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• Lepton flavor is strictly conserved in the Standard Model (m𝝂=0)


- … but there are neutrino oscillations (m𝝂≠0)  
 
 

• Charged lepton flavor violation (cLFV) has not been observed

- it is heavily suppressed (via neutrino mixing) 

-  
 
 

• Observation of cLFV would be an unambiguous  
sign of new physics beyond the SM


- SUSY, GUT, extended Higgs sector, …
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Lepton flavor violation
as a sign of physics beyond the SM



as probes of cLFV
Muons
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• Muons are a versatile probe of charged lepton flavor violation:

- clean: long lifetime, few and simple SM decay modes

- available at high-intensity muon beams (PSI, J-PARC, Fermilab)

- sensitive: high mass scales, model-independent effective Lagrangian 

CLFV & μ+→e+e+e-

2

Charged Lepton Flavour Violation and the Standard Model
❏ Neutrino masses/oscillations have established LFV in SM+
❏ Charged LFV has not yet been observed: beyond SM. But CLF is not 

a fundamental SM symmetry
❏ Leptons are a clean probe, i.e. free of SM background
❏ Muons hit the sweet spot between sensitivity and availability.

Note there are also ⲧ→eγ, ⲧ→μγ, ⲧ→μμμ searches at e.g. Belle II
❏ Three golden muon channels:

❏ μ+→e+γ                  MEG < 4ᐧ10-13 ⇨  MEGII < 5ᐧ10-14

❏ μ+→e+e+e-              SINDRUM < 1ᐧ10-12 ⇨  Mu3e < 2ᐧ10-15

❏ μ-N→e-N               SUNDRUMII < 7 ᐧ10-13 ⇨   Mu2e, COMET, DeeMee < 10-16
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looking for cLFV
Golden muon channels
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• Three golden channels in muon decays: 

μ+→e+e-e+μ+→e+γ μ-N→e-N

Current limit: MEG
  B < 4.2 x 10-13

Future: MEG II
B < 5 x 10-14

Current limit: SINDRUM II
  B (Au) < 7 x 10-13

Future: Mu2e, COMET
  B < 10-16 

Current limit: SINDRUM II
  B < 1.0 x 10-12

Future: Mu3e (PSI)

• Complementarity in sensitivity to scalar, vector and tensor interactions

- comparison gives insight into the nature of the new physics
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  B < 10-16 



• Mu3e is a future experiment in the search 
of the cLFV decay μ+→e+e-e+ 

• Goal:


- Observe μ+→e+e-e+ if B > 10-16


- Exclude B > 10-16 at 90% CL


• Two-stage approach:


- B < few 10-15   in phase I (2025-26)

- B < 10-16          in phase II (2029+)


• Under construction at the Paul Scherrer 
Institute (PSI) in Switzerland


• ~70 collaborators from institutes in 
Switzerland, Germany and UK

in the search for μ+→e+e-e+
The Mu3e experiment
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and related kinematics
Signal

6

Signal

• Common vertex

• Time coincidence

• 


•
|Σ ⃗p | = 0
Σ E = mμ
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• Phase I: Need > 1015 muons

• 2.5 x 107 s (290 days) at 20% efficiency


- Rate > 1 x 108 muons/s

High rate  
capability

2

• Unknown underlying cLFV mechanism

Large phase  
space coverage

1



and related kinematics
Backgrounds

7

Signal Internal conversion

• Common vertex

• Time coincidence

• 


•
|Σ ⃗p | ≠ 0
Σ E ≠ mμ

Excellent momentum  
and total energy  

resolution (<1 MeV)
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B = 3.4 x 10-5

vs.
Muon radiative decays  
with internal conversion 

μ+ → e+e-e+νν

 

A. Schöning, Heidelberg                                                         18                                                          Seminar LPNHE, 3. May 2021

e+

e+e-

ν

ν

B(μ+ → e+e+e- νν) = 3.4 ·10- 5

Irreducible BackgroundIrreducible Background

Radiative decay with internal conversion

missing energy 
from two neutrinos

steeply falling!
R.M.Djilkibaev,
R.V.Konoplich 
PRD79 (2009)

very good momentum + 
total energy resolution required!

missing energy taken
by neutrinos
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• Common vertex

• Time coincidence

• 


•
|Σ ⃗p | = 0
Σ E = mμ



and related kinematics
Backgrounds

8

μ+→e+e+e- & the Mu3e experiment

6

Detecting μ+→e+e+e- for muon decay at rest: Backgrounds

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

DC muons
3 particle decay Internal  conversion Accidental background

signalBackground

Michel decay positrons plus 
electron from:

❏ Bhabha scattering
❏ Photon conversion
❏ Mis reconstruction

Our detector needs:
➢ Excellent momentum resolution
➢ Good time and vertex resolution
➢ High rate capability

Accidental / Combinatorial

• No common vertex

• No time coincidence

• 


•
|Σ ⃗p | ≠ 0
Σ E ≠ mμ Excellent timing (<100ps)  

and vertexing (<0.5 mm), 
kinematic reconstruction
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vs.

Overlays of two ordinary 
Michel e+ with an e- from: 

* Bhabha scattering 
* Photon conversion 
* Mis-reconstruction

4

N ~ rate• Common vertex

• Time coincidence

• 


•
|Σ ⃗p | = 0
Σ E = mμ

Signal



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


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


- Momentum resolution dominated 
by multiple scattering, not 
position resolution 

• At first order:

and multiple scattering
Momentum measurement
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σp

p
∼

θMS

Ω

Niklaus Berger – May 2022 – Slide 23

• 1 T magnetic !eld 

• Resolution dominated by multiple  
sca"ering 

• Momentum resolution to !rst order: 

   ΣP/P  ~ θMS/Ω 

• Precision requires large lever arm 
(large bending angle Ω) and  
low multiple sca"ering θMS

Momentum measurement

Ω

MS

θMS

B

Low material  
budget

5
Large  

bending angle 

6 • MS uncertainties cancel out after half turn

• Allow particles to recurl in the detector

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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based on experimental requirements
Mu3e design
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• Very challenging (compact) experimental design:

- Unknown cLFV kinematics → large solid angle and kinematic acceptance

- High muon rates → high granularity and fast processing

- Internal conversion → excellent momentum resolution

- Accidental background → good timing / vertex resolution

- Multiple scattering → low material budget, optimized recurling
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Figure 1: The active part of the Mu3e detector, with a central tracker surrounding the target, and upstream and

downstream tracking stations. The large lever arm created by the recurling tracks enables the high momentum
resolution required.

Figure 2: The 30 ton Mu3e solenoid magnet arriving at PSI.
After a commissioning phase, the magnet will be
installed in the ⇡E5 experimental area, and can
provide a magnetic field of up to 2.6 Tesla with an
excellent �B

B uniformity and stability of O(10�4).

Figure 3: The simulated reconstructed mass versus the
momentum balance of two positrons and one
electron from a common vertex [9]. The acci-
dental background is shown in blue, the domi-
nating background from internal conversion is
shown in red.

1.1 The Mu3e detector

The Mu3e detector is located at the Compact Muon Beam Line at the ⇡E5 channel, which delivers

so-called surface muons, originating from pions decaying at rest at the surface of the production

target. After the positron contamination from the beam is removed by a Wien filter, a beam of up to

108 µ+/s is transported to the centre of the Mu3e solenoid magnet, and stopped on a hollow double-

cone target, which spreads out the decay vertices in z and minimises the amount of target material

seen by the decay particles. The target is surrounded by the cylindrical central tracker, consisting of

the inner silicon pixel detector, a scintillating fibre tracker for timing purposes, and the outer silicon

pixel detector. An optimal momentum resolution of better than 1MeV is achieved by letting the

positrons(electrons) recurl in the magnetic field, either crossing the central tracker again, or hitting

the outer tracking stations surrounding the upstream and downstream beam pipe. These stations

3



Beam and target
Mu3e experiment

11

Targetμ Beam
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• 108 muons/s stopped on a 
thin hollow stopping target




Magnetic field
Mu3e experiment
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Targetμ Beam

• 108 muons/s stopped on a 
thin hollow stopping target


• Helical tracks in strong  
uniform 1 T magnetic field




Inner pixel detector
Mu3e experiment
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Target

Inner pixel layers

μ Beam

• 108 muons/s stopped on a 
thin hollow stopping target


• Helical tracks in strong  
uniform 1 T magnetic field


• Two layers of ultra thin  
silicon pixels for vertexing 



Outer pixel detector
Mu3e experiment
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Target

Inner pixel layers

Outer pixel layers

μ Beam

• Two outer pixel layers for  
4-hit track reconstruction


• 108 muons/s stopped on a 
thin hollow stopping target


• Helical tracks in strong  
uniform 1 T magnetic field


• Two layers of ultra thin  
silicon pixels for vertexing 



Scintillating fibres detector
Mu3e experiment
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Target

Inner pixel layers

Scintillating !bres

Outer pixel layers

μ Beam

• Two outer pixel layers for  
4-hit track reconstruction


• Scintillating fibres for  
precise timing and charge 
measurement

• 108 muons/s stopped on a 
thin hollow stopping target


• Helical tracks in strong  
uniform 1 T magnetic field


• Two layers of ultra thin  
silicon pixels for vertexing 



Recurl pixel detector
Mu3e experiment

16

Target

Inner pixel layers

Scintillating !bres

Outer pixel layers

Recurl pixel layers

μ Beam

May 16, 2023 | New Frontiers in Lepton Flavor                                                                                  Cristina Martin Perez | ETH Zurich

• Two outer pixel layers for  
4-hit track reconstruction


• Scintillating fibres for  
precise timing and charge 
measurement

• Pixel recurl stations for 
optimal momentum 
resolution and acceptance


• 108 muons/s stopped on a 
thin hollow stopping target


• Helical tracks in strong  
uniform 1 T magnetic field


• Two layers of ultra thin  
silicon pixels for vertexing 



Scintillating tiles detector
Mu3e experiment
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Target

Inner pixel layers

Scintillating !bres

Outer pixel layers

Recurl pixel layers

Scintillator tiles

μ Beam
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• Pixel recurl stations for 
optimal momentum 
resolution and acceptance


• Extra scintillating tiles for 
optimal timing

• Two outer pixel layers for  
4-hit track reconstruction


• Scintillating fibres for  
precise timing and charge 
measurement

• 108 muons/s stopped on a 
thin hollow stopping target


• Helical tracks in strong  
uniform 1 T magnetic field


• Two layers of ultra thin  
silicon pixels for vertexing 



• Phase I: high-intensity continuous muon beam

• HIPA proton accelerator at PSI in Switzerland:


- 2.2 mA protons at 590 MeV (1.5 MW)

- protons → pions → “surface” muons


• World’s most intense DC muon beam:

- Low momentum ~28 MeV 

- πE5 / CMBL shared MEG II and Mu3e

- 1.4 x 108 muons/s delivered

Experimental Area @ PSI

SLAC FPD Seminar - 01.12.2020 Sebastian Dittmeier - Heidelberg University 29

HIPA proton accelerator
Muon beam
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PSI is home of world’s most intense continuous muon beam
Cyclotron produces 2.2 mA proton beam with 590 MeV
Production of pions and muons on Carbon target
Continuous, sub-surface µ+ with 28 MeV

108 µ/s at Compact Muon Beamline (CMB)
1010 µ/s with the future High Intensity Muon

Beams (HIMB) project (2029+)

21/32 September 19, 2022 A. Perrevoort: Lepton Flavour Violation ann-kathrin.perrevoort@kit.edu | KIT - ETP

Mu3e Experiment
Muon Beam

Target

Inner pixel layers

Scintillating !bres

Outer pixel layers

Recurl pixel layers

Scintillator tiles

μ Beam



and magnet
Stopping target

19

• Stopping target:

- Hollow and double-cone  
- Made in Mylar 
- Stops ~96% of muons


-
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Distribute muon stops over large surface

Reduce material traversed by decay products

Hollow, double-cone target made from Mylar

100 mm long, 38 mm diameter, 70 µm/80 µm thick

Stopping rate of 95.5%

12/22 May 19, 2022 A. Perrevoort: Searching for LFV with Mu3e ann-kathrin.perrevoort@kit.edu | KIT - ETP

Mu3e Experiment
Stopping Target

Target

Inner pixel layers

Scintillating !bres

Outer pixel layers

Recurl pixel layers

Scintillator tiles

μ Beam

• Solenoidal superconducting magnet:

- Precise momentum 

reconstruction with recurlers

- Strong magnetic field 1 Tesla 
- Stable and homogeneous

- Delivered at PSI, operational


19 mm

100 mm

70-80 μm thick

3.2 m



The Vertex Detector

SLAC FPD Seminar - 01.12.2020 Sebastian Dittmeier - Heidelberg University 36

V-channels for
mechanical support

(outer layers only)

• Vertex identification and momenta measurement:

- Very thin, fast, precise hit information


• Cylindrical, 4 layers (2 inner + 2 outer)

- Central station for precise track reconstruction

- Recurl stations for high purity and acceptance


• Cooled by innovative gaseous helium system

Mechanics
Pixel detectors
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Building the Pixel Tracking Detector

SLAC FPD Seminar - 01.12.2020

Sebastian Dittmeier - Heidelberg University

35

Target

Inner pixel layers

Scintillating !bres

Outer pixel layers

Recurl pixel layers

Scintillator tiles

μ Beam

See talk by T. Rudzki 
this afternoon



• MuPix - high voltage monolithic active pixel sensors (HV-MAPS): 

- HV-CMOS, 180 nm technology, fully monolithic

- 20 x 23 mm2 sensors with 80 x 80 μm2 pixels

- Large depletion region, fast charge collection via drift (~ns)

- Digital electronics embedded in N-well (“smart diode”)

- Can be thinned down to 50 μm (~1‰ X0)


• Efficiency > 99%, time resolution < 20 ns

• Final version (MuPix11) operational

Sensors
Pixel detectors
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The Mu3e Pixel Sensors – MuPix

SLAC FPD Seminar - 01.12.2020 Sebastian Dittmeier - Heidelberg University 33

oHigh-Voltage Monolithic Active Pixel Sensors
oProduced in 180 nm HV-CMOS technology
o Fast charge collection via drift
o Fully integrated digital readout
oCan be thinned to 50 μm ~ 0.5 ‰ 𝑋0

Mu3e requirements
Efficiency ≥ 99 %
Time resolution ≤ 20 ns

MuPix 8

20
 m

m

10 mm

MuPix 10

I.Perić, NIM A 582 (2007) 876

Target

Inner pixel layers

Scintillating !bres

Outer pixel layers

Recurl pixel layers

Scintillator tiles

μ Beam

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

Fig. 8.11. Hit efficiency and noise as a function of the charge threshold for the MuPix8
sensor 084-2-03 (80⌦ cm, thickness 62 �m) as measured for 4GeV electrons for a beam
inclination angle of 0

˝. The bias voltage was set to *60V and the pixel cells were
untuned.
Source: Plot from [68].

the bias voltage. This measurement confirmed the expected increase of
the depletion area, and the resulting hit efficiency, by using a higher
resistivity substrate than the standard 10* 20⌦ cm. The increase of the
depletion region is also supported by TCAD simulations [69] and HV-
CMOS characterisation studies including Edge-TCT measurements [53].
For substrate resistivities of ˘200⌦ cm an even wider plateau of high
efficiency has been obtained [70].

8.4.2. Noise and cross-talk
For optimised DAC settings a noise of about 90 electrons was mea-

sured for MuPix8 using a threshold scan. The source is mainly thermal
noise from the capacitances of the diode and the amplifier input tran-
sistors. The noise figure has to be compared to the expected number of
primary electrons which strongly depends on the substrate resistivity.
For the envisaged substrate of ˘200⌦ cm and approx. ˘30 �m depletion
more than 3000 primary electrons are expected in the experiment.

Another source of noise is cross-talk which is particularly dangerous
in mixed signal designs where frequently switching signals in the digital
circuitry induce noise in the analogue section. Various tests have been
performed and no cross-talk from the digital section was detected
for reasonable hit thresholds, even when the MuPix prototypes were
operated at very high readout rates (> 1Mhits_s), thus confirming the
MuPix design.

Cross-talk between pixel cells was studied by analysing hit corre-
lations. Hit correlations are naturally expected from charge sharing
if tracks create ionisation charges in the vicinity of two pixels inside
a cone of about 3 �m [68]. A clear correlation between the position
of the charge deposition and charge sharing was seen in test-beam
measurements but no significant cross-talk between pixels could be
measured.

Significant cross-talk, however, was observed in MuPix8 between
the long analogue readout lines connecting the pixel cells with the
comparators in the periphery, see Fig. 8.2. Fig. 8.12 shows the signal
measured at the comparator inputs of adjacent pixels in the same
column after injecting a pulse to the middle pixel. In MuPix8 a con-
ventional comb-like routing scheme was implemented where the length
of RO lines scales linearly with the row number. This scheme allows
a detailed study of the cross-talk probability as a function of the row
number, and thus the length of the RO line. The capacitive coupling has
been derived from the amplitude ratios of injected to measured signal,

Fig. 8.12. Relative amplitude loss of an injected signal in MuPix8 as a function of the
row number due to the capacitive couplings of the readout lines (full points). The red
line corresponds to a proportionality constant of 0.155% per pixel row.
Source: Plot based on [63].

Fig. 8.13. Triplet pattern probability due to cross-talk as a function of the row number
in MuPix8. The red solid line shows a fit to the data.
Source: For more detail see [68].

and was found to be proportional to the length of the readout line, see
Fig. 8.12, with a signal loss of roughly 0.155% per pixel row. Small
deviations from linear behaviour are expected and due to non-linear
routing effects, e.g. change of metal layers.

The capacitive coupling between RO lines leads to a specific triplet
pattern, see discussion of Fig. 8.3. The frequency of this cross-talk has
been derived from test-beam data as a function of the row number and
is shown in Fig. 8.13. The triplet pattern probability above row number
˘70 shows a linear increase with the length of the readout line. For the
highest row numbers, corresponding to a signal line length of 1.6 cm,
the probability is approx. 35% that a triplet pattern fires.

From the MuPix8 characterisation results the capacitive coupling
between RO lines is estimated for MuPix10 to be ˘13%, considering
the improved routing scheme (see Section 8.3.3) and the 20% increase
of the signal line density. For most hits, the amplitude of the cross talk
signal is expected to be small enough to be below detection threshold.
If the cross-talk is above the hit threshold, special easy-to-identify
patterns will emerge due to the MuPix10 routing scheme.

8.4.3. Time resolution
Several effects contribute to the timing of hits in a monolithic sen-

sor: pixel-to-pixel variations in the amplifier response, signal routings of

30

Chapter 8

MuPix Pixel Sensor

The very challenging requirements on the allowed
amount of material in the tracking layers can only be ful-
filled with a monolithic silicon pixel technology. Monolithic
sensors e�ciently integrate sensor and readout in the same
device, thereby greatly reducing the detector material in
comparison to classical hybrid pixel module designs, which
require additional readout chips and interconnects (bonds).
For the Mu3e pixel detector, High-Voltage Monolithic Act-
ive Pixel Sensors (HV-MAPS) [23] were chosen. They are
produced in a commercial 180 nm HV-CMOS process [38]
and can be thinned to 50 µm to reduce material [39].

For Mu3e an experiment-specific HV-MAPS, the MuPix,
has been developed. All MuPix sensors in the pixel tracker
are the same size, each instrumenting an (active) area of
about 20 ◊ 20 mm2. The main parts of the digital electron-
ics are located in the chip periphery, a region about 3 mm
wide on one side of the sensor. The periphery also integ-
rates dedicated pads for SpTA-bonding [24] (see chapter 7),
and additional pads for testing. The number of electrical
lines to operate the sensor is kept to a minimum in order
to reduce the number of interconnects and to ease routing.
All electrical connections for signal, control and monitoring
are di�erential and run at high speed. Additional connec-
tions are provided for power, ground, bias-voltage, and for
passive temperature monitoring using a diode.

All MuPix sensors will be operated synchronous to the
Mu3e system clock with ¥ 1 ns precision. This alignment
is achieved by means of a synchronous reset command. Hit
timestamps are derived from an internal phase-locked loop
(PLL) running at a nominal frequency of 625 MHz. Data
are sent over up to three configurable serial links, each
providing a bandwidth of 1.25 Gbit/s using an 8 bit/10 bit
encoding protocol.

Operating temperature, and therefore the power con-
sumption of the MuPix sensors, is critical for the track-
ing detector. We have tested and qualified HV-MAPS for
temperatures up to 100 °C but define a maximum temper-
ature of Tmax = 70 °C to stay in the specified range for the
adhesives used in the tracking detector. The minimum tem-
perature is defined by the 0 °C icing limit (section 7.6). The
power consumption of the pixel tracker per unit area must
not exceed the maximum cooling capacity of the helium
gas cooling system, Pmax = 400 mW/cm2, see chapter 12.
Taking into account electrical losses on the HDI and power
cables, the MuPix sensor must therefore be operated below

sensor dimensions [mm2] Æ 21 ◊ 23
sensor size (active) [mm2] ¥ 20 ◊ 20
thickness [µm] Æ 50
spatial resolution µm Æ 30
time resolution [ns] Æ 20
hit e�ciency [%] Ø 99
#LVDS links (inner layers) 1 (3)
bandwidth per link [Gbit/s] Ø 1.25
power density of sensors [mW/cm2] Æ 350
operation temperature range [°C] 0 to 70

Table 8.1: Main requirements of the Mu3e pixel sensor.

the power consumption limit of 350 mW/cm2. The main re-
quirements for the pixel sensor are summarised in Table 8.1.

After introducing the HV-MAPS concept, an overview of
the MuPix R&D and the characterised prototypes is given.
The final MuPix design is presented in section 8.3. The
main results obtained by prototypes are discussed in sec-
tion 8.4 including first characterisation results from the fi-
nal MuPix10 prototype.

8.1 HV-MAPS

P-substrate

N-well

Particle

E !eld

Figure 8.1: Sketch of the HV-MAPS detector design from
[23].

HV-MAPS collect ionisation charge mainly via drift and
therefore provide time resolutions of a few nanoseconds, in
contrast to standard MAPS [40–45] which collect ionisa-
tion charge mainly by di�usion with a typical timescale of
several hundreds of nanoseconds. In standard MAPS, the
in-cell electronics is implemented outside the n-well which
serves as charge collecting diode (sometimes referred to as
“small fill factor” design). In HV-MAPS, instead, the pixel
amplifier electronics is implemented inside the deep n-well,
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Scintillating fibres detector
Timing detectors

22

• Suppress combinatorial background and enable charge identification:

- High rates, low material, good timing


• Cylindrical, central station: 

- 12 ribbons with 3 layers of 250 μm thin fibers (< 2‰ X0)


• Readout with SiPM arrays and dedicated MuTRiG ASIC

• Cooled down to -10ºC with silicon oil

• Efficiency > 95%, time resolution ~ 250 ps
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Fig. 10.1. Open view of the central part of the Mu3e detector. The SciFi ribbons are depicted in light blue.

Fig. 10.2. Full size SciFi ribbon prototype with preliminary holding structure. The
SciFi ribbon is formed by staggering three layers of round scintillating fibres.

Fig. 10.3. Suppression of Bhabha e
+
_e

* pairs plus Michel e+ accidental background as
a function of fibre detector time resolution if only the fibre detector (green) is used or
both timing detectors (blue) are used. A time resolution of 60 ps for the tile detector and
a working point with a 90% overall signal efficiency are assumed in this simulation.
The vertical line (in grey) corresponds to a 250 ps time resolution for the fibre detector.
The tile detector alone has no suppression power. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

Table 10.1
Properties of the 250 �m diameter round multi-clad Ku-
raray SCSF-78MJ scintillating fibres as quoted by the
manufacturer.
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 efficiency [%] 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

reduced along with the resulting detector pile-up. The best performance
is obtained with the SciFi detector positioned just inside the third
silicon pixel layer.

Each SciFi ribbon is formed by staggering three layers of 250 �m
diameter round fibres (there are 128 fibres in a layer) with a length
of 300mm. Polytec EP 601-Black epoxy is used for the assembly of
the final SciFi ribbons. This two component, low viscosity, black-
coloured adhesive was chosen for its excellent handling properties.
Using a titanium dioxide loaded adhesive has not been an option due
to the high Z of titanium. Fig. 10.5 shows the cross-section of a
fibre ribbon prototype. As can be observed, the fibres in a layer are
separated by Ì255 �m centre to centre with a very good uniformity and
the separation between the layers is Ì230 �m, which gives an overall
thickness of approximately 700 �m for a three-layer ribbon.

10.1.1. Scintillating fibres
The constraints on the material budget, the occupancy, and position

resolution require the use of the thinnest available scintillating fibres.
In extensive measurement campaigns, a detailed comparison was un-
dertaken of different types of 250 �m diameter round scintillating fibres
produced 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 ribbon prototypes coupled to SiPM arrays have
been tested in test beams at the CERN PS (T9 beamline) and PSI (⇡M1
beamline) and with 90Sr sources. The detailed results of these studies
are reported in [77–80]. Based on their performance with respect to
light yield and time resolution, round double-clad SCSF-78MJ fibres
from Kuraray were chosen. Table 10.1 summarises the characteristics of
this fibre type. Novel NOL fibres, based on Nanostructured Organosil-
icon 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.
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Fig. 10.13. Light yield of a cluster (see text) for a m.i.p. crossing a three-layer
SCSF-78MJ fibre ribbon prepared with clear epoxy. The integral NPhe is obtained
by integrating the charge in a region of ±0.5 ph.e. around each peak (integer). A
convolution of a Gaussian and of a Landau is used to fit the data and the MPV of the
spectrum is marked with the vertical line.

Fig. 10.14. Cluster size for a particle crossing the ribbon at two different angles
and different thresholds. Electrons from a radioactive 90

Sr source are used for this
measurement. An angle of ↵ = 0

˝ describes a perpendicular crossing.

point, which requires a threshold of 0.5 ph.e., with a minimal cluster
multiplicity of two and a 5 � timing cut on the matched clusters, where
� is the intrinsic time resolution of the SciFi detector, the detection ef-
ficiency is around 95%. Without the timing cut, the detection efficiency
increases close to 100%. It should be noted that the cluster matching
and the timing cut can only be applied in the offline analysis of the
SciFi data and can be tuned to optimise the detection efficiency.

Finally, an example of the timing performance of the SciFi detector
is shown in Fig. 10.15. This measurement has been performed with
the MuTRiG evaluation board, see Fig. 9.7, using a four-layer SciFi
ribbon with a 90

Sr source requiring a minimal cluster multiplicity of
two neighbouring channels with an amplitude of at least 0.5 ph.e.
Similar results have also been obtained with the analogue electronics
(DRS4-based DAQ) mentioned above and particle beams [79]. The

Fig. 10.15. Time resolution of a 4 layer SCSF-78MJ SciFi ribbon extracted from clusters
with at least 2 active columns. No channel by channel time offset correction has been
applied.

Fig. 10.16. Overall structure of the scintillating fibre detector.

spread of the time difference distribution from the two ribbon sides
�(tleft * tright) corresponds to twice the intrinsic detector resolution
(mean time). For example, the FWHM/2.35 of the distribution obtained
in this measurement is 366 ps implying a resolution on the mean time
around 200 ps. For a three-layer ribbon as used in Mu3e, the time
resolution is slightly worse, at around 250 ps.

10.5. SciFi detector mechanics

Fig. 10.16 shows the overall structure of the SciFi detector. The de-
tector is composed of 12 SciFi ribbons, 300mm long and 32.5mm wide.
The ribbons are staggered longitudinally by about 10mm (Fig. 10.18)
in order to minimise dead spaces between the ribbons and to provide
sufficient space for the spring loading of the ribbons. To avoid sagging
and to compensate for the thermal expansion the ribbons are spring
loaded on one side of the structure (6 ribbons on one side and the other
6 on the other side).

A detailed study to determine the effects of the thermal expansion
and sagging has been performed. A thermal expansion coefficient for
the 300mm long SciFi ribbon of (65 ± 16) � 10*6_K has been measured.
Therefore, for a 50

˝
C thermal excursion, an elongation of the ribbons
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• Lower occupancy, more space, very good timing

• Cylindric geometry, two recurl stations


- Segmented in granular tiles (6 x 6 x 5 mm3) with reflective foil

• Readout with SiPM and dedicated MuTRiG ASIC (common to ScFi)

• Cooled down to 0ºC with silicon oil (common to ScFi)

• Efficiency > 99%, time resolution ~40 ps

Scintillating tiles detector
Timing detectors
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Fig. 11.3. CAD rendered views of the tile detector.

Fig. 11.4. Individual tiles wrapped with ESR reflective foil.

the foil. By pushing the tile down into a customised funnel, the foil
side walls are folded around the tile. Using the side rods of the tool,
the wrapping is folded like an envelope and a small sticker is placed
on top to close it. The resulting wrapped tiles are shown in Fig. 11.4.

In the following step, the tiles must be glued to the SiPMs. This is
done on matrix level in order to avoid tolerance issues. A gluing tool
was designed with the emphasis of allowing a small degree of freedom
with respect to the height of the individual tiles in order to compensate
different SiPM heights due to soldering paste and tolerances of the SiPM
manufacturing. The scintillator tiles are manually arranged inside the
tool and are pressed from the back side and the top such that half of
the tiles’ height is outside of the tool as shown in Fig. 11.9(a). The
matrix board is mounted on a pedestal and the glue is dispensed onto

Fig. 11.5. Hamamatsu MPPC S13360-3050VE.

the SiPMs. At this stage, the tool is pressed onto the SiPMs as shown in
Fig. 11.9(b), where the x-y position is set using alignment pins. After a
curing time of 24 h, the outer wall of the gluing tool is taken out (see
Fig. 11.9(c)) and the gluing tool can be removed.

11.5. Technical prototype

A technical prototype of the tile detector has been developed and
tested. The goal of this prototype was to evaluate the detector per-
formance and cooling concept, develop production tools and finalise
assembly procedures. This detector has a similar design to the one
described in Section 11.1, with a few modifications in the sub-module
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Fig. 11.15. DUT channel resolution: (red) internal, (blue) external. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

distribution. A similar average resolution was measured both for the
reference sub-module and for the two DUTs, where the average time
resolution measured is 46.8 ± 7.6 ps. However, when repeating the
same calculation using channels from different sub-modules, an ad-
ditional jitter between the sub-modules is observed. The extra jitter
between the reference sub-module and the DUTs of 45.5 ± 3.2 ps leads
to a worse time resolution as shown in Fig. 11.15 (blue). The main
contribution to this arises from non-optimal design of the test board
used for the read out of all sub-modules.

The expected event multiplicity during phase I of the experiment is
presented in Fig. 11.16(a). While the average cluster size is ˘2, also
cluster sizes higher than 9 can be observed. In order to evaluate the
time resolution as a function of cluster size, a run with beam parallel
to the DUTs, where the electron can pass through up to four channels
in each DUT, is used.

The time resolution is evaluated using an even–odd analysis. For a
given electron track, all hits are grouped into ‘odd’ or ‘even’ based on
their channel position and the time difference is defined by:

�t
even*odd

(N
hits

) =
1

N
hits

T
Neven…
i=1

t
2i
*

Nodd…
i=1

t
2i*1

U
(11.2)

where N
hits

is the cluster size. In order to avoid the additional jitter
between the two DUTs, the sums in Eq. (11.2) can be arranged such
that the subtraction is only done within a sub-module, which leads to
a requirement for an even total number of hits within each sub-module.
In Fig. 11.16(b), the result for the even–odd analysis is shown. The
resolution as a function of cluster size is extracted from Fig. 11.16(b)
by fitting it with the following function:
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where �
t
(N

hits
) is the time resolution for events with N

hits
, �single

t
is the

time resolution of a single channel, and �
const

t
is an additional jitter that

can be caused by misalignment between the channels. From the fit, a
single channel resolution of ˘ 45 ps is measured, which is in agreement
with the value extracted from the single channel measurements, see
Fig. 11.15. In addition, a small misalignment is also observed. Further-
more, it can be seen that a time resolution better than 20 ps can be
reached for events with high multiplicities.

11.6. Cooling simulation of the tile detector

To study the feasibility of the cooling system, thermal simulations
were performed using the CAD implementation of the technical pro-
totype, while in parallel, several measurements of the prototype in
the laboratory environment were undertaken. After calibrating the

Fig. 11.16. Cluster size impact on time resolution: (a) Simulated phase I cluster size
per track. (b) Measured time resolution as a function of number of hits using the
even–odd analysis.

Fig. 11.17. Simulated temperature of the SiPM PCBs. The temperature of the cooling
water was set to 1

˝
C at a flow speed of 1m_s, while the environment temperature was

set to 50
˝
C.

simulation settings to the laboratory conditions, it was shown that the
measurements can be reproduced in the simulation [85]. The simula-
tion was therefore modified to investigate the cooling performance of
a full module operating at the MuTRiG working power consumption
of 1.2W. Furthermore, the temperature of the water was adjusted
to 1

˝
C to be closer to the operating conditions foreseen for the tile

detector within the experiment, while the environment temperature
was increased to 50

˝
C in order to subject the system to a stress test.
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Readout ASIC
Timing detectors

24

• MuTRiG - Custom readout ASIC for SciFi and SciTiles: 

- Fast SiPM readout at high rates, based on UMC 180nm CMOS 

• High resolution TDC (50 ps) 

• High rate acceptance (~1 MHz/channel) 


- Tunable output event structure (separate time and energy thresholds)

- Clustering logic on-chip (coincidence)


• Final version (MuTRiG3) under validation
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and online reconstruction
Data acquisition system

25

• Triggerless continuous (zero-suppression) readout of all sub-detectors:
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Niklaus Berger – May 2022 – Slide 64

• Fully streaming DAQ

• Network of FPGAs and optical 
links

• Collect all data of a time slice 
on one PC

• Reconstruct tracks, then  
vertices on a GPU

• Write interesting events to disk

DAQ Design
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Data Acquisition and Filter Farm

● Continuous readout with frontend
zero-suppression

● Online track reconstruction based
on new multiple scattering fit
(https://arxiv.org/abs/1606.04990)

● Filter farm based on NVIDIA GPUs
● DAQ hardware is ready!
● hard working on firmware and SW

“Switching Board” PCIe40 (from CPPM)
Mu3e Frontend Board with Arria V FPGA

(inside the magnet)DE5aNet Receiving Board (Arria 10)
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from construction to physics
Mu3e timeline
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Integration
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• “Integration” and “cosmic” runs (PSI, 2021/22), test  
beam campaigns, thermo-mechanical mock-ups…


• Integration of services, cooling and DAQ

• Hardware validation in magnet and beam

• Combined vertex-SciFi and vertex-SciTiles operation

• Reconstruction of cosmic tracks and recurl electrons,  

sub-detector correlations,… 
 
 

Mu3e detector construction & commissioning

27

Demonstrator vertex & SciFi detector: 2021 and 2020 commissioning runs

27

Cosmic track
Pixel-SciFi coincidences

First beam on target, first recurl positrons detected in magnetSynch SciFi and Pixel detector, QC test, Cosmic tracks 
detection, DAQ integration

Strong correlation between layer 0 & 1
fuzziness because of recurlers

No field

Mu3e detector construction & commissioning

27

Demonstrator vertex & SciFi detector: 2021 and 2020 commissioning runs

27

Cosmic track
Pixel-SciFi coincidences

First beam on target, first recurl positrons detected in magnetSynch SciFi and Pixel detector, QC test, Cosmic tracks 
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fuzziness because of recurlers

No field
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Construction and commissioning
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• Integration of sub-detectors and DAQ with final hardware

• Phase I detector construction has started


- consolidating production and QC pipelines

• Permanent staging/construction area at PSI


- detector installation, QC and commissioning

 
 

2023 2024 2025 2026 2027 2028 202920222021



• Track reconstruction via simulation:

- Vertex resolution ~0.3 mm

- Momentum resolution ~0.9 MeV

- Reconstruction of recurlers improves  

momentum resolution up to a factor 10
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Momentum Resolution (Simulation)

4 hits (layers)
6 hits (recurl)

8 hits (central)

Physics in phase I
2023 2024 2025 2026 2027 2028 202920222021
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• Expected physics sensitivity in phase I:

- Background-free measurement (<1 event) for > 2.5 x 1015 muon stops 

- ~300 days of continuous running at 1 x 108 muon stops / s
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Fig. 22.12. Small invariant mass of e
+
e
* pairs versus e

+
e
*
e
+ invariant mass for

accidental combinations of a Bhabha e
+
e
* pair with a Michel positron. Simulated

kinematics weighted with the track reconstruction efficiency.

Fig. 22.13. Reconstructed invariant mass for signal events at various branching frac-
tions and events from radiative decays with internal conversion. Accidental background
from combinations of Bhabha pairs and Michel electrons is also shown. The centre-
of-mass momentum is required to be less than 4MeV_c. Note that both the internal
conversion and Michel and Bhabha simulation use weighted events.

Fig. 22.14. Reconstructed centre-of-mass system momentum for signal events at
various branching fractions (1014 and 10

15 not labelled) and events from radiative
decays with internal conversion. Accidental background from combinations of Bhabha
pairs and Michel electrons is also shown. The reconstructed three-particle invariant
mass is required to be above 103MeV_c

2 and below 110MeV_c
2. Note that both the

internal conversion and Michel and Bhabha simulation use weighted events.

that allows for a background free measurement for at least 2.5 � 1015

Fig. 22.15. Reconstructed invariant mass versus the CMS momentum for signal events,
events from radiative decay with internal conversion and accidental background from
combinations of Bhabha pairs and Michel electrons. Note that both the internal
conversion and Michel and Bhabha simulation use weighted events. The shape of the
signal contour at 90% and 95% comes from events where one of the track has an
upward fluctuation of the energy loss in the target or the first tracker layers — this
leads to a lower reconstructed invariant mass and a larger reconstructed centre-of-mass
momentum due to the imbalance.

Fig. 22.16. Single event sensitivity (SES) and the corresponding 90% and 95% C.L.
upper limits versus data taking days for the phase I Mu3e detector.

muon stops. This corresponds to about 300 days of continuous running
at 1 � 108 stops per second. The sensitivity versus running time is shown
in Fig. 22.16.
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High Intensity Muon Beam

31

• Phase II: B < 10-16 (90% CL) → not reachable with πE5 beamline


• High Intensity Muon Beam (HIMB) at PSI: 

- Ground-breaking muon research (particle physics, condensed matter) 

at PSI for the next 20+ years

- New target (TgH) and solenoid-based beamline (MUH2)

- 1010 surface muons/s at 28 MeV
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Phase II detector upgrades

32

• Higher beam emittance (x10):

- higher magnetic field (2T) and/or new moderator


• Higher stopping rate, better accidental background (x400) suppression:

- longer and narrower target (gaseous?) 


• Higher occupancy, better timing:

- ultra-fast pixel detector layer (<100 ps), closer to inner layers


• Larger acceptance, improved momentum resolution:

- elongated pixel trackers, smaller radius, fifth layer


• Larger data rate (x20) and combinatorics:

- faster readout, online data processing with more powerful filter farm
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and outlook
Conclusions

33

• Mu3e will search for the cLFV decay μ+ → e+e-e+ with a sensitivity of 10-16


- unique discovery potential for new physics 
• It faces many technical challenges…


- compact design, low material budget, fine granularity, high rates

• …with innovative technologies:


- HV-MAPS, gaseous helium cooling, MuTRiG readout, GPUs

• We are now in commissioning phase:


- two commissioning runs probed the production readiness

- ongoing detector construction and QC


• The start of phase I data-taking (B < 10-15) is expected in 2025

• Beam and detector upgrades are foreseen for phase II (B < 10-16) starting  

in 2029
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Link to Technical Design Report 
Link to HIMB physics case

Thanks for listening!

https://arxiv.org/abs/2009.11690
https://arxiv.org/abs/2111.05788
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Beam, target, magnet
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Pixel tracker
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Pixel sensors
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Pixel sensors
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SciFi
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MuTRiG

42



Mechanics and power
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Online reconstruction
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Simulation
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Other searches with Mu3e

46

μ→eγ  
(with converted  

photons)

Good accidental  

background suppression

May 16, 2023 | New Frontiers in Lepton Flavor                                                                                  Cristina Martin Perez | ETH Zurich

A. Schöning, Heidelberg                                                         55                                                          Seminar LPNHE, 3. May 2021

Other Possible Searches with Mu3eOther Possible Searches with Mu3e
Cheng et al. (2013)

● Search for μ → eγ (LFV) with converted photons
➢ better reduction of accidental BG than MEG

● Search for familons 
➢ pseudo Goldstone bosons of spontaneously broken 

flavor symmetry
➢ dark matter candidate

● Search for dark photons A’:
➢ process μ → e νν A’

X

μ+ e+

X

μ+ e+

invisible

prompt or long-lived
e+

e-

Essig et al. (2014)

Unprecedented muon dataset (>1016) 
can be exploited in online searches:

μ→eννA’  
(dark matter  

photons)

e+/e- resonance

μ→eX  

(X unobserved)

monoenergetic e+


ex. familons (Goldstone  
boson from spontaneously 

broken flavor symmetry)


