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The Mu3e Experiment

Search for charged lepton flavor
violating decay u* -» e*ee”

This talk: pE—
 Experimental concept
« R&D

- Pixel detector

- Fiber detector

- Tile detector

- Readout
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Lepton Flavor Violation /3@/

A
Any hint of signal -» new physics
Branching ratio * Supersymmetry
suppressed in * Grand unified models
Standard Model to « Extended Higgs sector
below 10°* . ...

June 21st, 2016 D. vom Bruch, Mu3e 3



Experimental Signature
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Experimental Status
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Internal Conversion Background
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Accidental Background e’

@ 10® muons/s stopping rate (phase 1);
~ 5 muons on target / 50 ns

Positrons from ordinary muon
decay

Electrons from

 Bhabha scattering
 Photon conversion

* Misreconstruction

Not coincident in time

No single vertex

2p =0
E;tmu

- Need good time and vertex resolution
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Multiple Scattering

« Muons decay at rest
- momentum < 53 MeV/c

« Momentum resolution to first

order:
O NeMS
p Q
° RMS Of eMS:
13.{?5\;[)6‘/Z\/X/X0[1+0.0381n(></Xo>]

- Use recurling tracks for momentum measurement
- Minimize material budget

June 21st, 2016 D. vom Bruch, Mu3e 8



Detector Concept

Requirements
« Excellent momentum resolution: < 0.5 MeV/c
 High rates: 108-10° /s
 Good timing resolution: 100 ps

 Good vertex resolution: 300 pm

 Minimum material budget /
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Detector Concept
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Detector Concept
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Detector Concept /Lg@/

muon beam —\—/___inner pixel layers

7 target

I
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Detector Concept

outer pixel layers
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Detector Concept
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Detector Concept
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Muon Beam @ PSI

« 590 MeV cyclotron
« 2.2 mA proton beam

» Most powerful proton
beam worldwide

 Target E: 28 MeV/c surface
muons to nE5 beamline
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nMES Area

June 21st, 2016

D. vom Bruch, Mu3e

Mu3e detecto

18



Magnet

June 21st, 2016

Superconducting magnet produced by
Danfysik

Delivery 2017
Up to 2 T magnetic field

Nominal field strength: 1 T in central part
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Pixel Detector
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Pixel Detector

« High Voltage Monolithic Active Pixel Sensors
(HV-MAPS)

e Operated at HV =85V
» Fast charge collection via drift

« Readout logic on chip: zero-suppressed hit
addresses and timestamps -

« Made of silicon

« Thinned down to 50 um

* Pixel size: 80 um x 80 um

« Chipsize:2cmx2cm

|. Peric, P. Fischer et al, NIM A 582 (2007)
876

June 21st, 2016 D. vom Bruch, Mu3e 21



Mupix Protoype

 Mupix7: latest prototype
« Thinned to 50 um

« 32 x 40 pixel matrix

|

\ |
i ;:num|||m|mnunn|1_ '

* Pixel size: 103 pum x 80 um
e 3.2X3.2mm?2

(OEEEeeErgeergnatniel

 Readout electronics on chip
« Fast LVDS link: 1.25 Gbit/s,
~ 30 million hits/s
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Mupix7: Readout
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1.25 Gbit/s link
8bit / 10bit encoded

Bit error rate < 5:10-14
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Mupix7: Efficiency

Reduced High Voltage
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Mupix7: Efficiency

Nominal High Voltage

Mupix7, HV = -85 V
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Mupix7: Time Resolution
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— Study long rows and columns

> : « First large chip
L ]
-

« Digital and analog part as in Mupix7

D « All pads on one side — integration into
: modules

~21 mm

e To be submitted this summer
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« 50 um silicon

e ~ 50 um flexprint: Kapton,
aluminum, copper

« 25 um Kapton foil
- (0(0.1 %) radiation length

June 21st, 2016 D. vom Bruch, Mu3e 28



Cooling with Gaseous Helium/g@/

« Heatable module prototypes
« Temperature sensors
 Flow container

* Local and global helium flow

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

; —— Layer 3 w/ local cooling o [y
504 ——~— Layer 4 w/ local cooling Wl -~
g A emlitiiiy
454
] P/A = 250 mW/cm"2
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) Vioe = 20 M/s
35 -
30 -
25—
20 -
| ; I
154 ,_Tr{
10 T T T T T T T T 1

Postion [cm]
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Cooling with Gaseous HeIium/g@/

Temperature - Celcius

58.5
ISO

45

CFD simulation with
Global flow velocity: 4 m/s
Local flow velocity: 16 m/s

300 mW/cmz?

June 21st, 2016 D. vom Bruch, Mu3e 30



Vibration Measurement
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Scintillating Fibers

____Scintillating
oy tiles

recur| pixel 5
lauers

= 7

June 21st, 2016 D. vom Bruch, Mu3e 32



Scintillating Fibers

2 or 3 layers of scintillating fibers

 Two types of prototypes, 250 um
diameter:

- Round
- Square

* Read out by Silicon Photomultipliers
(SiPMs) at both ends

 Thickness < 0.1 % radiation length per
layer

June 21st, 2016 D. vom Bruch, Mu3e
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Scintillating Fibers: Coating /3@/

| | 0.5 m fiber lentgh with 100 nm of
evaputared Al deposit

« Standard coating: TiO

« Titanium increases material

budget
~MN : « Use aluminum instead
:m-'k g « 100 nm Al coating via

evaporation

« Optical cross talk < 1%
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Scintillating Fibers: Readout /3@

Fibers read out column-wise
Hamamatsu SiPMs
Use LHCD like SiPM array

— Fits spatial constraints

128 channel LHCb SiPM array
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Scintillating Fibers g

Single fiber time resolutions

E 8()(}; g - RMS = 3.633 + 0.014
i ; Charge spec.:trum ??—jﬂﬂﬂ:— Round :::e:;::::zto.ooso
700:_ for Square ﬁbres; %sua:— o~ 1.1ns width1 = 2.216 + 0.025
60(}; AND Of bOth S|PMS, o - width2 = 6.100 + 0.083
& 600
: N > 0.5 on each ;
500 pe B
£ . 400p=—
: side ;
400 _
300f— f | E
200? il 1-.;1, - AR B
mof— l Eum.n; »
U;'-|:|||||.| T T Tl L PRV 1 Uy COE e O g %ﬂm-:_ Squared
0 5 10 15 26 25 30 35 40 S
Nphe 4 -0 ~ 750 pS
Double layer square
fibres, AND configuration,
N,. > 0.5: 93 % efficiency
%o -5 W s 10
t,-1,/2 (ns)
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Scintillating Tiles

__ Scintillating
/ H\\\ ‘\'l\es
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recur | pivel
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Scintillating Tiles =3

2.6cm e Plastic scintillator
6.5 X 6.0 X 6.5 mMmms3
Each read out by SiPM
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# Entries

Scintillating Tiles
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25
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15
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« Efficiency > 99.7 %

 Time resolution ~ 66 ps
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STIC Readout Chip

For tiles and fibers

« Mixed signal Application-Specific
Integrated Circuit (ASIC)

 Developed for readout of SiPMs
« Time to digital converter

* Intrinsic time resolution: =30 ps

« Adjust individual SiPM bias voltages Sl LB
eFEe e Ife; I'®

« LVDS output link: 160 Mbit/s I' ITi version 3.1

 Ongoing development for MuSTIC;:
LVDS output link: 1.25 Gbit/s
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Readout Scheme

2928 Pixel Sensors ~ 3072 Fibre Readout Channels ~ 3500 Tiles
Ay
& 9
3 7
up to 36 - - - - - - & o
1.25 Gbit/s links =] 1 A | g 3 Z Sia
@
FPGA FPGA | 86FPGAs | FPGA FPGA | 48 FPGAs | FPGA FPGA | 48 FPGAs | FPGA il
16 Gbit/s
link each
Switching Switching
Board Board
12 10 Gbit/s
links per _—— |
Switching
Board : ]
GPU GPU GPU - Fi -
S,Hpﬁts . e laserell e FPGA: Field-Programmable Gate Array
eac
GPU: Graphics Processing Unit
Gbit Ethernet ]
Data Mass
Collection Storage
Server
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Online Filter Farm

« Triggerless readout —»

50 Gbit/s data rate @ 109 muons/s
* Online data reduction
 DAQ PCs with GPUs and FPGAs

e Online track and vertex
reconstruction

« 1020 track fits/s achieved
« Data reduction by factor ~1000
- Store < 100 MB/s

June 21st, 2016 D. vom Bruch, Mu3e
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Offline Track Reconstruction /Lg@/

« 3D multiple scattering fit specifically developed for Mu3e
« Consider hits in 3 layers as triplet

 Minimize multiple scattering angles during fit

| i3l int f hit iti Recurling tracks from GEANT simulation,
* Ignore spatial uncertainty of hit positions 25 MeV/c < p < 35 MeV/c

3
3_Sicli)

core

f G =0.17 MeVic

O_I_LLLJ'—‘—‘l .t lI|IIII|IIII|I|I| JJ|||||II||
=3 =23 =2 =& 0 =05 @ 85 T PLE-2

- Specification fulfilled -p__[MeVrc]

rec
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Sensitivity Study /3@/

Mu3e Phase | 10" p on Target; 10° p/s
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Institutions £

&% UNIVERSITE
« University of Geneva &’ DE GENEVE gg:ggfgg&\g
ZUKUNFT
i ; ; SEIT 1386
« Heidelberg University

« Karlsruhe Institute of Technolo “(IT
gy AN

Karlsruher Institut fiir Technologie

JG|u

« Mainz University

« Paul Scherrer Institut PAUL SCHERRER INSTITUT  Jorannes GUTENBERG

UNIVERSITAT MAINZ
e ETH Zurich L}—IS_J

« University of Zurich

1) Universitat ETH-Urich

1) Zurich"™
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Summary

Phase |
« Search for u+ -» ete-et with a sensitivity in branching ratio of 10-15
« Up to 108 muons/s
« Minimum material budget
« Pixel, fiber and tile prototypes meet the requirements
« Magnet will be delivered in 2017
« Construction in 2017
« Commissioning earliest in 2018
Phase Il: Upgrade
« Rates up to 102 muons/s with high

intensity muon beamline

« Reach sensitivity of 10-16
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mass scale A (TeV)

Lepton Flavor Violation

102 10" 1 10 10° 10°
104- L] ) lllllll L] ) ||||'|! L) T ll'l;ll 1 ] ’llllll ) T 1rrry M 104
i y—penguin -

[ U —> eee 1
L 8
10°
102

102

Based on A. de Gouvéa, P. Vogel,
75-92 (2013)

Prog.Part.Nucl.Phys 71,
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SIPM Radiation Hardness

 Phase |: electron / positron flux
per mmz2 active sensor in SiPM:
0.9 kHz (1.7 kHz)

« Average deposit: 42 keV
« 0.8(1.4)-100e+/mm2/year
o« 24 (42) Gyl/year

e Measurement: 1x1 mm?2 active
area Hamamatsu S12571-050P,
50x50 uma2 pixels, 20 MBq 20Sr

dark rate [kHz]

MPPC Irradiation

9

1400 -

1200
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400 |-

200 ¢

0
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deposited energy per mm~2 [m]]
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SIPM: Radiation Hardness

Old Style SiPM - Amplitude

Rate of electrons on SiPM [kHz/mm?]

. i 1
Amphtl.-lde falls 647 [25eltea |32 [ wod
dramatically after 3 hours 380.5 ] \
f radiati t highest rat < x'//f/ e g e :
of radiation at highest rate = 140__% AT 7 373y
* Rate of decay dependson 8 '¥°_ . B Rl | e
rate of incoming electrons = 100~ § = 72v  |from
E 80 et 4 power
» Cause of breakdown 605 | 11715V || supply
unclear - £
* At 25°Cannealing o0F k 3
significantly slower than O,lK,&,l,|'
radiation damage 0| 50 100 150 20Q 250 300 350 400
Time [hours]
+— Irradiating —*+—— Annealing —*

Slide by Stephanie Mellor
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SIPM: Radiation Hardness

Current Style SiPM - Amplitude

* Amplitude decreases linearly
with time

* At highest rate SiPM dies
after 10%3 electrons, 2 orders
of magnitude higher than in
phase 1b of Mu3e

* Positron rate at Mu3e = 1
kHz/mm?

» Almost no decrease in
amplitude seen for electron
rates 10 times greater than this

June 21st, 2016
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SIPM: Radiation Hardness

Current Style SiPM — Corrected Amplitude

Rate of electrons on SiPM

b
[kHz/mm?] 18.4 A
_ _ 380.5 | |64.7 | |29.6 / 13.2 || 124.9 || Voltage
* Right shows amplitude T e T o
calculated for constant over- E 200 —_—l 2
voltage B 2005 | =
2 180 - 3
. : 3 2 3.9V
 Amplitude still decreases B E
linearly with time 2 120F 3
» Voltage drop is not what $ 100E1 """"—; 2.9V
caused the amplitude TR = =
decrease 601 4 1.9v
» Cause of decrease not Mgy v ey ok T b plide ) v il o IS
known 0 100 200 300 400

Time [hours]

Slide by Stephanie Mellor
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High Intensity Proton
Accelerator
@ PSI

Injector £ 7= A=
Cyclotron ¥ 590 MeV
Ly~ | cyclotron

2.2 mA, 1.3
/ MW, 50 MHz
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Muon Beam Facilities

Laboratory/ Energy/ Present Surface  Future estimated
Beam Line Power u' Rate Hz p'/u Rate Hz
PSI (CH) (590 MeV,1.3MW, DC)
- LEMS . 4-10°
- A5 - 1.6-10°
- HiMB (590 MeV, 1 MW DC) 410" (u+) (for of only)
J-PARC (JP) (3 GeV, TMW Pulsed)
currently 300kW
- MUSE D-line . 4.5.10° 1.5-10" (u+) 2013
- MUSE U-Line . 1.5.10° 2-5.10° (u+) 2013
- COMET (8 GeV, 56kW Pulsed) 0" (u-) 20192020

-PRIME/PRISM (8 GeV, 300 kW Pulsed)

10""2 (11-) >2020

FNAL (FermiLab) (USA)
MuZe (8GeV, 25kW Pulsed)
Project X Mu2e (3GeV, 750kW Pulsed)

5.10" (u-) 2019/2020
210" (u-) >2022

TRIUMF (CA) (500 MeV, 75kW, DC)
-M20 2-10°
KEK (JP) (500 MeV. 2.5 kW Pulsed)
- Dai Omega . 4-10°
RAL -ISIS (UK) (800 MeV, 160kW., Pulsed)
- RIKEN-RAL 1.5.10°

RCNP Osaka Univ. (JP) (400 MeV, 400W DC)

- MUSIC currently max 4W _10°(u+) " 2012
(=> 10" per Mw!)
DUBNA (RU) (660 MeV, 1.65kW Pulsed)
- Phasotron Ch:I-1ll 3.10*

June 21st, 2016 D. vom Bruch, Mu3e
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High Intensity Muon Beamliné%@/

[ . sfje, » ok ; L i L
Target e

Alternative Possibilities & e
— R RRRRRRRRORRRRRRRRRRR FLINSHN :.":"
Constralnts - any intervention to the el :

proton beam line must: A2 ﬂ . s

* Not significantly increase the beam losses _ N o i »\;;L
* Preserve the proton footprint and energy on SINQ - !ﬁ \‘;\
* Preserve the total material budget seen by the beam '\

Just started to look at “conventional targets” in combination with solenoids
Possibilities under assessment

As a “conventional target”, Target E is surprisingly efficient at producing surface muons:
for 1,=2.3 mA

front

TgE length Front Back Side
10 mm 96x10°/s 1.5x10"/s 1.9x10"/s
20mm | 1.3x10%/s 1.9x10Y/s 5.8x10Y/s
30mm | 1.6x10'%s 1.7x10%s 9.5x10'/s
40mm | 1.6x10%s 20x10"s 1.3x10'/s
60 mm 1.6x101%s 2.1x101%s 2.2x10'/s

TgE ©

back

* Front/back surfaces saturate with L T protons

* side surface viewing very efficient

Peter-Raymond Kettle Future Muon Sources Workshop — Univ. of Huddersfield 2015
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High Intensity Muon Beamline
The Solenoid Approach

e

500 mm

afer

B-field
—

protons

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

Split-sofenoid variablé

60mm long target

i F iFs £ G
'1|||||||¥|| T
ul

B-field

Gap

Close (All)  Far (Origin Tg)

0
05T (++)
15T (++4)
50T (++)

0
0
0
0

24x 10" 63x107 (2.8 x10%
2.7x10"  1.7x10" (1.3x10')
52x10"" 6.1x10' (2.3x10')
53x 10! 7.3x10" (2.3x10')

T lill[]l[il]u[]lﬂ[]i[][

3.0T (+4)
50T (++)
3.0T (++)
50T (++4)

500 mm
500 mm
1000 mm
1000 mm

6.7x10 2.8x10' (8.1 x10")
24x10"2 3.0x10" (7.5x10'9)
25x102 8.6x10'(3.7x10'7)
1.0x 102 1.5x 10! (3.9 x 109

3.0T (+-)
50T (+-)
3.0T (+-)
50T (+-)

500 mm
500 mm
1000 mm
1000 mm

6.5x 10" 1.1x10" (4.5x10'%)
9.2x 10" 1.0x10" (4.5x10'%)
40x 10" 4.4x10" (2.0x 10!
5.8x 10! 4.6x10Y (2.0x10'%)

Angular Energy-flow

Z140kW at 2.3 mA

—

Peter-Raymond Kettle

June 21st, 2016

Future Muon Sources Workshop —

D. vom

For 500 mm Bore can already efficiently transport
allmuons withB=1.5T

Like-polarities give axial field continuity in gap
The smaller the gap the better the transmission
High cloud muon content — also a decay-channel!

Further considerations — thermal induction from particleg

interactions - 140 kW propagated
mainly in the forward direction
(72% p, 21% n, 5% v, 2% )

Requires heavy shielding inside solenoid

Univ. of Huddersfield 2015

Bruch, Mu3e
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High Intensity Muon Beamliné%@/

Study continues - Spin-off B,

b |
: . < e BN > Osgy .
Also extensively studied Target E for HiIMB as a normalization/validation %:% ;"

BUT ALSO looked at muon yield enhancement possibilities

Surface muon yield from a target is not only governed by the it Stop Density & u range but also by the
surface volume selected by the AP of the channel. We have studied various possibilities to increase this
surface volume ’ A . and have a new design principle
for Target E which ' y g we are also optimizing

Enhancement of 50% for 90° extraction
Normalized Relative Muon Yield vs. Atomic Number Z wrt o/ f b |\ d
Graphite Os 20% for backward extraction
Ni St Cartioh Tes Maintains the proton beam properties
Rh Relative Surface Muon f\

Ve _ 'K-;::msumumuon ]( Further 10% Enhancement by going to lower Z material
\ gain from the 1/Z?/ behaviour of Yield for an equivalent

Relative Muon Yield wrt Graphite

I[ ,( \ thickness target
x N ,,.wv“"\] \\ => Boron Carbide B,C or Beryllium Carbide Be,C

%w%w \ |f realizable the full enhancement factor would be

A

equivalent to raising
30 a0 50 60 70 80 90 i
Atomic Number Z _ proton current to 3-3.5 mA (backward/side beams)

Peter-Raymond Kettle Future Muon Sources Workshop — Univ. of Huddersfield 2015
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Peripherals

e

//////,.

e

AN

 Readout boards along beam pipe
« Cabling, flex prints along beam pipe

e No material outside of detector

June 21st, 2016 D. vom Bruch, Mu3e
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Mupix Electronics /3@/

Pixel Periphery o

Sensor CSA source —

P \} i

s

Readout
= e / >
: Comparator
= une
Injection DAC ——~ [
_|threshold
4 ;
amplification AC coupling digital output
via CR filter (ToT)
integrate drive high C
charge of signal line | |
set individual
threshold
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Fast Data Transfer /3@/

RAM * Direct Memory Access to main
memory

PCle « Copy to GPU memory

« At 1.5 GB/s: measured bit
error rate

< 4 x 10-16

00
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Multiple Scattering Fit

2 2
2_CPMS+ Qs
2 2

GMS GMS

* Ignore hit uncertainty

» Describe track as sequence
of hit triplets

« Multiple scattering at
middle hit of triplet

)?12 « Minimize x2

%01 « R, from fit
. « Sign of R,y —track
curvature
v4 « Cut on fit success and

June 21st, 2016 D. vom Bruch, Mu3e 6l




Performance

Fits / s 2x10’ 3x10’
Fits / s 9.7x10° 1.6x10%°

Total 2x10%°
After 50 4x108
geometrial
selection
After multiple 2 2x10°
scattering fit
After 2.5 8x10’
propagation
to 4™ layer

Pictures: pcmag.com, nvidia.com @ 108 H/S: 0(10) DAQ computers are
sufficient
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