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The Motivation The MuPix

Motivation - Mu3e

The Search for New Physics

m Immeasurable in SM
(BR < 107°%)

m Sensitive to new physics

m Improve sensitivity
BR < 10712 — 10°1°

The Signal Decay

Testbeam Results

Background

m > 10%ecays/s
m Combinatorial & Accidental

— Good time and vertex
resolution

SINDRUM: "Search for the decay muto3e" Nucl. Phys., B299 1, 1988
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Motivation - Mu3e

The Search for New Physics

m Immeasurable in SM
(BR < 10_54)

m Sensitive to new physics

m Improve sensitivity
BR < 10712 — 10716

The Signal Decay

m Decay at rest: X5 =0

m Common vertex and
coincident in time

m Maximal momentum
53MeV/c

m Reconstructed invariant
mass (Esor = my)

10/03/16 MuPix

Testbeam Results

Background

m > 10%decays/s
m Combinatorial & Accidental

— Good time and vertex
resolution
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The Motivation The MuPix Testbeam Results Summary & Outlook

Motivation - Mu3e

The Search for New Physics Background
m Immeasurable in SM
(BR < 107%%)
m Sensitive to new physics &

m Improve sensitivity
BR < 10*? — 1071°

The Signal Decay

m Decay at rest: Y5 =0 m > 10%decays/s

m Common vertex and m Combinatorial & Accidental
coincident in time — Good time and vertex

m Maximal momentum resolution
53MeV/c

m Reconstructed invariant
mass (Esor = my)
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Motivation - Mu3e

The Search for New Physics Background
m Immeasurable in SM s
(BR < 107%%) <
m Sensitive to new physics \D(e |

m Improve sensitivity
BR < 10*? — 1071°

The Signal [E¢ay m Radiative decay

m Good momentum resolution

m Decay at rest: X5 =0 X
required

m Common vertex and

coincia s time — Reduce multiple scattering

m Maximal momentum
53MeV/c

m Reconstructed invariant
mass (Esor = my)
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Motivation - Mu3e

The Search for New Physics Background
m Immeasurable in SM %:2 AN =i
(BR < 107%) el
m Sensitive to new physics oV !
m Improve sensitivity o~ :

The Signal Decay

10/03/16

|8
w

4 5 6
m -E_(MeV)

BR < 1088/~ 10~° 1 -

R.M.Djilkibaev and R.V.Konoplich,

D Z - O Phys.Rev., D79 073004, 2009
ecay at rest: ¥p = -~

m Radiative decay
Common vertex and

o i m Good momentum resolution
coincident in time

required
Maximal momentum ; .
53 MeV//c — Reduce multiple scattering
Reconstructed invariant
mass (Esor = my)
MuPix Heiko Augustin
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The Motivation

The Requirements for the Silicon Pixel Tracker

Recurl pixel layers

Scintillator tiles Inner pixel layers

-
—
————> uBeam Target ¢
_—

Scintillating fibres

Outer pixel layers

m High rate //
— Good time resolution /7
m Good momentum resolution

— Low material budget

10/03/16 MuPix Heiko Augustin 3/23



The Motivation

The Requirements for the Silicon Pixel Tracker

Pixel Sensor Requirements

] Pixel Size \ Time Resolution \ Material Budget \ Efficiency ‘
[80x80pm? | <20ns | ~ 1% Xo/layer | >99% |

m High rate /{
— Good time resolution %
m Good momentum resolution

— Low material budget

10/03/16 MuPix Heiko Augustin 3/23



The Motivation The MuPix Testbeam Results Summary & Outlook

High Voltage Monolithic Active Pixel Sensors

P-substrate

T /’J
N-well E field ~
ParticIeV/

|.Peric, P. Fischer et al., NIM A 582 (2007) 87

Deep n-well in p-doped substrate

]
m Depleted area is the active detector volume 10 — 20 pym
m Fast charge collection via drift < 1ns

]

Sensor can be thinned to < 50 pm

10/03/16 MuPix Heiko Augustin 4 /23
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The MuPix
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The Motivation The MuPix Testbeam Results Summary & Outlook

The MuPix7 Prototype

Pixel Periphery ' State Machine
baseline -
sensor CSA  source %}: vco
follower 2" amplifier 5 ——> readout &
£ @ | state PLL
® machine
readout
parator LVDS
test-puls| encoder
injection d
amplification AC coupling digital output
via CR filter
integrate line driver per pixel
charge threshold
adjustment

5 /23
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The MuPix Testbeam Results Summary & Outlook

3.2 x 3.2mm? active area
32 x 40 pixels

3 x 3 diode structure

In-pixel amplifier

ARARRARRRERRERRAS

1143303113333 133288

AU A I A T
TER CNAREEWEANNREREE

103 pm
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The Pixel

Pixel Periphery . State Machine
baseline -
CsA 2=
sensor source X
follower 2" amplifier }* g;’ readout
£ : | state
° machine
l readout
comjparator
test-puls) fune P e
\'n'ecrlJion e
I} thresholl
amplification AC coupling digital output
via CR filter
integrate line driver per pixel
charge threshold
adjustment

m In-pixel amplifier

m Point-to-point connection to periphery

6/ 23
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m Additional amplification stage

m Signal digitisation

m 8-bit time stamps

m Zero-suppressed readout

7/ 23
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Testbeam Results Summary & Outlook

The Motivation The MuPix

The Periphery

Pixel Periphery . State Machine
aseline -
T —>
sensor CSA  source = —=
follower 2" amplifier }* g;’ readout
£ : | state
: ° machine
l readout
e comjparator 8b/10b
test-puls| DAC encoder
injection thresholl
amplification AC coupling digital output
via CR filter
integrate line driver per pixel
charge threshold
adjustment
m Individual pixel tuning
m Characterise analogue behaviour
MuPix Heiko Augustin 7/ 23
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The Analogue Behaviour

- - : I ! 1c~’ . th)jgmawrrurruncuonH( ?ﬂ——
3"7-I l ' 008 H}
2 . g
B ok
5 SNR=15
3, @1600e
®
B
U,;E 0423(. U"bk 0.234 0.2)& 0.68
Threshold [V]
m Test of general functionality
m HV-dependence
i 4 B m Analogue performance
' ' I ' m Pulse shape reconstruction
m SNR determination

10/03/16 MuPix Heiko Augustin 8 /23



The MV /ation The MuPix Testbeam Results Summary & Outlook

Sensor Tuning

Untuned
% 50;
sof- m equalize chip response
e m tuning on per pixel noise
- m enhancement of sensitivity to small

o signals

m routinely used in test beam
measurements

86 062 064 066 068 07 072 074 0.76 078 08
0.1 Hz noise threshold [V]

10/03/16 MuPix Heiko Augustin 9/23
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Sensor Tuning

Tuned
%2207

200( 5 -

oof. m equalize chip response

160 . . .

i3 m tuning on per pixel noise
20 m enhancement of sensitivity to small
100F .

sof signals

601~ . -

of m routinely used in test beam
20 measurements

86 062 064 066 068 07 072 0.74 0.76 078 08
0.1Hz noise threshold [V]
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Sensor Tuning

Basol IVorher

*400; lNachher

asof- m equalize chip response

o m tuning on per pixel noise

250

200f- m enhancement of sensitivity to small

ts0f- signals

100; . .

o m routinely used in test beam
: measurements

8.6 0.62 0.64 0.66 0.68 0.7 0.72 0.74 0.76 0.78 0.8
0.1 Hz Rauschschwelle

10/03/16 MuPix Heiko Augustin 9/ 23
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Power Consumption & Temperature Dependence

T

PIA = 400 mWiem?
Helium cooling
Vglobal = 4 MJS

Vigea = 20 mis

m Upper limit of 400 MW cm~—2
m Temperature gradient of 50 K

m Investigation of temperature dependence

10/03/16 MuPix Heiko Augustin 10 / 23



The MuPix

Temperature Dependence - Pulse Shape

VA
MuPix7 Pulse
BL \
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Temperature Dependence - Pulse Shape

Pulse shape
o . . a T=20°C =
07+ wm = n - T_=O°C =
(] ] ] u ¥;42|_8°E

o 08— . . T=60°C
% 0.66 u L n T=80°C =
E 0.64 : : n -
Q m . 1
< 0.62 I L]
= 1

0.6 1

0.58 II .I

0.56

0

100 200 300 400 500 600 700 800 900 1000 1100 1200
Time [ns]

m Temperature dependence observed
m Effect reproduced with bias current

10/03/16 MuPix Heiko Augustin 11 / 23
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Temperature Dependence - Pulse Shape

Pulse shape

088 —- . BlRes=5[d
BLRes =10[dec] =
0.66 = = ® ® BLRes =20[dec]
n ] - BLRes =40 [dec]
— 0.64 - - S BLRes =60 [dec] =
% 2 | ] - nm
= 062 L] ] " m
.8 . ] -
Q 0.6 " ] -
e e L ]
= 058 (1] ] -
mm n m
0.56 m ] -
- ] [T
054

70 50 100 150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900
time [ns]

m Temperature dependence observed

m Effect reproduced with bias current
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The MuPix State Machine
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Summary & Outlook

The MuPix Testbeam Results

The Motivation

The MuPix State Machine

Pixel Periphery ' State Machine
baseline "
sensor CSA  source %’_}: VCo
follower 2"d amplifier 5 ——> readout &
£ 1 | state PLL
© machine
readout
e comparator VDS
(sl DAC encode
injection threshol
amplification AC coupling digital output
via CR filter
integrate line driver per pixel
charge threshold
adjustment
m On-chip readout state machine
m VCO & PLL
m LVDS Gbit data link
Heiko Augustin 12 / 23
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Voltage Controlled Oscillator & Phase Locked Loop

Stable working point
Jitter <100 ps
Chip as line driver

1.25 Gbit/s 8b10b
encoded data

Up to 30 MHits/s
possible

10/03/16 MuPix Heiko Augustin 13 /23



The Motivation The MuPix Testbeam Results Summary & Outlook

Voltage Controlled Oscillator & Phase Locked Loop

Jitter (EnPLL =1, VPVCO =5 [dec], VPPurmp =20 [dec]) - Stable Worklng pOInt
o rac - m Jitter <100 ps
o i m Chip as line driver
g m 1.25 Gbit/s 8b10b
. encoded data
” : | : " m Up to 30 MHits/s
o [ i I possible

VPVCO [dec]

10/03/16 MuPix Heiko Augustin 13 /23
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Testbeam Measurements

10/03/16 Heiko Augustin 14 / 23



The Motivation The MuPix Testbeam Results Summary & Outlook

Time Resolution

10/03/16 Heiko Augustin 15 / 23



Testbeam Results

Time Resolution

VA
MuPix7 Pulse
BL \
Threshold T
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MuPix7 1\
Threshold medium
Range large
Energy-depostition \/
2 \
5 - Latency
g T : P ot
< 13! -~
g 12
I 15
© o
[<% =3
£ Pl
o 1
o

time
10/03/16 MuPix Heiko Augustin 15 / 23



Testbeam Results

Time Resolution

Trigger TimeStamp Difference Distribution for Single Events

8000

o<1l ns

6000

4000

2000

1
70 80
time difference / 16 ns

m Sandwich scintillator setup
m Time resolution measured to <11 ns

10/03/16 MuPix Heiko Augustin 15 / 23



Testbeam Results

Time Resolution

ToTtime Trigger Difference versus ToT

n
a
=]

n
o
=]

ToT [10ns]

50
—150

— 40

—130
50 - - - - 20

10

s e e R 0

80 100 120
Latency [2,5ns]

m Sandwich scintillator setup
m Time resolution measured to <11ns
m Time walk observed for pixel analogue behaviour

10/03/16 MuPix Heiko Augustin 15 / 23



The Motivation The MuPix

The MuPix Telescope

Testbeam Results

Summary & Outlook

9300 —-200 -100 = 0 100 200 30
Residual of matched hit [um]
m 4 layers MuPix7
m Use one as DUT

m Time sorted data

m Resolution <30 um

m Position resolved analysis

10/03/16 MuPix Heiko Augustin 16 / 23



Testbeam Results

Efficiency Measurements

4000

Efficiency

3500

3000

2500

Noiserate per pixel [1/s]

2000

1500

1000

500

||||II|||II|||II||IIIIIIIIIIIIIIIIII:IIIII

0.78 0
Threshold [V]
m 220 MeV mixed pion beam provided by PSI
m Efficiencies above 99 % observed

m Tuning results in sharp noise edge
10/03/16 MuPix Heiko Augustin 17 / 23
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Rotation Measurements

0.99E ///7‘//./\
30.98F
c =
IS5 g W
£0.97F
w E
£ /'/ Rotation
oguE e o
0.95 = 15°
- 30°
0'94§|....|....|....|...*450
0.07 0.06 0.05 0.04 0.03 0.02

Threshold [V]

m 4 GeV electrons at DESY
m Increased signal o< (coso) ™!
— Larger high efficiency plateau

m Increase of resistivity advantageous
10/03/16 MuPix Heiko Augustin 18 / 23
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Clustering

Cluster Size Distribution

1§ —— threshold 0
io .; —— threshokd 0.640000 V
F —— threshoid 0.620000 V
107 L - .
: Brostuld hp008 Y m More than 90 % single hits

threshoid 0.550000 v

| ‘ m Small clusters due to charge
‘hq"’m,., sharing
e, m Tails from delta events

S m

i -
JorBhea i b L b L ) .Hl.TTJ.u..LL-L
0 5 10 15 20 25

0 25 30 35 40 45
Cluster Size

Q
T T
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Clustering

Cluster Size Distribution

1E
— threshoid 0.620000 V
" ekt daeanty m More than 90 % single hits
i == adtaaini m Small clusters due to charge
m.f_ sharing
N S m Tails from delta events
=

2 3
Cluster Size

10/03/16 MuPix Heiko Augustin 19 / 23



Testbeam Results Summary & Outlook

Clustering

Hit Map Physical

2 F I25(

o |-

35:—

30:_ —=2010

25: - -

g . m More than 90 % single hits
af m Small clusters due to charge
ok . sharing

r m Tails from delta events
10—

L 50
s
Dll Ll \llll\ll\\Il\\l\‘llll‘\l\\‘l 0

a 5 i0 15 20 25 an

Cal
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Crosstalk

Pixel Matrix

ISignaI lines
Digital Cells

10/03/16 MuPix Heiko Augustin 20 / 23
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Summary & Outlook
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The Motivation The MuPix Testbeam Results Summary & Outlook

MuPix8 Prototype

Submission planned for June 2016
First big chip 2.3 x 1.3cm?
Pixel size 80 x 80 pm?

Higher resistivity substrate
(20Q2cm — 80 cm)

m First module prototypes

23mm
HEE W N

10/03/16 MuPix Heiko Augustin 21 /23
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Summary

m Reliable characterisation setup & frame work

m Very well performing chip technology

m First HV-MAPS prototype with integrated readout
m Many design goals already satisfied

10/03/16 MuPix Heiko Augustin 22 /23
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Mu3e

The Physics Goal

ut — eTe e’ suppressed to a BR below
107°* in the Standard Model

Any observed signal is a sign for new
physics
Current limit BR < 10712 (SINDRUM)

Aiming for sensitivity of 1 in 10® decays

SINDRUM: "Search for the decay muto3e" Nucl. Phys.,B299 1, 1988

10/03/16 MuPix Heiko Augustin 23 /23
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Mu3e

The Physics Goal

[\
]

ut — eTe e’ suppressed to a BR below
107°* in the Standard Model

— —x—f € m Any observed signal is a sign for new
__ / 4 Ne , physics
3 | e
L 7=——<— u Current limit BR < 1032 (SINDRUM)

Aiming for sensitivity of 1 in 10® decays

SINDRUM: "Search for the decay muto3e" Nucl. Phys.,B299 1, 1988
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Mu3e

The Physics Goal

m ut — efe e suppressed to a BR below
107°* in the Standard Model

m Any observed signal is a sign for new
physics
m Current limit BR < 10712 (SINDRUM)

m Aiming for sensitivity of 1 in 10'® decays

SINDRUM: "Search for the decay muto3e" Nucl. Phys.,B299 1, 1988

10/03/16 MuPix Heiko Augustin 23 /23
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The Signal Decay

m Muons decay at rest: ¥p =0
E e m Common vertex and coincident in time
N :
Y2 m Maximal momentum 53 MeV/c
'[ m Reconstruct invariant mass from
R .
e’ charged particle tracks (E¢or = my)

10/03/16 MuPix Heiko Augustin 23 /23
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The Background

Accidental & Combinatorial

| m 10° decays per second
i m Gives rise to accidental &
combinatorial background
et m Good time and vertex resolution
needed

10/03/16 MuPix Heiko Augustin 23 /23
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The Background

Accidental & Combinatorial

m 10° decays per second

m Gives rise to accidental &
combinatorial background

et m Good time and vertex resolution
needed
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The Background

Irreducible

e (1

= )
~ | m Irreducible background from radiative
decays with internal conversion:
ut — ete et v,ve
o 10" 3 .
100 ] m Good momentum resolution needed to
g0 // suppress SM background
§101 - . ;
S e m Momentum resolution is dominated by
107 multiple scattering o< v/x/p
10—'\5 ;
ot
1 2 4 5 6
m, - E,, (MeV)

R.M.Djilkibaev and R.V.Konoplich,
Phys.Rev.,
D79 073004, 2009
10/03/16 MuPix Heiko Augustin 23 /23



Summary & Outlook

The Detector

1T magnetic field

—
———> uBeam Target é

10/03/16 MuPix Heiko Augustin 23 /23



Summary & Outlook

The Detector

1T magnetic field

——— pBeam Target

10/03/16 MuPix Heiko Augustin 23 /23



Summary & Outlook

The Detector

1T magnetic field

Inner pixel layers

> uBeam

10/03/16 MuPix Heiko Augustin 23 /23



Summary & Outlook

The Detector

1T magnetic field

Inner pixel layers

—
——— pBeam Target

Outer pixel layers

10/03/16 MuPix Heiko Augustin 23 /23



Summary & Outlook

The Detector

1T magnetic field

Inner pixel layers

——— pBeam Target

Scintillating fibres

Outer pixel layers

10/03/16 MuPix Heiko Augustin 23 /23



Summary & Outlook

The Detector

1T magnetic field

S
S
_
Recurl pixel layers \
W
Scintillator tiles Inner pixel layers
.,
—
———> pBeam Target ¢
—=
5 L SRS E e

Outer pixel layers
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Summary & Outlook

The Requirements for the Silicon Pixel Tracker

Recurl pixel layers

Scintillator tiles

Inner pixel layers
—
e —

————— pBeam Target

Scintillating fibres

Outer pixel layers

m Good vertex resolution

m Good time resolution & low dead time
— fast signal generation & shaping

m Good momentum resolution — low material budget

10/03/16 MuPix Heiko Augustin 23 /23



Summary & Outlook

The Requirements for the Silicon Pixel Tracker

Pixel Sensor Requirements

’ Pixel Size ‘ Time Resolution ‘ Material Budget ‘ Efficiency ‘
’ 80x80 pm? ‘ < 20ns \ < 1 %0 Xo/layer ‘ > 99% ‘

m Good vertex resolution

m Good time resolution & low dead time
— fast signal generation & shaping

m Good momentum resolution — low material budget

10/03/16 MuPix Heiko Augustin 23 /23



Summary & Outlook

The Pixel Tracker

m Readout & Powering via
Flexprints

m Cooling in Helium
atmosphere

10/03/16 MuPix Heiko Augustin 23 /23



Testbeam Results Summary & Outlook

/ m Readout & Powering via
Flexprints

m Cooling in Helium
atmosphere
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The Pixel Tracker

Readout

1056 Pixel Sensors

~(J

(3oubew apisut)
pua-juoi4

FPGA FPGA 34 FPGAs | FPGA
Lo m Untriggered readout
Switching m 1 Thit/s raw data rate
Boards
1210 Gbit/s m GPU based online
links per .
s | reconstruction
GPU GPU GPU
2Inputs | pe pc [12Pcs | P

each

Gbit Ethernet

Data Mass
Collection —— Storage
Server

10/03/16 MuPix Heiko Augustin 23 /23



Summary & Outlook

Power Consumption
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Power Consumption

———— High Power Settings

Noise [Hz]

——— Medium Power Settings

—=—— Low-Medium Power Settings

- ——— Low Power Settings

e ey vy by by by by by by by
1 0.7 0.71 0.72 0.73 0.74 0.75 0.76 0.77 0.78
Threshold [V]

10/03/16

23 / 23



The Motivation The MuPix Testbeam Results Summary & Outlook

Pulse shape

Injection

— CSA & SF — }# Amp2 F }{ Comp Edge Det. = Hitlatch

7

10/03/16 MuPix Heiko Augustin 23 /23



The Motivation The MuPix Testbeam Results Summary & Outlook

Eye Diagram

Tekiromix | X

'- GEE = || PSpnc.)
ot | |77 | [ar| x| [ A

= Cursors ihn M1 Measurement
- oy

5 AMSM

)

10/03/16

23 / 23



The Motivation ix Testbeam Results Summary & Outlook

MEG u — ey

10/03/16 MuPix Heiko Augustin 23 /23



Summary & Outlook

LFV Landscape

10°
102 q
P
104 TS q
b ()
2 10°F 1
: n 5
S 4
5 10°[ R
EN [ 4
2 [
u—ey °
0 i
10 ® u—3e o0
HN — eN ® MEG
102 @ T— y - 4
A T— 3 SINDRUM  SINDRUM I
107 - MEG plan B
Mu3e Phase | O
10+ Mu3e Phase 1O B
Comet/Mu2e
T T T T
1940 1960 1980 2000 2020

Year

23 / 23

10/03/16



	The Motivation
	The MuPix
	Testbeam Results
	Summary & Outlook

