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Mu3e - Experimental Concept

Search for the charged lepton flavor violating decay ut —»ete e*

Recurl pixel layers 36 cm 8.9cm

7.6 cm
Scintillator tiles Inner pixel Iayers
3 p Beam Target

> 12 cm
RN

Scmtlllatlngﬁbres

v Outer pixel layers

« Decays of stopped muons — low momentum electrons
 Design sensitivity BR < 101 requires

« High muon rates 0(10% — 10° s71)

 Excellent momentum resolution ¢;, < 0.5 MeV/c

* Multiple Coulomb scattering dominates momentum resolution
» Thin silicon pixel detector: material budget x < 1%o0 X, per layer
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Material budget of selected pixel detectors

Material budget per layer

ATLAS IBL* 1.9 % X,
CMS (current) T ~ 2.0 % X,
CMS (upgrade)* ~1.1% X,
ALICE (current)* 1.1 % X,
ALICE (upgrade)* 0.3 % X,
STAR’ 0.4 % X,
BELLE II° 0.2 % X,
Mu3e 0.1 % X

¥ ATL-INDET-PROC-2015-001

o
T CERN-LHCC-2012-016 ; CMS-TDR-11 talk by G. Contin
*arXiv:1211.4494v1 A talk by C. Koffmane
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How to reach the material goal?

Approach for a Mu3e tracking detector layer
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How to reach the material goal?

Approach for a Mu3e tracking detector layer

HV-MAPS
MuPix
50 um ~ 0.5 %o X|,
Talk by Frank Meier Aeschbacher
about MuPix 7
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How to reach the material goal?

Approach for a Mu3e tracking detector layer

HV-MAPS
MuPix
50 um ~ 0.5 %o X|,
Talk by Frank Meier Aeschbacher
about MuPix 7

— FPC
Flexible printed circuit
Sensor powering

Signal transmission

45 um Kapton
+ 28 pm Aluminium
+ 10 um Glue

~ 0.5%0 X,
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How to reach the material goal?

Approach for a Mu3e tracking detector layer

HV-MAPS
MuPix
50 um ~ 0.5 %o X|,
Talk by Frank Meier Aeschbacher
about MuPix 7

— FPC
Flexible printed circuit
Sensor powering

Signal transmission

45 um Kapton
+ 28 pm Aluminium
+ 10 um Glue

~ 0.5%0 X,

Kapton support structure
Helium cooling distribution
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How to reach the material goal?

Approach for a Mu3e tracking detector layer

HV-MAPS
MuPix
50 um ~ 0.5 %o X|,
Talk by Frank Meier Aeschbacher
about MuPix 7

— FPC
Flexible printed circuit
Sensor powering
A Signal transmission
[ 45 um Kapton
+ 28 pm Aluminium

Kapton support structure + 10 um Glue
Helium cooling distribution ~ 0.5%0 X,
+ 10-20 pm Glue Material budget estimated
~ 0.05%0 Xo x ~ 1.15%0 X, per layer

PIXEL 2016 Sebastian Dittmeier Ultra-low material pixel layers for the Mu3e experiment



How to reach the material goal?

Approach for a Mu3e tracking detector layer

HV-MAPS
MuPix
50 um ~ 0.5 %o X|,
Talk by Frank Meier Aeschbacher
about MuPix 7

FPC
Flexible printed circuit
Sensor powering
Signal transmission
45 um Kapton
+ 28 pm Aluminium

+ 10 um Glue
Helium cooling distributio ~ 0.5%0 X,
25 l,lm i m %0 XO
+ 10-20 pm Glue Material budget estimated
~ 0.05%0 Xo x ~ 1.15%0 X, per layer
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FPC technology

Layer stack

Two layer aluminium (LTU Ltd.)

e 14pm Al + 10pum polyimide per layer Sensor

« Structure sizes = 65um

Polyimide 10 um
Sensor signals
Aluminium 14 um Eefgelthals
Glue 5 um SPTAB pads

Polyimide 25 um Dielectric spacer layer

« Dielectric spacing 45um

FPC

| Glue5um |

Polyimide 10 um

Bus signals

Aluminium 14 um Power distribution

. Glue 5 um
MeChanlcaI Kapton frame
Support 25 um
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FPC technology

Layer stack

Two layer aluminium (LTU Ltd.)

e 14pm Al + 10pum polyimide per layer Sensor

« Structure sizes = 65um

Polyimide 10 um
Sensor signals
Aluminium 14 um Eefgelthals
Glue 5 um SPTAB pads

Polyimide 25 um Dielectric spacer layer

« Dielectric spacing 45um
« SpTAB technology (by LTU)

Single point Tape Automated Bonding FPC

Polyimide 10 um

» No additional (high Z) material for bonding!

Bus signals

Aluminium 14 um Power distribution

. Glue 5 um
MeChanlcaI Kapton frame
Support 25 um

Via Sensor bond
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FPC design considerations

< 36 cm 5
—w— » Clock, reset, configuration as bus
Inner pixel layers
., i é » High Voltage (= 85V)
—————> pBeam Target

12 cm e Power (PMuPix < 400 mW/CmZ)

<€ : >
Scintillating fibres :

: « Readout at both ends

\/ Outer pixel layers

_ LVDS links @ 1.25 Gbl’

Inner layers 12 cm 3 per sensor

Outer layers 36 cm 18 1 per sensor
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FPC feasibility studies

Two Iaver FPC with test structures bonded to testboard

3_TOP

-
[~
<
[=]

WG RO ol

viv_i v _TESTBOARD_v1 — Mude group
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FPC studies — preliminary results

Bit error rate measurements

« 10 differential pairs

« Data rate = 1.25 Ghit/s

* No bit errors observed
BER < 2-10713 per pair

« Upto 2.5 Ghit/s: no bit errors
BER< 3.10713

Triggered Tektronix'  _ | X|

; Run/Stop,1u)| Trig |C1 Clock Recovery Mode [Other  ~|[usER@12506b/5) ~| [Psync.] App
(I v

B[=][oov B[ :][m ~|[z00000ps/div B[ ][46580ns B 5:08 PM 8/8/2016

100.0mV/div

| = l Measurement

M| 301.5616mV|| M2 684.3029ps|| M2 62.12576mV|| M| 18.94507ps|| M| 1.250372Gbps || M| 675.8944mV

1 EyeH | 8 ||2 EyeW | 8 (|3 RMSN | 4 RMS) | 5 BitR X Z| |6 Ampl | g H

Min 0.0V Min 684.273ps ||Min 59.6090mV |[Min 13.7105ps |[Min 1.24888Gbps ||Min 593.795mV
Max  307.675mV |[Max 702.241ps ||Max 65.1912mV |Max 18.9570ps |Max 1.25711Gbps ||Max  678416mV
i 301.573mV ||u 684.405ps (|4 621213mV ||y 18.9431ps (ju 1.25035Gbps ||p 675.899mV
o 9.01985pV _||o 344.357fs |lo 6.00057uV |lo 5.20895fs ||o 514434kbps ||o 3.50693pV
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FPC studies — preliminary results

140 - n

Time Domain Reflectometry ] . ]

« Differential target impedance E 120- Lo

Zdiff =100 Q %::2: traceslon bottom layer 1= :

o Off by more than 10% = 1054 " ontoplayer [

X 100 ] Target 100 Ohm | [

- Bottom: glue and board coating £ .1 l i

. - . TDR Flex1

. : . . 90 - I @ _ TDR Flex2|[

Will behave differently with MuPix 7 Pl il % TRt

i .. ! 80 - <« TDR Flex4|[

« Top: missing Kapton foil - - TDR Flex5|
75 T I T T I T T I T T

0 1 2 3 4 5 6 7 8 9 10 11
Also tested: # DATA trace

» Resistance of power lines: 50 — 120 m{)

— compatible with actual conductor thickness ~12.3 um
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Mu3e cooling concept

« Cool sensors below 70°C for up to 400 mW/cm?
* Minimize material budget of cooling in active volume

» Gaseous Helium: low density, reasonable cooling capabilities

Layer 4

Layer 3

FPGA

Beam pipe Beam pipe
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Mu3e cooling concept

« Cool sensors below 70°C for up to 400 mW/cm?

* Minimize material budget of cooling in active volume

» Gaseous Helium: low density, reasonable cooling capabilities

Layer 4

Layer 3

FPGA

Beam pipe Beam pipe
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Mu3e cooling concept

« Cool sensors below 70°C for up to 400 mW/cm?
* Minimize material budget of cooling in active volume

» Gaseous Helium: low density, reasonable cooling capabilities

— i — — A — — — e — - (Global He flow

Gap He flow

Beam pipe Beam pipe
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Mu3e cooling concept

) oo @

oo

PIXEL 2016

V-shapes for local

cooling channels

Kapton Frame

-

g

-t
-

Sebastian Dittmeier
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Mu3e cooling concept

« Cool sensors below 70°C for up to 400 mW/cm?

* Minimize material budget of cooling in active volume

» Gaseous Helium: low density, reasonable cooling capabilities

Beam pipe Beam pipe

== == > Local He flow

A
A
A
A
A
\
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Mu3e cooling concept

« Cool sensors below 70°C for up to 400 mW/cm?
* Minimize material budget of cooling in active volume

» Gaseous Helium: low density, reasonable cooling capabilities

e — ~— i — ~— A — e — ~— — G|Oba| He ﬂOW
Layer 4
> e— > -
Layer 3 —= - Gap He flow
> > —_
Layer 2

FPGA
Layer 1

Beam pipe Beam pipe

Water

Local He flow

PIXEL 2016 Sebastian Dittmeier Ultra-low material pixel layers for the Mu3e experiment



Simulation of Mu3e helium cooling

Temperature °C
68

P = 250 mW/cm?
- p—

60

Vipear = 16 m/s Viayer1i-2 = 4m/s
Vgap =3.5M/S vy, =35m/s

- Target power consumption (P = 250 mW/cm?) seems feasible

 Higher power consumption (P = 400 mW/cm?) requires higher flow velocities
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Cooling tests with detector model

—=— Layer 3 w/o local cooling
55 - —— Layer 4 w/o local cooling

. —— Layer 3 w/ local cooling
50 —~— Layer 4 w/ local cooling
o] Measurement
| P/A =250 mW/cm”2
40- Vyioba =220-3 T’S * Large benefit from local cooling
1 Vlocal = m/s
— 35 .
o in outer detector layers
— 30
" « Reduces maximum
20 temperature by 20°C
15 1
10 - I I I I I 1 I I

- L
PR AL\
EHILLT W
R et

Heatable Kapton and

glass staves
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Summary and Outlook

- Ultra-low material tracking detector using HV-MAPS for Mu3e
- Material budget of ~ 1.15%o0 X, per layer
- Aluminium FPC prototype works very well: BER < 210713 @ 1.25 Gb/s

- Cooling of sensors with Helium gas seems feasible

- End of this year: MuPix 8 (= 2 x 2 cm?)
- Integration of MuPix with FPC

> First inner detector modules
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Backup
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The Mu3e Experiment

Search for the charged lepton flavor violating decay u*t —»ete e®

Standard Model
Highly suppressed branching ratio
BRgy <1074

Probe physics beyond SM
Any observation is a clear
sign for new physics!
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Searching for New Physics with Mu3e

%7000 T IIIIIIII T T ll'IIII T T IIIIIII T T T T T1T1Ir
© 6000

<5000
4000

3000

2000

1000
900

800
700

600
500

400¢

300

André de Gouvéa, Petr Vogel,
Lepton flavor and number conservation, and physics beyond the standard model,
Progress in Particle and Nuclear Physics, 71 (2013) 75-9
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The Mu3e Experiment
Current limiton u™ —»ete et
BR,,.,<< 10712 (SINDRUM 1988)

Goal of Mu3e
Enhance sensitivity to BR < 10716

How to achieve this in a reasonable time?
- High muon rate 0(10% s™1)
» Beamline at PSI (CH)

What are the main backgrounds? K e
« Radiative SM decay u* »e*te etvv
 Accidental combinations

» Excellent momentum and vertex resolution
» Fast detector electronics and precise timing
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Event Topologies

Background

Common vertex « NoO common vertex

Common vertex

e Coincident e Coincident  Not coincident
« Yp=0 « Yp#0 « Yp#0
- YE=m, - YE+m, - YE+m,
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Material budget constraints

Major background contribution

Radiative SM decay ut »ete~etvv

V— i/— g,
/T 2

* Momentum resolution

0,/P X\ x/Xg

* Requirement
g, < 0.5MeV/c

PIXEL 2016 Sebastian Dittmeier
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R.M Djilkibaev and R.V. Konoplich, Phys.Rev., D79 073004, 2009

Material budget required
x < 1%o0 X, per layer
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History of CLFV Experiments
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Updated from W.J Marciano et al., Ann.Rev.Nucl.Part.Sci. 58, 315 (2008)
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Serial Readout of the MuPix7

Eye Height > 100 mV

= (’"IS
_/,—

i

Eye Width > 0,65 Ul

12:29 PM 5/18/2015
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FPC design study — two layers

Composite View
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Inner detector — FPC design study

Signal bus

Clock, reset

Configuration

Mock-up with dummy chips

Power lines

Estimated voltage differences

between sensors below 50 mV
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Inner detector — FPC design study

Signal bus

Clock, reset

Configuration

Mock-up with dummy chips

Power lines

Estimated voltage differences

between sensors below 50 mV

PIXEL 2016 Sebastian Dittmeier Ultra-low material pixel layers for the Mu3e experiment



Inner detector — FPC design study

Signal bus

Clock, reset

Configuration

HV

_’?’

= 5
')

t.

¥

PIXEL 2016

L T=T TR ey,
'

e F 2™ -"
R e T

Individual signals

Up to 9 differential

pairs per sensor

z RN T e

EEEERSE Y S5
EFEREEY . SR
IERE 45 SN BN
ENEF IREEDEEE
EERCINENER ;
FENL WEHEE N
FEIE, TNEREER

mated voltade aierence

between sensors below 50 mV
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FPC feasibility studies — ongoing

Two layer FPC with test structures

* Impedance measurements using Time Domain Reflectometry
 Bit error rate measurements

* Resistance and voltage drop measurements
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FPC - Time Domain Reflectometry

Triggered Tektronix J E

7| |Run/Stop l‘J‘! Trig |TDR " Acq Mode \Average v | 300kHz v

NRZ ~ fAmpitude - i‘v ‘;:'n‘ E‘ , _ “ ‘ JEas Cortee

|

Coax SMA
connector

'g J : S00.0ps/div
(M~ | 20000/div [@f S 000 @] |M] ~| 500000ps @ - | 45.700n: B | @ 5:50PM8/3/2016
:;‘-»\ Cursors (Mn M1) 1] Measurement \ Wav [T
t1  47.3000ns 1 Max %) # |3 Max B B ||5 Max | & ||7 Mean | & ‘ Ej 20.00Q/div |
t2  48.6900ns c 48.500000) 45.500000)) | M 94.000000)) | M 90,741460) ,
Grked = - 5 2 = > | gl 20.000/div
At 1.39000ns 2 Min B B |4 Min B B |/6 Min Z| B ||8 ~RMS =] B . |
1/At 719424MHz | 5] 45.000000) | 44000000 | M 89.000000 ‘m] 949.2239m0 [1"_1] 20.00Q/div }
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FPC - Time Domain Reflectometry

Triggered Tektronix®  _ |

B ) Es @ [ . \RunfStOP ¢p| Trig |TDR - hcq Mode |Average - 300kHz  ~

~| 20000/div @[] 000 a8l 500.000ps/div s6580ns @ - [ 5h)| 1056 AM 8472016

|§" Cursors (Mn M1) H Measurement l l Wav:|ﬁ|:

tl  47.3000ns 1 Max 3 Max B 5| 5 Max 7 Mean B | | [ & 20.000/div [ ]
t2  50.6900ns =l 53. 000000 52.00000Q 104.50000Q)| | Mt 95.995800) -
. E| 20.000/div
At 3.39000ns 2 Min 4 Min o 5 Mm 8 ~RMS :
1/At 294.985MHz | & 40, 500000 39,000000 20.000000)| Mt 6.2250290)| | MY 20.000/div

wmi| WimDB1  H

« 17.5 cm long differential pair
* Glue thickness variations — gradient in impedance
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Outer detector — FPC design study

Two layer FPC for 9 sensors

* Minimum number of signals
1 LVDS data link per sensor
« Clock, Reset, configuration as bus signals

« Supply different voltages to compensate voltage drop

Estimated voltage differences
U, < U, < Us .
between sensors around 10 mV
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Helium cooling — Vibration studies

* Helium flow velocities =~ 20m/s
* Thin detector:

e HV-MAPS 50 pm

« FPC=80um

« Kapton support 25 um
 Vibrations induced by Helium flow?

* Michelson Interferometer

vibrating mirror

biconcave
lens

detector ] I F=
I -

\\
/ 1  beam splitter

adjustable iris /
—» collimating lens
Ylaser

Sebastian Dittmeier

reference mirror

N

PIXEL 2016

12 4

Displacement Amplitude [um]
N
o
|

Maximum Amplitude
Standard Deviation
Mean Amplitude

P B

22 24 26 28

Local Flow Velocity [m/s]

< 10 um amplitude for
typical flow velocity
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