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» Particle Physics (in 2024). ‘7 Y
- All particles in the Standard Model discovereo ’ WV
- Very few lab measurements in tension with SM ¢ > H
SM known to be incomplete: - &

Dark matter, baryon asymmetry,
gravity, hierarchy,...

* [ ooking for New Physics

Lepton Favour Violation: ——

Charged Lepton Flavour Violation:

31 Heavily suppressed in the SM (dm2,/Am2w)2 ||
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90% -CL bound

Best limits on LFV

PSI muon experiments
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New physiCs In u™ — etete

e |LOOp diagrams e [ree diagrams
- Supersymmetry - Higgs triplet models
Little Higgs models - Extra heavy vector bosons (/)
- Seesaw models - Extra dimensions

- GUT models (leptoquarks) (Kaluza-Klein tower)
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ut — etete-signal and background

e Signal

Common vertex

X0

e Intermal Conversion

Common vertex
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— momentum
and total energy resolution

e Combinatorial

- No common vertex

— tme
and vertex resolution,
kinematic reconstruction
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Experiment idea

Muons decay at rest in target e Scintillating Fibres to

et/e- Start propagating in

magnetic fie

two Si pixel
detector

two more Si
tracking

differentiate et from e-

d e Recurl tracking stations for

ayers vertex optimal momentum resolution

e Scintillating Tiles for optimal

Nixel layers and timing resolution

Recurl pixel layers
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Experimental challenges

- multiple Coulomb scattering — ultra-thin tracking layers

- high particles rates — highly granular detectors and fast online

reconstruction

- compact design — high integration level (sensors, readout ASICs)

= |[nnovative lechnologies:

- High Voltage Monolit

- Ultra-thin pixel modu
(~30 um)

Nic Active Pixel Sensors (HV-MAPS) for tracking

es (0.19% X/Xo) and excellent spatial resolution

- MuTRIG readout ASIC for timing detectors with ~30 ps time

resolution

- Online filter farm ased on Graphical Processing Units (2.3 x 106

frames/s)
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Mu3e Collaboration
e

Germany: University Heidelberg (KIP), University Heidelberg (Pl),
Karlsruhe Institute of Technology, University Mainz

n Switzerland: University of Geneva, Paul Scherrer Institute, ETH
Zurich, University Zurich, [University of Applied Sciences Northwestern
Switzerland] (associated partner)

N L

raln United Kingdom: Bristol University, Liverpool University, Oxford
University, UC London

~85 members (~20 PhD students)
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Beam Pipe

Recurl Outer Pixel Tracker

Central Outer Pixel Tracker
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Scintillating Fibre Detector

Mylar Muon Stopping Target

Inner Pixel Tracker Scintillating Tile Detector
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Muon beam

Recurl pixel layers
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Scintillator tiles

Inner pixel layers : :
\
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Outer pixel layers
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Muon beam

Separator

[ SES O]( 10'15 (PhaSe |) Qua'd\'\u‘:(‘)‘\e \4 Qu;?;:;e;ﬁ\e
— intensity frontier '
and continuous beam line

Dipoles

roton bea
Quadrupole /S p ‘
€Xtupole Channel ‘
\
\

Extraction
dipole

Dipoles
Target E

1
1
\
v

o HIPA accelerator
at Paul Scherrer Institute
(PSl) in Switzerland

2.2 mMA protons at 590 MeV (1.5 MW)

e \WNorld’'s most intense muon beam:

Quadrupole
Split Triplet

L ow momentum muons ~28 MeV/
=5 beamline shared with MEG |
108 u/s stopped on MuGe target
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Stopping target and magnet

Recurl pixel layers
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Stopping target and magnet

e [arget
(7O um thick, 100 mm long, 19 mm radius):

Hollow: material budget traversed
oy decay particles minimized

Double-cone: decay vertices spread
out In the longitudinal direction

Mylar: high stopping power

e Magnet
HomMogeneous, stable solenoidal
superconducting magnet of 1 T

Precise momentum reconstruction with recurlers

Guides beam to target

Delivered at PSI and operational

15 P. Beltrame, UoL - Mu3e Coll.
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Pixel Detector

| Recurl pixel layers / ~ I

Scintillator tiles I Inner pixel layers I
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Pixel Detector

Ladder
Module
Layer ——_—_—I
Inner pixel layers I
m Target $
I |

Scintillating fibres

\

\ // Outer pixel layers

Mod UD

of 4 |ladders

Half-s
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Pixel Detector

Ladder

Module

&, Layer
.. I Inner pixel layers I

m Target $
7
| ; |

Scintillating fibres

84 pixel 86 pixel 86 pixel

\

\ // Outer pixel layers -

Mod UD

of 4 |ladders

20.00 mm

I
Half-s

ells i /20.66 mm
4 or5 IW
________________________ MUuPIX: High Voltage Monolithic Active Pixel

............................ Sensors, pixels and the detector electronics are

integrated into the same chip
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Pixel Detector: mechanics

Layer 1 2 3
number of modules 2 2 6
number of ladders 8 10 24
number of MuPx sensors per ladder 6 6 17
instrumented length [mm] 124.7 124.7 351.9
minimum radius [mm] 23.3 29.8 73.9

&, Layer
=N

Lightweight pixel tracker for vertex identification

and momenta measurement

Arranged In three stations
(central, upstream, downstream)

Minimal material budget (~1%o X/X0)
50 g/s 5 kW gaseous helium cooling

Detector mount
(floating, spring Ioaded)\ ’
-

Pixel ladders
carrying sensor chips

Detector mount—" Endring

(fixed)

P. Beltrame, UoL - Mu3e Coll.
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(HV-IMAPS

Collect ionisation charge mainly via drift,
time resolutions O(Ns)

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

Amplifier electronics inside the deep n-well

Reverse biasing (= 60 V),
— depletion zone ~30-40 um

Thinned to ~50 um (~0.05% X/Xo)

Particle

200x2006 Pixels

sensor dimensions [mm?] <21 x 23
sensor size (active) [mm?] ~ 20 x 20
‘—<]% ’_<]% ’_<]% ’_<]% thickness [pm)] < 50
N . N N spatial resolution pm < 30
time resolution [ns] < 20
i i i i hit efficiency [%] > 99
analogue signal transmissior/\_ #LVDS links (inner layers) 1 (3)
bandwidth per link [Gbit/s] > 1.25
' ' ' ' power density of sensors [mW /cm?] < 350
operation temperature range [°C] 0 to 70
Ehr. Digi Ehr. Digi Ehr. Dig! Ehr. Pl
llT;!?Bigi llT;!?_Digi llT;[h>5igi II'_|;Ih>5igi
e e = S - 18 P. Beltrame, UoL - Mu3e Col,
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Time Sensor: Sci Fi

Recurl pixel layers
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Scintillator tiles Inner pixel layers
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Outer pixel layers

e —
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o Suppress combinatorial background
and enapble charge identification

- 3 layers of 250 um staggered fibres

SciFi super-module

12 long fibre riblbons covering 4t
1 ribbon = 720 um thick, 0.2% XXo
- 250 ps time resolution :

- Liquid cooling (SilOil, -20°) through
the Cooling Ring (CR).

e Each ribbon has SIPM arrays
at its ends and dedicated ASIC

e 250 channels per ribbon,
3072 for SciF

20 P. Beltrame, UoL - Mu3e Coll.



Time Sensor: Sci Tiles
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Recurl pixel layers ™~

Scintillator tiles

Inner pixel layers

—————F MBeam Target

Outer pixel layers

21
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Time Sensor: Sci Tiles

e No tight space constraints on detector volume

Cylindric, at recurling stations,
internally to the outer pixel detector

- Highly segmented (6 x 6 x 5 mm?) in ~Bk tiles

- Individually wrapped in ESR foil to minimize crosstalk

- Efficiency > 99%, time resolution ~40 ps
o Readout with SIPM and dedicated ASIC

e Extensively tested in demonstrator modules
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Data Acquisition System

)
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t
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o
=
1.25 Gbit/s =
LVDS links o
=
@
~+

6.25 Gbit/s
Optical links l I ‘

Switching Board Switching Board Switching Board Switching Board

No Triggers before Online Event

10 Gbit/s
output link
per board

101 Gbit/s in total

Selection
|
Ethernet I
100 Mbit/s after Online Event Selection Co'ﬂ:?t'ion :ltiizge
Server
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Data Acquisition System

1.25 Gbit/s
LVDS links

6.25 Gbit/s

Ben Jo1d9120

€114 x FEB (Arria V)
pixels, fibres and tiles
LVDS to optical links

Optical links ‘ ‘

Switching Board Switching Board

10 Gbit/s

Switching Board Switching Board

output link

per board

101 Gbit/s in total

No Triggers before Online Event

Ethernet
100 Mbit/s after Online Event Selection

23

Selection
Data Mass
Collection Storage
Server
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Data Acquisition System

i o

C

e

D

a

o
1.25 Gbit/s Z e
LVDS links ‘g . -

€114 x FEB (Arria V)

pixels, fibres and tiles
LVDS to optical links

6.25 Gbit/s |
Optical links

Switching Board Switching Board Switching Board Switch & 7 E .. |
e, “’5’; o g .t i
ot i 4 x Switching board (LHCb PCle40, Arria 10)
per board ‘ [ [ merge and sort data streams
s GPU GPU No Triggers before Online Event
101 Gbit/s in total PC PC 12 PCs PC Sooure
I' 1 1
Ethernet I
100 Mbit/s after Online Event Selection Co?u:f;ation g’ltzsrzge
Server
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Data Acquisition System
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1.25 Gbit/s =
LVDS links o

¢ 14 X FEB (Ama \/)
pixels, fibres and tiles
LVDS to optical links

6.25 Gbit/s |
Optical links

Switching Board Swutchlng Board Switching Board

4 x Switching board (I_HGb PCle40, Arria 10)

10 Gbit/s
output link
per board 1l merge and sort data streams

U No Triggers before Online Event

101 Ghit/s in total .) DPrec

| Selecti
Chain of 12 x Recewmg board (DEba NET, Ama TO) election
Transfer data to GPU for online reconstruction
Ethernet l
100 Mbit/s after Online Event Selection ol Mass
A Storage
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1. Physics introduction

3.1 | Ias

4. Summary & Outlook

Hofstadter's Law:

[t always takes longer than you expect,
even when you take into account Hofstadter's Law

24 P. Beltrame, UoL - Mu3e Coll.
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Mu3e Physics reach

 Mu3Be Phase |: Blu — eee) <2 x 1015 (90% CL)

o Simulated full Phase | data taking:

- Background-free measurement for > 2.5 x 101> muon stops

- ~300 days of continuous running at 1 x 108 /s

Mu3e Phase | Simulation

1%,

Sl .-'.-f‘*:.'.\' Yo v }«; A

g Wl Y eeevy
) :
-‘ A ’

.":‘ ‘ W' :
x5 . “Michel + Bhabha

2
; ,95%1 H — eee
o
80% "\ "\ "\
| 50% /)
S |
105 110
25

: "l dot: 1 event per 10'® u stops

" 1 dot: 1 event per 10'® u stops

—~ 10"
§ = Mu3e Phase | 10° muon stops/s
) - 13.0% signal efficiency
\3;10-12 _________________________________________________________________________
o SINDRUM 1988
1078
: 95% C.L.
10—14 — SES
- . 90% C.L.
ext10c” oo T
10_15 —_1 | | | | | | | | | | | | | | | | | | | |

Data taking days
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Other |deas for Mu3e Physics

o Search for light cLFV particles: u — eX A
X

X invisible = peak in Michel spectrum l\/‘\
uw —e" X

X — ee at displaced vertex or 4 — eee signature

w—evv
» special search strategy and upgrade
of online filter farm .

« Search for dark photons: u — evvA’ Ee

- A’ invisible = no chance for detection

- A" — ee at displaced vertex or peak in the ee inv. mass spectrum of
U — eeevv events

o Search for cLFV in: 4 — ey

MuGe is a tracking detector and is able to detect converted photons y — ee
using dedicated converter layers

‘Beyond Phase II”

26 P. Beltrame, UoL - Mu3e Coll.
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e 2021-2022 Detector Integration

Mu3e Integration

Integration and cosmic runs (Psl, 2021/22),
test beam campaigns, thermo-mechanical
MOCK-UPS. ..

Combined vertex-ScikFi and vertex-Scililes operation

ntegration of services, cooling and DAQ

Hardware validation in magnet and beam s \\

Reconstruction of cosmic tracks, recurl electrons, ‘ \

sub-detector correlations, . .. \ | / /
W\

P. Beltrame, UoL - Mu3e Coll.
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Mu3e Construction

o 2022-2023 Detector development

Operational MuPix11 sensor, validation

of MuTRIG3

Integration of pixel, tile and SciFi readout with final hardware

e 2022-2023 Detector construction

Permanent staging area at PSl for insta

Consolidating production and QC pipe

\! b : "
“.. ’ i ¥l

Phase | detector construction has started

lation

Nes

P. Beltrame, UoL - Mu3e Coll.
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e MuPix

- After 11 year R&D period over. ..
INnner pixels installation in progress
- Iwo layer vertex detector to be

installed (end of the year)
- Quter Pixel Modules

» Active area in total 1.2 m? (~3000 sensors)
» Al individual MuPix to be qualified ~10000 sensors to be tested

e SciFiand Tile

Mid 2024 Integration of one station into the experiment

« DAQ

- operational with different detector types

e Helium gas cooling installeo
o Cosmic Run with final 2 layer detector (end of 2024)

29 P. Beltrame, UoL - Mu3e Coll.
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Mu3e Phase | = Phase |l

Construction Construction

HIMB upgrade

Commissioning Commissioning

‘ =

Physics Physics Physics
Phase | Phase | Phase Il

| <2x 1075 108 /s (PIES)

|| <1016 2 x 109 u/s (HIVB)

30 P. Beltrame, UoL - Mu3e Coll.
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High Intensity Muon Beam-line (HIMB)

2027-2028

Mu3e

Main user (particle Physics) will be Mu3e

~20 times higher muon stopping rate = Mu3e Phase |l
accidental background will increase by factor 400 = 202

31 P. Beltrame, UoL - Mu3e Coll.
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Sketch of Mu3e Phase |

~40 cm ~75 cm ~40 cm

Scintillating Tiles

| M Stopping Target 0
Inner Pixel Layers el (cm)

Fast SiGe pixel layer

~30 cm

Recurl Pixel Layers Outer Pixel Layers

Longer stopping target to reduce accidentals: 10 cm = 30 cm

Thinner and smaller vertex detector to improve pointing resolution
Longer pixel detector modules to match longer muon stopping target

SciFi timing detector replaced with Ultra Fast Silicon Pixel Detector
(UFSPD)

INncrease readout bandwidth at front end

Increase magnetic field rom B =1 Tto B =2 T (option) to increase
resolution and acceptance

32 P. Beltrame, UoL - Mu3e Coll.
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Summary & Outlook

MuGe will search for the cLFV decay u — eee with a sensitivity of
10-16

[t faces many technical challenges: compact design, low material
budget, fine granularity, high rates

...with innovative technologies: HV-MAPS, gaseous helium cooling,
MuTRIG readout, GPUSs...

VWe are now in commissioning phase:

Mu3e Phase | detector will be completed in 2025 (optimistically) ano
ready for data taking in 2026 = S.E.S. ~10-16

... Detector and beam upgrades are expected in 2033

33 P. Beltrame, UoL - Mu3e Coll.
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ety MEG (PS) = MEG
 UN—eN SINDRUM Il (PS) = Mu2e/Comet /i\
)

- ut —etete SINDRUM | (PSI) = MuGe
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Charged Lepton Flavour Violation

Muons lead the search

/‘1‘
Blut — ey) < 3.1 x 1013 (2024) J

]

Blu-Au — e-Au) < 7 x 1013 (2000)

e Bt

\/.\J

b/

Blut — etete) < 1.0x 1012 (1988)
35
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Signal vs. Internal Conversion
ut — etetevy e~ 7 sz
102 i}i}@
ut — etete

O
T 107
@) o N b
c 107 -
o
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101 102 103 104 105 106
ete’et mass (MeV/c?)
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Mu3e

High muon rates (108 /s)

» Nigh granularity and fast processing

Compact design

» high integration level
(sensors, readout ASICs)

Scintillating Fibre Detector

INternal conversion

Inner Pixel Tracker

K&d UNIVERSITY

S OF
&/ LIVERPOOL

» excellent momentum resolution (~0.5 MeV)

Accidental background
» good timing (~100 ps) and vertex resolution (~0.2 mm)

Low energy electrons
» low material budget and recurl tracking stations

37
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Momentum measurement

and multiple scattering

 Muon decays at rest into low energy
electrons and positrons (<53 MeV)

* Apply strong magnetic field (1T) and
measure the curvature of the particles

« Momentum resolution in the low energy

regime is dominated by multiple
scattering, not detector resolution

o At first order:

% Ous

P @)

 Recover momentum resolution:
- Low material budget
- Large lever arm (recurlers) N
- Scattering in track reconstruction

38 P. Beltrame, UoL - Mu3e Coll.
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Tracking design

Mu3e low-material budget detector i.e., thickness X/Xo ~0.115%per layer.

TOP High-Voltage Monolithic Active Pixel Sensors MuPix
glue (~2-3um) . 0
BOTTOM 50um thickness (or 0.054%X,).
MuPix The High-Density Interconnect
chip Flex tape made of 2X14 um Al layers.

» Mechanics: the support of our detector ladder is a HDI flex thinner than a human hair.
» Electronics: high-density of traces in the HDI flex circuit (data lines, power, bias, for 18 chips).
» HDI-production: long fragile HDI flex, shrinking of the material, layers misalignment.

» Tooling: proper tooling for handling flex tapes and chips.

39 P. Beltrame, UoL - Mu3e Coll.
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Pixel Detector: MuPix

e« ~17vyear R&D time... Final version (MuPix17

o Developed a series of MuPlix,
extensively tested

- Efficiency >99%,
time resolution <20 ns
~23 Um Spat|a| resolution

250 X 250 PIxels 4

efficiency

—

0.95

0.9

0.85—

0.8

- Y efficiency]

| v A noise -
VO

] ST bt R P B

noiserate per pixel / Hz

.................. .................. ................. .............. __.~1 0—1

1 1 1 1 1 1 1 I 1 1 1 ] 1 1 1 1 | 1 1 |
40 60 80 100 120 140 160 180
threshold / mV
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Mu3e Phase |

Momentum resolution

Simulation of momentum resolution with Geant4

* Reconstruction of recurlers pays off

* Improvement in resolution up to a factor 10

o, [MeV/c]

N
(&)

0.5

w
T 1

1.5

4 hits (layers) a

{ Fe N O] O | O 11 O | llllllllllllll
10 20 30 40 50 60

p__ [MeVic]

0.4
0.3}
0.2f

0.1f

6 hits (recurl)
8 hits (central)

| | |

41

50 60

p__ [MeV/c]

K&4d UNIVERSITY OF

¢/ LIVERPOOL

P. Beltrame, UoL - Mu3e Coll.



%3 B vikeos
HV-MAPS Charge Collection

Depletion
electrical field — area

up 105 V/em

p-substrate

with bias voltage

‘depleted MAPS”

Depletion depth: d & y/p - U Flectric field: E o< 4/ Ul p

U = voltage
p = substrate resistivity

42 P. Beltrame, UoL - Mu3e Coll.
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« Monolithic: Readout and active volume on same chip
e Characteristic:

- Diode realised as deep n-well in p-substrate
reversely biased up to -140 V

- Fast charge collection via drift in depleted volume

: fz qDVn+qn,uf

1o -1, o~
- Teoll = Taifr T Tarify

» Fast charge in depleted volume collected via drift
» Diffusion in non depleted volume

43
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High Voltage - Monolithic Active Pixel Sensor (HV-MAPS )

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

transistor logic embedded in N-well
(“smart diode array”)

Particle charge collection by drift!

active sensor — hit finding & digitisation & zero suppression & readout
@ l[ow noise O(75-100e") — low threshold

@ small depletion region of < 30 ym — thin sensor ~50 um

@ HV-CMOS (60 - 120 V) process — fast charge collection

@ industrial standard process — low production costs

@ continuous and fast readout (serial link) — high rate applications
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Time Sensor: Read Out

e Both timing detectors are read out with

MuTRIG ASICs:

- Custom readout ASIC for fast SiPM readout
- High resolution TDC (50 ps) and rate acceptance (~1 MHz/channel)

- Separate time and energy thresholds

- Clustering (coincidence) logic on-chip

- Tunable output event structure

e Final version (MUTRIG3)
under validation

Analog Channel

_—

SiPM Input

Input Stage

Iy

E-:rﬁ_ger _L

IIIIIIIIIIII

¢/ LIVERPOOL

L

Hit Logic

Event
TDC |_Generation

Tiﬁgger _r-

46
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SPI DAC Configurations

|
FIFO
Memory
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Mu3e DAQ Chain & Filter

Search for mu3e does not allow for
on-detector trigger

108 MuPix Sensors 2736 MuPix Sensors
Inner Pixel Layers Outer Pixel Layers

182 MuTRiG Chips 96 MuTRIG Chips
I nStead . Online filter using GPUS Scintillating Tiles Scintillating Fibres
) Up to 12 ASICs Up to 36 ASICs
per FEB per FEB

13 TDC ASICs 8 TDC ASICs

per FEB per FEB

_ - up to 3 x 1.25Gbit/s
3 Layers in DAQ chain: LVDS links per ASIC

Mu3e Magnet

. 1
[~ i k
78 Front-End Boards 14 Front-End Boards i E : 12 Front-End Boards ;

- Hit Data sorting & Concentration 1-2 X 6.25 Gbit /s optical| 7 " ] ol N
- Assembly of time slices llnkper bodrd | " R
. . . (7]
- Distribute & filter on GPUs: _ _ 3
L 2-8 x 10 Gbit/s optical =
- Track reconstruction in links per board s D
central pixel detector e §§:'st_en:CIock £
_ v e rt eX f| n d|ng 1 6 inpu tS per Fal'm PC Interface Board PC Interface Board PC Interface Board E_ CIock&Ress:-t-; ..... . g
FPGA 144 x 1.25 Gbit's  ©Q
- 0(1 00) reduction 12 PCs Resets & Control
- (Write candidate events to disk) Ghit Effiiriet -_-

23
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Data Acquisition System

2844 Pixel Sensors 3072 Fibre Readout Channels 6272 Tiles
..
Q_ -
O
‘ =
to 45 3 7
upto - - - - - - |- o M
1.25 Gbit/s links =] “ - - - -] -1 Q 3
> Q
)
&2
FPGA FPGA | 86FPGAs | FPGA FPGA | 12FPGAs | FPGA FPGA | 14FPGAs | FPGA
1 6 Gbit/s
link each
Switching Switching Switching
Board Board Board
12 10 Gbit/s
links per L] |
Switching
Board | | |
GPU GPU GPU
8Inputs | pc pc |12Pcs | pc
each
Gbit Ethernet |
Data Mass
Collection Storage

Server

No hardware trigger — detectors continuously send zero-suppressed hit information
Intel FPGAS: two main (Arria V and Arria 10), one auxilary (MAX 10)

Three boards (FEB, SWB/PCle40 and Farm/DE5a)

Several firmware configurations (MuPix/SciFi/AsciTile, DDRG/4, test stands)
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Data Acquisition System

2844 Pixel Sensors 3072 Fibre Readout Channels 6272 Tiles
..
\ S
T
up to 45 = | | > | | P
1.25 Gbit/s links | “ A A A A A PO
FPGA FPGA 86 FPGAs | FPGA FPGA 12 FPGAs | FPGA FPGA 14 FPGAs | FPGA
16 Gbit/s o
link each i
_S_witching Switching Switching /I 14 X FEB (Arrla \/>
Board Board Board ' : '
- pixels, fibres and tiles
links per I | [ | |
ittt LVDS to optical links
Board | | |
GPU GPU GPU
8 Inputs PC PC 12 PCs PC
each
Gbit Ethernet |
Data Mass
Collection Storage
Server

No hardware trigger — detectors continuously send zero-suppressed hit information
Intel FPGAS: two main (Arria V and Arria 10), one auxilary (MAX 10)
Three boards (FEB, SWB/PCle40 and Farm/DE5a)

Several firmware configurations (MuPix/SciFi/AsciTile, DDRG/4, test stands)
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Data Acquisition System

2844 Pixel Sensors 3072 Fibre Readout Channels 6272Tiles
AN |
‘ ‘ \ o O
to 45 e
l11350Gbit/s links A A A A A ) P =y i
FPGA FPGA | 86 FPGAs | FPGA FPGA | 12FPGAs | FPGA FPGA | 14FPGAs | FPGA
16 Gbit/s =
link each T
==J= '
Switching Switching' . feeotig 1 14 X FEB (Arﬂa \/>
Board Board | . . .
1210 Gbit/s 1 AR pIX6|S, ﬂbreg anq tiles
Switching —— ik LVDS to optical links
Board , | | ,'_ e .
GPU GPU GPU L LA -3 '
8lnputs | pc PC | 12PCs PC . . -
each 4 x Switching board (LHCb PCle40, Arria 10)
Chit Ethernet merge and sort data streams
Data Mass
Collection Storage
Server

No hardware trigger — detectors continuously send zero-suppressed hit information
Intel FPGAS: two main (Arria V and Arria 10), one auxilary (MAX 10)
Three boards (FEB, SWB/PCle40 and Farm/DE5a)

Several firmware configurations (MuPix/SciFi/AsciTile, DDRG/4, test stands)
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Data Acquisition System

2844 Pixel Sensors 3072 Fibre Readout Channels 6272 Tiles
\ OO 0O 0O O
AR o
@
up to 45 — ;
1.25 Gbit/s links A A A A A A A o
FPGA FPGA | 86 FPGAs | FPGA FPGA | 12FPGAs | FPGA FPGA | 14FPGAs | FPGA B
16 Gbit/s
link each o - JHifiE ¥ ] I-l l'._-;
==:I= ' .
Board Board . . .
- 1B pixels, fibres and tiles
links per I | | i ' .
ittt B LVDS to optical links
Board | |

1
|l eru | | Gru | [ Gpu

o S e e s i - W )
- mf 1) i 1l [ =7
‘B ?

4 x Switching board (LHCb PCle40, Arria 10)

o Fi = 1 merge and sort data streams
fmae e aarre | v 13 Dalta Mass
ey y e — ' Collection Storage
Server

Chain of 12 x Receliving board (DE5a NET, Arria 10)
Transfer data to GPU for online reconstruction

e No hardware trigger — detectors continuously send zero-suppressed hit information
Intel FPGAS: two main (Arria V and Arria 10), one auxilary (MAX 10)
Three boards (FEB, SWB/PCle40 and Farm/DE5a)

e Several firmware configurations (MuPix/sciFi/AsciTile, DDR3/4, test stands)

48 P. Beltrame, UoL - Mu3e Coll.



%3 o s
Mu3e Data Acquisition

* [rigger-less continuous readout
e Front-end board banawidth requirements:

MuPix: 1.3 MHz/cm?, maximum hit band-width of 740 Mbit/s,
equivalent to 23 x 106 32 bit hits per link per second

- SciFi: estimated from the simulation as 620 kHz, with a hit size of
28 bits, 32 channels per ASIC, this uses about 700 Mbit/s

Subdetector Max. hit rate/FPGA  Hit size Bandwidth needed FPGAs

MHz Bits Gbit /s
Pixels 5& 48 4.6 88
Fibres 28 48 2.3 12
Tiles 15 48 1.2 14

e Switching board bandwidth requirements

49 P. Beltrame, UoL - Mu3e Coll.



Mu3e Bandwiadth

K&4d UNIVERSITY OF
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Subdetector Max. hit rate/FPGA  Hit size Bandwidth needed FPGAs
MHz Bits Gbit /s
Pixels H& 48 4.6 88
Fibres 28 48 2.3 12
Tiles 15 48 1.2 14
Rate Bandwidth
MHz Gbit /s
Central Pixels 905 H&
Upstream Recurl 191 12
Downstream Recurl 131 8.4
Fibres 337 21.5
Total 1564 100

50
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Mu3e “Crisis” and Delays

2017 Termination of Mu3e magnet contract after 2 years
—> changed producer

2018: 180nm HV-CMOS process abandoned by austriamicrosystems
—> falb change

2019: Main Engineer in Oxford (Kirk Arndt) passed away
2020: Covid19 pandemic ...

2021: Production stop of Frontend Boards (main Mu3e electronics) due
to delivery problems (e.g. FPGAS) for more than two years

2022: Pixel Tracker flexprint production in Kharkiv stopped for ~1 year
because of Ukraine war

... many other smaller problems

51 P. Beltrame, UoL - Mu3e Coll.
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Mu3e “Crisis” and Delays

2017 Termination of Mu3e magnet contract after 2 years
—> changed producer

2018: 180nm HV-CMOS process abandoned by austriamicrosystems
—> falb change

2019: Main Engineer in Oxford (Kirk Arndt) passed away
2020: Covid19 pandemic ...

2021: Production stop of Frontend Boards (main Mu3e electronics) due
to delivery problems (e.g. FPGAS) for more than two years

2022: Pixel Tracker flexprint production in Kharkiv stopped for ~1 year
because of Ukraine war

.. many other smaller problems

_— — — e _——.L

| |\/|u36 collaboraﬂon was (anol St||| IS) very opt|m|st|c 7'

— e

51 P. Beltrame, UoL - Mu3e Coll.



%3 - A
Mu3e integration: 2021-2022

e Detector integration:

Integration and cosmic runs (PSI, 2021/22), test beam
campalgns, thermo-mechanical mock-ups. ..

Combined vertex-Scikl and vertex-Scililes operation NN
ntegration of services, cooling and DAQ \|/ /|/\
Hardware validation in magnet and beam N
Reconstruction of cosmic tracks, recurl electrons,

sup-detector correlations, ...

A.M‘.L\ h IEALLTCR R, SO LGN TP [ET N LWL Ul e e ol o A T e
—8%000 -60000 -40000 —20000 O 20000 40000 60000T [80]000
AT [ns
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o Detector development:

Operational MuPix11 sensor, validation

of MUTRIG3 ongoing

Integration of pixel, tile and SciFi readout with final hardware

e Detector construction:

Permanent staging area at PSl for insta

Consolidating production and QC pipe

Phase | detector construction has started

lation

Nes
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gaseous He ducts

flex prints for readout,
control and powering

UNIVERSITY OF

LIVERPOOL

Mu3e Vertex Detector
2023 (final design)

Ultra-lignt design:
the mass of one vertex ladder is <1 g

radiation lengths: X/X, ~ 1.1 - 1072

gaseous He cooling
distribution rings

/ &

Half-Ladder in PSI testbeam (Oct. ‘23)

250

Mupix sensors glued on

High Density Interconnects 3
made of kapton/alu (LTU) !
and spTAB-bonded R e i

i
$
i
4t |
il | . £
S s ” i ! : N
L ‘ "1 3
0 . ; L
i)
i
: w8 3 t i reY, v
) %
g E : T . e
L) ) ) . b4 -3 - L} !
T T v St - " | \ B ] Wl - r
0 i s : . : 1 = PRI ) Tl i BN o A LRLL LT 4

0 100 200 300 400 50
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Mu3e Outer Pixel Detector

Production of Outer Pixel Modules is automated to a large extend
— active area in total 1.2 m?# (~3000 sensors)

Single chip probe station

All individual MuPix sensors
to e gualified before ladder
construction (gluing)

~10000 sensors to be tested

Measured Current Voltage diagrams

other parameters:

- power consumption
- Voltage levels

- data links

95

HV Current ( A

IV Curves: 70um

_10_

region of
full
depletion

Bl failed
weak pass
strong pass

10

20 30 40 50 60
HV Bias Voltage (-V)




Vertex resolution

Phase |, 3 recurlers

7
10 RMS = (0.4681 + 0.0003) mm
5 u = (-0.0001 = 0.0003) mm
10 o = (0.2887 = 0.0002) mm
10°
10*
10°
102 ".0”“»
+ N»’Q#
10
1 1 | 1 J
4
XreC-Xtrue [mm]

Phase |, 3 recurlers

10’ RMS = (0.2964 + 0.0002) mm
= (0.0001 = o.oooz; mm
108 o = (0.1981 + 0.0002) mm
10°
10*
10°
10°
. ++’+* ¥ hyythy bt
10 Hhy thiut 4
T*H“ + H

ZrecZirue [mm] 56

Phase |, 3 recurlers

7
10 RMS = (0.4671 + 0.0003) mm
. = (0.0001 = 0.0003) mm
10 o = (0.2875 + 0.0002) mm
10°
10*
103

0.'
.
2 o
10 .
Xad
”N

10
1 Il | Il Il | Il J
-4 4
yrec_ytrue [mm]
Phase |, 3 recurlers
7L
105 RMS = (0.5857 = 0.0004) mm
o u = (-0.0026 = 0.0003) mm
10°= o = (0.2987 = 0.0007) mm
10°E

10%:
10%E
102;

10:

1

dtarget [mm] Beltrame, UoL
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Momentum resolution

Phase |, 3 recurlers

107
RMS = (1.2590 =+ 0.0008) MeV/c
10° u = (0.0013 = 0.0009) MeV/c
o = (0.9029 = 0.0010) MeV/c
10°
10*
103 .
1025 T,
10
1 | ‘ | | ‘ | | ‘ | | ‘
~10 _5 0 5 10

Py s [MeV/c]

Phase |, 3 recurlers

107
RMS = (1.2616 = 0.0008) MeV/c
10° u = (-0.0012 = 0.0009) MeV/c
o = (0.9031= 0.0010) MeV/c
10°
10*
103 . g
1 02 o «"”'M "‘"’.,’”’“’
10
1 | ‘ | | ‘ | | ‘ | | ‘
~10 5 0 5 10

P, cms [MeV/c]

S7

Phase |, 3 recurlers

07
RMS = (1.1841 = 0.0007) MeV/c
10° u = (0.0010 = 0.0009; MeV/c
o = (0.9617 + 0.0010) MeV/c
10°
10*
10°
1025 . s
#M " ’*f’ﬁ
10
1 | ‘ | | ‘ | | ‘ | | ‘
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Muon mass reconstruction

Phase |, all tracks Phase |, = 1r ecurler

10" RMS = (1.4754 + 0.0007) MeV/c? 10" RMS = (1.4275 + 0.0007) MeV/c?
h= 105.1294 = 0.0008) MeV/c? h= 1051323 = 0.0008) MeV/c?
10° = (0.869 = 0.007) MeV/c 10° = (0.862 = 0.008) MeV/c

5 5

10* 10*
100 7 10°r
1 02 .0"'“. i ) ""”,m 1 02 ”"‘“’.” “"""m
4 #
10 10 *
1 L L L L ‘ L L L L ‘ L L L L ‘ L L L L ‘ 1 L L L L ‘ L L L L ‘ L L L L ‘ L L L L ‘
95 100 105 110 115 95 100 105 110 115
m... [MeV/c?] m... [MeV/c?]
Phase |, = 2 recurlers Phase |, 3 recurlers
7L
10 RMS = (1.2674 = 0.0006) MeV/c? 1075 RMS = (0.8654 + 0.0006) MeV/c?
105.1470 =+ 0.0008) MeV/c? oF h= 105.1949 + 0.0006) MeV/c?
10° - (0.821 + 0.007) MeV/c 10°¢ = (0.5783 = 0.0009) MeV/c
10° /\ 10°F
10° 10°F
10° 10°¢
1 02 ’ ,””‘““. ‘,’ 1 02 % ”’:,’ "’
Wt + E :
10 " 104" o *++1
1 L L L L ‘ L L L L ‘ L L L L ‘ L HH*X* *l ‘ 1 ? L L L L ‘ L L L L ‘ L L L L * ‘ L L L L ‘
95 100 105 110 115 95 100 105 110 115
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Mass reconstruction resolution

Mu3e Phase | Simulation, 3 recurlers

70
10 RMS = (1.0648 = 0.0010 I\/IeV/c
s L = -0.3620 = 0.0008) Mey/c?

= (0.505 = 0.003) VAo
10°¢
104;—
103;— .
102;—
10;‘ H

Hﬁm

20 10 0 1020
Myec - M., [MeV/c?]
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Mu3e Plans for 2024 and further

e Achievements so far: e AIms for rest of the year:
DAQ operational with different - Cosmic run
detector types

- Complete experimental chain
- Cooling for detectors

Pixel, SciFi, SciTile = First
Mmodules installed

Detector installation

Data taking
(lbeginning of next year)

Cosmic run with Full detector Physics

inner pixel and SciFi commissioning data taking
Nov/Dec 2024 2025 2026
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" Long Uttra-Light Pixel Tracker module

e Mu3e Phase |

- world record for building the lightest
pixel tracking detect ever

36cm long pixel modules hanging
‘freely”

s this the physical limit or can we builld even
longer modules at even more reduced
weight”?

60 mu carbon fiber ladder

'd Mu3e phase | Oxford

addder with “heavy” steel plates “f:;
' | ‘
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The Bandwidth Challenge

e Hit occupancy Is highest for inner pixel layers

e Phase | hitrate of 1.5 MHz/cm? increases to 30 MHz/cm? tor Phase |l
w/0 design changes (x20)

e Elongated muon stopping target reduces hit occupancy but at the
same time the number of recurling tracks increases

Conseguences:

1. Phase Il MuPix sensors will require a much higher readout bandwidth!

2. lotal hit rate will increase by alimost 2 orders of magnitude!
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Further Improvements for Phase I

* Serial powering of detector modules to reduce cables and to free some space

* Upgrade Filter Farm (+GPUs, + FPGAS) to tackle the drastically increased combinatorial problem
In the online track reconstruction

2844 Pixel Sensors 3072 Fibre Readout Channels 5824Tiles
v, n
Mu3e ‘ I ‘ ’ 23
3 —
to 45
Detector oGtk 1 1 1 1 il Gl % ré_
)
FPGA FPGA 88 FPGAs FPGA FPGA 12 FPGAs FPGA FPGA 14 FPGAs | FPGA =
One 6 Gbit/s
link each
Switching Switching Switching Switching
Board Board Board Board
2-8 10 Gbit/s
links per | } ]
Switching y I )
Board | g 81 W N L 1
GPU GPU GPU - -
t6inputs | ‘o e | 12pcs | ec Online Filter Farm based on GPUs
Gbit Ethernet 1
Data Mass
Collection Storage

Server

Most important we want to learn from the phase | experience
(design, production and operation)
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e gain for *°Fe X-rays
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Ultra Fast Monolithic Silicon Pixel Prototypes

Gain Layer for HV-MAPS

o, <20 ps

<4— Gain layer

Dose 1 Dose 2
x-T=-20°C - T=-20°C
G T N— &x:T=-10°C - T=-10°C.
B ‘ . &x-T=+20C -@ T =+20°C
-Measured Gain Dose 3
15— 1 ; N T =-20°C.
B v v T=-10°C
B vy ¥ T=+20°C
10 vy Dosed
m R . S - Y = T=-20C
i T TR L -9 = T=-10°C
i 1 R TS, AT A . Y Tt T = T = +20°C
S S ;_i:i = t = 2 -9 5 :::*
- RUBVEIGCIS - - l‘!u!‘!“‘!ﬁ““""
E . SR SR .--.-o-.lll."'b.""'l :
Ay oo b b e by by by by ey
%0 20 100 110 120 130 140 150

High Voltage [V]

M.Milanesio et al., Gain measurements of the first proof-
of-concept PicoAD prototype with a 55 Fe X-ray

radioactive source, NIMA 1046 (2023) 167807

Time resolution [ps]

High Power Amplifier with
SiGe Bipolar Transistors

80 MONOLITH prototype (2022) - no gain layer
T T T T 71 1] T T T T | B S I T I_

CERN SPS Testbeam: 120 GeV/c pions
V,, =7 0,; HV = 200 V

0,=20—80ps

H
o
llllllllllllllllllllllllIlll[IIIIIlIIII

0 1 1 1 1 1. 1 I 1 1 1 1 1 1 11 I 1 L
3x1072 107" 2x107! 1 2 3
F>density [W/Cm ]

S. Zambito et al., 20 ps time resolution with a fully-efficient
monolithic silicon pixel detector without internal gain layer,
2023 JINST 18 P03047

Warning! A fast prototype sensor does not make a full detector!
= ~5 years R&D needed for fully monolithic sensor (from my experience)
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Phase Il Detector Design Studies

MeV/c e* momentum resolution
10

Phase | with
4 layers

0.8 -

elongation A=0.4

0.6 -

radii:

e 23 Mm
e 30 mm
* 74 mm
e 86 mm

0.4 4

0.2 1

0.0

Phase Il with MeV/c e* momentum resolution

5 layers +
radii: S o5 o
e g 08 elongation ;283
e 20 mm é 0.6 .
* 25 mm 2
* 60 mm £
70 mm g
£
(S
studies are ongoing 00 - _ n ps )

p (Mev/c)
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Beyond Phase ||

« Modified detector to also search for u* — ety (y — ete™)
Master formula for accidental backgrounad:
B,.. ~ R0(1,)0(0,,) 0(p)o(E,)”
MEG2 [ Xe calorimeter: o = 1 MeV
Setter photon energy resolutions by measuring converted photons

Penalty: significant loss of rate

Photon converter design is well motivated it there are plenty of
muons (— HIMB prOJect) g T

O 66 mm lead
(0.1 Xo)

D|sadvantages of the S|mu|ated de&gn ]
| - only half the phase space |
| covered by converter £ 5
- converter compromises [ R
| 'normal” track reconstruction y
|- photons to be reconstructed [
| inasea of Michel electrons '

* e > 5L - Mu3e Coll.
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Beyond Phase " high momentum

P_=53 MeVic

Mu3e-gamma proposal

- studied for HIMB Science Case arxiv:2111.05788

Features:

* Michel electrons do not reach converter layers (no BG)

 Michel electrons have an excellent momentum resolution
of ~ 100 keV due to high magnetic field (B=2.6T)

 Photons are detected in Active Silicon Sensor Converters

+ |I —  bias = ~600V

++

/
N

photon y
) Y
Q e grift  ionisation”
O loss
> << depleted >
~15 um ~600 uym

B = 2.6 Tesla

d=36cm

e+

e

* Energy resolution of converted photons is usually given by
energy loss of e+ and e- pair in converter.

* An active converter measures this energy loss!

— expected energy resolution: O‘(Ey) = 100—-200 keV

The same setup can also be used to search
for displaced decays of X —. ee or A’ . ee
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