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Mu3e: Physics Motivation @

Search for the cLFV decay
|.| — e'ee’
(VSM: BR < 10°%)

Current limit (SINDRUM)
BR<10"2@ 90% CL

. SenS|t|V|ty goal (Phase1):
Backgrounds e’ 1in 10" decays

Up to 10°® decays per second

Suppress background below
sensitivity level

More on Mu3e!

Internal Conversion Accidental Elizaveta Nazarova —Tuesday 18.2.
Sandro Bravar —Thursday 20.2.




The Mu3e Detector

Recurl pixel layers

Scintillator tiles

Inner pixel layers
= % 1 Tesla Magnetic field
T : Helium Atmosphere

Scintillating fibres /

Outer pixel layers

e 108 decays per second e (Good vertex and time resolution (100 um & 500 ps)
Pran™ m“/2 =53 MeV e Excellent momentum resolution (0.5 MeV)
=  Multiple Coulomb e Continuous Beam! No trigger!
Scattering =  Online reconstruction and selection

= Triplet Track Fit Helium Gas Cooling

[arXiv:1606.04990v2] [arXiv:2301.13813], [arXiv:2307.14803]
[arXiv:2406.05240v2] 3


https://arxiv.org/abs/2406.05240

oy
The Mu3e Detector @

Pixel detector requirements:

Pixel Size Time Resolution Material Budget Efficiency
80 x 80 um? <20 ns 0.1% X /layer > 99 %

Mu3e TDR [arXiv:2009.11690v3]

e 108 decays per second e (Good vertex and time resolution (100 um & 500 ps)
Pran™ mU/2 = 53 MeV e Excellent momentum resolution (0.5 MeV)
=  Multiple Coulomb e Continuous Beam! No trigger!
Scattering =  Online reconstruction and selection

= Triplet Track Fit Helium Gas Cooling

[arXiv:1606.04990v2] [arXiv:2301.13813], [arXiv:2307.14803]
[arXiv:2406.05240v2] 4


https://arxiv.org/abs/2406.05240

Tracking System - Vertex Detector
Layer 0+1

BoSSL_ R BoSSL L 5 5
Ladder

Mu3e vertex detector

Gas distribution ring

End-piece flexprints
Layer 2

Layer 1\\

BoSSL ring

d

Fixed mount

to DS beam pipe
Gas distributor Layer 2
Layer 2 of vertex detector

1 Spring mount

Upstream to US beam pipe Downstream

Rubber seals

Chips glued and bonded High Density
Interconnects (HDIs)
e 6 forlayer O and 1
e 17/18 for layer 2 and 3
e 50 um thin
e Connection via interposers (pressed
against RO flexes)

End-piece flexprint
Carbon bracket
10x20 interposer

BoSSL L

end piece Layer 1

Layer 2 of vertex detector end piece Layer 2

Gas distribution ring
Gas distributor Layer 2



Tracking System - Vertex Detector
Layer 0+1

Ladders with chips Interposer flex PCB
===

Connecting ladder to interposer
One per ladder

PEI endpiece
With manifold inside for distributing
the helium cooling gas (transparent)

Closing the helium volume
of the endpiece

ndpiece
flex PCB

Connecting 4 ladders
to one module
connection matrix

Interposer

Carbon fibre bracket

Flexprint
PCB \\ / |
with attached Sensor chips
flex cable

Chips glued and bonded High Density
Interconnects (HDIs)

6 for layer 0 and 1

17/18 for layer 2 and 3

50 um thin

Connection via interposers (pressed
against RO flexes)
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High Voltage - Monolithic Active Pixel Sensors@

In-pixel electronics

lvan Peric,
NIM A 582 (2007) 876

Monolithic design:
Detection and Readout
combined in one chip

Chips are thinned to 50 Hm

Commercial HV-CMOS processes: p guardring
TSI 180nm (h18) :

Deep N-well diode (large fill factor)
Low Ohmic substrates (10-400 Qcm)

depleted

High voltages up to 100V : p-substrate

Y
e

Charge collection via drift Sl



R&D Series
ATLASPix Series

MuPix Series
Future Sensors

HV-MAPS
Concept
lq

MuPix/HV-MAPS R&D process

TSI Semiconductors h18
Run2020

MuPix11 I
Run202X Protctype 2020 2021 2022
3.3mm ﬂ MuPix7 AL 132;:2?539
20mm ATLASPIx1 ATLASPix2 ATLASPIx3.1
il g [ ol

Monolithic il i

— o 2017 2019

e 25x400 Pixel  24x36 Pixel ~ 132x372 Pixel
W 1st L -Scale| 130x40 2 2 2

[Proof-of-Principle] MuPix sPr;:,gte;:: 1 et 1o 12020 umMupix10 2021
MuPix2 - MuPix11
MuPix9

MuPix1

B2EIX

2007
[I. Peric, NIM A 582 (2007) 876]

2011/2012 2013 2014 2017 2017 2018 2020 2022
42x36 Pixel 42x32 Pixel 42x32 Pixel 128x200 Pixel 128x200 Pixel ~ 42x32 Pixel 256x250 Pixel 256x250 Pixel
39x30 ym?  92x80 um?  103x80 um?  81x80 pym? 81x80 pm? 103x80 uym? 80x80 pm? 80x80 pym?

2025

244x240 Pixel
84x84 pm?



The MuPix Sensor



MuPix Architecture

per pixel per pixel per submatrix
= - = o A
Pixel Periphery i mState Machine =2
sensor CSA 23 S
= —> >
£
o

vCo
l* - readout &
comparator 1&2 3 state PLL u
machine 3 "
readout ; Threshold High
finfed s g Threshold Low
— 87100 | [sorazer I SP— /
test-puls encoder . LN
tune

injection
»
threshold DACs MUX {——> linkD

o time
amplification < »
ToT mixed

integrate /\ line driver ft-irez;:(;ld \ digital output
4 <—J
cnarge adjustment 4[ \— .

. Clear separation of analog and digital electronics

. 2 comparator design
. Tuning/Trimming and masking available
. Priority encoder / column-drain readout

. Chip sub-divided into 3 matrices — 1 Data link each + 1 multiplexed link

10



oy
The MuPix Principle @

Periphery

Courtesy: Frank Meier

Deposited charge amplified by
in-pixel amplifier

Source follower drives the signal
to the periphery

Digitisation in periphery
Timestamp sampling

Readout statemachine manages
column-drain readout

Data is send out via a 1.25 Gbit/s
differential link

11



oy
The MuPix Principle @

Periphery

Deposited charge amplified by

\ N . in-pixel amplifier

: Y‘
g

: > . Source follower drives the signal

to the periphery

Digitisation in periphery

Timestamp sampling

Readout statemachine manages

column-drain readout

Data is send out via a 1.25 Gbit/s

differential link

12



oy
The MuPix Principle @

Deposited charge amplified by

Periphery

CTh ) . in-pixel amplifier
W;)' —ad . Source follower drives the signal

to the periphery

Digitisation in periphery

Timestamp sampling

Readout statemachine manages

NN
C

A column-drain readout

Data is send out via a 1.25 Gbit/s

differential link

13



oy
The MuPix Principle @

Deposited charge amplified by

in-pixel amplifier

Source follower drives the signal

to the periphery

Digitisation in periphery

Timestamp sampling

NN

\ . Readout statemachine manages
S column-drain readout

Periphery

Data is send out via a 1.25 Gbit/s

differential link

14



oy
The MuPix Principle @

Periphery

\

|

Deposited charge amplified by
in-pixel amplifier

Source follower drives the signal
to the periphery

Digitisation in periphery
Timestamp sampling

Readout statemachine manages
column-drain readout

Data is send out via a 1.25 Gbit/s
differential link

15



oy
The MuPix Principle @

7 Time-

ﬂampl

Periphery

Deposited charge amplified by
in-pixel amplifier

Source follower drives the signal
to the periphery

Digitisation in periphery
Timestamp sampling

Readout state machine manages
column-drain readout

Data is send out via a 1.25 Gbit/s
differential link

16



oy
The MuPix Principle @

Periphery

Serialiser

Deposited charge amplified by
in-pixel amplifier

Source follower drives the signal
to the periphery

Digitisation in periphery
Timestamp sampling

Readout state machine manages
column-drain readout

Data is send out via a 1.25 Gbit/s
differential link

17



oy
The MuPix Principle @

Deposited charge amplified by

in-pixel amplifier

Source follower drives the signal

to the periphery

Digitisation in periphery

Timestamp sampling

Periphery

Z . Readout statemachine manages
N stamp / column-drain readout
E Data X = . Data is send out via a 1.25 Gbit/s
AT differential link

18



g
MuPix10 & MuPix11 @

Pixel size [um?] 80 x 80
Sensor size [mm?] 20.66 x 23.18
Active size [mm?] 20.48 x 20.0

Pixel matrix 256 x 250
Thickness [um] 50,70
Substrate [QQcm] 80, 370
Data links 3+1

Data speed [Gbit/s] 1.25
Time-of-arrival [bits] 11

ToT [bits] 5

TS binning [ns] 8 (option for 1.6)

19



"3
From MuPix10 to MuPix11 @

e Removal of R&D features
= More pads for powering

e Improvement of powering grid
= | ess on-chip voltage drop

e Buffering of data lines

=  Full speed readout
30 MHits/s per sub-matrix

e Re-synthesis of State machine
=  Fast configuration interface available

e Re-done pixel point-to-point connection
= Reduced delays and parasitic couplings

20



Sensor Characterisation

e |ab commissioning

e Lab optimisation:
Radioactive sources: *°Fe, %Sr
Time coincidence

e Testbeam Campaigns:
DESYIl  (Hamburg, GER)
MAMI (Mainz, GER)
PSI piM1  (Villigen, CH)

e MuPix-Telescope

e Mimosa/Alpide-Telescopes

21



Summary - Results MuPix10

200
TS1-1,/ns

wf  MuPix10
. 100um 370Qcm

Ocorr = 8.06

Ouncorr = 14.8

s T
Timing Correction qﬁ

L I
-50 0 50 100 150 200
TS1-t/ns

- i L L
12 14 16 18
threshold [Isb (7-8mV)]

Tuning/Trimming
Masking

> r 9 =
€ ool MuPix10 418008
g7 200 Qcm [a— 0 1600
94 005 4=50 pm 1o, VPORG + 00 1400
10055 2 oV E
E lag = - POAC = 08 12005
1,000 10007
0.995}- 800~
E 600F-
0.990F E
r 400
0.985F endpoints. F
E noise limited 200:
E s =

0.980 ! 4 i I 0. 0.75 08

2 4 6 8 10 Pixel threshold [V]

normalized entries

0.1
0.08— —— VPTimerDel = 0x5
C —— VPTimerDel = 0x4
0.06 - —— VPTimerDel = 0x3
0.04/—
0.02]-
G E 1 1 1 Il L I'v-—1 1
0 500 1000 1500 2000 2500 3000 3500 4000

ToT [ns]

Hit readout delay:
Hit Chronology

H oamaaan s s
1.6 Lan

0 0%
0©

2

a
aaaaasans 4

o

o

®
o

o

Voltage Regulator:
Single Supply : .

VSSA voltage [V]
o

o o
> o
o

o
L

o
S
o
n

nominal VSSA working point

50 100 150 200
vss_ref DAC value [dec]

o
o

1350 <
£

300 £
14
250 §
3

200 &
Q

1150 3

100
50

[arXiv:2012.05868] & 10.7566/JPSCP.42.011020
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Efficiency [%]

MuPix11 - 50 um - 80Qcm (Vertex detector)

45—
100 ERN
a
PR
s 351
3 sof
80 . . g
Raw time resolution 3 B
for 50um @ -80V 20
15—
60
10 -
5
0
40 200 00 0 100 lime,,ai0 (-]timeh,. [ns]
* ¢ 4500~ } ) i
. . L 2 E Time walk correction will enable
20 [nmse rate < 20 Hz/ plXGlJ ., 5 4000 substantial improvement!
Pey 3500
.‘. =
.. 3000/
0l= ; i ; i ; i LT 8
50 100 150 200 250 300 350 400 2500|—
threshold [mV = ~
mvl 2000[] 0uncorrected 28ns
1500 W|th Gtrack ~ 12nS
C J
1000}
500;
b 1. penariRRRRRsanne: jsnenas = L
-250 -200 -150 -100 -50 (o] 50 100 150

time ag-timey;, [ns]
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Efficiency [%)]

MuPix11 - 70 um - 370Qcm (Outerlayers)

f Raw time resolution
for 70um @ -30V

100—

hrd
<,
©

N
o

80—

N
o

normalized entries

60—

Ouncorrected ™ 16.6 ns

||III|II|I|X

/

40—

_{noise rate<<20Hz/pixelJ e '. 10

| e e SR o TS — —
SHE L

(=]
|
id
J
®
— T T | 1T 17T | [

Il | L1 1 1 { 111 | | I T - | L1 1 1 | | I - | L1 1 1 | L1 1 1 | 11 -
0
50 100 150 200 250 300 350 400 | T | ‘ L1 1 1 | L1 1 | | 11 1 | | 1111 | | I | | | T | | | T | |
threshold [mV] -20 -150 -100 -50 0 50 100 150 200
timeassoc. cluster'ﬁmetriooer [ns]
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MuPix Fast Configuration Interface

Address[3:0] e Chips of a ladder share a bus of clock,
l synchronous reset and configuration input
SC_div[3:0] —
Reset Slow Control e Custom configuration protocol
Sin—— Interface
clk .
e Commands interleavable
SC_Sync_reset SC_data[63:0]
Ref ck ——  Readout awouize] @ ~400ms configuration time for 9 chip ladder
Sync.reset —— State machine = Configuring the ladder is not a bottleneck
e On-going development for future use
Sin / Input data \ / Input data \ / Input data J/ / Input data \
Chipo Idle X Read & Interpret X Execute Task // X Idle X Read & Interpret X:
Chip1 Idle X Read & Interpret X e X Read & Interpret X I Execute Task X:
Chipa __ Idle X Read & Interpret e X Read & Interpret X e X J/i Execute Task
Chip4 Idle X Read & Interpret X Idle X Read & Interpret X Idle X // Execute Task

Generated with WaveDrom
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MuPix Fast Configuration Interface

Address[3:0] e Chips of a ladder share a bus of clock,
l synchronous reset and configuration input
SC_div[3:0] —
Reset Slow Control e Custom configuration protocol
@—, Interface
clk .
e Commands interleavable
SC_Sync_reset SC_data[63:0]
(Ref o4~ Readout asouzo] @ ~400ms configuration time for 9 chip ladder
Symesesel——| State machine = Configuring the ladder is not a bottleneck
e On-going development for future use
Sin / Input data \ / Input data \ / Input data J/ / Input data \
Chipo Idle X Read & Interpret X Execute Task // X Idle X Read & Interpret X:
Chip1 Idle X Read & Interpret X e X Read & Interpret X I Execute Task X:
Chipa __ Idle X Read & Interpret e X Read & Interpret X e X J/i Execute Task
Chip4 Idle X Read & Interpret X Idle X Read & Interpret X Idle X // Execute Task

Generated with WaveDrom
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MuPix Fast Configuration Interface

e Chips of a ladder share a bus of clock,
synchronous reset and configuration input
e Custom configuration protocol
e Commands interleavable
Ref_clic) wwouzo) @ ~400ms configuration time for 9 chip ladder
Syme~gset ’ H T H
Symsregel = Configuring the ladder is not a bottleneck
e On-going development for future use
Sin / Input data \ / Input data \ / Input data J/ / Input data \
Chipo __Idle X Read & Interpret b Execute Task I ) T Read & Interpret am
Chip1 de X Read & Interpret X e X Read & Interpret X I Execute Task b T 1
Chipa __ Idle X Read & Interpret e X Read & Interpret X e X J/i Execute Task
Chipa __Idle X Read & Interpret X e )X Read & Interpret X e X I Execute Task

Generated with WaveDrom
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config time [s]

Configuring the Mu3e Central Pixel detector

4
4

Higher levels of optimisation

The bottleneck is to get the data to the chip

Firmware optimisation towards

and resource usage

-

-
sl

L L ! L L | ! L L | L
200 400 600 800

Number of mupix chips

[Martin Muller, PhD Thesis, KPH Mainz]

data preparation

Detector currently configurable < 4s

(emulated detector)

Software;
SWB

. >

Mupix0 g

()

] =

- m

(18]

. L
Mupix3

= |
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On-chip ADC @

Addr[4:0]
Comp Input
Voltage[0]
Voltage[30] —
Voltage[31] Comp
0
VDAC Comp Output t
[1obid | ]
Cnt
0
STOP
t
250 "e]
200
-
)
R
—150
Q
=]
©
>
8100 r
<
L ]
50
default power @
reduced current 4
0 . . L M L
0 50 100 150 200 250

DAC value [decl

ADC programmable through
Mu3e configuration interface

Allows measurement of
on-chip voltages

Data send out via 1.25 Gbit/s
data links

ADC shows a good linearity

29



On-Chip Temperature Measurement

Chip 327-01-09 (50um)

720
7001
680 -

> 660 1

S 6401
620
600
5801

diode fit:
—— a =-1.90 +/- 0.01 mV/°C
b =708.6 +/- 0.5 mV

1150

1100 -

1050

U [mvV]

1000 1

950

0

20 40 60
Chamber temperature [°C]

Chip 327-01-09 (50 um)

VTempl fit:

—— a=2.66 +/- 0.01 mV/°C
b =990.9 +/- 0.5 mV
VTemp? fit:

—— a=2.68 +/- 0.01 mV/°C
b =964.3 +/-0.5 mV

0

20 40 60
Chamber temperature [°C]

Simple PN-Diode 30
(Shockley)

20

10

Temperature [°C]

-10

Temperature
sensitive circuit
(Read out via ADC)

=  Full detector temperature monitoring

Chip 327-01-09 (50 um), default settings
VComp va(l)ue [dec]

az 16 32 48 63

—4— diode
—+— VTempl TestOut «
—— VTemp2 TestOut ?6\(\

0‘\‘;\(\%

0 100 200 300 400 /500 600
Iy [mA]

(2

221°C
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On-Chip Temperature Measurement

Chip 327-01-09 (50 um)

720
700
680

> 660

S 6401
620
6001
580

diode fit:
a=-1.90 +/-0.01 mv/°C
b =708.6 +/- 0.5 mV

0 20 40 60

Chamber temperature [°C]

Chip 327-01-09 (50 um)

1150

11001

1050

U [mV]

1000 1

9501

o +/- 0.01 mVv/°C
D = 990.9 +/- 0.5 mV
VTemp?2 fit:
a=2.68 +/- 0.01 mv/°C
b =964.3 +/- 0.5 mV

0 20 40 60
Chamber temperature [°C]

Simple PN-Diode 30
(Shockley)

20

10

Temperature [°C]

-10

Temperature
sensitive circuit
(Read out via ADC)

=  Full detector temperature monitoring

Chip 327-01-09 (50 um), default settings
VComp va(l)ue [dec]

az 16 32 48 63

—4— diode
—+— VTempl TestOut «
—— VTemp2 TestOut ?6\(\

0‘\‘;\(\%

0 100 200 300 400 /500 600
Iy [mA]

(2

221°C
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Vertex Detector Status

Photos from Thomas

32



Outlook - Future of HYMAPS

TelePix2, P2Pix, explore new
foundries, Conditions Mu3e Phase

33



MuPix11 a sensor of = &4

Stuff from luigis review poster

Mu3e ~ 150 Wafers

34



—atatus Vertex




Experiment-Insert  First Installation
ion of the Mu3e

into the Mu3e Vertex Detector

Magnet (December 2024)
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Re-Roadmap
Moeller, P2, Panda, MuSR [MKref], Telescope-Maintenance
— P2Pix
— MightyPix

— Mu3e Phase 2
Types
Xfab

37



Summary & Outlook

Successful transition from MuPix10 to MuPix11
o Everything functional, expected to fulfill Mu3e requirements

QC procedures have been developed and implemented
o First successful test of needle card for large volume testing

Production of Vertex ladders started

o First in-beam test still this week
o Full vertex detector expected in Spring

First ladders of outer pixel layers expected in Spring
Start with detector commissioning next year

38
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Experimental sensitivity

Mu3e Phase | Simulation 10" muon stops
2 108
NQ 10 . at 10” muons/s 5 — 608
- abha . - -12
% e +Michel " at10
E ’° -13
Al o, < at 10
c ot
@ ., 4 at 10"
> oo, at 10"
W 102 AN
P
-yt +++
. °. ’++ f
10_4 | .Hﬂ..' .” +.++I
95 100 105 110
M, [MeV/c?]

Invariant mass of signal decay, radiative decay and accidental
background (Bhabha+Michel)

Momentum resolution
crucial for detecting the
peak at muon mass...

Material budget is
key factor!

1 MeV resolution with
0.1% * X/X,, per layer

Mu3e TDR at
Nucl.Instrum.Meth.A 1014,

165679 0


https://doi.org/10.1016/j.nima.2021.165679
https://doi.org/10.1016/j.nima.2021.165679

The Mu3e Detector

Spatial resolution dominates Scattering dominates
e 108 decays per second e (Good vertex and time resolution (100 um & 500 ps)
Pran™ mp/2 = 53 MeV e Good momentum resolution (0.5 MeV)
=  Multiple Coulomb e Continuous Beam! No trigger!
Scattering =  Online reconstruction and selection
= Triplet Fit

[arXiv:1606.04990v2]
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it 8 hits

i ; 6 hits

0.4f- i
0.3 1
[ i

L i
0.2 ,

0.1

PN IR B B P W
0 10 20 30 40 50 60

Scattering dominates

P, Mev/c]
e 108 decays per second e (Good vertex and time resolution (100 um & 500 ps)
Pran™ mp/2 = 53 MeV e Good momentum resolution (0.5 MeV)
=  Multiple Coulomb e Continuous Beam! No trigger!
Scattering =  Online reconstruction and selection
= Triplet Fit

[arXiv:1606.04990v2]
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updated?

90% —CL bound

cLFV - Landscape

10°
. A
1072
A A&
10} %
i) @ Mﬂ
ol t“ a% A
10%f .‘ A
g y L1
10° @u—3e A‘ o0 A
NN A BE
AV e oA A MEG
107F ¢ T—py SNory A s
& i SINDRU
10 | MEG 11
Mu3e Phase| O
1078 | Mu3e Phasell O
Comet/MuZ2e A
T 1 1 |l
1940 1960 1980 2000 2020
Year
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PSI - Beamline Upgrades
updated

IMPACT Timeline

Decision: Ready for Long Shutdown Start Long Shutdown Re-Start HIPA (Proton Beam & User Operation)
HIPA SD Beam OP SD Beam OP SD Beam OP SD Beam OP | Long Shutdown Beam OP SD Beam OP SD Beam OP
SLS 2.0 SLS Darktime SLS SD
1st Beam HIVIB  User Operation
L osssmmes
TATIO08 | woesbin G
1st Beam TATTOOS ¢
Bulding ReFiting | TechmicalDesign  Preparation  Construction implem. [ DEMETER Operation
Equipment
besni rpaion e | oS iopenton
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MuPix11

Quadmc

dule

Quad - Module Telescope
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"3
A MuPix Module @

Scribe Line

Guardring
Pixel Guardring/p-stop

Substrate

Chips glued and SpTAB-bonded to
flexprint

80 um

No additional components!

1.15%0 X, per layer

Minimize dead space between the '
ChipS Flexprint

Only 11 um dead silicon outside the e
guardring

Power consumption limited

to 400 mW/cm? och , \\ /

(Sensors+Flex) with attached Sensor chips
flex cable

46



The Flexprint Environment

2 layer aluminum polyimide
flexprint (LTU)

Provides:
Power & HV (parallel)
Differential Signal 1/0

Only 1 supply voltage, but no
LDO-regulators!

Minimise I/O

Flex design rules define PadOut

Al 14 pm

PI 10 pm
Glue 5 um

PI 25 pm

Glue 5 um
Al 14 pm

PI 10 pm

GND []

0
a
[=)
>

goobobbooooooonon
e e S T T |

CLK SIN  SynRes SOUTT SOUT2 SOUT3 SOUTM
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Signal Line Crosstalk - MuPix8

a

triple crosstalk

o
IS

0.35

o
w

0.25

0.2

0.15

0.1

0.05

[TT IIIIIIIIIIIIIIIIIIIIIIIIlIIIIIIlIIlIIII

el e b by e b b b e e e
20 40 60 8 100 120 140 160 180
row / pixel

Triple Crosstalk:
hit induced in both neighbouring lines
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row address,, ., [Pixel]

Routing Optimisation - MuPix10

Equalize but reduce crosstalk
—miminise the length that two line are
neighbouring

(V4 of total length, 2cm)

200 il o ~12% triple crosstalk expected

150 gl i . Make Crosstalk easily detectable
— neigbouring signal lines are not
neigbouring pixels

10°
100 U

o Crosstalk can be removed, possibly
: already during the data taking

200 .
row address,, . 1 [pixel]

Even more improvement expected for
MuPix11
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Beyond MuPix11 — Roadmap -- Architectures

Pixel

H(Ifgrr/ Comp

Amp B

Diode

In-pixel Periphery

R&D Series

ATLASPix Series

MuPix Series 23mm

Future Sensors =1

3.3mm

20mm

Digital Readout|

Proof-of-Principle]  MuPi:
MuPix2

|
Concept MuPix1 Z S
‘iﬁ éT | &Qﬁr T

MuPix11
MuPix8
Run202X
MuPix7

130x40 pm?  110x45 pm?2
Prototypes
i |

Pixel

uffer/

L aner Comp

Diode

In-pixel Periphery

TSI Semiconductors h18
Run2020

Pixel

Amp

Diode

ff
B'fllveer' f Comp

In-pixel

Periphery

Erototype 2020 2021 2022

ATLASPix3

ATLASPix3.1

2017 2019
24x36 Pixel 132x372 Pixel
150x50 ym?
MuPix10

25x400 Pixel
2021

MuPix9 MuPix7.1
ZIN

120x400 Pixel
165x25 pm?

MuPix11

2007 2011/2012 2013

2014

[ Peric, NIM A 582 (2007) 876]  42x36 Pixel ~ 42x32 Pixel ~42x32 Pixel

39%30 um?

92x80 pm?  103x80 pm?

128x200 Pixel

2017 2017 2018 2020
128x200 Pixel ~ 42x32 Pixel 256x250 Pixel
81x80 pm? 103x80 pm? 80x80 ym?

2022

256x250 Pixel
80x80 pm?2

2025

244x240 Pixel
84x84 pym?
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Proto Vertex Detector

& e First proto-detector with 6 chips
i modules
| e Still PCB based!!

Two layer vertex detector (MuPix10)
o Gain operational experience
o Test Mu3e readout chain

51



Operation in experimental conditions
DAQ and experimental concept

Mounted on beamline
with target

52



Operation in experimental conditions

With beam (2021) With cosmics (2022)
Mu3e target with magnetic field
:: é ‘
>4 2=\
§ 3 / N\ ‘k \
g 1 Layer 0-1 )/ ‘ila
. correlation! L 7 N, ’
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TR N More analysis ongoing
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Heidelberg/PSI

Quick demo: https://voutu.be/0SYgHSbH3U4
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https://youtu.be/0SYqHSbH3U4
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Quality Control (QC)

Quality assurance is key before
a large scale detector assembly
Testing after assembly is too
risky and costly, since
dismantling is impossible

Press down mechanism with

contact needles for prior testing
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Current for Biasblock on (mA)
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QC - Test procedures

LV Power On Current Correlation
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Current for Biasblock off (mA) HV Bias Voltage (-V)
e 2 Single Chip test sites
e First needle card test station being setup in Oxford
e QC procedure still being refined, but almost final
e Grading scheme still adjusting (pre-production)
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The Vertex Detector

e First Vertex ladders have been produced

e Ladder QC under development in parallel to
single chip QC

e Fully functional 50um ladder in Hand
Currently running beam time at PSI:
First time in-beam commissioning of final ladder
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“3
Tracking System - Vertex Detector @
Layer 0+1

Detector mount
(floating, spring Ioaded)\ 4
Ea

Mylar foil

Electrical connections

Chips glued and bonded High
Density Interconnects (HDIs)

e 6 forlayer O and 1
e 17/18 for layer 2 and 3
Pixel ladders ® 50 |Jm thm
\ carrying sensor chips o Connection via interposers
. (pressed against RO flexes)

Detector mount—"
(fixed) 59



In-House Wafer Handling

Diced and thinned wafers deliveredal

on tape
Equipement:
o Vacuum chuck

o Pick-up tools (tweezer & suction pen) g
o Alot of patience & time

Pending on use case thickness
vary between 50um to 100um +
750um

Mu3e ~ 150 Wafers
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