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The Mu3e Signal -

* ur—eteet rare in SM ! .

o Branching ratio <10-54 /:/X‘ OO

—unobservable il f 8 <
 Enhanced in BSM theories K

> Rare decay (BR<10'2, SINDRUM ‘88)
« ForBR O(107¢)

> >10' muon decays

> High decay rates O(10? muon/s)

Signal properties:

« YE,=m;?
Xp.=0

Common vertex
Coincident in time

Maximum electron energy 53 MeV
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The Mu3e Background

« Accidental combinations
o Ur—e'vv & ur—efvv & efe
o many possible combinations
* YE, #Fm?

« ¥p,#0

> Good time and

» Good vertex resolution
required
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The Mu3e Background

 |rreducible background:

o U'—e'ee'vv

* YE, <my?

« ¥p,#0

> Good momentum
resolution

e+

V =
® Dirk Wiedner VCI2016

Branching Ratio
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-E__ (MeV)

tot (

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

« High rates: up to 107 u/s
« Good time resolution: 100 ps
« Good vertex resolution: ~200 pm
« Excellent momentum resolution:  ~ 0.5 MeV/c
> Extremely low material budget: 1%0 X,

o per Si-Tracker Layer
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The Mu3e Experiment

— .

=
—————— JBeam Target

Target double hollow cone
« Muon beam
* Helium atmosphere
« 1 TB-field
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The Mu3e Experiment

Inner pixel layers \
3\
———> pBeam Target ¢ Ph I
- = ase 1a

7

/

AY 7

\/ Outer pixel layers

« Target double hollow cone
* Muon beam O(107/s) . Silicon pixel tracker
* Helium atmosphere
1 TB-field
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The Mu3e Experiment

Recurl pixel layers

Scintillator tiles

Inner pixel layers

———% uBeam Target ¢ Phase Ib

Scintillating fibres

Ay 7
\/ Quter pixel layers

« Target double hollow cone
« Muon beam O(108/s) Silicon pixel fracker
* Helium atmosphere - Scintillating fioer detector
+ 1TB-field . Tile detector
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Silicon Tracker

HV-MAPS
Kapton flex print
Kapton frame modules
Alu end wheels
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HV-MAPS

High Voltage Monolithic Active Pixel Sensors
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HV-MAPS

High Voltage Monolithic Active Pixel Sensors
Pixel sensors
HV-CMOS technology
N-well in p-substrate
Reversely biased

NMOS

P substrate

by Ivan Peri¢
I. Peri¢, A novel monolithic pixelated
particle detector implemented in high-

voltage CMOS technology
Nucl.Instrum.Meth., 2007, A582, 876
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HV-MAPS

High Voltage Monolithic Active Pixel Sensors
Pixel sensors -85V
HV-CMOS technology
N-well in p-substrate

Reversely biased ~85V m
o Depletion layer

o Charge collection via drift P substrate

» Fast <1 ns charge collection

¥ : by Ivan Peri¢
O Th NNl ng TO < 50 H m pOSS|b|e I. Peri¢, A novel monolithic pixelated
particle detector implemented in high-
voltage CMOS technology
Nucl.Instrum.Meth., 2007, A582, 876
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HV-MAPS

High Voltage Monolithic Active Pixel Sensors

Pixel sensors

HV-CMOS technology
N-well in p-substrate
Reversely biased ~85V

o Depletion layer

o Charge collection via drift
» Fast <1 ns charge collection
o Thinning to < 50 um possible

Integrated readout electronics

® Dirk Wiedner VCI2016

by Ivan Peri¢

I. Peri¢, A novel monolithic pixelated
particle detector implemented in high-
voltage CMOS technology
Nucl.Instrum.Meth., 2007, A582, 876
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The MUPIX Chip

« Sensor on chip
o Pixel matrix
o 40 x 32 pixels
o 103 x 80 um?each

« Analog part
o Preamplifier
o Inside pixel cell

mrru e L n |

e
V-
L] L] gt
e LA L AL P A L L R L) R L |
- Digital par : i
= WD ol : - : : :

MUPIX7
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The MUPIX Chip

- 6l [ R oo |
ot 'Tf7;J,|,;‘?‘!ll. —
LR R R R RN e -

« Sensor on chip : R

« Analog part i

. Digital part ER T i
o Comparator

o TDC
o VCO

,,,,,
5 E R e

1

RTHTMTRTHN - |
S L o el
EE IR EEEERTEEEREEEEE | |

MUPIX7
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The MUPIX Chip

TRl
............

« Sensor on chip
« Analog part
« Digital part
o Readout state
machine “
Continuous readout *

@)
o Lero suppression
o Fast serializer

1
RTHTMTRTHN - |
S L o el
EE IR EEEERTEEEREEEEE | |

o 1.25 Gbit/s
> Full system on chip MUPIX7
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Sensor + Analog + Digital

Pixel

Sensor

CSA source —

%

tesf-ﬁulse
Injection

® Dirk Wiedner VCI2016

| follower
| L

1

Periphery

2" amplifier

‘baseline

=

readout

F

comparator

Ehreshold
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Sensor + Analog + Digital

Pixel

sensor CSA  source —

DA

—_—

[1*]

tes?—?:uls
injection

amplification

integrate line driver
charge

® Dirk Wiedner VCI2016

Periphery baseline
2" amplifier :l }_
I I / readout
— comparator
DAC _‘H:
_|threshold
AC coupling digital output
via CR filter
per pixel
threshold |
adjustment
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MUPIX Test Stand

Custom readout
o PCBs
o Software

MUPIX on PCB

1.25Gbit/s serial data
o to FPGA

Slow and fast conftrol
o Via FPGA
o Over LVDS

® Dirk Wiedner VCI2016
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Custom readout
o PCBs

o Firmware

o Software

MUPIX on PCB

1.25Gbit/s serial data
o to FPGA

Slow and fast conftrol
o Via FPGA
o Over LVDS

® Dirk Wiedner VCI2016

18.02.2016

020



MUPIX
Test Results

® Dirk Wiedner VCI2016 18.02.2016 2]



Fast Serial Readout

On Chip:

« Read-out state machine:

o Continuous readout
o Lero suppression

e PLLand VCO
e Fast serializer
> 1.25 Gbit/s LVDS output

® Dirk Wiedner VCI2016

[ﬁ 3000mv/div B ] 00V Bl [m] ~][s00000ps/aiv [ _9‘40015 2l El “ 2015
\_“ (M Ml)” Measurement l Waveform ‘@‘
] ! s 1_EIyH . _|_| HSAmpI _|_| ”SRMSN _|_| “7c rs% _|_|] w1| 30.00mV/div
t
1/8t L‘ZSOOOGH my 5250727pHJ 1.2509846bp ”_I 451.8467p“_| L8L431L% ] lem
Eye diagram MUPIX7
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Test beams

* 14 test beam campaigns 2012 - 15:
o PSI:
« 250 MeV e*, u*, *
« <380 kHz rate
o DESY:
« 5GeV et
« ~1kHz rate
o CERN SPS:
« 180GeV W
« >500 kHz instantaneous rate k
o MAMI:
« 1 GeV e
 ~| kHz rate
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Rate Capability

Rate capabilities MuPix7

« High rate test PSI g 004
o 0.15 — 380kHz hit rate £ ool
o Only 4% non-empty data £ **
frames e
. Theoretical limit MUPIX7: £ |
o 33 MhiTS/S % 0.01}—
. Expected max. hit rate: oot
o =80 Mhit/s for 2x10%/s R0 0 1m0 200 280 300 I—?l%?ate [iélci]
MuonNSs
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MUPIX7
PSI October 2015
TDC

O

O
©)
©)
O

Time Resolution

8000

6000

In each digital pixel
Counting TDC

Gray code

62.5 MHz sampling
Reference scintillators

4000

2000

® Dirk Wiedner VCI2016

Trigger TimeStamp Difference Distribution for Single Events

W

o<1l ns

i

L

|
50 60 ] 70 80
time difference / 16 ns

30

'S
[==]

High bias currents (1W/cm?)
HV -85V
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Spatial Resolution

MUPIX7
Pixel size 80 um x 103 um

DESY October 2015
o 4 GeV e”

Measured track residuals:
o 0,=19.8 ym
o 0,=18.3 uym

® Dirk Wiedner VCI2016

Entries [1/run]

100

50F

0

x10°

- X Residual o 19.8+-0.2 ym

- %45/7 Y Residual ¢ 18.3+-0.2 ym
o N
300 -200 -100 0 100 200 300

Residual of matched hit [um]

Pixel Residuals
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Efficiencies

* MUPIX/

o PSI October 2015
o 250 MeV et, u*, mrt

o Hitrates 10-20kHzper [
MUPIX plane

® |ﬂdiVidU(]| pixel T T
ek oS I ?; ______________________ e o

11111

I L ' i & A L L
o N3 e Gz 076 078

» Pedestal tune to 0.1 Hz MUPS Efficienc A Threshold V]
noise per pixel U 1ciencies and noise

11—

4000

Efficiency
L
o
"

p
-
]
-t
g

3500
0.98

3000

.96

—— edges excluded i

—— edges included

1500

1000

500

z
<)
@
5
i
oo bl bl b b
®
g
N
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Efficiencies

e MUPIX/
« PS|I October 2015

* |Individual pixel
thresholds

 Power consumption
o 300 mW/cm?2

> 99.5% efficiency

® Dirk Wiedner VCI2016

Efficiency

--o-—]4000
3500

—3000

oiserate per pixel [1/s]

%]
3]
8
N

—— edges excluded i
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(=]
&
|III|III|I

.

4

-l
; -
e
: i ==

=

[=}

w

@

&

@

: 1500

—]1000

bt

w

(%3
II|II

500

[=]
w
| |

I | | L 4 o . . . | i Li_ ) La l|l L L | i 1y
068 0.7 UNES o4 0.76 0.78
Threshold [V]

MUPIX7 Efficiencies and noise
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e MUPIX/
« PS|I October 2015

* |Individual pixel
thresholds

« Power consumption:
o 300 mW/cm?

> 10-25 Hz noise/pixel

® Dirk Wiedner VCI2016

Efficiency

4000

3500

oiserate per pixel [1/s]

B RR R 3000
v
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—— edges excluded i

—— edges included
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z
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@
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i
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N
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o N3 e Gz 076 078
Threshold [V]

MUPIX7 Efficiencies and noise
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Threshold Scans
for 0° to 45°

o

o
©
~

Efficiency

MuPIX7

— | /11

DESY October 2015

o
©
o

0.95

0.94

> Extra factor V2 in signal welcome!
> Increase substrate resistivity of 20 Qcm to 80 Qcm —2xsignal

® Dirk Wiedner VCI2016

% Rotation
g .
S A = 15°
s - 30°
%_I ..... T 45°
0.07 0.06 0.05 0.04 0.03 0.02
Baseline-Threshold[V]
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Summary

Full system on chip
o Sensor diode

o Analog stage

o Digital readout

1.25 Gbit/s serial data
<11ns time resolution

< 19.8 um spatial
resolution

Efficiency >99%
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Outlook

MUPIX8 prototype

o Large sensor
o 13x23 mm?

New AMS H18 process
Substrate resistivity increase
o 20 Qcm — 80 Qcm

HV-MAPS@LHC can be used
for track frigger systems
o MUPIX7 irradiation test ongoing

23mm

MUPIX7 |

13mm
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Backup Slides
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Pixel Cell

Analog Pixel:
o Sensor diode
o Charge Sensitive

Amplifier \ ==
o 103 x 80 pm? | =

Digital pixel:
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Pixel Cell

§wsi ".

1] | i
il [:“.:.‘ is
; .

o Second preamplifier

Comparator
Address ROM
Time stamp DRAM
S1.5X 7 pm?

7w

O O O O
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Digital Pixel Cell

« Digital pixel:

o Second preamplifier
stage
Comparator
Address ROM
Time stamp DRAM
51.5x7 um?

O O O O

Coupling capacitor

. Comparator Address ROM TS DRAM
DAC and SRAM and Second stage Amplifier
N N e T ~ NRN N “\\\\N 3 ¥\\}:\\} D
N i i BV AN AEI B AN
by DI, 0 ' o m RN )
7um N RO ; f\lfti ggt
SRRy ~% IR NN
: = 1 \‘ N :’ e SR
2188 NS 3 Yy S i
R : AR
PRI § ! {1 HE 4 D
i K i EP H 1 ‘CMOS D tal .
4 e :aéim; 3% *;.;*;,* mﬁmi sz 2 BUUER TN e, |
v C SRR i) e SR K L SRS 1

>

® Dirk Wiedner VCI2016

18.02.2016 @37



Thinned Sensors

* Prototypes thinned:
o MUPIX7 thinned to 50, 62, 75 um
« Good performance of thin
chips
o Inlab
o In particle beam

MUP1X4 thinned to 50pum
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Signal to Noise

 MUPIX/ oI o
. ) Binomial Error Function Fit
« Signal oo ]
o Test-pulse 3 )
: 5"°]  SNR=15 .
o Calibrated to >°Fe source i,.] @1l600¢ i
 Noise e
B 02
o S-curve fit ?
o X-checked with T T
0.58 0.60 0.62 0.64 0.66 0.68
 Threshold scan Threshold [V]
 Close to baseline MUPIX?
> S/N=15 High bias currents (1W/cm?)
HV -85V
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Temperature Dependence

* Pulse shape vs Pulseshape (Injection = 0.5 V)

femperature Teoic
o Injection pulse to pixel .. & s o PR
discriminator output = 0 K 5 ..t:_;'
: E 0.68 T ¢
« Climate chamber oot
o 0°C, 20°C, 40°C, 60°C  F o °_:_-'"
062 r
0 50 100 150 200 250 tini(:)[n;lSO 400 450 500 550 600
MUPIX7
High bias currents (1W/cm?)
HV -85V
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Temperature Dependence

* Pulse sha PE VS Pulseshape (Injection = 0.5 V)

femperature Teoic
o Injection pulse to pixel . & 5 o P TRE
discriminator output = .. % F ,s__‘.-
: 2 0.68 T '.f
« Climate chamber R oot
o 0°C, 20°C, 40°C, 60°C " om ,.;_,.i'
» Significant change to ™ r
> PU|Se Shgpe 0 50 100 150 200 250 tini(:)[nsfiSO 400 450 500 550 600

> Signal amplitude

» Slight change to time
resolution

> Re-calibration
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e MUPIX/

triple_hit_row
« PSI October 2015 o ] o
. I NSYSEE Ty 2N
o 250 MeV positrons ¢ o N SRR SNININ
= | |=—row SRR SN N
« X-talk between e Nz B b SN R
NN M g SENVENRN
o Rows <0 N\ 3 \ SR S \\\\T\\\:\\
o Columns BN ”-;ﬁx’\';; L / \‘\\\

o Around 10%

® Dirk Wiedner VCI2016 18.02.2016 @42



X-talk

MUPIX/

triple_hit_row

PSI October 2015

o 250 MeV positrons
X-talk between

o Rows

-LIIIIII| IIIIIIII| IIIIIIII|

o Columns
Capacitive coupling
o Line from diode to

comparator

o Strongly depends on
layout
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