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» Standard Model branching ratio 5 10->

\ e * Mu3e aims for a single event sensitivity
"‘ of 1¢10-'¢ (Phase II)
\ of 2¢10-'> (Phase | = this talk)
J, — Search for new physics
e — Previous limit 1 ¢10-'2 (SINDRUM, 1988)
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Signal: et
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Background:

Internal conversion Combinatorial

* Allowed p—eee
* Vseataway Eand p

* Michel decay + Bhabha
scattering (beam or decay e*)

* Michel decay + ...

* Misreconstructed tracks
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Detector design

DC beam

Good timing resolution

Low material budget detector
Good vertex reconstruction
Good momentum resolution

Background:

Internal conversion

* Allowed p—eee
* Vseataway Eand p

Frederik Wauters, NuFact2018

Combinatorial

* Michel decay + Bhabha
scattering (beam or decay e*)

* Michel decay + ...

* Misreconstructed tracks
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Recurl tracker with good vertex resolution and
excellent momentum resolution over a large

energy range

50 MeV/c

The Mu3e detector concept

25 MeV/c

Detector design

DC beam
Good timing resolution

Low material budget detector
Good vertex reconstruction
Good momentum resolution

Frederik Wauters, NuFact2018

U decay at rest

* As thin as possible
pixel detector

 Still Multiple
Scattering dominated
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The Mu3e detector concept

Recurl tracker with good vertex resolution and
excellent momentum resolution over a large
energy range

50 MeV/c 25 MeV/c

Frederik Wauters, NuFact2018

Detector design

DC beam

Good timing resolution
Low material budget detector
Good vertex reconstruction
Good momentum resolution

* As thin as possible
pixel detector

 Still Multiple
Scattering dominated
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Getting our muons

PAUL SCHERRER INSTITUT
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Getting our muons

Separator

Quadrupole
Triplet \!

Extraction
dipole

Target E

Quadrupole
Split Triplet

Front of mE5 area
i ol * High p* rate
* Limited space available

Access

walkway Infrastructure

platform |

Controlled
access door

Wty

TargetE

Detector control

’ and filter farm Existting nEs
barracks 'ont access
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Getting our muons

Separator Scan
& 5000 [~
3]
oc B "
2 4000 €am €
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€ 3000 [ beam
2
T Extraction
A dipole
! | i
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Separator DAC value Target E

<"

Front of nE5 area

* High u*rate

Limited space available
| o108 /s

Desiani et

Building an experiment

Detector control
and filter farm
barracks

Existing mE5
front access
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The Mu3e detector

~108 /s from the
muehn beam

ME5 beamline at PSI meen Cone shaped thin target

— well defined vertices,
spread out in z

Frederik Wauters, NuFact2018 /I@



The Mu3e detector

outer pixel layers

e e
e
s s e s
e o e
W
A
Ly

1 T magnetic field 2 x double layer of Si pixel detectors
Each layer is < 0.1 % of a radiation length
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The Mu3e detector

— outer pixel layers |

scintillating 4= Sty
fibres |

1 T magnetic field
Scintillating fibers as a thin, fast timing detector

Frederik Wauters, NuFact2018 /I@



The Mu3e detector

'z S 400
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3 7:_ 300
3 *  Timing detectors
t reduce track multiplicity
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Recurl stations optimize
momentum resolution, minimizing
sensitivity to multiple scattering

Scintillating tiles yield optimal
timing resolution
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The Mu3e detector

What Mu3e can do according to the Monte Carlo

Mu3e Phase |
10"° muon stops at 10° muons/s |1 — €ee
e, ¢ 12
at 10
L — eeevv . U — eee
- at 107
st B '4 : l’L — eee
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Mo [MeV/c?]
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Pixel detector

Mu3e Pixel detector:

Hi _ . . teg’“at
. igh Voltage Monolithic Active Pixel Sensors (HV-MAPS) e

* Fast charge collection with HV = -85V
* Readout and logic on chip
* analogue part in pixel
» digital part in periphery
* Thinned to 50 pm
* Pixel size: 80 x 80 ym
* 2x2cmchip
e 1.25 Gb/s LVDS readout I. Peric et al., NIMA 731, 131 (2008)

Frederik Wauters, NuFact2018 /I@



Pixel detector

Mu3e Pixel detector:

Hi _ . . teg’“at
. igh Voltage Monolithic Active Pixel Sensors (HV-MAPS) e

* Fast charge collection with HV = -85V
* Readout and logic on chip
* analogue part in pixel
» digital part in periphery
* Thinned to 50 pm
* Pixel size: 80 x 80 ym
* 2x2cmchip
e 1.25 Gb/s LVDS readout I. Peric et al., NIMA 731, 131 (2008)

MuPix Sensors

-
—

<«
Mupix 7: Mupix 8:
e  3x3 mm *  |9%I10 mm
e 50 um n ¢ 20->80 Qcm
=l 0 > 99%eff S + final design
=1 - all features 25 decisions
§' of final sensor B

RSN --iv: 503.0158]
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Pixel detector

Mu3e Pixel detector:

Telescope test-beam campaigns

8000
nxmi

MAINZER MIKROTRON 5000
4000¢

3000;—

-10 0 10 20 30
Trigger ts - hit time [8ns]

(K=]
) EERERRE
o

R 2

% 0.093

2 B .2 * (sub-pixel) efficiency

3 . . . .

T M. © optimizing settings
3 ~ e ¢ timing measurements

05 ®  rate scans
irradiation

4 v - 3 20 40 60 80 100 120 140 160 180 200 arXIV.I8030|58|

column direction [um]
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Pixel detector

2X2 cm Pixel tracker
MuPix chip

. . 5 Overlap
Mupix sensor S0pm MuPix chips, 20 x 23 mm
Interposer
4 HDI ~100pm
[ 3
4mm
W polyimide 15um

Endpiece

mechanical desigh - prototypes

~ 0.1 % radiation length total

>
>

>

50 um sensor

glue to Al/Kapton flat cable (HDI)
for all electrical connections

Kapton support structure with ducts

for He cooling »
T 250-400 mW/cm?

— He gas cooling
Frederik Wauters, NuFact2018




Timing detectors

____ &cintillating
0 tiles

——— <
\jnﬁllaﬁng/ =N
fibres '5'\';

e Excellent timing
e 350 ps < 500 ps (fibres)
e 70 ps < 100 ps (tiles) ‘
* Fibres: thin - light yield > T .
single photon threshold Birsoflr ﬁgw“\ .
« SiPM + custom readout chip Y
MuTrig (JINST 12 C01043
(2017) )
* 1.25 Gb/s serial readout

A
W

# Entries

sl b b b Lo |

0 Time Difference [ps]
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2844 Pixel Sensors

3072 Fibre Readout Channels

() T

6272 Tiles

—

//

FPGA

14 FPGAs

F_/

FPGA

J

e - - L~ - -
1.25 Gbit/s links =] “ “1 “ “
FPGA FPGA | 86FPGAs | FPGA EPGA | 12 FPGAS | FPGA
16 Gbit/s 3 layers of FPGA’s handling
link each th d t
€ data
Switching Switching
Board Board 5
, GPU filter farm for event
412 Gbit/s [ .
links per selection
Switching
Board = o
GPU GPU GPU
16 Inputs PC PC 12 PCs PC
each
Gbit Ethernet |
Data Mass
Collection Storage
Server
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up to 45
1.25 Gbit/s links

2844 Pixel Sensors 3072 Fibre Readout Channels 6272 Tiles

(] 00

FPGA | 86 FPGAs | FPGA FPGA | 12FPGAs | FPGA

(] [
T T

FPGA

-
T

14 FPGAs | FPGA

|.25 Gb/s differential serial data (LVDS )
| Zero suppressed continuous readout

FPGA
16 Ghit/s
link each
Switching Sw
Board
412 Gbit/s
links per
Switching
Board || [—|||
161 GPU GPU
6 Inputs PC PC
each
Gbit Ethernet
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2844 Pixel Sensors

s

up to 45
1.25 Gbit/s links

//

FPGA FPGA g 86 FPGAsj FPGA FPGA | 12 FPGAs

1 6 Ghit/s
link each

412 Gbit/s

links per

Switching
Board

16 Input
each

Gbit Ethel

ChC
ﬂ

3072 Fibre Readout Channels

-

Py

FPGA

6272 Tiles

—

//

FPGA

14 FPGAs

Frontend Board:

* ArriaV FPGA

* 6 to 36 LVDS inputs

* Sorting data

* | x 6.25 Gb/s optical link out (Firefly)

Frederik Wauters, NuFact2018
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2844 Pixel Sensors

=

up to 45 |- |~
1.25 Gbit/s links ] “
FPGA FPGA
1 6 Ghit/s
link each

Switching
Board
412 Gbhit/s
links per

86 FPGAs

3072 Fibre Readout Channels 6272 Tiles

li - —

=

FPGA

12 FPG

Switching|
Board

Switching
Board

Switching

Board

[Tl

GPU

16 Inputs PC

each

GPU
PC

Gbit Ethernet

I|m||| =

12 PCs

GPU
PC

Data
Collection
Server

Switching Board: \\
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Arial 0 FPGA

PCle board developed by LHCb
JINST C04018 (2015)

48 full duplex optical links
Transform subdetector slices
(space) to time-slices of the full
detector

4 x 10 Gb/s out to filter farm
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1200
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PhD D. Vom Bruch

histo

Entries

H Mean
RMS

¥2/ ndt
Constant

Mean -0.01068 +0.00355
Sigma 0.2314 +0.0037

7603
-0.02629
0.8089
40.6/6
1065 +18.8

307

Filter farm:

« 100 Gb/s — <100 MB/s

 Arrial0 FPGA on commercial PCle board
+ =2GTX 1080 GPU

=+ Process 20 10% (50 ns) time slices per

second
|. Track fitting (“Triplet Fit”
arXiv:1606.04990 )

600
400
200
N |L.LL,.M.LMJj.l.]\'.leu...l,L.|.L.|...
10 -8 6 -4 -2 0 2 4 6 8 10
true - estimated vertex position in z [mm]
| 1 [
Switching Switching Switching
Board Board Board
412 Gbit/s
links per | I
Switching
Board ] ] [
GPU GPU GPU
16 Inputs PC PC 12 PCs PC
each
Gbit Ethernet

2. Vertex fit

3. Histogram data

4. Send selected times slices off for
permanent storage

« 2 10° slices per second nominal rate

demonstrated — |12 PC’s
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2844 Pix
up to 45 |- |~
1.25 Gbit/flinks | “

FPGA FPGA |
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Switching Sw
Board
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Heidelberg + Mainz:
Vertical slice of
the readout
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I List of Mu3e Institutes

* Department of Physics at the University of Bristol (BRI)

* Department of Physics at the University Geneva (GVA)

* Kirchhoff Institute for Physics of the Ruprecht-Karls-Universitat Heidelberg (HD-KIP)

* Physics Institute of the Ruprecht-Karls-Universitat Heidelberg (HD-PI)

* Institute for Data Processing & Electronics of the Karlsruhe Institute of Technology (KIT)
* Department of Physics at the University of Liverpool (LIV)

* Department of Physics at the University College London (UCL)

* Institute for Nuclear Physics of the Johannes Gutenberg-Universitat Mainz (JGU)

* Department of Physics at the University of Oxford (OXF)

* Particle Physics Laboratory at the Paul Scherrer Institut (PSI), Villigen

* Department of Physics at the ETH Zurich (ETHZ) . /’,3&'
* Department of Physics at the University Zarich (UZH) Frederik Wauters, NuFact2018



Full mechanical design

_.|
R ut
P . Q:

Build a vertical slice of the detector

* fibres
* tiles
* pixels

and the entire readout

Ma negarriveg_/,




90% - CL bound

I

100 T T
m A
1021
A &
104
e M’
ﬂﬁ.
0 &
100t P 4
T (T
10—1“ |-
® u—3e A A.‘ A. .
A pPN—eN oA A MEG
& Ty S]NDRUIVI. .l )
A T3 SINDRUM IT
10 MEG plal
Mu3ePhasel (O
107 Mu3e Phase IT
Comet/Mu2e /\
T T T T
1940 1960 1980 2000 2020
Year
+ +,+,—
+ beyond u" - eTeve

=)
@

entries/dp, [a.u.]

=)
@

0.4

£ Michel spectrum
eX signal (my

60MeV)

10°108

Frederik Wauters, NuFact2018

Dark photon

is A. Pe rrevoort"""‘”“"‘”‘

Ol

Do ut - efete” toB.R. 10°/5
early 2020’s
300 days of beam time

o Scintillating

o ™\ tiles

Phase 2: u™ - etete™ to B.R. 106
Need 107 /s, needs HiMB! (= A. Papa on Friday)

Detector upgrade - 4
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Renormalisation-group improved analysis of ;1 — ¢ processes

in a systematic effective-field-theory approach

A. CRIVELLIN®', S. Davipson®?, G. M. PrRUNA®3 AND A. SIGNER%%?
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Acceptance

e dipole (A)

— Scalar (g1,g2)

e/ ector (g5,g6)

e dipole&vector (A,g3,94, no intf.)
e dipole&vector (A,g3,g4, constr. intf.)
= dipole&vector (A,g3,g4, destr. intf.)
m—— dipole&vector (A,g5,96, no intf.)
s dipole&vector (A,g5,g6, constr. intf.)

dipole&vector (A,g5,g6, destr. intf.)

Frederik Wauters, NuFact2018
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=4 ———
S 0.35 °
s S
0.25F
0.2 e
0.15F
0.1
0.05
T TS T
I
frac;(s feasf 7 Fecuﬁe -"@as! > Cur!erecudefs
T g
Step Step efficiency  Total efficiency
Muon stops 100% 100%,
Geometrical acceptance, short tracks 43.2% 43 .2%
Geometrical acceptance, long tracks 60.6% 26.2%
Short track reconstruction 89.9% 38.8%
Long track reconstruction 80.4% 21.0%
Vertex fit 08.6% 20.8Y%
Vertex fit 2 < 30 98.1% 20.4%
CMS momentum < 8 MeV /c 08.7% 20.1%
Timing 08.0% 19.7%

Table 21.1: Efficiency of the various reconstruction and analysis steps.



X3
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test-pulse
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integrate
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amplification
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threshold
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Ctatea Marhina

State Machine
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Pixel:

Digital part:
periphery

Frederik Wauters, NuFact2018



DMA Transfer

DMA Transfer

GPU

GPU memory

{

{

Triplet fit

Y

Matching and fitting layer 4

positive tracks \

rnegatiw:traclts

Track combinations

!

Vertex selection

Selection decision

Selected frames

MIDAS data collection




SciFi Readout — custom ASIC: MuTRIG

mixed mode, ~ 50 ps t-stamps

high impedance, opt. differential STiC3.1  MuTRIiG

done outlook

number of channels 64 32
S N | LVDS speed [Mbit/s] 160 1250
e[ ; event size [bit] 48 47
o —F: time mode - 26
cons (TP L L L1 eventrate / chip [MHz]  ~2.6 ~20
— — 7 s time mode - ~38
S| I event rate / ch [kHz] ~40 ~650
time mode - ~1200
Tiles: both Thresholds power per channel [mW] 35 35
Fibres: only Timing-Threshold Size [mm x mm] 5x5 9X9
and Energy-Flag
) PHYS L. Gerritzen  2018-0

“time mode”

Frederik Wauters, NuFact2018
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Invisible dark photons

1> eWA'is a four-body decay..

-

Shift to Michel spectrum

Can also come from detector
misalignment

Not really promising

Positron Momentum of Michel Decay

Mass m,,

Cenerated — 2MeV
- SMeV
— 10 MeV
--- 20 MeV
— 30 MeV
-+ 40 MeV
— 50 MeV
- 60 MeV
— 70 MeV
- 80 MeV
. |— 90 MeV
4+ ---100 MeV|

dN/N per IMeV

107"

I I.ALJ.J.I.LL|..I

1072

=)
b
1

50 60
p, [MeV]

=)
S
&
8

— Aligned

— Misaligned .A........ ....................... i

shift in z-direction

IIIIIIIIIIIIIIllllllllllllll

A NS 100 B DO O S A O e oSt o s o Sl B0 460644 100 0 D DA MO
A A S S 8 B A8 M — A esss B " S— ssssssssssrsssisproliasans -

: : : :
e e D e ] i Tttt L

Mass m,.

— 2 MeV

Reconstructed vy
— 10 MeV
== 20 MeV
- 30 MeV
== 40 MeV
— 50 MeV
60 MeV
— 70 MeV
- 80 MeV

dN/N per IMeV
T Trrrmm

T TIIIH]

— 90 MeV
---100 MeV

T I'HHI

&
w *
e
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O<mx<m -m
H e

Very large m,: positron does not have

enough momentum to be seen

Very low m,: “peak” sits on top of

Michel edge, more a shift -
have to be very careful not to
calibrate it away

m, of 25 to 95 MeV “easy”

Find other
means of =)
calibration

«— (Calibrate with Michel edge

IIII|*III|IIII|IIII

Frederik Wauters, NuFact2018
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Momentum resolution for short and long tracks

dN/N per 100 keV

0.2

0.18

0.16

0.14

0.12

0.1

0.08

0.06

0.04

0.02

Momentum Resolution

= FWHM(short tracks) = 4.3 MeV
= FWHM(long tracks) = 0.4 MeV
- R -AA_IL'— T P S——
5 =10 -5 0 5 10 15

p rec-p. MC [MeV]

Frederik Wauters, NuFact2018
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Momentum resolution short tracks. Momentum resolution long tracks.




Branching Fraction at 90% CL
= = = = = 3
(OO ~] =} h EEN 42

f—
<
o

And in comparison

Mu3e Phase [ SIM: 2.6x10"" 1 stops

g TWIST 2014

=—f—=Short tracks (ext.calib.) ==f== Short tracks (sim.calib.)

== [ong tracks (ext.calib.) ==fm= [ ong tracks (sim.calib.)
Full rec. (ext.calib.) mefe Full rec. (sum.calib.)

10 20 30 40 50 60 70 80 90
my [MeV]

O FETT
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Tubing system

C. Tormann

Cooling System for Mu3e
Frederik Wauters, NuFact2018

Flow channel

He flow speed

Cross-section

Volumetric Flow

ms—1 cm? 1073 m3s~1

Gap Ll/L2 10 12 12
Gap SciFi/L3 5 105 53
V-folds L3 20 0.7x24 x?2 20
Gap |_3/|_4 10 60 60
V-folds L3 20 0.7x28x?2 23
Total 238 168
22.03.2018 22 /20
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Scintillating Tiles Pixel Layers Scintillating Tiles
—_— -
water cooled beam pipe ) ( water cooled beam pipe
S
‘ ‘ SciFi - - |
— — 1
—— —"— —_—— —_—
— — — — —_— —
] I ]
- - - - - - - - - - - -

— —
[
. - - - - - - -
gaseous helium Pixel Layers
—_—

« Gaseous He cooling

o Low multiple Coulomb
scaftering He
o He more effective than air >
+ Global flow inside
Magnet volume ————— s
 Local flow for Tracker — | ———
o V-shapes He
o Outer surface o
400mW/cm? x 11376cm?

* In between layers
» Between SciFi and

layers

=4.5504 KW

26.02.2018 @3

® Dirk Wiedner Wengen 2018
Frederik Wauters, NuFact2018
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