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Abstract

Intending to improve the current sensitivity on µ → eγ decay by one order of magnitude, the MEG II experiment at Paul Scherrer
Institute completed the integration phase in 2021 with all detectors successfully operated throughout the subsequent beamtime.
Earlier in 2021, the WaveDAQ integrated Trigger and Data Acquisition (TDAQ) system, developed for the readout of the experi-
ment, was completely commissioned. Receiving almost 9000 channels from the detectors, the MEG II TDAQ system is the largest
WaveDAQ deployment so far, proving the scalability of the overall design, from bench-top setup through various smaller-size ex-
periments. We will describe how MEG II trigger system reduces the ∼ 107 muon decays at the experiment target down to a 10 Hz
event rate by exploiting the signal event characteristics at the online level. The trigger system performs the calorimetric reconstruc-
tion of the photon shower and then compares the timing and direction with positron candidates within a 600 ns hard latency time.
The first release of the online reconstruction, deployed in 2021, achieved a 2.4 % photon energy resolution at the signal energy of
52.8 MeV and a ∼ 2 ns coincidence time resolution among the child particles.
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1. Charge Lepton Flavour Violation searches with muons

The non-observation of Flavour Violation among the
Charged Leptons (CLFV effects) shaped our knowledge of the
Standard Model of particle physics, and highlights a clear dif-
ference between charged leptons and the well-known mixing
in the quark sector, especially after the observation of oscilla-
tion in neutrino flavours. Theoretical models that aim at solv-
ing these differences are expected to produce effects in the
range observable by modern experiments against a null Stan-
dard Model background [1].
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Among all the possible searches for CLFV, the ones involv-
ing muons are of high interest, as muons are the lightest unsta-
ble lepton that can be conspicuously produced and delivered to
dedicated experiments, thanks to their long lifetime.

1.1. The µ+ → e+γ process: signature and backgrounds

Among the CLFV processes involving muons, the µ+ → e+γ
is considered a golden channel because of its clear two-
body signature with both the positron and the photon being
monochromatic and emitted in opposite directions, in the muon
rest frame.

The main sources of backgrounds for a µ+ → e+γ search
are [2]:
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Figure 1: Graphic scheme of the subdetectors of MEG II detector

• The Radiative Muon Decay (RMD), which corresponds to
the µ+ → e+νeνµγ process and can mimic the signal if the
energy carried by neutrinos is small.

• The accidental coincidence of a positron at signal energy
with photons coming from a different source (such as an
RMD decay). Due to its accidental nature, this background
scales with the second power of the rate of muon decays
and therefore becomes dominant when the rate of deliv-
ered muons is sufficiently high. However, it can be sup-
pressed with a precise determination of the child particles
emission time.

2. The MEG II Experiment

The MEG II Experiment, depicted in Figure 1, was designed
[3] around the signal of interest, the µ+ → e+γ process. To
exploit the clean topology originating from the two-body de-
cay, the world’s most intense continuous muon beam, available
at Paul Scherrer Institute in Switzerland, is stopped at the cen-
tre of the MEG II spectrometer system so that muons decay at
rest in experiment frame. The photon detection is accomplished
through a Liquid Xenon scintillation detector (LXe) readout by
4092 VUV-sensitive MultiPixel Photon Counters [4] and 686
Photo-Multipliers. The detector provides the measurement of
photon energy, conversion position and interaction time while
covering ∼ 11% of the solid angle seen from the target and
defining the experiment acceptance. Positrons emerging from
the target bend in a non-uniform magnetic field which is shaped
to select only particles in acceptance with momentum above
∼ 40 MeV. Positrons are tracked in a lightweight stereo drift
chamber (CDCH) [5] before impinging on one of the two mod-
ules of the pixelated Timing Counter detector (pTC) [6], each
composed of 256 plastic scintillator counters, whose main goal
is to provide the high-resolution timing of the tracks. The Ra-
ditive Decay Counter (RDC) is located downstream the target
and is made of plastic scintillators and LYSO crystals. It detects
low energy positrons which may have been generated by RMD
processes.

A common trend in the upgrade from the former MEG Ex-
periment [7] to the new MEG II is an increased segmentation
of all detectors to cope with a higher muon stop rate. This is
possible also by the extensive use of Silicon PhotoMultipliers
(SiPMs) in particular for the LXe, the RDC and the pTC detec-
tors. The high rate of ≈ 107 µ+/s delivered to the experiment is
very important to collect the required statistic to reach a sensi-
tivity of 6 × 10−14 in the planned three years of data collection
[8].

Requiring excellent time and charge resolutions despite the
harsh pileup environment, detector signals are digitized with
1.4 GHz frequency, so to allow for the complex offline algo-
rithms, to have the complete event picture. However this ap-
proach results in an enormous 12 MB uncompressed event size,
and therefore a trigger system is crucial to reject the extreme
background from the muon beam to a digestible rate while
maintaining high efficiency on the signal.

2.1. WaveDAQ: the Trigger and Data Acquisition system
To face the MEG II need for an increased number of chan-

nels, a new Trigger and Data Acquisition system [9] named
WaveDAQ was designed and commissioned. Such new equip-
ment is capable of accommodating all the required ∼ 9000
channels in the same space used by the previous system [10],
also including the required amplification and bias stages for the
SiPMs.

The heart of the system is the WaveDREAM board (Wave-
form Domino REAdout Module) which provides a compact
16-channel platform containing two Domino Ring Sampler 4
(DRS4) chips [11]. Those chips are essentially arrays of 1024
sample-and-hold cells that sample and temporarily store the
analogue signal from the detector. When a trigger is gener-
ated, the actual digitization of the charge in the capacitors is
started through an external, slower, Analog to Digital Converter
(ADC).

While this provides sampling frequencies at a much higher
rate than otherwise possible, it severely constrains the trigger
latency to be smaller than the time needed for the chip to sam-
ple the input signals 1024 times, that would overwrite the signal
pulse which generated the trigger. Operating at a sampling fre-
quency of 1.4 GHz, the maximum allowed trigger latency is
731 ns. In case some pedestal samples are required in front of
the pulse the trigger latency has to be further reduced.

The MEG II WaveDAQ is made of 35 custom-made crates
each housing 16 WaveDREAM boards plus an additional Data
Concentrator Board (DCB), for data streaming to storage, and
a Trigger Concentration Board (TCB), for the gathering and
the aggregation of trigger information within the crate. Such
information is then forwarded to a dedicated crate containing
only TCBs where the information is finally aggregated and for-
warded to the Master Trigger Board, which finally generates
the trigger for the whole experiment.

3. The trigger logic

MEG II trigger algorithms must carefully balance the re-
quired rate reduction with the hard constraint on trigger latency
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coming from DRS4 chips. In particular, this balancing is evi-
dent in the decision not to include any information coming from
the CDCH detector: the time required for signal formation can
indeed reach 150 ns, leaving not enough time to perform any
significant processing of the information.

A major contribution to the trigger latency originates from
the digitization of the input signals. Needing energy-based trig-
gers for the LXe detector, the WaveDREAM board exploits the
same onboard ADC, used to readout the DRS4 chips, to pro-
vide also the sampling of signals at 80 MHz for trigger compu-
tations.

However not all detectors require the information on the sig-
nal amplitude, so an additional leading-edge discriminator is
available on all WaveDREAM channels; in this way, the con-
version latency of the ADC can be avoided and, at the same time
the discriminator output is oversampled at 640 MHz to improve
the signal timing.

Another important point in the optimization of trigger la-
tency was the design of the inter-board communication scheme
[12]. The pieces of information have indeed to be transmit-
ted three times before they reach the Master Trigger Board, so
even spending only 3 clock cycles (that at 80 MHz clock are
just 37.5 ns) the total impact on the trigger latency is 112.5 ns,
which is of the same order as the ADC conversion time.

The WaveDAQ system supports 64 different triggering lines,
that are defined in the firmware to fit the experiment needs; 45
lines are currently being used in MEG II implementation. In
addition to the µ+ → e+γ triggers, that will be described in the
next section, part of them are assigned to calibration triggers,
such as the pulse shape identification algorithms to select α-
particle sources in Xe detector [13].

In the next section, we will focus on describing the µ+ → e+γ
trigger but the WaveDAQ system also performs other trigger se-
lection to fit the experiment calibration purposes. For example,
a pulse shape identification algorithm is available [13], to select
energy deposits from the α-particle sources in the LXe detector.

3.1. Design of the µ+ → e+γ trigger

The online selection used for µ+ → e+γ search is based on
the one used for the previous MEG experiment [9]. It can be
summarized by the coincidence of thee conditions:

• QSUM Condition: Energy deposit in the LXe detector.

• Time Condition: Time coincidence of a LXe energy de-
posit and a hit in the pTC.

• DirectionMatch Condition: Request that the LXe energy
deposit location and the hit in the pTC agree with the
topology expected for a signal positron (back-to-back with
52.8 MeV track in the magnetic field).

The selections are implemented in the Field Programmable
Gate Array chips available on the WaveDREAM and in the
three-layer aggregation tree made out of TCB boards.

In more detail, the QSUM Condition is essentially a thresh-
old on the weighted sum of ADC amplitudes from all scin-
tillation photon detectors in the LXe detector. The channel-

Figure 2: Direction Match Table obtained from signal MonteCarlo simulation.
X axis is plastic counter ID on the pTC, Y axis is the conversion positiron ID
in the LXe. Considering cylindrical coordinates from the MEG II target, both
IDs goes first along ϕ direction (in each grid piece) and then along Z through
the whole plot.

dependant pedestal value is automatically estimated and re-
moved through an algorithm that computes the running average
of the previous pedestal samples. After that, a programmable
8-bit weight is applied to correct for variations of gain, photon
detection efficiency and photocathodic coverage.

The Time Condition requires the selection of the conversion
point in the LXe, as well as the impact position of the positron
in the pTC. The former step is accomplished by selecting the
WaveDREAM with the highest number of discriminators above
the threshold, and the latter exploits a feature of the pTC detec-
tor, where the detector cabling follows the detector segmenta-
tion so that the channel with smaller index are placed before the
others along the expected positron track. Then the time of the
corresponding signal is selected, averaged, and compared.

Finally, the DirectionMatch Condition exploits the two same
hit estimations from the LXe and pTC detectors: for a sig-
nal event, the back-to-back topology and the monochromatic
positron momentum put a constrain on the channel pairs that
are possible. To take into account the finite beam spot on the
target and the effect of material along the positron path, a full
Monte-Carlo simulation of signal events is used and figure 2
shows the pairs which will be enabled in the coincidence.

3.2. The operation in 2021 Physics Run

The complete MEG II detector setup was assembled in early
2021 and commissioned during the first experiment Physics run
in fall [14]. This included the full WaveDAQ system, both in
hardware and in software, and the first version of the µ+ → e+γ
trigger selection.

In figure 3 the response of the QSUM Condition is shown
by two calibration lines obtained by the Charge Exchange Re-
action, in which a beam of negative pions is stopped in a liq-
uid hydrogen target to produce neutral pions. By selecting the
collinear photon pairs we obtained two essentially monochro-
matic lines of 55.5 MeV and 82.8 MeV, from which we esti-
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Figure 3: Liquid Xenon detector energy spectrum during Charge Exchange cal-
ibration. The two lines are obtained selecting endpoint of π0 decays by cutting
on the opening angle.

Figure 4: Time condition efficiency and resolution obtained by comparing data
from two trigger lines.

mated an online energy resolution of ∼ 2.4% at signal energy.

For what concerns the Time Condition, we can obtain its res-
olution by comparing the reconstructed distribution of the ac-
cidental background for two different thresholds so that no ex-
ternal input is necessary. In particular, we can use a prescaled
trigger with wider time cuts to obtain the unbiased distribution
in parallel to the one obtained by the main trigger. Figure 4
shows the distribution of the reconstructed time differences for
the two triggers and, on the bottom, their ratio. The fit of the
two time edges yields an online time resolution of ∼ 2ns.

A similar check is shown in Figure 5 on the reconstructed
relative angle. Such plot, differently from the one of figure 4
is highly sensitive to the performance the offline tracking of the
positron that, at the moment of writing, was being finalized on
2021 dataset. Therefore only a subset of runs were included in
plots of Figure 4 and 5.

Figure 5: Effect of Direction Match condition on relative angle, there is not
enough statistics in the signal region (> π − 20 msrad to preform the efficiency
from the ratio like in Figure 4

4. Conclusions

The 2021 Physics run was the first long operation of the MEG
II experiment in its physics data-taking configuration. During
the whole period, the WaveDAQ system recorded data correctly
and the MEG II trigger was successfully operated with a trigger
rate of ∼ 10 Hz at 4× 107 µ/s. The 2021 run period will be key
to develop and validate both online and offline reconstructions,
looking forward to the 2022 long data-taking which will be the
first of three years needed for the MEG II experiment to reach
the 6 × 10−14 sensitivity goal. Finally, the quality of the dataset
was proven by the observation of the Radiative Muon Decay
peak which has very close similarities to the µ→ eγ signal.
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