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nu'—e‘e’e” & the Mude experiment

Detecting up*—e*e’e” for muon decay at
rest:

DC muons DC muons Pulsed mvons
3 particle decay Clear cignal Only one particle

N / N
» = S

| N
v § .
=> Common vertex -  Mono-energetic e and y => Mono-energetic e
=> Time coincident =>  back-back coincidence => No coincidence
> D>E= m,
> 2p=0



nu'—e‘e’e” & the Mude experiment

M
Detecting p*—e*e’e” for muon decay at rest — Backgrounds

be muiyng Internal convercion Accidental backgrovnd

3 particle decay
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Michel decay positrons +
electron from:

-> Common vertex (d  Bhabha scattering
=> Time coincident A Photon conversion
_ (4  Misreconstruction
2> JYE=m
_ M
> 2p0 e’e’e mass

Our detector needs:

> Excellent momentum resolution
>  Good time and vertex resolution
> High rate capability



Mu3e conceptual design

Target E
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————— pBeam Target 6
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The Compact Muon Beamline

. Im

Beam Commissioning Comparison

Rates Collimator QSM41 Mu3e IS ,H?i
2021 | 211108 pF/s | 1.2 108 /s | 476 107 uT /s —
2022 | 247 10% pt/s | 1.810% uT/s | 7.46 107 uT/s

[ 2.3 mA 600 MeV proton beam from HIPA at PSI
QA 108 u'/s (DC) at the TES5 area

Table: All rates are normalised to 2.4 mA.

(A Stopped on a thin Mylar target
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Mu3e conceptual design

Look for 2 e+ and 1 e- helical

tracks with a common vertex

Inner pixel layers : :
N\
_

e
———— uBeam Target
S

]

Scintillating fibres ﬁ

\ 7
Outer pixel layers

I T uniform magnetic field

2 layer vertex detector

2 outer pixel Iayers — 3 hits to start a track see our dedicated fast track fitter: https:/arxiv.org/abs/1606.04990
Fibre detector for the track direction, i.e. differentiate e+ from e-

[Ny
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Mu3e conceptual design

A Recurl trackingstation to accept more half turn tracks for optimal momentum resolution
A Tile detector for optimal timing (<100 ps)

40 cm Lock for 2 e+ and 1 e- helical

tracks with a common vertex

Recurl pixel layers
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Scintillator tiles

Inner pixel layers
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Mu3e conceptual design

A Recurl trackingstation to accept more half turn track for optimal momentum resolution

A Tile detector for optimal timing (<100 ps)
40 cm

Recurl pixel layers

Scintillator tiles
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In the MS dominated regime, a ok K
half-turn  spectrometer provides sk 9
optimal momentum resolution | Lt
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Mude Detectors

A decade of detector development
and test beams

Lightweight pixel tracker build from
High-Voltage Monolithic Active Pixel Sensors (HV-MAPS) called MuPix

Commercial HV-CMOS process
Fast Charge collection

Integrated analogue and digital RO
Can be thinned to 50 pm
256x250 pixels

C'once,bt

oo odd

https://arxiv.org/abs/1603.08751
https://arxiv.org/abs/2002.07253
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Mude Detectors

x

Lightweight pixel tracker build from 2,
High Voltage Monolithic Active Pixel Sensors (HV-MAPS) called MuPix Q‘/}o
“% Xo 8 e : | (’f"' 42%;?
., e i
Ladders from 50 um of Si, ” i : %,
1 4&
25 um of Alu/Kapton flex, and Cofvmide Ho! Vertex tracker
25 pum of kapton support. 05
— ca.0.1% of a radiation length! (Dﬂsattien%‘,:(')s;rmn;olgaggd)\
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Mylar foil

Electrical connections

2 vertex layers

3 * 2 outer layers

174 ladders

2844 2x2 cm? MuPiX chips

3060 1.25 Gb/s data links

50 g/s, |0m/s 5kW gaseous helium cooling

Pixel ladders
carrying sensor chips

Detector mount—" Endring

(fixed)

+ HV & power



https://archiv.ub.uni-heidelberg.de/volltextserver/31602/

Mude Detectors

Timing detectors
[ 12 ribbon - 3 layer scintillating fibre detector surrounding the vertex detector
[ Highly granular tile detector under the recurl stations ~ Fimbon M5-Black

1000

Events

Operate fibre detector < p.e. ao0L

600—

ao0]- |
[ —— o,= 462ps, 0, = 1483 ps
200 — FWHM/2.35= 443 ps

il J‘J.‘v‘\.\guummu
372 4 o0 1 2 '3

4
tleﬁ - tnght [ns]

N

All fibre and pixel modules are
spring loaded to compensate for
thermal expansions.

Both detectors use a custom
readout chip called MuTriz

-

-

6272 tiles with plenty of light
give us ca. 70 ps time
resolution




e+

e+
Recurl pixel layers
A I T B
Scintillator tiles Inner pixel layers
gt Target ¢
Scintillating fibres
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Outer pixel layers
e-
2844 Pixel Sensors 96 MuTRIG ASICs from Fibre 182 MuTRIG
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Reminder: the Mu3e event topology does not allow for a RO
trigger, every e* track could potentially be part of a
p*—e*e’e event. Only the kinematics of the combined final
state positrons/electron gives us an event selection criteria.

Mu3e = lightweight and Fast Michel electron tracker + high
throughput online reconstruction & celection DAQ system

ASICs from Tiles

(3ubew apisul)
pua-1u0.4

up to 45 2
1.25Gbit/slinks -] -
4
FPGA FPGA | 88FPGAs | FPGA FPGA | 12FPGAs | FPGA FPGA | 14FPGAs | FPGA
One 6 Ghit/s
link each |
Switching Switching Switching Switching|
Board Board Board Board
2-810 Ghit/s
links per I ] T |
Switching | |
Board =l =l
61 GPU GPU GPU |
6lnputs | pe PC 12pCs | PC
each |
| | | -
Gbit Ethemet I
Data Mass
Collection Storage

Server

Streaming DAQ
Network of FPGA's and optical connections
Collect time slices of the full detector on a single PC
Online reconstruction and event selection on a GPUs
Write selected events to disk at max 100 MB/s (up to
100x reduction)
13



e+

e+
Recurl pixel layers
RN NN RN NN .
Scintiliator tias ner pivel ayers Reminder: the Mu3e event topology does not allow for a RO
. trigger, every Michel electron could also be part of a
s # p*—e*e’e event. Only the kinematics of the combined final
Scinllsting fibres state positrons/electron gives us an event selection criteria.
CCTIT I I TIIT] EEEENEENEEENEEEN
Outer pixellayers Mu3e = lightweight and fast Michel electron tracker + high
Custom FPGA board . ) )
e- throughput onfine reconstruction & selection DAQ system
2844 Pixel Sensors 96 MuTRIG A RIG ASICs from Tiles The Mu3e Data Acquisition:
| = - .
5 arXiv:2010.15648v2
% -3" Mu3e DAQ integration:
e P P B g zr Poster Marius Képpel
125Gbit/slinks <] I \ o 39
l \ 3
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One 6 Gbit/s I i
link each Crate controllers integrated
—I ol in the MIDAS (Slow Control)
Switching Switching| Switching LHCb board System
Board Board Board
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|ir!|<spelrS [ } [ Streaming DAQ
Suitching ||| | | || | O Network of FPGA's and optical connections
l|—||| |l|—||| il , i ,
16inputs | &Y S A Collect time slices of the full detector on a single PC
exch | PC P (A Online reconstruction and event selection on a GPUs
| A Write selected events to disk at max 100 MB/s (up to
Ghit Ethemet .
l 100x reduction)
Datg Mass
Filter farm Cosllgenc,g?n Storege For data collection, configuration, monitoring, slow control, ... 14
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The Mu3e Phase | detector can achieve a 2:10°'° SES on p*—e’e'e

Nuclear Inst. and Methods in Physics Research, A 1014 (2021) 165679

Contents lists available at ScienceDirect

Nuclear Inst. and Methods in Physics Research, A

journal homepage: www.elsevier.com/locate/nima

Technical design of the phase I Mu3e experiment

K. Arndt®', H. Augustin”, P. Baesso°, N. Berger ¢, F. Berg ©, C. Betancourt ', D. Bortoletto?,
A. Bravar?, K. Briggl %, D. vom Bruch ?-%, A. Buonaura ¢, F. Cadoux ¢, C. Chavez Barajas”,
v ~ e s
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Mu3e Phase | Simulation

Mu3e Phase | Simulation
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1 dot: 1 event per 1015 1 stops
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110
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M > eeevv
[

Based on full Monte Carlo simulation of the experiment, an analytical track fitter, and a lot of
detector R&D, we claim that:
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https://arxiv.org/abs/2009.11690

Mude detector construction & commissioning

All sensors/components work to specs
— We have to build a very compact/complex detector ( + services + DAQ )

Detailed CAD

PCB design, firmware
development, GPU programming,

=

Mockup and ascembly

exercices




Mude detector construction & commissioning

Demonstrator vertex & SciFi detector: 2022 and 2021 commissioning runs @ PSI

6 MuPix chip L1 ladders
h ™

Scintillator paddles for
diagnostics with cosmic muons

Front-end boards-Qfig
detector cage =

\ "/ﬁe\ﬂnagnhyet d

. With operatmnal vertex/%detector
‘Front- énd board RO , :

-/Heliu coolingt g




Mude detector construction & commissioning

Demonstrator vertex & SciFi detector: 2022 and 2021 commissioning runs @PSI

140

120F

1001

w »~ U

80|

N

Layer 1 (chipID)

60

4of

o B

20

oBc et b e [ b e b
—2000-1500-1000 -500 0 500 1000 1500 2000 1@?00]
AT [ns]

Layer 0 (chipID)

EI Ul for Mu3e

@  QC testing
Services O .
SciFi ]-’ Front-end RO

Front-end RO

& Martin Mille
B 78 October 2022 16:41
® WHGA / Foyer and Tent (PSI)

]\‘ DAQ Analysis
- o nasis |




Mude services

Inside a 2.7mx | m magnet bore

Partition type

Total Power including )

(ASIC) DC-DC losses [W]
/Pixel(MuPr)
layer 1 102
Power hungry layer 2 128
Detector ASICS, layer 3 2660
e.g. 182M active pixels layer 4 3230
Fibre(MuTRIG) 153
\ Tile(MUTRIG) / 291
120 FPGAs Front-end board 2800
Total

9370
/

>

Ca. 10 kW power in

— 10 kW power out

19



Mude services

Inside a 2.7mx | m magnet bore

Partition type Total Power including )
(ASIC) DC-DC losses [W]
(Pixel(MuPr) )
layer 1 102
Power hungry layer 2 128 Ca. 10 kW power in
Detector ASICS, layer 3 2660 >
ive pi 1 4 3230
e.g. 182M active pixels ayer — 10 kW power out
Fibre(MuTRIG) 153
\ Tile(MUTRIG) / 291
120 FPGAs Front-end board 2800
Total 9370 Y,
4 \\xe\es\\gi\\\b\yg
Power distribution system with powerful custom e

. . (\" \\\\‘5 ‘Oa\ W

DC-DC converters that work in a | T magnetic field g
< Wit u\“\ﬂ

(7 " Al

S

W on®
e i

20




Mude services

Inside a 2.7mx | m magnet bore

Partition type

Total Power including )

(ASIC) DC-DC losses [W]
/Pixel(MuPr)
layer 1 102
Power hungry layer 2 128
Detector ASICS, layer 3 2660
e.g. 182M active pixels layer 4 3230
Fibre(MuTRIG) 153
\ Tile(MUTRIG) / 291
120 FPGAs Front-end board 2800
Total 9370

Ca. 10 kW power in

>

— 10 kW power out

50% Liquid cooling _

50% Gaseous helium cooling

21



Mude services

&,
. . . . 7.
250 mW/cm? MuPix chips — Novel 50 g/s, 5 kW helium cooling system acg, o4,
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é e
/N
2 g/s operated of \@
3 months this spring )@ ulati
= simulation
yumy g | >
; r 10 m/s v bk
y _.measementmgg
- : — . 70
?z;;ls 1 ' fIhllt'|>g/s "
' 0.3 m3/S . S i - beam
055],' flush i f / 'T]Zégg/ss
r 7 )
Pixel detector
: 15 22



Mu3e phase I
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10® muon stops/s
13.0% signal efficiency

Mu3e Phase |

SINDRUM 1988

BR(u — eee)
=

Run at the mE5 CMBL

Reach 2 x 107> S.E.S in 400 days
First detector installation in 2023
Infrastructure installation in next 1.5 years -

Commissioning in 2024-2025 oxt0 T AN
First physics data taking in 2025-2026 T

Data taking days

10713

T T T

95% C.L.
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Power and RO Qéo(,z‘

infrastructure
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outer pixel modules

First pixel, fibre,

and tile modules
4+—>

=== [Muon & Pion Experiments|

scale helium system

=~ ==

]

[ 2023 I 2024 I 2025 I 2026 I 2027 I 2028 I 2029
Cosmic data A lot of beam,
[ detector integration  Bep,, / PHYSICS! Long shutdown,

commicsioning

HIMB construction
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Mu3e phase I

Run at the mE5 CMBL

Reach 2 x 107> S.E.S in 400 days

First detector installation in 2023
Infrastructure installation in next 1.5 years
Commissioning in 2024-2025

First physics data taking in 2025-2026
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10® muon stops/s
13.0% signal efficiency
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SINDRUM 1988
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10713

T T T
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(9]
m
(7))

107"

£ " 90% C.L.
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T R R
300 400
Data taking days

2o,
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Power and RO
infrastructure

First pixel, fibre,

and tile modules
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scale helium system
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d

Mu3e Phase 1l

[ 2023 I 2024 I 2025 I 2026 I 2027 I 2028 I 2029 ]
Cosmic data A lot of beam,
[ detector integration  Bep,, / PHYSICS! Long shutdown,

commicsioning

HIMB construction
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partici racking p=28 MeVic.

Mu3e phase II = SE.S. of 107° il

moderator
p=(16£4) MeV|

p-stop target T

-10 -0 00 05 10 1s

’\10711

J) 8
@ Mu3e Phase | 10° muon stops/s 9
* 13.0% signal efficiency - >1 O ”'/S on target from HIMB
B e o e B B A B A i
3.%10 SINDRUM 1988 B
%0-6} i
= it 102
ool S osl Phase | conﬁglnu
E o it .0
N SEL T 0.4 ,ll & &‘3 10
r % C.L. E 8 hits " o
101 = SES 03 l it ,“I E
- : 90% C.L. g £ 1010
2x 10" of T e &
0= v L L L _ "
0 100 200 300 400 o " 10
Data taking days o ‘ ‘ ‘ |
I Y 101 102 103 104 105 106

P, [MeV/c] e*e'e* mass (MeV/c?)

Accepting >10° muon per second on target comes with challenges
Q  Getting >10° muons per second on target
Q  Processing >10? muons per second
— Many DAQ components have phase Il capabilities
(d  Raw bandwidth
Q  10° fits per second per GPU
(A Needs fast & granular pixel detectors to reduce
combinatorics with time and vertex cuts.

(A Maintain or even improve Momentum resolution to deal

with internal conversion background theve ic another entive falk about ... p+—>e +y—>e toter \

1 Smarter selection cuts to deal with combinatorics . .
with y-conversion layer

Mu3e beyond p*—e’e’e’ ..
N M —e” + exotic particle
Snowmass paper 25
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Extra’s



KLOE 2013

% 1 E Al tracks: mec™
= E — m, =20 MeV
- — m, =45 MeV
2 — m,, =70 MeV
10k
o
107
Mu3e: Work in progress E
adapted from 1705.04265
N 1 Ll Lol L1 | ‘
) 1 ] I S ERES | YR ..
10 10" 1 . [Gev] 10 0% ""20 20 60 120
A m,, [MeV]

Other Exotic Physics with Mu3e

Familons

w Search for ™ — et X° decays

| Ex: Familon

(Goldstone boson from spontaneously broken
flavour symmetry, Wilczek, PRL 49 (1982) 1549)

BSM
poreX o x./SH
P»euu
o
p )

m Challenge: single-e events are not saved

® Histogramming on filter farm
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SKIT

Karlsruhe Institute of Technology

Slide A. PerreVoort

Mu3e Phase I SIM: 2.6x10"l stops
—t— TWIST 2014

=—f—Mu3e online reco. (ext.calib.)
== Mu3e online reco. (sim. calib.)

- Mu3e: Work in progress
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Mu3e (B=1 Tesla) Mu3e-gamma (B=2 Tesla)

timing converter
detectors

20 cm



Table 22.1
Efficiency of the various reconstruction and analysis steps.

Step Step efficiency Total efficiency
Muon stops 100% 100%
Geometrical acceptance, short tracks 38.1% 38.1%
Geometrical acceptance, long tracks 68.0% 25.9%
Short track reconstruction 89.5% 34.1%
Long track reconstruction® 67.2% 17.4%
Recurler rejection/Vertex fit convergence 99.4% 17.3%
Vertex fit y> < 15 91.3% 15.8%
CMS momentum < 4MeV /c 95.6% 15.1%
My 10w < 3MeV/c? or > 10MeV /c? 98.0% 14.9%
103MeV /c? < m,,, < 110MeV/c? 97.0% 14.4%
Timing 90.0% 13.0%

2Note that the efficiency of this step is quoted relative to the acceptance for long tracks.



DMA Transfer

DMA Transfer

GPU

Triplet ft

Y

Matching and f tting layer 4

positive tracks ¢ ¢ negative tracks
Track combinations
Vertex selection
Selection decision

Selected frames

MIDAS data collection

31



High Rate & Continuous Readout

MuPix ‘
Pixel eachpixel } Periphery .~ eachpixel  State Machine Maximum readout rate is
sensor CSA . 2= VCO 33 Mhits/s per link
| ' g——; readout &
' | | | x £ : | state PLL
[T 1] ol - | ——linkA
= =L E I —link B
s E —{ 2:(/: l?jI;r — serializer I link C
injection ’ tune ~. e
) threshold ~ DACs s
¢ MUX |——-1j
amplification : link D
Lnt::?ézte /[\ line driveé f;;zg;'d ASK ’ ’_glig tal output . . .
: S serial link 1.25 -1.6 Gbit/s
MuPix8 . :
sensor periphery & SM eye diagram

MuPix series is the first monolithic pixel sensor with continuous sampling and readout!
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Inner pixel layers Outer pixel layers Scintillating fibres Scintillating tiles
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