0.1
O_IIII|IIII:IIII|IIII|IIII|IIII 0
-1.5 -1 -0.5 0 0.5 1 1.5
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gaps between [rad]
pixel track stations
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Track Momentum Resolution

G, [MeV/c]
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/&3@/ Charge Identification

Main process: " — € Vv Time difference vs path length
positron loopers — charge confusion At (ns)

5

. s 5.~ 4 positrons
T ™ -
y mk \, 3F
4 ’f/ \\ \\ -
/ f \\\. 2 =
j M II\ N
fl f il ™\ ! 157
[ 0 :_

F
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| 4 50
_5_| L1 | | | Ll 11 | Ll 1 | | I | | | Ll 1 | 0
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) Bhabha Scattering Background

o —— Bhabha
104 :_qu .
= —— 1y conversion
f”i—;_,_ —— Compton
N h""‘”_._'_' —— Internal conversion
10° @: w_l_'%! —— Sum
— i, m&-
e, e
'fi'ﬂ.;m# :F'Hm*% m&c&'
Byl
107 e ey
= I
- gt o %ﬁﬁ?ﬁ

i
Nﬁk am

1 0 15 20 25 30 35 40 45

* Accidental background due to Bhabha scattering
is difficult to simulated

* Bhabha's can be cut away with only small loss
in signal efficiency

André Schoning, Heidelberg (PI) 83

55 60
P, [MeV/c]

Bhabha vertices target region

r [mm]

25

20fLa

150
et

25520 15 10 s 5

10 15 20 25
X [mm]

PSI Review Meeting BVR49, February 13, 2018



73 Event Selection

Step Step efficiency Total efficiency
Muon stops 100% 100%
eometrical acceptance, short tracks 42.3% 42.3%
Geometrical acceptance, long tracks 65.1% 27.5%
Short track reconstruction 98.9% 41.9%
Long track reconstruction 87.3% 24.0%
Vertex fit 99.8% 24.0%
Vertex fit x? < 30 88.5% 21.3%
CMS momentum < 8 MeV/c 88.9% 18.9%
Timing 98.0% 18.4%
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% Simulation & Performance

e Mu3e Phase |
S = 10" muon stops at 10° muons/s |1 — €€€
S b R at 10712
= 10g u —eeew . | > eee
& E o, G -13
< L . at 10
E’_ 1§ o u — eee
2 o1k SR at 10
5 " I P p—eee
b LB e a0
10° L1 L
= T ., +
107° _?;" -t }
£ L ﬁ
10_4_ - Lt t J
N 0 A
96 106 108 110
M, [MeV/c?:

 accidental background study updated
* MC statistics corresponds to to 3e15! muon decays
* background under control for Mu3e phase |
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"5 Sensitivity versus Time

~10""E
% - Mu3e Phase | 108 muon stops/s
1 - 18.4% signal efficiency
510—12 _________________________________________________________________________
% i SINDRUM 1988
i
107°
el 95% C.L.
101t SES 90% C.L
-2 x 107
10_15—|||||||||||||||||||||||||||||
50 100 150 200 250 300

Data taking days
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2018 2019 2020
Pixel Ql Q2 Q3 Q4 ]|Q1l Q2 Q3 Q4 Q1 Q2 Q3 Q4
Mupix10 submission X
Mupix10 characterized X
demonstrator module X
production readiness X
sub-detector final X
SciTiles Ql Q2 Q3 Q4 ]|Q1l Q2 Q3 Q4 Q1 Q2 Q3 Q4
demonstrator module X
production readiness X
sub-detector final X
SciFibers Ql Q2 Q3 Q4]Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4
demonstrator module X
production readiness X
sub-detector final X
Integration Ql Q2 Q3 Q4 ]|Ql Q2 Q3 Q4 Q1 Q2 Q3 Q4
magnet at PSI X
compl. vertical slice X
area & infrastr. ready X
sub-detectors mounted X
87
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& Estimated Schedule (Optimistic)

Q-BVR48

— Retreat
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