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The Mu3e experiment: 
From pixels to particles



Lepton flavour in the Standard Model:

Lepton flavour: accidental symmetry of SM 

Lepton flavour violation (LFV): any process where lepton changes its 

flavour (e.g. μ e or τ μ) 

• Neutrino oscillations  LFV occurs in nature  

Muon decay almost exclusively via one channel: B(µ ev ) 100% 

LFV with charged leptons highly suppressed in SM+neutrino-mixing: 
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Why search for cLFV in the muon sector?

Example of possible BSM decays: 

• Muons ideal probes: Extremely clean signatures (leptonic decay modes), SM background free 
• Available: High intensity muon beam facilities: PSI, J-PARC, Fermilab 
• Low predicted BR: any observation is unambiguous sign of physics beyond SM 
• Complementary to other searches (e.g. LHC, neutrino experiments, tau decays or rare B decays) 
• Many BSM theories generate LFV at experimental accessible levels 

Heavy new particles in loops:  
• Supersymmetry 
• Little Higgs models 
• Seesaw models 
• Leptoquarks (GUT models)  
• …

4-fermion interaction: 
• New heavy vector bosons (Z’) 
• Higgs Triplet Model 
• Extra dimensions 
• …



Muon golden channels:

SINDRUM (PSI 1988) 

• BR(µ   e e e ) < 1.0 10  

(90% C.L.) 

+ → + − + ⋅ −12

Charge Lepton Flavour Violation (cLFV) in the e-μ 
transition is heavily suppressed in the SM+neutrino mixing:

Charge Lepton Flavour Violation
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A sign for Physics Beyond the Standard Model ... 

Lepton Flavour Violation (LFV) is established: Neutrino Oscillations

cLFV in the muonic sector is particularly interesting:
three golden channels with complementary sensitivities to new physics

MEG/MEG II (PSI)
B(μ  ⟶ e γ) < ߿ࠀ · ࠄ.ࠀ+ + ࠂࠀ-

(5ࠁ߿ࠁ)

SINDRUM II (PSI)
B(μ  Au ⟶ e  Au) < 7 · ߿ࠀ- - ࠂࠀ-

(6߿߿ࠁ)

 SINDRUM (PSI)
B(μ  ⟶ e  e  e +߿ࠀ · ߿.ࠀ > ( + - + ࠁࠀ-

(988ࠀ)

Rencontres du Vietnam ,ࠄࠁ߿ࠁ.8߿.ࠂࠁ - 7ࠀ Tamasi Kar, PI Heidelberg

BSM  processes involving supersymmetric particles in
loop and at tree level 

Observation would be an unambiguous 

sign for new physics!

So far no observation!

Charge Lepton Flavour Violation (cLFV) in the e-μ 
transition is heavily suppressed in the SM+neutrino mixing:

Charge Lepton Flavour Violation
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BSM  processes involving supersymmetric particles in
loop and at tree level 

Observation would be an unambiguous 

sign for new physics!

MEG / MEG II (PSI 2025) 

• BR(µ   e ɣ) < 1.5 10  

(90% C.L.) 

+ → + ⋅ −13

Charge Lepton Flavour Violation (cLFV) in the e-μ 
transition is heavily suppressed in the SM+neutrino mixing:

Charge Lepton Flavour Violation

Page ࠃ 

A sign for Physics Beyond the Standard Model ... 

Lepton Flavour Violation (LFV) is established: Neutrino Oscillations

cLFV in the muonic sector is particularly interesting:
three golden channels with complementary sensitivities to new physics

MEG/MEG II (PSI)
B(μ  ⟶ e γ) < ߿ࠀ · ࠄ.ࠀ+ + ࠂࠀ-

(5ࠁ߿ࠁ)

SINDRUM II (PSI)
B(μ  Au ⟶ e  Au) < 7 · ߿ࠀ- - ࠂࠀ-

(6߿߿ࠁ)

 SINDRUM (PSI)
B(μ  ⟶ e  e  e +߿ࠀ · ߿.ࠀ > ( + - + ࠁࠀ-

(988ࠀ)

Rencontres du Vietnam ,ࠄࠁ߿ࠁ.8߿.ࠂࠁ - 7ࠀ Tamasi Kar, PI Heidelberg

BSM  processes involving supersymmetric particles in
loop and at tree level 

Observation would be an unambiguous 

sign for new physics!

SINDRUM II (PSI 2006) 

• BR(µ  Au  e  Au) < 7 10  

(90% C.L.) 

− → − ⋅ −13

https://www.sciencedirect.com/science/article/abs/pii/0550321388904622
https://arxiv.org/abs/2504.15711
https://doi.org/10.1140/epjc/s2006-02582-x


The Mu3e experiment: |

Use PIE5 beam-line at the Paul 
Scherrer Institute (PSI) near Zurich, CH Mu3e inside 

experimental 
hall

Physics data-taking from 2026 (Phase I): 
• PIE5 provides muon rates up to 108 muons/s to Mu3e 
• Target sensitivity: BR (µ —> eee) < 2⋅10-15 
• 290 days minimum running time required to achieve target 

Phase II (> 2029): 
• New High Intensity Muon Beam-line (HIMB), delivering up to 109 muons/s 
• Target sensitivity: BR (µ —> eee) < 2⋅10-16

Collaboration (50) people from 11 
institutes (DE, UK, CH) 

𝒪

https://www.psi.ch/en


Muon decay topologies:

Experimental signature: 3 electron tracks, 

common vertex, time coincidence, ∑Pe=0

Internal conversion: 

• Rare muon decay: BR(µ   e e e v ) = 3.4 10  
• Distinguished by momentum carried by neutrinos 

+ → + − + v̄ ⋅ −5

Signal: Backgrounds:

Experimental concept
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How to look for μ+→e+e+e- ?     

➔ Common vertex
➔ Time coincident
➔ ∑E = mμ
➔ ∑p=0

DC muons
3 particle decay at rest

Internal  conversion Accidental background

signalBackground

Michel decay positrons +  
electron from:
❏ Bhabha scattering
❏ Photon conversion
❏ Misreconstruction

e+e+e- mass

Our detector needs:
➢ Excellent momentum resolution
➢ Good time and vertex resolution
➢ High rate capability
➢ Large acceptance Fully differential NLO predictions for the rare muon decay arXiv:1611.03617

Accidental combinatorial background: 

Combinations of e  from µ   e v  

decay(s) with additional e originating from: 
• Bhabha scattering 
• Photon conversion 
• Mis-reconstruction 

No time coincidence/common vertex

+ + → + v̄

Excellent momentum resolution (0.5 MeV): crucial for 
detecting reconstructed peak at muon mass

Good vertex and time resolution (100µm & 500ps)



Multiple scattering regime:

K. Arndt, H. Augustin, P. Baesso et al. Nuclear Inst. and Methods in Physics Research, A 1014 (2021) 165679

Fig. 2.1. Tracking in the spatial resolution dominated regime.

Fig. 2.2. Tracking in the scattering dominated regime.

Fig. 2.3. Multiple scattering as seen in the plane transverse to the magnetic field
direction. The red lines indicate measurement planes. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of this article.)

2.1. Momentum measurement with recurlers

With a fine-grained pixel detector, we are in a regime where mul-
tiple scattering effects dominate over sensor resolution effects, see
Figs. 2.1 and 2.2. Adding additional measurement points does not
necessarily improve the precision.

The precision of a momentum measurement depends on the amount
of track curvature ⌦ in the magnetic field B and the multiple scattering
angle ⇥

MS
, see Fig. 2.3; to first order:

�
p

p
◊

⇥
MS

⌦
. (2.1)

So in order to have a high momentum precision, a large lever arm is
needed. This can be achieved by moving tracking stations to large radii,

Fig. 2.4. Multiple scattering for a semi-circular trajectory. The red lines indicate
measurement planes. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

Fig. 2.5. Schematic view of the experiment cut transverse to the beam axis. Note that
the fibres are not drawn to scale.

which would limit the acceptance for low momentum particles. Instead,
we utilise the fact that, in the case of muon decays at rest, all track
momenta are below 53MeV and all tracks will curl back towards the
magnet axis if the magnet bore is sufficiently large. After half a turn,
effects of multiple scattering on the momentum measurement cancel
to first order, see Fig. 2.4. To exploit this feature, the experimental
design is optimised specifically for the measurement of recurling tracks,
leading to a narrow long tube layout.

Determining the momentum from a particle’s trajectory outside the
tracker allows us to place thicker timing detectors on the inside both
upstream and downstream of the target without significantly affecting
the resolution, see Fig. 2.6.

2.2. Coordinate system

The Mu3e coordinate system is centred in the muon stopping target
with the z axis pointing in beam direction, the y axis pointing upward
and the x axis chosen to obtain a right handed coordinate system. The
polar angle measured from the z axis is denoted with #, and measured
from the x-y plane denoted with �. Azimuthal angles are denoted
with '.

5

Scattering dominatesSpatial resolution dominates

Muons decay at rest: ∑E = mµ 

• Small pixel sizes = hit resolution effects can be neglected 

• Low (MeV/c) momentum regime: multiple scattering effects dominate

Chapter 2

Experimental Concept

Phase I of the Mu3e experiment aims for the background
free measurement or exclusion of the branching fraction for
the decay µ æ eee at the level of 2 · 10≠15. As discussed in
more detail in chapter 1, these goals require running at high
muon rates, excellent momentum resolution to suppress
background from internal conversion decay (µ æ eee‹‹),
and a good vertex and timing resolution to suppress com-
binatorial background. The present chapter introduces the
conceptual design of the Mu3e experiment, driven by these
requirements.

The momenta of electrons and positrons from muon de-
cays are measured using a silicon pixel tracker in a solen-
oidal magnetic field. At the energies of interest, multiple
Coulomb scattering in detector material is the dominating
factor a�ecting the momentum resolution. Minimising the
material in the detector is thus of the utmost importance.

The detector consists of an ultra-thin silicon pixel
tracker, made possible by the High-Voltage Monolithic Act-
ive Pixel (HV-MAPS) technology (see chapter 7). Just four
radial layers of HV-MAPS sensors around a fixed target in
a solenoidal magnetic field allow for precise momentum and
vertex determination. Two timing detector systems guar-
antee good combinatorial background suppression and high
rate capabilities.

2.1 Momentum Measurement with Recurlers

With a fine-grained pixel detector, we are in a regime where
multiple scattering e�ects dominate over sensor resolution

Particle track
Detector layer

Detector
resolution

Multiple
scattering
uncertainty

Figure 2.1: Tracking in the spatial resolution dominated
regime

e�ects, see Figures 2.1 and 2.2. Adding additional meas-
urement points does not necessarily improve the precision.

The precision of a momentum measurement depends on
the amount of track curvature � in the magnetic field B

and the multiple scattering angle �MS , see Figure 2.3; to
first order:

‡p

p
Ã

�MS

� . (2.1)

So in order to have a high momentum precision, a large
lever arm is needed. This can be achieved by moving track-
ing stations to large radii, which would limit the acceptance
for low momentum particles. Instead, we utilise the fact
that, in the case of muon decays at rest, all track momenta
are below 53 MeV and all tracks will curl back towards the
magnet axis if the magnet bore is su�ciently large. After
half a turn, e�ects of multiple scattering on the momentum
measurement cancel to first order, see Figure 2.4. To ex-
ploit this feature, the experimental design is optimised spe-
cifically for the measurement of recurling tracks, leading to
a narrow long tube layout.

Determining the momentum from a particle’s trajectory
outside the tracker allows us to place thicker timing de-
tectors on the inside both upstream and downstream of
the target without significantly a�ecting the resolution, see
Figure 2.6.

2.2 Coordinate System

The Mu3e coordinate system is centred in the muon stop-
ping target with the z axis pointing in beam direction, the

Particle track Detector layer

Detector
resolution

Multiple
scattering
uncertainty

Figure 2.2: Tracking in the scattering dominated regime
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Mu3e detector design:

Scintillating tiles: further improve 
timing resolution

Vertex pixel detector:  
2 layers in central region

Scintillating fibres: differentiate electrons 
and positrons

Outer pixel detector: 2 
layers in central and re-
curl regions

µ beam

Detector geometry: 1 central + 2 re-curl regions 
• Homogeneous solenoidal magnetic field B = 1T

 40cm∼

 17cm∼

Design requirements: 
• Minimise detector material in all layers 
• Requires ultra-thin detectors + support structures  
• Use gaseous helium cooling: forced convection



The MuPix sensor:

QC wafer plot [81.8% yield]

IV scan for 18 sensors 

Custom MuPix11 sensors: Monolithic HV-CMOS produced by TSI (Bosch) 
using 180 nm technology. 

Sensor size [mm2]          20.66 x 23.18 
Pixel size     [µm2]           80 x 80 
Pixel matrix                    256 x 250 
Thickness    [µm]           50 & 70 

Single chip QC performed in house for all sensors (Oxford + Heidelberg)

Data link                          3 + 1 (MUX) 
Data speed  [Gbit/s]      1.25 
Time resolution              < 20 ns 
Hit finding efficiency     > 99%

Periphery

A B C



Silicon wafer peeling and picking: |
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In-house custom designed wafer 
peeling tool: polished aluminium 

• When received diced sensors are attached with adhesive 
to blue protective film  

• Requires UV light to detach (UV curing for 10 min @ 
365nm wavelength) 

• Needs to be removed within 2 weeks
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MuPix/HV-MAPS R&D efforts: |
MuPix/HV-MAPS R&D process

11

P2Pix 

[Image credit:Heiko Augustin]

https://www.psi.ch/en/media/103877/download?attachment


4th Mighty Tracker Workshop 2024 Thomas Rudzki – Universität Heidelberg

Low mass pixel detector
Detector composition:

● High-density interconnect (HDI) + HV-MAPS (50 µm thin)
● HDI = Aluminium-based flexprints
● X/X0 ≈ 1.15 ‰ per tracking layer

12

Aluminium vs. Copper

Radiation lengths
X0(Cu) = 12.86 g/cm² → 1.436 cm
X0(Al) = 24.01 g/cm² → 8.897 cm

4th Mighty Tracker Workshop 2024 Thomas Rudzki – Universität Heidelberg

Low mass pixel detector
Detector composition:

● High-density interconnect (HDI) + HV-MAPS (50 µm thin)
● HDI = Aluminium-based flexprints
● X/X0 ≈ 1.15 ‰ per tracking layer

12

Aluminium vs. Copper

Radiation lengths
X0(Cu) = 12.86 g/cm² → 1.436 cm
X0(Al) = 24.01 g/cm² → 8.897 cm

Vertex tracker components: |

• Electrical connections via spTAB (single 
point Tape Automated Bonding):

Components: 
• 6x MuPix11 pixel sensors, 

thinned to 50 µm 

Ultra-thin pixel tracker for precise momentum reconstruction and vertexing 
• Basic building block of Mu3e pixel tracker = “Ladder” 
• Cooled by gaseous helium forced convection

A. McDougall  |  HSTD14  |  21.11.25

• Total radiation length = 0.115% per layer

• Aluminium + kapton flexible PCB,  

70µm: can’t use copper, would be 

equivalent to XXXXX

∼
18.3.2024 - Mu3e collaboration meeting Wengen Thomas Rudzki – Universität Heidelberg

Ladder assembly

12

Manual chip placement
(aligned by micrometer screw)

6 chips aligned on ladder 
assembly tool

HDI with 6 chip glued
below on bonding machine



Vertex tracker production: |

Sensors placed and glued 
manually on ladder Weights for glue curing

• Kapton-flap allows ladders 
to be glued together 

• Mechanical stability: from 
3D folded nature of vertex 
detector

18.3.2024 - Mu3e collaboration meeting Wengen Thomas Rudzki – Universität Heidelberg

Ladder assembly

12

Manual chip placement
(aligned by micrometer screw)

6 chips aligned on ladder 
assembly tool

HDI with 6 chip glued
below on bonding machine

4th Mighty Tracker Workshop 2024 Thomas Rudzki – Universität Heidelberg

From chips to a detector
5. Module assembly

a. Manual procedure 
b. Ladders glued together via Kapton flap
c. Electrical connections via interposer pin 

connector to end-piece flexprint
d. Self-supporting half-shell structure
e. Handling of modules is surprisingly easy

22

Kapton gluing flap

18.3.2024 - Mu3e collaboration meeting Wengen Thomas Rudzki – Universität Heidelberg

Ladder assembly

12

Manual chip placement
(aligned by micrometer screw)

6 chips aligned on ladder 
assembly tool

HDI with 6 chip glued
below on bonding machine

Additional small PCB (“interposer flex”) for 
ladder  -> module

Flap glue curing in progress



Assembly of vertex pixel layers: A. McDougall |

The Phase I Mu3e Experiment

Figure 7.2: Geometry of the central pixel tracker including the target.

layer 1 2 3 4
number of modules 2 2 6 7
number of ladders 8 10 24 28
number of MuPix sensors per ladder 6 6 17 18
instrumented length [mm] 124.7 124.7 351.9 372.6
minimum radius [mm] 23.3 29.8 73.9 86.3

Table 7.1: Pixel tracker geometry parameters of the central barrel. The radius is defined as the nearest distance of MuPix
sensor w/o polyimide support to the symmetry axis (beam line).

Figure 7.3: 3D-model reproduction of the Tracker Layer 1
assembly, from single ladder to module to full layer.

and also helps with the alignment of the pixel tracker.
There is a small physical clearance, along the radial dir-
ection, between overlapping sensors of ¥ 200 µm.

7.1.2 Signal path

The signal connection between the front-end FPGA board,
located on the service support wheels (SSW, section 13.3),
and the MuPix chips is purely electric and di�erential with
impedance-controlled lines.

A schematic path of a di�erential signal is shown in Fig-
ure 7.5. The FPGA board is plugged into a back-plane

where basic routing is performed. The distance to the
detector (about 1 m) is bridged with micro-twisted pair
cables, each consisting of two copper wires with 127 µm
diameter, insulated with 25 µm polyimide and coated to-
gether with a polyamide enamel. The di�erential imped-
ance of this transmission line is Zdi� ¥ 90⌦. 50 such
pairs are combined to a flexible bundle with a diameter
of less than 2 mm. At both ends, the wires are soldered
onto small PCBs, plugged into zero-insert-force (ZIF) con-
nectors. On the detector end, the signals are routed on flex-
ible PCBs to the HDI (see subsection 7.2.5). The connec-
tions between the components use industry-standard parts
(back-plane connectors, gold-ball/gold-spring array inter-
posers) and SpTA-bonding, as shown in the figure.

7.2 Pixel Tracker Modules

The pixel tracker modules of all layers have a very similar
design. They consist of either four or five instrumented
ladders mounted to a polyetherimide (PEI) endpiece at the
upstream and downstream ends. The ladders host between
6 and 18 MuPix chips glued and electrically connected to a
single HDI circuit. For the inner two layers, self-supporting
half-shells define a module, with each half shells comprising
four (layer 1) or five (layer 2) short ladders with six MuPix
sensors.

For the outer two layers, a single module is an arc-
segment, corresponding to either 1/6th (layer 3) or 1/7th
(layer 4) of a full cylinder. Outer layer modules comprise
four ladders with either 17 (layer 3) or 18 (layer 4) MuPix
sensors.
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Figure 7.2: Geometry of the central pixel tracker including the target.
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number of MuPix sensors per ladder 6 6 17 18
instrumented length [mm] 124.7 124.7 351.9 372.6
minimum radius [mm] 23.3 29.8 73.9 86.3

Table 7.1: Pixel tracker geometry parameters of the central barrel. The radius is defined as the nearest distance of MuPix
sensor w/o polyimide support to the symmetry axis (beam line).

Figure 7.3: 3D-model reproduction of the Tracker Layer 1
assembly, from single ladder to module to full layer.

and also helps with the alignment of the pixel tracker.
There is a small physical clearance, along the radial dir-
ection, between overlapping sensors of ¥ 200 µm.

7.1.2 Signal path

The signal connection between the front-end FPGA board,
located on the service support wheels (SSW, section 13.3),
and the MuPix chips is purely electric and di�erential with
impedance-controlled lines.

A schematic path of a di�erential signal is shown in Fig-
ure 7.5. The FPGA board is plugged into a back-plane

where basic routing is performed. The distance to the
detector (about 1 m) is bridged with micro-twisted pair
cables, each consisting of two copper wires with 127 µm
diameter, insulated with 25 µm polyimide and coated to-
gether with a polyamide enamel. The di�erential imped-
ance of this transmission line is Zdi� ¥ 90⌦. 50 such
pairs are combined to a flexible bundle with a diameter
of less than 2 mm. At both ends, the wires are soldered
onto small PCBs, plugged into zero-insert-force (ZIF) con-
nectors. On the detector end, the signals are routed on flex-
ible PCBs to the HDI (see subsection 7.2.5). The connec-
tions between the components use industry-standard parts
(back-plane connectors, gold-ball/gold-spring array inter-
posers) and SpTA-bonding, as shown in the figure.

7.2 Pixel Tracker Modules

The pixel tracker modules of all layers have a very similar
design. They consist of either four or five instrumented
ladders mounted to a polyetherimide (PEI) endpiece at the
upstream and downstream ends. The ladders host between
6 and 18 MuPix chips glued and electrically connected to a
single HDI circuit. For the inner two layers, self-supporting
half-shells define a module, with each half shells comprising
four (layer 1) or five (layer 2) short ladders with six MuPix
sensors.

For the outer two layers, a single module is an arc-
segment, corresponding to either 1/6th (layer 3) or 1/7th
(layer 4) of a full cylinder. Outer layer modules comprise
four ladders with either 17 (layer 3) or 18 (layer 4) MuPix
sensors.
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Table 7.1: Pixel tracker geometry parameters of the central barrel. The radius is defined as the nearest distance of MuPix
sensor w/o polyimide support to the symmetry axis (beam line).

Figure 7.3: 3D-model reproduction of the Tracker Layer 1
assembly, from single ladder to module to full layer.

and also helps with the alignment of the pixel tracker.
There is a small physical clearance, along the radial dir-
ection, between overlapping sensors of ¥ 200 µm.

7.1.2 Signal path

The signal connection between the front-end FPGA board,
located on the service support wheels (SSW, section 13.3),
and the MuPix chips is purely electric and di�erential with
impedance-controlled lines.

A schematic path of a di�erential signal is shown in Fig-
ure 7.5. The FPGA board is plugged into a back-plane

where basic routing is performed. The distance to the
detector (about 1 m) is bridged with micro-twisted pair
cables, each consisting of two copper wires with 127 µm
diameter, insulated with 25 µm polyimide and coated to-
gether with a polyamide enamel. The di�erential imped-
ance of this transmission line is Zdi� ¥ 90⌦. 50 such
pairs are combined to a flexible bundle with a diameter
of less than 2 mm. At both ends, the wires are soldered
onto small PCBs, plugged into zero-insert-force (ZIF) con-
nectors. On the detector end, the signals are routed on flex-
ible PCBs to the HDI (see subsection 7.2.5). The connec-
tions between the components use industry-standard parts
(back-plane connectors, gold-ball/gold-spring array inter-
posers) and SpTA-bonding, as shown in the figure.

7.2 Pixel Tracker Modules

The pixel tracker modules of all layers have a very similar
design. They consist of either four or five instrumented
ladders mounted to a polyetherimide (PEI) endpiece at the
upstream and downstream ends. The ladders host between
6 and 18 MuPix chips glued and electrically connected to a
single HDI circuit. For the inner two layers, self-supporting
half-shells define a module, with each half shells comprising
four (layer 1) or five (layer 2) short ladders with six MuPix
sensors.

For the outer two layers, a single module is an arc-
segment, corresponding to either 1/6th (layer 3) or 1/7th
(layer 4) of a full cylinder. Outer layer modules comprise
four ladders with either 17 (layer 3) or 18 (layer 4) MuPix
sensors.
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number of MuPix sensors per ladder 6 6 17 18
instrumented length [mm] 124.7 124.7 351.9 372.6
minimum radius [mm] 23.3 29.8 73.9 86.3

Table 7.1: Pixel tracker geometry parameters of the central barrel. The radius is defined as the nearest distance of MuPix
sensor w/o polyimide support to the symmetry axis (beam line).

Figure 7.3: 3D-model reproduction of the Tracker Layer 1
assembly, from single ladder to module to full layer.

and also helps with the alignment of the pixel tracker.
There is a small physical clearance, along the radial dir-
ection, between overlapping sensors of ¥ 200 µm.

7.1.2 Signal path

The signal connection between the front-end FPGA board,
located on the service support wheels (SSW, section 13.3),
and the MuPix chips is purely electric and di�erential with
impedance-controlled lines.

A schematic path of a di�erential signal is shown in Fig-
ure 7.5. The FPGA board is plugged into a back-plane

where basic routing is performed. The distance to the
detector (about 1 m) is bridged with micro-twisted pair
cables, each consisting of two copper wires with 127 µm
diameter, insulated with 25 µm polyimide and coated to-
gether with a polyamide enamel. The di�erential imped-
ance of this transmission line is Zdi� ¥ 90⌦. 50 such
pairs are combined to a flexible bundle with a diameter
of less than 2 mm. At both ends, the wires are soldered
onto small PCBs, plugged into zero-insert-force (ZIF) con-
nectors. On the detector end, the signals are routed on flex-
ible PCBs to the HDI (see subsection 7.2.5). The connec-
tions between the components use industry-standard parts
(back-plane connectors, gold-ball/gold-spring array inter-
posers) and SpTA-bonding, as shown in the figure.

7.2 Pixel Tracker Modules

The pixel tracker modules of all layers have a very similar
design. They consist of either four or five instrumented
ladders mounted to a polyetherimide (PEI) endpiece at the
upstream and downstream ends. The ladders host between
6 and 18 MuPix chips glued and electrically connected to a
single HDI circuit. For the inner two layers, self-supporting
half-shells define a module, with each half shells comprising
four (layer 1) or five (layer 2) short ladders with six MuPix
sensors.

For the outer two layers, a single module is an arc-
segment, corresponding to either 1/6th (layer 3) or 1/7th
(layer 4) of a full cylinder. Outer layer modules comprise
four ladders with either 17 (layer 3) or 18 (layer 4) MuPix
sensors.
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Fully assembled vertex detector!



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

Mechanical support

Low-mass 
flexible PCB

Silicon 
sensors

Ladder weighs  2 grams and is 36.7cm long∼

Same ladder components as vertex tracker: 
• MuPix sensors thinned to 70µm: 17-18 per ladder 
• Aluminium/kapton high-density interconnect, “HDI” 

• Only one company in the world can produce 
these, LTU in Kharkiv (Ukraine) 

+ additional mechanical support

Low-mass 
flexible PCB

Interposer flexes

https://www.ltu.ua/about-us/
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Figure 7.8: Schematic representation of a layer 4 module,
integrating four long ladders with 18 MuPix sensors each.
The picture shows one end, including the holding endpiece
which also provides the electrical connections. An exploded
view can be found in Figure 7.15.

MuPix sensor 50 µm

HDI ~100 µm

4 m
m MuPix

periphery
polyimide
25 µm

SpTA-bonds

60°

Figure 7.9: Cross section of an outer layer ladder. From
top to bottom: HDI, MuPix sensor, polyimide support
structure. Not to scale.

circuit for connecting to the interposer is placed and glued
in a similar manner. After curing, all connections between
the HDI and each chip, and between the HDI and the inter-
poser are SpTA-bonded (any vias on the HDI are bonded
beforehand by the manufacturer). Once all the connections

Figure 7.10: Photograph of two SpTA-bonds on a test flex-
print produced by LTU Ltd [25].

Figure 7.11: Stack chosen for the LTU produced 2-layer
HDI circuits. PI=polyimide, Al=aluminium.

Figure 7.12: Conceptual MuPix pad layout on the HDI.
Depending on location, either SOUT1 to SOUT3 or
SOUTM is connected to accommodate for di�erent data
rate needs (vertex or recurl layers, respectively). Power
and ground have multiple pads to reduce e�ects of voltage
drop.

are in place, the unit is electrically fully functional. This
allows for the comprehensive quality testing of a MuPix
ladder before they are assembled into modules.

7.3 Pixel Tracker Global Mechanics

Pixel tracker inner and outer layer modules are integrated
into the full cylindrical tracking layers by mounting the
modules to the inner or outer layer pixel endrings. The
latter in turn are connected to the up- and downstream
beam pipes. Like the module endpieces these are manu-
factured out of PEI. For the inner layers the endrings have
gas inlets and outlets to provide the helium flow between
layers 1 and 2.

A drawing of an outer layer endring equipped with a
layer 3 module is shown in Figure 7.16. The outer en-

Figure 7.13: Interposer ZA8 from Samtec, version with 10◊

10 connections. The pins have a pitch of 0.8 mm
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Mechanical support for the outer pixel ladders: |

Mechanical support provided by either:

25µm thick folded into two triangles: 
• Sensors/bonds visible underneath 
• Quite delicate —> difficulties in transportation 
• On the edge of providing enough structural 

integrity for 35cm long ladder

Polyimide film:

Polyimide film

UD fibres (carbon, glass, kevlar):

25 µm uni-directional carbon-fibre: 
• Moulded into double-u shape 
• Co-cured polyimide film (8µm) backing  - electrically 

seperate two halves 
• Very stiff along length (improves yield and 

transportation) Carbon-fibre 
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and 90� direction. This method maximised the proportion of 0� layers in each tooth. The
curing procedure of the second panel was identical to that of the first panel.

The third panel was made using vacuum infusion technology and subsequently cured
in the autoclave. It comprises 18 layers of 1K plain weave carbon fibre, designated as
469 spread-tow fabrics, 67 tex (C. Cramer GmbH & Co. KG, Heek, Germany), vacuum-
infused with laminating resin LG 900 UV with HG120 hardener (GRM Systems, Olomouc,
Czech Republic). The stacking sequence is the same as that used in the second plate. There
are several known technologies to make a spread tow. Spread-tow carbon fibre fabric is
a dry carbon fibre reinforcement made using a spreading technique to flatten the tows of
the carbon fibre, which can be accomplished using a stream of air and the pre-tension [28].
The result is a fabric that is smoother and flatter than conventional woven fabric, with less
crimp that occurs at the intersection of warp and weft: Figure 3. Spread-tow fabrics are
often used to create thin-ply laminates with superior mechanical properties compared to
standard-ply laminates [29]. In thin-ply laminates, more layers per unit thickness allows
for higher variation in ply angle orientations and, therefore, could potentially improve
load-bearing properties. The epoxy LG 900 UV laminating system includes UV inhibitors,
but, unlike the epoxy used in panel 2, it is not toughened. After vacuum infusion, the panel
was placed into the autoclave, where the pressure of 400 kPa was applied. The cure cycle
for this resin was 15 h at 40 �C for initial polymerisation, then a ramp of 0.5 �C/min to
80 �C for 3 h, and then a ramp of 0.25 �C/min to 110 �C for 5 h.

 

Figure 3. Difference between standard and spread-tow fabric after spread technique [28].

The CFRP gears were milled from panels using a Sodick CNC machine. Central holes
(6 mm) were milled first; then, the CFRP panels were bolted to an aluminium base plate for
high-quality gear edge cuts as shown in Figure 2b.

The steel gears were milled from tempered steel EN 42CrMo4 (W.No. 1.7225, AISI/SAE
4142) which has a chemical composition of 0.41% of C, 0.2% of Si, 0.75% of Mn, 01.05%
of Cr and 0.23% of Mo, and then plasma-nitrided. They were treated with a superfinish
to smooth surfaces and remove sharp edges. The flank profiles were measured with a
MarSurf XC20 conturograph and the surface roughness was measured before the test with
a Tesa Rugosurf 90G gauge. The surface roughness of the superfinished steel gears was
Ra = 0.689 µm and the surface roughness of the CFRP gears was Ra = 0.417 µm.

The surface hardness of the steel gears was measured using a standard method and
an average value of 870 HV0.2 was obtained. A cylindrical spur gear geometry with
parameters defined in Table 4 was used in the manufacturing process. After manufacturing,
the geometry of the carbon fibre reinforced plastic (CFRP) gears was measured with an
ATOS Compact SCAN 5 M scanner with a nominal accuracy of ±2 µm. The geometric
quality of the gears was evaluated in accordance with ISO 1328 using a self-developed
software for quality control of gears. The results indicated that the pitch quality was level 7,
the profile quality was level 9, the pitch lead profile quality was level 9, and the runout
quality was level 6. Representative results from the carried-out gear inspection, following
the methodology described in Ref. [30], are presented in Figure 4.

Development of light-weight carbon supports: |

25µm carbon-fibre sheet (40% resin content): 
• Material developed for sails for America’s cup yacht 

(Alinghi) 

Mu3e design highly non-standard, no industry used case: 
Design and fabrication development with mechanical 
engineers with composites background from F1. 

• Single ply uni-directional: carbon-fibres usually woven 
together => too much material!  

• Spread tow: results in much thinner ply due to reduced 
tow thickness 

• Split-ply laid together: compliance during warm up/cool 
down, additional resin to bleed of

Explanation of Split-Ply

Split Ply Explanation;

Single Ply;

• Obvious starting point – one continuous ply 
with fibers orientated at 0 deg (along the length 
of the ladder)

Split Ply (butt joints);

• 5 individual ‘cut pieces’ are layed up with butt 
joints.  Strength and stiffness laterally is 
reduced.

• Gaps allow for compliance during warm 
up/cool down and additional resin bleed off to 
prevent bowing due to resin shrinkage

Split Ply (overlaps);

• Some of the benefits of the above but the 
additional benefit of a stronger and stiffer part

• Most flat so far.
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Single ply Split ply

https://doi.org/10.3390/polym15071767


Fabrication of carbon-fibre supports: |

Favourable thermal and mechanical properties deem carbon-fibre supports as best choice. 
• Average mass = 0.735 g

Ultra thin 
material!

Mould toolingPolyimide 
film

Final product!



Production 
taking 
place @ 
Oxford

Automated chip placement

Tiny glue 
deposits Automated glue 

deposition 

Fabrication procedure for outer pixel layers: |

Total ladders: 156 ladders (  3000 sensors) 
• Entire production and QC in Oxford cleanroom facility 
• To cope with scale of production and accuracy required:  

automate build procedures 
• Robotic gantry with pattern recognition used for placement of 

chips on vacuumed ladder tool.

∼

• Automated glue placement 
to minimise excess material



Sensor alignment precision: |

dm

dp

Definition of alignment parameters:

dl

Outer pixel ladders have > 1000 spTAB connections each!  
Sensors must be positioned very precisely (  10 µm): 

• To account for HDI length variations 
• To ensure sufficient gap between sensors to avoid 

collisions due to thermal contraction during operations

±

65µm

150µm



A completed ladder: |



Qualification procedure for ladders: |

IV scan for half ladders 

Current response to 
amplifier DAC 

DAC values for error-free 
data transmission 

Noise map of 
pixel matrix 

Ladder QC test box (cooled 
with cold dry air) 

After assembly, each ladder is individually QC tested before module assembly.  
QC tests include:  

• IV measurements 
• Power consumption measurements  
• On-Chip DAC response 

Production currently on-going: build rate  5 ladders per week. 
QC also undertaken once ladders mounted on modules. 

∼

• Data transmission stability 
• Noise behaviour (pixel maskability) 
• Response to radioactive source

Tot masked pixels = 92 (0.14%)



Assembly of outer pixel modules: |

Due to space constraints — PCBs for read-out need 
to be bent into shape: 

• 90  bent 4-layer copper “interposer flex” for 
ladder  

• 180  bent end-piece flex for module

∘

∘

Run no. DAB-stp HV LV Pattern

109 7 3 7 Yes
117 7 3 7 Yes

116 7 7 3 Yes
120 7 7 3 Yes

115 7 3 3 Yes

110 7 7 7 No
114 7 7 7 No
118 7 7 7 No

111 3 7 7 Yes
113 3 7 7 Yes

Layer 1 2 3 4

Number of ladders/modules 4 5 4 4
Number modules total 2 2 6 7
Number of ladders total 8 10 24 28
Number of sensors total 48 60 408 504
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Outer pixel layers: |

Module “pick-up” tool

Module

Central region

Recurl region Recurl region

Helium  
distribution system

Module 
end-ring

Layer 4 modules

Layer 3 modules

Service  
flex PCBs

Modules mounted on each layer’s end-
ring (kapton) 

• Module pick-up tool screws into 
module end-piece (kapton) 

• All services (electrical PCBs and 
Helium system) attached to end-rings



Timing detectors: scintillating fibres |

32.5 mm

300 mm

Scintillating fibres (SciFi): scintillating photo-multiplier tubes (SiPMs) 
Used to suppress accidental background through additional timing information 

• 12 fibre ribbons, 30cm long, arranged in 3 staggered layers: surrounding vertex detector 
• Fibres 250 µm thin: Material budget < 2%  
• Measured time resolution  250 ps 
• Read-out through custom designed ASIC

X0

∼ The Phase I Mu3e Experiment

Figure 10.5: Front view of a SciFi ribbon prototype. A
very good uniformity can be achieved by this ribbon con-
struction technique. Note that the photograph shows a
four-layer SciFi ribbon, while in Mu3e three-layer ribbons
are used. The multi-cladding makes the fibres to appear
smaller due to restricted light propagation.

10.1.1 Scintillating Fibres

The constraints on the material budget, the occupancy, and
position resolution require the use of the thinnest avail-
able scintillating fibres. In extensive measurement cam-
paigns, a detailed comparison was undertaken of di�erent
types of 250 µm diameter round scintillating fibres pro-
duced by Kuraray (SCSF-78, SCSF-81 and NOL-11) and
Saint-Gobain (BCF-12), as well as square cross-section
fibres by Saint-Gobain (BCF-12). Scintillating fibre rib-
bon prototypes coupled to SiPM arrays have been tested in
test beams at the CERN PS (T9 beamline) and PSI (fiM1
beamline) and with 90Sr sources. The detailed results of
these studies are reported in [77–80]. Based on their per-
formance with respect to light yield and time resolution,
round double-clad SCSF-78MJ fibres from Kuraray were

characteristic value
cross-section round
emission peak [nm] 450
decay time [ns] 2.8
attenuation length [m] >4.0
light yield [ph/MeV] n/a (high)
trapping e�ciency [%] 5.4
cladding thickness [%] 3 / 3
core Polystyrene (PS)
inner cladding Acrylic (PMMA)
outer cladding Fluor-acrylic (FP)
refractive index 1.59/1.49/1.42
density [g/cm3] 1.05/1.19/1.43

Table 10.1: Properties of the 250 µm diameter round multi-
clad Kuraray SCSF-78MJ scintillating fibres as quoted by
the manufacturer.

chosen. Table 10.1 summarises the characteristics of this
fibre type. Novel NOL fibres, based on Nanostructured
Organosilicon Luminophores, give the best performance,
but will only become commercially available in the years
to come and will be considered for future SciFi detector
upgrades.

10.1.2 Number of SciFi Layers

A critical point of optimization is the number of staggered
fibre layers. More layers lead to an improved timing res-
olution and a higher detection e�ciency but reduces the
momentum resolution of the pixel tracker due to multiple
Coulomb scattering. Since the particles cross the SciFi rib-
bons at an angle, more layers lead also to a larger cluster
size (i.e., the number of channels in the SiPM array ex-
cited by the scintillating light) and therefore to a larger
occupancy.

Using the physical characteristics of the SciFi ribbons
extensive simulation studies were performed on the impact
of this sub-detector on the momentum resolution, e�ciency
and track reconstruction (details on the complete detector
simulation, reconstruction algorithm and event selection
can be found in chapters 18, 19 and 22).

The amount of multiple Coulomb scattering generated
by the fibre detector is shown in Figure 10.6. Note that a
ribbon of three layers of 250 µm round fibres corresponds
to X/X0 ¥ 0.2 %. Multiple Coulomb scattering a�ects
the momentum resolution (Figure 10.7) and thus the µ æ

eee signal invariant mass resolution and reduces the overall
reconstruction e�ciency (Figure 10.8).

As a compromise between these constraints, ribbons con-
sisting of three staggered layers of 250 µm diameter round
fibres are chosen. With a thinner detector it would be chal-
lenging to fulfill the e�ciency requirements and the time
resolution would not be su�cient to e�ectively reject ac-
cidental backgrounds, reliably determine the sense of rota-
tion of tracks and reject misreconstructed track candidates.

Figure 10.6: Multiple Scattering ◊0 depending on elec-
tron/positron momentum and fibre ribbon thickness.

56

Cross-section of 4-layer prototype



Timing detectors: scintillating tiles |

Scintillating tiles: 6mm x 6mm x 5mm tiles with SiPMs in re-curl region 
•  6000 channels 
• Measured single channel time resolution < 80ps  
• Each tile individual hand wrapped with ESR reflector foil (optical isolation) 
• Base unit = 32 scintillator and SiPM channels mounted on PCB 
• Read-out through custom designed ASIC 
• Intended to stop the electrons: no required material budget 

∼Chapter 11

Tile Detector

The tile detector aims at providing the most precise tim-
ing information of the particle tracks possible. As it is
located at the very end of recurling particle trajectories,
there are no constraints on the amount of detector mater-
ial; the placement inside the recurl pixel detectors however
implies very tight spatial constraints. The detector consists
of plastic scintillator segmented into small tiles. Each tile
is read out with a silicon photomultiplier (SiPM) directly
attached to the scintillator. The main goal of the tile de-
tector is to achieve a time resolution of better than 100 ps
and a detection e�ciency close to 100% in order to e�-
ciently identify coincident signals of electron triplets and
suppress accidental background.

11.1 Detector Design

The tile detector is subdivided into two identical stations –
one in each recurl station. Each tile detector segment has
the shape of a hollow cylinder enclosing the beam pipe. The
length of a segment is 34.2 cm along the beam direction (z
direction) including the endrings, while the outer radius
is 6.4 cm, which is limited by the surrounding pixel sensor
layers. The detector in each recurl station is segmented
into 52 tiles in z direction and 56 tiles along the azimuthal
angle („ direction). This is the highest feasible channel
density, considering the space requirements for the readout
electronics. The high granularity is essential in order to
achieve a low occupancy as well as a high time resolution.

The technical design of the tile detector is based on a
modular concept, i.e. the detector is composed of small
independent detector units. The base unit of the tile de-
tector, referred to as sub-module, is shown in Figure 11.3a.
It consists of 32 channels arranged in two 4 ◊ 4 arrays.
The tiles are made out of Eljen technology EJ-228 plastic
scintillator and have a size of 6.3 ◊ 6.2 ◊ 5.0 mm3, see Fig-
ure 11.1. The edges of the two outer rows of an array are
bevelled by 25.7°, which allows for seven base units to be
arranged approximately in a circle.

The individual tiles are wrapped with Enhanced Specular
Reflector (ESR) foil. In order to increase the light yield and
optically isolate the channel, the foil is designed to cover
the entire tile except for an opening window of the size of
the SiPM surface, as can be seen in Figure 11.2. Every
tile is read out by a 3 ◊ 3 mm2 SiPM with 3600 pixels,
which is glued to the bottom 6.3 ◊ 6.2 mm2 side of the tile.
The SiPMs are soldered to a printed circuit board (PCB),

Figure 11.1: Tile scintillator geometry: (left) central tile,
(right) edge tile.

Figure 11.2: Individual ESR reflective foils for two types of
scintillator tiles:(left) edge tile, (right) central tile.

which is connected via a flexible PCB (flexprint) to one of
the ASICs on the readout board, the Tile Module Board
(TMB).

A tile module is comprised of 13 sub-modules, and con-
tains a total of 416 channels. A CAD rendering of such
a module is shown in Figure 11.3b. The sub-modules are
mounted on a water-cooled aluminium support structure
and are read out by 13 MuTRiG ASICs assembled on one
TMB, which collects the analog signals of the SiPMs and
forwards the digitised signals to the front-end FPGAs. The
subsequent data transmission is discussed in chapter 17.
The heat of the readout chips is dissipated via liquid cooling
through a copper tube, with an outer diameter of 2.5 mm
and an inner diameter of 2.0 mm, which is placed in a U-
shaped groove on the bottom side of the support structure.

Figure 11.3c shows an exploded view of a full tile de-
tector recurl station, which consists of seven modules. The
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(a) The tile detector base unit consisting of 32 scintillator
and SiPM channels. The sensors are mounted on a flex-rigid
PCB. CAD rendering.

(b) Module (416 channels) of the tile detector consisting of 13
base units, which are mounted on a support structure. A copper
pipe for cooling liquid is placed inside the support structure to
cool the readout chips and SiPMs. CAD rendering.

(c) Full tile detector (CAD rendering, exploded view). (d) Full tile detector (front view). The detector modules are
mounted on two endrings connected to the beam pipe. CAD
rendering.

Figure 11.3: CAD rendered views of the tile detector.

Figure 11.4: Individual tiles wrapped with ESR reflective
foil.

modules are assembled on two endrings, which in turn are
mounted on the beam pipe, as shown in Figure 11.3d.

Based on previous studies [82], the best timing resolution
is achieved with the plastic scintillator BC418 (equivalent

to EJ-228), which has both a high light yield and a fast
response time, and therefore is chosen as the baseline ma-
terial for the tile detector. This scintillator has a nominal
light output of about 10 200 photons per MeV, a rise time
of 0.5 ns and a decay time of 1.4 ns. The emission spectrum
of the scintillator peaks at a wavelength of 391 nm, which
roughly matches the maximum spectral sensitivity of the
SiPM. This allows the direct read-out of the scintillation
light without the need of an additional wavelength shifter.

Di�erent SiPM types have been compared in simula-
tion studies in order to find the best suited device for
the tile detector. Based on the simulation studies, a
3 ◊ 3 mm2 SiPM with 50 µm pixel size is chosen as the
baseline photo-sensor. A respective SiPM from Hama-
matsu (MPPC S13360-3050VE, see Figure 11.5) has been
successfully tested in the tile detector technical prototype
(see section 11.5).

11.2 SiPM Radiation Hardness

Ionising radiation can have a large impact on the SiPM
characteristics and performance. The most prominent ef-
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Chapter 11

Tile Detector

The tile detector aims at providing the most precise tim-
ing information of the particle tracks possible. As it is
located at the very end of recurling particle trajectories,
there are no constraints on the amount of detector mater-
ial; the placement inside the recurl pixel detectors however
implies very tight spatial constraints. The detector consists
of plastic scintillator segmented into small tiles. Each tile
is read out with a silicon photomultiplier (SiPM) directly
attached to the scintillator. The main goal of the tile de-
tector is to achieve a time resolution of better than 100 ps
and a detection e�ciency close to 100% in order to e�-
ciently identify coincident signals of electron triplets and
suppress accidental background.

11.1 Detector Design

The tile detector is subdivided into two identical stations –
one in each recurl station. Each tile detector segment has
the shape of a hollow cylinder enclosing the beam pipe. The
length of a segment is 34.2 cm along the beam direction (z
direction) including the endrings, while the outer radius
is 6.4 cm, which is limited by the surrounding pixel sensor
layers. The detector in each recurl station is segmented
into 52 tiles in z direction and 56 tiles along the azimuthal
angle („ direction). This is the highest feasible channel
density, considering the space requirements for the readout
electronics. The high granularity is essential in order to
achieve a low occupancy as well as a high time resolution.

The technical design of the tile detector is based on a
modular concept, i.e. the detector is composed of small
independent detector units. The base unit of the tile de-
tector, referred to as sub-module, is shown in Figure 11.3a.
It consists of 32 channels arranged in two 4 ◊ 4 arrays.
The tiles are made out of Eljen technology EJ-228 plastic
scintillator and have a size of 6.3 ◊ 6.2 ◊ 5.0 mm3, see Fig-
ure 11.1. The edges of the two outer rows of an array are
bevelled by 25.7°, which allows for seven base units to be
arranged approximately in a circle.

The individual tiles are wrapped with Enhanced Specular
Reflector (ESR) foil. In order to increase the light yield and
optically isolate the channel, the foil is designed to cover
the entire tile except for an opening window of the size of
the SiPM surface, as can be seen in Figure 11.2. Every
tile is read out by a 3 ◊ 3 mm2 SiPM with 3600 pixels,
which is glued to the bottom 6.3 ◊ 6.2 mm2 side of the tile.
The SiPMs are soldered to a printed circuit board (PCB),

Figure 11.1: Tile scintillator geometry: (left) central tile,
(right) edge tile.

Figure 11.2: Individual ESR reflective foils for two types of
scintillator tiles:(left) edge tile, (right) central tile.

which is connected via a flexible PCB (flexprint) to one of
the ASICs on the readout board, the Tile Module Board
(TMB).

A tile module is comprised of 13 sub-modules, and con-
tains a total of 416 channels. A CAD rendering of such
a module is shown in Figure 11.3b. The sub-modules are
mounted on a water-cooled aluminium support structure
and are read out by 13 MuTRiG ASICs assembled on one
TMB, which collects the analog signals of the SiPMs and
forwards the digitised signals to the front-end FPGAs. The
subsequent data transmission is discussed in chapter 17.
The heat of the readout chips is dissipated via liquid cooling
through a copper tube, with an outer diameter of 2.5 mm
and an inner diameter of 2.0 mm, which is placed in a U-
shaped groove on the bottom side of the support structure.

Figure 11.3c shows an exploded view of a full tile de-
tector recurl station, which consists of seven modules. The
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SciTile module

Central tile shape

Edge tile shape



Muon beam & stopping target:

Muon stopping target: 

• Aluminised Mylar foil:  95.5 % stopping efficiency 
• Thin (70-80µm), hollow: minimal material budget 
• Double cone: spread of decay vertices along beam 

direction

∼

HIPA: High Intensity Proton Accelerator Facility @ PSI 
• 1.4 MW continuous proton beam 

• Fired onto graphite target: protons  pions  muons 
• Muons guided by magnets to experimental stations 
• Provides world’s most intense DC muon beam 
• PIE5 beam line: up to 108 muons/s

→ →



Successful commissioning run 2025: |

SciFi: 2/12 ribbons

SciTile: 3/14 modules 
on  side

Vertex: Full layer 1 + 2 installed

Many firsts during installation and commissioning of detector during June 2025 beam time: 

• Sub-system operations in beam  
• Mu3e solenoid operational 1 T  
• Gaseous helium cooling of vertex 
• Liquid cooling of SciFi + SciTiles 
• Operation of world’s thinnest pixel 

tracker!! 
• Analysis of results on-going



Operation of the vertex detector 2025: |

Full vertex detector installed: 
• Rate maps obtained for both layer 1 and 2: up to 107 muons/s stopped 

Out of 108 MuPix11 sensors 24% sensors had issues:  
• Mechanically damaged 
• Unstable data transmission
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Single Event Sensitivity Projections

Phase ߿ 

Page ߿ࠂ 

Phase ߿ projection of SES vs Data taking days 

Surpass the SINDRUM limit in less than two weeks

Phase I 

Phase I projection of SES vs Data taking days 

Rencontres du Vietnam ,5ࠁ߿ࠁ.8߿.ࠂࠁ - 7ࠀ Tamasi Kar, PI Heidelberg

SES = 

year of data taking to find or exclude 𝜇  ࠀ ~  → 𝑒 𝑒 𝑒  at+ + - +

branching ratio above 5ࠀ-߿ࠀ

Preparing for physics data-taking in 2026! 
• Production of all detector components on-going for 

2026 beam time: including vertex “version 2” and 
outer pixel ladders for central station 

• Result of BVR (“Benützerversammlung”) review to 
be held in Feb2026 will dictate 2026 beam-time 
duration

M
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Now

Looking to the future: |

Phase 0 configuration likely to 
already surpass SINDRUM limit!

SES =
1

ϵ ⋅ Nμ



Stay tuned … !


