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Probing the Standard Model with Mu3e: A.McDougall | HSTD14 | 21.11.25

UNIVERSITY OF

OXFORD
/%e + +,— ,+
Search for the charged LFVdecay u™ — e"¢ ¢
. Highly suppressed in the SM+neutrino mixing, BR ~0(107>%)
. Best current upper limit ~ 107'% @ 90% C.L from [SINDRUM
(1988)]
e Observation of cLFV in muonic sector = sign of new physics!
p —
[Modified from arXiv:1307.5787]
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https://www.sciencedirect.com/science/article/abs/pii/0550321388904622
https://www.sciencedirect.com/science/article/abs/pii/0550321388904622
https://arxiv.org/abs/1307.5787

The Mu3e experiment:

UNIVERSITY OF

OXFORD

Use PIES beam-line at the Paul

Scherrer Institute (PS|) near Zurich, CH Mu3e inside

experimental
hall

PS I Paul Scherrer Institute
5232 Villigen PSI, Switzerland
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Z B eais (UL G o Physics data-taking from 2026 (Phase |):
= s // /\ o  PIES provides muon rates up to 108 muons/s to Mu3e
Genf 1 e e Target sensitivity: BR (L —> eee) < 2-10-15
& e 290 days minimum running time required to achieve target
Phase Il (> 2029):
Collaboration O(50) people from 11 * New High Intensity Muon Beam-line (HIMB), delivering up to 109 muons/s
institutes (DE, UK, CH) . Target sensitivity: BR (u —> eee) < 2-10-16
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https://www.psi.ch/en

Achieving target sensitivities: A.McDougall | HSTD14 | 21.11.25
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Signal: . o . o
Experimental sensitivity depends on ability to distinguish signal from
o PN - background events — detector requirements therefore include:
\\\ / . Excellent momentum resolution 0, < 1.0 MeV/c]
"L * Good timing resolution ~ ns]
« High granularity to resolve hits
\ y
\/
o
Detector
resolution
Multiple
scattering
Low momentum final state particles: regime where uncertainty

multiple Coulomb scattering effects dominate
 Minimise detector material in all layers

e Requires ultra-thin detectors + support structures

« Use gaseous helium cooling: forced convection
Particle track Detector layer LIL



Mu3e detector design: A. McDougall | HSTD14 | 21.11.25

UNIVERSITY OF
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Detector geometry: 1 central + 2 re-curl regions How do we stop the muons?

« Homogeneous solenoidal magnetic field B = 1T » Hollow double cone stopping target
« Aluminised Mylar foil 70-80um

U beam .
% \Zfelrtex P'Xel dftelctor.: « ~ 955 % stopping efficiency
\ ayers in central region

Outer pixel detector: 2
layers in central and re-

curl regions

Scintillating fibres: differentiate electrons
and positrons

Scintillating tiles: further improve ~ 40cm 5
timing resolution



The MuPix sensor:

A. McDougall | HSTD14 | 21.11.25

UNIVERSITY OF

Custom HV-MAPS MuPix11 sensors: produced by TSI using 180 nm

technology.

Sensor size [mm?] 20.66 x 23.18 Data link 3+ 1 (MUX)
Pixel size  [um?] 80 x 80 Data speed [Gbit/s]  1.25

Pixel matrix 256 x 250 Time resolution <20ns
Thickness [um] 50 & 70 Hit finding efficiency > 99%

Wafer peeling and single chip QC performed in house (Heid

* Need to test ~ 6000 sensors in total (so far completec
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Silicon wafer peeling and picking: A.McDougall | HSTD14 | 21.11.25
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n-house custom designhed wafer  When received diced sensors are attached with adhesive

neeling tool: polished aluminium to blue protective film
e Requires UV light to detach (UV curing for 10 min @
0.2 Ra U —

HAND POLISH e 365nm wavelength)
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The vertex tracker: A. McDougall | HSTD14 | 21.11.25
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Basic building block of Mu3e pixel tracker = “Ladder”
Components:
« MuPix11 pixel sensors (50 pum) » Electrical connections via spTAB (single  « Total radiation length = 0.115% per layer
« Al/kapton high-density interconnect point Tape Automated Bonding): °/°°AX0 glue

(HDI) flexible PCB, ~ 70um
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Ladder m-m Module

1 ladder = 6 x MuPix11 sensors 1 module =4 ladders 2 modules = 1 layer
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Many firsts during installation and commissioning of detector during June
2025 beam time: |

« Sub-system operations in beam, 1 T B-field, gaseous He cooling

« Full vertex detector installed — rate maps observed for both layer 1

and 2: up to 107 muons/s stopped. .

e Operation of world’s thinnest pixel tracker!!

Vertex: Full layer 1 + 2 installed, 24% sensors had issues




The outer pixel tracker: A. McDougall | HSTD14 | 21.11.25

UNIVERSITY OF

OXFORD

Same ladder components as vertex tracker + additional mechanical support
e 17 (18) x MuPix11 sensors in layer 3 (4) ladders e . : . i | ————
[18) vers3 (4) Robotic gantry for automated chip placement ——
« 4 |adders per module o 2 \ —= —

Total per station: 52 ladders (912 sensors)
« To cope with scale of production and accuracy required:
automate build procedures

Mechanical support

'Tiny glue
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Ladder weighs ~ 2 grams and is 36.7cm long



Mechanical support for the outer pixel ladders:

A. McDougall | HSTD14 | 21.11.25
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Mechanical support provided by either:

MuPix sensor

OXFORD

SpTA-bonds

Polyimide film: \

25um thick folded into two triangles:

« Sensors/bonds visible underneath

* Quite delicate —> difficulties in transportation
e On the edge of providing enough structural

integrity for 35cm long ladder

UD fibres (carbon, glass, kevlar):

25 um uni-directional carbon-fibre:
 Moulded into double-u shape
« Co-cured polyimide film (8um) backing - electrically
seperate two halves
« Very stiff along length (improves yield and
transportation)

LTI film

HDI ~100 um A‘} ‘ \
V \polyimide MuPix
periphery

: f?Ponimide Carbon



Fabrication of carbon-fibre support:

UNIVERSITY OF

Uni-directional single-ply 25um carbon-fibre sheet (40%
resin content): highly non-standard material + fabrication
techniques

« Spread-tow fibres: usually woven together

« Split-ply: allows additional resin to bleed off

(o 7

e Cured into double “u” shape with 8um kapton backing:
using carbon-fibre mould tool (to control bowing) +
mossite intensifier for surface smoothness

~avourable thermal and mechanical properties deem carbon-
fibre supports as best choice.

e -cpncﬁ:g 35

Ultra thin material!




Qualification procedure for ladders: A.McDougall | HSTD14 | 21.11.25

UNIVERSITY OF

IV Curve (both_sided) for ladder 592_2_9 OXFORD
After assembly, each ladder is individually QC tested before module assembly. e
QC tests include:
. « Data transmission stability
v measurements | | | . IV scan for half ladders
e Power Consumpﬁon measurements ° Noise behaviour (plxel maSkablllty) ‘g“o‘
« On-Chip DAC response » Response to radioactive source
Production currently on-going: build rate ~ 5 ladders per week.
QC also undertaken once ladders mounted on modules. o
HV voltage (V)
ref VSS difference/ ~mA Cl4 Cl1l
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Ladder QC test box (cooled Current response to DAC values for error-free Noise map of

with cold dry air) amplifier DAC data transmission pixel matrix / 3



Looking to the future:

Successful operation of world’s thinnest vertex detector!

Preparing for physics data-taking in 2026!
e Production of all detector components on-going for
2026 beam time: including vertex “version 2” and
outer pixel ladders for central station

A. McDougall | HSTD14 | 21.11.25

Tentative S
Mu3e Schedule o7
H

Minimal Configuration (commissioning)
Production Outer Pixel Central

Production SciTiles o -
Phase 0 data taking

Production Outer Pixel Recurl
Consolidation (HW & SW)

Phase | data taking
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Uddtional material




Fabrication of carbon-fibre support: A.McDougall | HSTD14 | 21.11.25
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Very difficult material to work with, ‘chaotic’ fibre pattern: lot of development on the fabrication and 4 BRICK KILN

laminating tooling and techniques (Oxford Physics Mechanical Engineering Workshop + Brick Kiln COMPOS|
Composites)
« Bowing one of main issues: resolved using carbon-fibre mould tooling

« Polyamide film co-cure: difficult to manually remove from vacuum bags, often resulted in tearing the
film. Resolved by running small tubes of pressurised air into bags for more even breakout force.

« Cured wrinkles in prototypes caused silicon to break: novel inflatable mossite intensifier for
polyimide side to ensure smooth surface.

Ultra thin material!

Carbon mould tool
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