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ABsTRACT: The Mu3e experiment aims to search for the charged lepton flavour violating decay
u* — e*e~e* with an ultimate sensitivity of 10716, Tts Vertex Detector employs ultra-thin 50 pm
thick MuPix11 silicon pixel sensors to provide precise tracking with minimal material budget. In 2025,
the first large-scale commissioning campaign of the detector was performed at PSI. The commissioning
included LVDS signal transmission tuning, Time-over-Threshold calibration, and in-pixel threshold
optimization. These procedures enabled stable detector operation under realistic beam conditions
and the successful reconstruction of the first positron tracks from muon decays. The results represent
an important milestone toward future physics data taking of the Mu3e experiment.
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1 Introduction

The Mu3e experiment aims to search for the charged lepton flavour violating decay u* — e*te~e*
with a sensitivity of 2 x 10~!3 in Phase I and ultimately 10~'® in a future Phase II [1]. Since the
Standard Model prediction for this process is far below experimental reach, any observation would
be a clear indication of physics beyond the Standard Model. The experiment is currently under
construction at the PSI 7ES beamline, which provides an intense continuous surface muon beam with
rates up to 108 u*/s. The muons are stopped in a thin target located at the center of the detector,
where their decays are reconstructed from the emitted electrons and positrons. These have momenta
below 53 MeV /¢, making multiple scattering the dominant contribution to the momentum resolution.
The detector therefore requires an extremely small material budget together with precise timing and
stable operation at high hit rates. To satisfy these requirements, the Mu3e tracking detector employs
ultra-thin silicon pixel sensors based on High-Voltage Monolithic Active Pixel Sensor (HV-MAPS)
technology [2]. The innermost part of the tracking system is formed by the Mu3e Vertex Detector,
which is responsible for the precise reconstruction of low-momentum tracks close to the muon stopping
target. The operation of the 50 um thin sensors requires dedicated calibration procedures to ensure
stable signal transmission, low-noise operation, and a uniform detector response. This contribution
presents the calibration procedures developed for the first large-scale commissioning campaign of the
Mu3e Vertex Detector during beam operation at PSI in 2025, including LVDS transmission tuning,
Time-over-Threshold calibration, and pixel-level threshold optimization.

2 The Mu3e Vertex Detector

The Mu3e Vertex Detector forms the innermost part of the Mu3e tracking system and comprises
108 MuPix11 sensors arranged in ladders and mounted on ultra-light High Density Interconnects
(HDIs). Each ladder consists of six MuPix11 sensors bonded onto an aluminium-polyimide HDI
using Single-point Tape Automated Bonding (spTAB). The HDIs provide low-mass power delivery



and signal routing while minimizing the detector material budget. The ladders are combined into
two cylindrical detector layers around the target region and operated inside a 1 T magnetic field. The
resulting material budget is approximately 0.115 % Xy per layer, making the detector one of the
thinnest operational silicon pixel tracking systems to date. The lightweight detector design is essential
to limit multiple scattering and preserve the momentum resolution for low-energy decay electrons and
positrons. Figure 1 shows the installed detector during the 2025 commissioning campaign at PSI.

Figure 1. Installed Mu3e Vertex Detector during the 2025 commissioning campaign at PSI.

3 The MuPix11 sensor architecture

The Vertex Detector is based on the MuPix11 sensor, a monolithic High-Voltage Monolithic Active
Pixel Sensor (HV-MAPS) developed for the Mu3e experiment [2, 3]. The sensors are operated
at high bias voltages, generating a depleted region with fast drift-based charge collection. After
post-processing, the sensors are thinned to an active thickness of 50 um. Each sensor contains a matrix
of 250 x 256 pixels with a pitch of 80 umx80 um. The chip architecture follows a column-drain
readout scheme with fully digital LVDS outputs operated at 1.25 Gbit s~!. The sensor matrix is divided
into three independently read-out submatrices, resulting in three high-speed LVDS links per sensor
and a total of 324 links for the full Vertex Detector. Each hit is assigned two timestamps, allowing the
determination of a Time-over-Threshold (ToT) value from the difference between the rising and falling
edge timestamps. Several global DACs together with per-pixel threshold DACs (TDACs) provide the
basis for the detector calibration procedures discussed in the following sections. A more detailed
description of the MuPix11 architecture and DAC functionality can be found in [4, 5].

4 Signal transmission calibration

The MuPix11 sensors transmit data via fully digital LVDS links. In the Vertex Detector, the signals
are routed through HDIs, flexible interconnects, and lightweight micro-twisted pair pTP cables before
reaching the readout electronics. These lightweight transmission structures introduce attenuation and
distortions of the differential LVDS signals, reducing the eye opening and causing 8b/10b decoding
errors. To compensate for these effects, the MuPix11 sensors provide configurable LVDS driver
parameters. The parameter VNLVDS controls the LVDS driver strength, while VNLVDSDel adjusts
the chip-internal pre-emphasis applied to signal transitions. The impact of these parameters was



first studied using eye-diagram measurements on a representative signal path of the detector readout
chain. Figure 2(a) shows the measured eye-opening factor as a function of VNLVDS and VNLVDSDel.
The largest eye openings are observed for intermediate pre-emphasis values and sufficiently large
driver strengths. For increasing VNLVDS, the eye opening eventually saturates, such that larger driver
strengths mainly increase the LVDS power consumption without significantly improving the signal
quality. For the installed Vertex Detector, the same parameter space was scanned while monitoring the
8b/10b decoding error rate of all active data links. Each MuPix11 sensor contains three independent
LVDS links that share the same LVDS driver settings. A chip was therefore only considered error-free
if all three links operated simultaneously without decoding errors for a given parameter combination.
For each parameter combination, the number of fully error-free sensors in the detector was determined.
The result of the full-detector scan is shown in figure 2(b). The stable operating region closely follows
the parameter range identified in the eye-diagram studies. The final LVDS settings were chosen
near the centre of this plateau to provide robust detector operation while avoiding unnecessarily
large LVDS driver power consumption.
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(a) Measured eye-opening factor for a representative  (b) Number of error-free chips measured during the
signal path as a function of VNLVDS and VNLVDSDel. full-detector signal transmission calibration scan.

Figure 2. Comparison between eye-diagram measurements and the full-detector signal transmission calibration.
Both measurements show a broad stable operating region for intermediate pre-emphasis values and sufficiently
large driver strengths.

5 Time-over-Threshold calibration

The MuPix11 sensors provide Time-over-Threshold (ToT) information from the difference between
the rising and falling edge timestamps assigned to a hit. The ToT information can be used for timing
studies and timewalk correction procedures. In MuPix11, the ToT information is encoded with a 5-bit
counter, corresponding to 32 discrete Tol bins. Each bin corresponds to an effective ToT interval
of approximately 256 ns, resulting in a total measurable ToTl range of about 8.2 ps. The limited
dynamic range therefore requires a compromise between efficient use of the available ToT range and the
avoidance of saturation effects. The ToTl' measurement is implemented using a programmable analogue
delay circuit [3]. After a hit is detected, the reset of the pixel is inhibited for a configurable amount
of time generated by charging a capacitor with a programmable current source. The delay length is



controlled by the DAC parameter VPTimerDel, which sets the current of the analogue delay circuit.
Smaller VPTimerDel values correspond to smaller charging currents and therefore longer delay times.
The delay determines the maximum measurable ToT value and the position of the characteristic
end-peak in the ToT spectrum. For small and medium signal amplitudes, the measured ToT increases
with pulse height and can therefore be used for timewalk correction procedures. Larger pulses exceed
the available delay range and accumulate in the end-peak at the upper edge of the ToT distribution.
Figure 3 shows representative Tol spectra measured for different values of VPTimerDel. Longer
delays shift the end-peak towards larger ToT values and broaden the usable ToT range. At the same time,
excessively large delay settings increase the effective pixel dead time and may lead to hit inefficiencies
at high occupancies. This behaviour was observed during beam operation at PSI. Figure 3 also
shows hitmaps recorded for two different VPTimerDel settings using beam data. For VPTimerDel= 3,
a pronounced reduction of hit activity is visible in the sensor centre, while the effect disappears
for VPTimerDel= 4. The final operating point was therefore chosen as a compromise between a
sufficiently large usable ToT range and stable detector operation without visible hit inefficiencies.
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Figure 3. Influence of the VPTimerDel parameter on the ToT response and hit occupancy behaviour.

6 Noise scan and threshold tuning

Efficient operation of the MuPix11 sensors requires discriminator thresholds as low as possible in
order to detect the comparatively small signals generated in the 50 pm thin HV-MAPS sensors [4].
At the same time, excessively low thresholds lead to increased noise occupancies originating from
analogue front-end fluctuations, leakage-current-related shot noise, and pixel-to-pixel variations of the
discriminator response. The MuPix11 sensors provide several global DAC parameters controlling
the analogue operating point of the chip, as well as pixel-level threshold adjustments implemented
through 3-bit threshold DACs (TDACs). The global threshold is primarily controlled by VPDAC,
while the TDACs allow local threshold corrections on a pixel-by-pixel basis. This tuning procedure



compensates for local pixel-to-pixel threshold variations and enables stable operation at lower global
thresholds. The TDAC tuning modifies the effective discriminator threshold of each pixel. To first
order, the effective threshold can be approximated as

ThHigh.; = ThHigh + « - VPDAC - TDAC, (6.1)

where a describes the chip-dependent tuning slope. The parameter VPDAC therefore determines
the overall tuning range, while the TDAC value shifts the effective threshold of an individual pixel.
A dedicated noise scan procedure was used to characterise the detector response as a function of
threshold. Figure 4(a) shows representative noise occupancy curves measured for different TDAC
settings. Increasing the TDAC shifts the effective threshold of a pixel, such that noisy behaviour
appears only at lower global threshold settings. Pixels exceeding the allowed noise occupancy of
2 Hz were first tuned using their local TDAC settings in order to increase their effective thresholds
while keeping the pixels active. Only pixels for which no stable operating point could be reached
within the available tuning range were masked from readout. Due to the limited 3-bit tuning range,
a small fraction of pixels still required masking at very low thresholds. Although noisy pixels can
be masked if necessary, excessive masking reduces the active detector area and may lead to local
inefficiencies. In addition, large noise occupancies increase the detector data rate and may lead to
buffer saturation in the readout system. Pixel-level threshold tuning is therefore essential to minimize
the masked pixel fraction while maintaining stable low-threshold operation. Figure 4(b) shows an
example of a TDAC map obtained after the tuning procedure. The largest TDAC correction values
are predominantly observed near the sensor edges, while the central sensor region requires only
small corrections. The final tuning parameters were chosen to provide stable low-threshold operation
while keeping the masked pixel fraction minimal.
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Figure 4. Example results of the threshold tuning procedure. Pixel-level TDAC corrections enable stable
low-threshold operation while minimizing the masked pixel fraction.

7 Data quality and hit-level performance

Figure 5 shows a hit occupancy map of the full Mu3e Vertex Detector recorded during beam operation
in 2025 after the completion of the calibration and threshold-tuning procedures described in the
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Figure 5. Hit occupancy map of the Mu3e Vertex Detector during beam operation in 2025 after detector
calibration and threshold tuning. Non-operational regions correspond to detector integration and connection
losses identified during the first large-scale commissioning campaign. A hit selection requiring ToT > 1 ps
was applied.

previous sections. Approximately 70 % of the 324 available data links were operational during
the commissioning run. The missing detector regions originate from several independent issues
encountered during detector assembly and integration, including damaged pTP connections, broken
spTAB bonds, electrical contact losses caused by mechanical stress on ladder to flex connections,
and isolated sensor failures during detector installation. The active detector regions show stable and
largely homogeneous hit occupancy without indications of large-scale coherent noise or unstable
readout behaviour. Residual occupancy variations between individual sensors are partly explained
by differences in high-voltage connectivity, since not all sensors were fully connected to the HV
distribution during the commissioning period. In addition, the occupancy map shown in figure 5 was
produced using a hit selection requiring Tol' > 1 ps, which further modifies the visible occupancy
distribution. Despite the incomplete detector coverage, the calibrated detector enabled the first
reconstruction of positron tracks from muon decays and established the basis for subsequent detector
and physics commissioning studies.

8 Conclusion

The Mu3e Vertex Detector was successfully commissioned during the 2025 beam campaign at
PSI. Dedicated calibration procedures for LVDS transmission, Time-over-Threshold response, and
pixel-level threshold tuning enabled stable detector operation under realistic beam conditions. The



commissioning campaign also revealed several limitations of the first detector iteration, particularly
related to mechanical robustness and connection reliability, which are being addressed in the next
detector version. The achieved detector performance enabled the first reconstruction of positron
tracks from muon decays and represents an important step toward physics commissioning of the
Mu3e experiment.
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