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Abstract: The MEG experiment represents the state of the art in the search for the Charged Lepton
Flavour Violating µ+ → e+γ decay. With its first phase of operations at the Paul Scherrer Institut
(PSI), MEG set the most stringent upper limit on the BR(µ+ → e+γ) ≤ 4.2× 10−13 at 90% confidence
level, imposing one of the tightest constraints on models predicting LFV-enhancements through new
physics beyond the Standard Model. An upgrade of the MEG experiment, MEG II, was designed
and it is presently in the commissioning phase, aiming at a sensitivity level of 6 × 10−14. The
MEG II experiment relies on a series of upgrades, which include an improvement of the photon
detector resolutions, brand new detectors on the positron side with better acceptance, efficiency and
performances and new and optimized trigger and DAQ electronics to exploit a muon beam intensity
twice as high as that of MEG (7× 107 µ+/s). This paper presents a complete overview of the MEG II
experimental apparatus and the current status of the detector commissioning in view of the physics
data taking in the upcoming three years.

Keywords: Lepton Flavour Violation; muons; rare decays; intensity frontier experiment; physics
beyond Standard Model; particle detector

1. Introduction

For more than half a century, the search for Charged Lepton Flavour Violation (CLFV)
processes provided important clues towards our current understanding of the Standard
Model (SM) of particle physics [1]. Starting as early as 1947, the first upper limit of the
muon decay into an electron and a photon (what we call µ→ eγ today) was established by
Hincks and Pontecorvo [2]; it opened the way for the introduction of the neutrino and later
of lepton flavour as conserved quantity.

In the last decades, the observation of neutrino oscillations [3] exposed the empirical
and approximate nature of the lepton flavour symmetry, but they produce extremely small
Branching Ratios (BR) for their charged counterparts in the SM (�10−50), way beyond
experimental sensitivities [4,5]. On the other hand, any theory trying to explain the flavour
structure of the SM [6] (including the recent measurement of the muon g-2 [7]) has to now
cope with very stringent experimental limits from the charged lepton sector. At the same
time, an observation of a CLFV process will be immediate evidence of new pyhsics beyond
the SM.

The µ+ → e+γ process is still very sensitive to new physics, with a current upper
limit on the BR of 4.2× 10−13 at 90% confidence level set by the MEG experiment [8] at
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the Paul Scherrer Institut (PSI). It is also considered highly complementary to other muon
CLFV processes, in particular the µ→ 3e and µ− → e− conversion in atomic nuclei [9]. In
particular, the µ+ → e+γ search with the MEG experiment upgrade, MEG II, in terms of
new physics reach, is competitive with the new generation of CLFV experiments such as
Mu3e [10], Mu2e [11], COMET [12] and DeeMe [13].

2. Materials and Methods

The MEG II experiment builds on the knowledge obtained by operating the former
MEG experiment [14]. The detection strategy remains the same: a beam of positive muons is
stopped on a thin plastic target where they decay at rest to exploit the two body kinematics
of the µ+ → e+γ process. The target is located at the center of a magnetic spectrometer used
to track the candidate positron. At the same time, a photon detector measures the timing,
energy and the conversion position of the photon, completing the experiment observables.

There are two sources of background in the MEG apparatus [4]: the first is the irreducible
physics background originating from the Radiative Muon Decay (RMD, µ+ → e+νν̄γ), when
the neutrinos carry a small fraction of the available energy. This process was measured in
MEG [15] and can be suppressed by a very precise (at the 1% level) detection of the photon
energy spectrum at the kinematic endpoint. .qThe second one, the accidental background,
constitutes the dominant source of background for the MEG experiment. It arises from
the very high muon stop rate which enhances the probability of a time coincidence of
a positron from the dominating "Michel" muon decay (µ+ → e+νν̄) with photons from
any other source. Being an accidental coincidence, this background can be mitigated by
measuring the difference in particle emission time with very high accuracy (at the 100 ps
level). The suppression of both backgrounds is enhanced by an angular resolution on the
order of a few mrad.

While Michel positrons are abundant in the spectrometer volume due to the physics
of this muon decay, the precise measurement of the γ-ray spectrum close to the signal
energy reduces the accidental background. The spectrum is in fact dominated by the
aforementioned RMD decays, with a non-negligible contribution (35% of all events with
Eγ > 48 MeV) coming from the annihilation in flight (AIF, e+e− → γγ) of a positron from
Michel decay inside the spectrometer. Therefore using detectors with small interaction
length and identifying high energy photons from RMD events is a key ingredient for the
MEG II apparatus.

With the detectors shown in Figure 1, MEG II aims at an order of magnitude im-
provement [16] in the sensitivity with respect to MEG by increasing all resolutions by
roughly a factor 2 with respect to the former experiment. This required a major upgrade
of the existing Liquid Xenon (LXe) detector as well as a complete redesign of the positron
spectrometer consisting of the Cylindrical Drift CHamber (CDCH) and the pixelated Tim-
ing Counter (pTC). The Radiative Decay Counter (RDC) was added to tag and remove
RMD events that otherwise would contribute to the accidental background. The target
deformation systematic effect, that was a significant limitation in the former experiment,
will be addressed by imaging markers printed on the target with cameras.

In addition to providing increased resolutions, the new apparatus has to sustain a
higher rate of muons (up to 7× 107 µ+/s), so to collect the required statistics within a
reasonable time frame. Both requirements pushed towards a finer segmentation with a
correspondingly increased complexity of the detectors as well as of the trigger and data
acquisition system.
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Figure 1. Drawing of the detectors constituting the MEG II apparatus.

2.1. Beamline and Target

The MEG II experiment makes use of the PiE5 secondary beamline at the Paul Scherrer
Institut. This beamline can deliver more than 1× 108 µ+/s in a continuous beam as well
as pions and positrons. This continuity of the beam is crucial for the experiment to keep
the accidental background at the lowest possible level while still accumulating statistics at
acceptable rate to reach the desired sensitivity within a few years of physics data acquisition.
The possibility to deliver positrons and pions is used for calibration purposes.

For MEG II, the PiE5 beamline is tuned to transport surface muons, i.e., muons that
originate from pion decays on the surface of the muon production target (PSI proton target
E [17]). These muons are partially polarized [18] and have a momentum of about 28 MeV.
Thus they can easily be stopped on a dedicated target. For tuning and beam characteriza-
tion, a set of dedicated detectors is deployed [16,19,20]. Moreover, the beamline features a
separator that allows to select between muons and positrons. Rejecting the positrons is of
crucial interest to suppress beam related pile-up in the detectors and especially in the RDC.

As in the previous MEG experiment, the muon beam is stopped in a slanted target.
The current target is made of polyvinyltoluene. It has a thickness of 130 µm and measures
260 mm × 70 mm without the carbon fiber support frame. The whole target can be
remotely shifted from the upstream “parking” position to the experiment center when in
measurement position. The parking position is used for calibration purposes when using
alternative targets.

In addition, a dot pattern is drawn on the target, which is used to precisely determine
position and potential deformations of the target during the measurements. This pattern is
monitored by a set of two high resolution, radiation tolerant and magnetic field insensitive
cameras. They are equipped with a LED and installed roughly one meter upstream and
10 cm off-axis, well out of beam path and detector acceptance. The pictures are analyzed
to track the changes of the dot pattern. Based on these changes, the target position is
extrapolated with a precision better than 100 µm on the beam axis coordinate [21,22]. These
parameters are essential to the reconstruction algorithms that identify the muon decay
position, and thus identify events where the positron-photon pair is emitted in a back to
back geometry.

To verify the reconstruction algorithm, holes are punched into the target, which are
clearly visible when plotting the reconstructed decay vertex position. The performance of
the algorithm is then extracted from that distribution around the edges of the holes.
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2.2. Positron Spectrometer

The MEG II e+ spectrometer consists of a low-mass cylindrical drift chamber with
high granularity and stereo configuration of the drift cells, followed by a pixelated timing
counter, based on scintillator tiles read out by SiPMs, for a precise measurement of the
e+ momentum vector and time respectively. The spectrometer acceptance is increased
by more than a factor of two with respect to MEG. Both detectors are placed inside the
COBRA (COnstant Bending RAdius) superconducting magnet [23], featuring a gradient
axial field ranging from 1.27 T (center) to 0.49 T (endcaps). With this field configuration
the trajectory of a e+ emerging from the µ+ stopping target has an approximately constant
bending radius that only slightly depends on the polar emission angle (it depends almost
exclusively on the total momentum). Moreover, low-momentum positrons emitted at ≈90◦

with respect to the axis are rapidly swept away.

2.2.1. Pixelated Timing Counter-pTC

The timing of the e+ is measured by the pixelated timing counter [24]. While its main
goal is to measure the time of the e+ with high precision, it can also be used for coarse
tracking and momentum measurements. It is used to generate the trigger signal from the
e+ side, as the CDCH cannot provide a fast enough signal due to the latency introduced
by the drift time. The pTC is composed of two identical modules, each one containing
256 counters. Each counter unit is itself composed of a scintillating tile read out by Silicon
PhotoMultipliers (SiPM). The high granularity of this design guarantees a good number of
hits, improving the overall time and spatial resolutions.

Figure 2a shows one pTC module inside the COBRA volume. It is a 16× 16 matrix
organized as follows: 16 lines of cylindrically arranged counters with a 10.3◦ interval,
each line staggered by a half counter and containing 16 counters with a 5.5 cm spacing
in the longitudinal direction. The counters are tilted at 45◦ to be almost perpendicular
to the signal e+ trajectory. The longitudinal and angular acceptance fully covers the
experiment acceptance which is defined by the Liquid Xenon detector, and is the following:
23.0 cm< |z| <116.7 cm and −165.8◦ < φ < 5.2◦, where z is the beam axis coordinate and
φ is the azimuthal angle.

(a) (b)

Figure 2. (a) Picture of a single pTC module installed inside the COBRA volume. At the time of the
picture the CDCH had not been installed yet. (b) Picture of a single pTC tile before the installation
inside the detector.

The pTC tiles are made of a plastic scintillator plate coupled to six SiPMs connected
in series at each end. The SiPMs are soldered to a PCB and then glued to the scintillator,
in order to minimize the material crossed by the e+. There are two types of tiles that
differ in the scintillator size W, depending on the counter location: 120× 40× 5 mm3 and
120× 50× 5 mm3. The difference stems from the dependence of the radial spread of the e+

trajectory on the longitudinal position: the W = 50 mm counters are placed in the middle
longitudinal position, where the radial spread is larger. The scintillator plate is made from
BC-422 from Saint Gobain [25] wrapped in a 32 µm thick Enhanced Specular Reflector
(ESR) [26] film. Furthermore, each counter is wrapped in a 25 µm thick black sheet of
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Tedlar before the installation inside the pTC module for extra light tightness. Figure 2b
shows a picture of a single tile before the wrapping.

The detector calibration is based on a laser system that distributes a signal to most of
the tiles through several optical components [27]. This allows for a precise determination of
each counter time offset. The pTC equipment includes also a 1 kW cooling system (∼ 350 W
per side are needed to dissipate the heat from the nearby CDCH front end electronics)
operating with water to limit the dark count rate in the SiPMs [28].

2.2.2. Cylindrical Drift CHamber-CDCH

The new drift chamber [29,30] of the MEG II experiment is a single volume detector
with cylindrical symmetry along the µ+ beam. The active volume extends for 1.91 m in
length and 17÷ 29 cm radially, ensuring full azimuthal coverage around the µ+ stopping
target. This improves the geometric acceptance for signal e+ and allows to use new tracking
procedures capable to exploit four times more hits than MEG and match the information
reconstructed by the CDCH and pTC for a larger tracking efficiency (65% vs. 40% in MEG).

The high granularity is ensured by 9 layers of 192 drift cells. Each layer consists of two
criss-crossing field wire planes enclosing a sense wire plane. The wires form an angle with
the CDCH axis that increases from about 6° to 8° for increasing radius. This stereo angle
has an alternating sign, depending on layer, allowing the experiment to reconstruct the
longitudinal hit coordinate. The single drift cell is quasi-square with a 20 µm Gold-plated
Tungsten sense wire surrounded by 40/50 µm Silver-plated Aluminum field wires, with a
5:1 field-to-sense wire ratio and a total number of ≈12,000 wires. The cell width increases
linearly with the radius and also slightly varies along the axis: 6.7÷ 8.7 mm at the ends,
5.8÷ 7.5 mm at the center, due to the stereo geometry.

The CDCH is the first drift chamber ever designed and built in a modular way [31].
In fact, given the high wire density (12 wires/cm2), the classical feed-through technique
with wires anchored to the endplates is hard to implement. The wires are not strung
directly on the chamber but soldered at both ends on the pads of two PCBs, which are
then radially stacked by means of PEEK spacers in the twelve 30◦-sectors of the endplates.
In between these sectors, a radial aluminum pillar provides the required mechanical
robustness. Figure 3 shows the fully wired detector.

Figure 3. The fully wired MEG II CDCH.

The sensitive volume is filled with a low-mass He:iC4H10 (90:10) gas mixture [32], with
small amounts of additives to improve the operational stability. The gas choice is a good
compromise between high transparency and single-hit resolution, that has been measured
to be <120 µm [33] (200 µm in MEG) on prototypes. At the innermost radius, a 20 µm
one-side-Al Mylar foil separates the CDCH gas volume from the He-filled target region. At
the outermost radius, a 2 mm-thick carbon fiber support structure encloses the sensitive
volume and keeps the endplates at the correct distance, ensuring the proper mechanical
wire tension. All the aforementioned features contribute to minimize the Multiple Coulomb
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Scattering contribution and the total radiation length down to 1.5× 10−3 X0 per track turn
(2× 10−3 X0 in MEG).

With the MEG II particle flux (>×2 with respect to MEG) the CDCH occupancy per
cm of sense wire is ≈23 kHz/cm at inner radii near the stopping target, decreasing to
<5 kHz/cm as radius and longitudinal coordinate increase. Ageing tests with proto-
types [34] resulted in a gain loss <20% per DAQ year for the inner layers. This is an
acceptable value that can be recovered by slightly increasing the operating voltage. Fast
custom front-end boards [35] supply the HV to the wires from one side and read out the
signal at both wire ends. This improves the reconstruction of the longitudinal hit coordinate
through the techniques of charge division and time of propagation difference. The active
cooling of the electronics is ensured by a chiller system.

Aluminum wire breaking problems arose during the CDCH assembly and commis-
sioning, despite the fact that all the operations were performed inside cleanrooms with a
strict monitoring of the environmental conditions. The problem was carefully investigated
using optical inspections with microscopes, chromatography, practical tests and SEM/EDX
analyses [36]. A safe procedure to extract the broken wire pieces from the chamber has
been developed. Electric field simulations showed that the effect of a missing cathode wire
on the e+ reconstruction is negligible. Chemical and mechanical analyses showed that the
origin of the breaking phenomenon is the chemical corrosion of the Al core in presence
of water condensation of ambient humidity on wires. Keeping the wire volume in dry
atmosphere proved effective to stop the development of corrosion.

2.3. Liquid Xenon Gamma Detector-LXe

The liquid xenon detector of the MEG II experiment is a C-shape detector responsible
for the measurement of energy, time, and conversion point of the photons. It is composed
of a 900 L liquid xenon volume surrounded by photo-sensors. Liquid xenon is cooled down
to 165 K to maintain the liquid state and emits scintillation light in the vacuum ultraviolet
(VUV, ∼175 nm) range.

The MEG liquid xenon detector used 846 photo multiplier tubes (PMTs) to detect
scintillation light, but its performance was limited due to the non-uniform coverage of the
PMT sensitive area, especially on the photon entrance face. The entrance face of the MEG II
detector is instead covered by 4092 Multi-pixel photon counters (MPPC, a family of SiPM)
and the other faces are covered by 668 PMTs in total (Figure 4).

(a) (b)

Figure 4. (a) Picture of photo-sensors mounted on inner faces of the (a) MEG and (b) MEG II liquid
xenon detector.

VUV-sensitive MPPCs (VUV-MPPC) were developed by the MEG II experiment in
collaboration with Hamamatsu Photonics K.K. [37]. Whereas standard SiPMs are not
sensitive to VUV photons due to absorption in surface layers, VUV-MPPC achieve a high
Photon Detection Efficiency (PDE) with a reduced absorption in surface layers and an
optimized optical matching between layers. VUV-MPPCs with a size of 15 mm × 15 mm
fill the entrance face with small gaps and realize a granular and uniform readout of the
entrance face.
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The high granularity and uniformity of the scintillation light readout is a key to precise
gamma-ray reconstruction. The resolution of spatially displaced pileup gamma-rays as
well as the position and energy resolution for photons converted near the entrance face
are expected to be improved with respect to the MEG detector. Furthermore, a relatively
low amount of material from the MPPCs contributes to a high detection efficiency (69%).
The expected energy, position, and time core resolutions are ∼0.5 MeV, ∼2.5 mm, and
∼50–70 ps respectively.

The detector has two intrinsic calibration methods based on LEDs and 241Am sources [38].
These sources allow constant monitoring of photo-sensor performances such as gain and
PDE. There are also a few external gamma-ray sources for the detector calibration. Two
gamma-ray sources are used on a daily basis for the detector monitoring during beam time:
∼9 MeV ones from the capture of thermalized neutrons in a Nickel plate and 17.6 MeV
ones from a Li target bombarded by a proton beam from a Cockroft-Walton accelerator
(CW) [39]. On the other hand, gamma-rays from a neutral pion decay following a charge
exchange (CEX) reaction of a negative pion on a proton (π− + p → π0 + n, π0 → γγ)
are used for the detector performance evaluation. These two gamma rays have energies
ranging from 55 MeV to 83 MeV and exhibit a strong correlation with the corresponding
opening angle. This gamma-ray source allows precise measurement of energy and timing
resolution close to the signal energy that requires a dedicated setup consisting of π− beam
and a LH2 target. For this reason this measurement is performed once per year.

2.4. Radiative Decay Counter-RDC

The Radiative Decay Counter was newly installed for the MEG II experiment in
order to suppress γ-ray backgrounds. The RDC aims at identifying γ-rays from RMD by
detecting low energy positrons emitted simultaneously, which are outside the momentum
acceptance of the main spectrometer.

RMD events can be identified by considering a time coincidence between the LXe
detector and the RDC. However, not only positrons from the RMD but also those from the
Michel decay hit the RDC, which can be a background for the RMD identification. Such
Michel positrons tend to have higher energies compared to RMD positrons, such that they
can be distinguished by measuring their energies.

The RDC is placed on the beam axis since low energy positrons travel along this axis
at small radii due to the COBRA magnet. In principle, such a detector can be installed on
both the upstream and downstream sides of the target. However, only the downstream
RDC is installed until now as the upstream RDC is still under development. The main
difficulties are the stringent requirements for its performance while not affecting the high
intensity muon beam which passes through it.

The downstream RDC consists of two sub-modules, a timing counter and a calorimeter
(Figure 5a). Since Michel positrons hit the RDC at the frequency of 1× 107e+/s, the RDC has
a finely segmented structure. The timing counter is composed of 12 fast plastic scintillator
bars (BC-418, Saint-Gobain) with 5 mm thickness. The width of the bars around the center
is 1 cm while it is 2 cm for the others as the occupancy is higher in the center. The length
of the bars ranges from 7 cm on the outside to 19 cm in the center. The scintillation light
is read out with SiPMs (S13360-3050PE, Hamamatsu Photonics K.K.) attached to the both
ends of each scintillator. Two or three SiPMs are connected in series for 1 cm or 2 cm wide
scintillators, respectively. The calorimeter consists of 76 LYSO crystals (Shanghai Institute
of Ceramics) in the shape of 2 cm side cubes. The scintillation light is read out with one
SiPM (S12572-25P, Hamamatsu Photonics K.K.) attached to the back of each crystal. The
energy deposit in the calorimeter part provides the additional discrimination power that is
needed to separate RMD positrons from the higher energy positrons from Michel decays.

The upstream RDC is in the development phase. As it will be installed in the path
of the muon beam, its material thickness has to be small enough not to affect the beam.
In addition, it must be finely segmented and have a fast response to distinguish RMD
positrons from muons. Moreover, radiation hardness is required to be operational under
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the high intensity beam. A Resistive Plate Chamber (RPC) has been investigated as a
candidate (Figure 5b). The RPC is made of parallel resistive plates of positively-charged
anodes and negatively-charged cathodes, and a gas mixture for charge multiplication is
filled in-between. In order to satisfy the low material budget, a thin polyimide film coated
with diamond-like carbon (DLC) is used as the resistive plate [40].

(a) (b)

Figure 5. (a) The downstream RDC. (b) Proto-type RPC tested with the µ beam.

2.5. Trigger and Data Acquisition-TDAQ

The MEG II experiment required a complete redesign of the Trigger and Data Acqui-
sition system (TDAQ) to cope with an almost tripled number of electronic channels. At
the same time the new system had to maintain the excellent charge and time resolutions,
provided by the DRS4 (Domino Ring Sampler 4) readout ASIC [41] which had already
been used in MEG. All the required ∼ 8900 channels are successfully in operation in the
same rack space used by MEG by developing a new fully integrated TDAQ system, called
WaveDAQ [42].

The trigger and data acquisition path were combined in a single readout card called
WaveDREAM (Drs4 REAdout Module) which contains, in addition to the DRS4, also
a programmable discriminator and an 80 MHz Analog to Digital Converter (ADC) for
triggering purposes. Given that a large subset of MEG II detectors use SiPM technologies,
the WaveDREAM was designed to provide the required bias voltage by means of an
optional generator circuit, and contains a programmable amplifier up to gain 100 with
tunable Pole-Zero compensation to operate in the high rate environment of MEG II. Thus,
the 16 readout channels of the WaveDREAM can be directly connected to the sensors
without any need of external equipment, providing therefore an extremely compact DAQ
system, with a 3 rack-unit crate containing up to 256 channels.

The readout of WaveDREAMs within a crate is sequenced through a Data Concentra-
tion Board (DCB) over a standard Gigabit Ethernet link. That same board also provides
access to the WaveDREAM for configuration purposes and distributes the clock, trigger
and synchronisation signals within the crate.

Ethernet packets are collected, at a million packets per second speed, by a set of
readout threads on the main DAQ computer and then, after event building and calibration,
they are handed to the experiment MIDAS DAQ system [43].

Trigger inputs from the WaveDREAMs must be combined into complex trigger selec-
tions that are mandatory to reduce the 7× 107 µ+/s to a manageable rate (order of 10 Hz).
In particular the ADCs are used to estimate the energy deposit in the liquid xenon detector
through a weighted sum algorithm similar to the one used in MEG [44]. The inclusion of a
discriminator in the WaveDREAM opens the possibility to obtain a hit timestamp with a
precision higher than in MEG by sampling the discriminated value several times within
the ADC clock period of 80 MHz. Operating with the maximum oversampling by a factor
8, the timestamp information available at trigger level is available with a 1.56 ns time bin.
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The combination of trigger information is performed through a three level tree by a
custom made Field Programmable Gate Array board, named Trigger Concentrator Board
(TCB) [45]. One of these boards is located in each crate containing WaveDREAMs, so as
to forward the information out of the crate into a dedicated trigger crate where the last
merging happens. Several complex trigger algorithms can be executed at the same time,
also including pulse-shape based selections, such as to discriminate 241Am induced alpha
events from the gamma background [46].

3. Results

The MEG II experiment is currently under commissioning at the Paul Scherrer Institute.
Since 2017 each detector underwent a set of “Pre-Engineering” runs by sharing a limited
amount of readout channels; performances previously obtained on small scale prototypes
were validated and the estimate of the experiment sensitivity was then confirmed to be
6× 10−14 at 90% confidence level [47]. In autumn 2021, the first engineering run with the
full detectors will be completed with a preliminary physics dataset collected soon after.

In spring 2021, the complete TDAQ system was finally installed in the experimental
area (Figure 6), opening further possibilities of detector performance studies, in particular
for the positron spectrometer. This was indeed a significant milestone for the experiment,
being crucial to start combining pieces of information of the different detectors toward the
future physics run.

Figure 6. Panoramic picture of the TDAQ system completely installed in the experimental hall. Blue LEDs are from
WaveDREAM cards, the different boards in the middle of each crate are DCBs (on the left) and TCBs (on the right). The two
central crates with black cables are the ones used for trigger generation and distribution.

3.1. Pre-Engineering Runs: Results
3.1.1. pTC

The pTC performance and stability were assessed in the 2017 pre-engineering run. The
hit rate, radiation damage and resolution were studied with the µ+ beam at the intensity
designed for MEG II. The overall detector resolution is estimated to be 35 ps: this value is
obtained by dividing the single hit resolution by the square root of the number of hits of a
signal e+, which is 9 on average. The single counter resolution, measured in laboratory
with a 90Sr source, is on average 72 ps and 81 ps for W = 40 mm and W = 50 mm
scintillators. The discrepancy between these values and the overall resolution measured in
the experiment is due to the larger noise contribution observed in the MEG II environment.

The resolution is expected to deteriorate to 41 ps at the end of the MEG II physics run
because of radiation damage predicted over the full MEG II data taking period, but it still
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satisfies the measurement requirement. The deterioration originates from the increase of the
dark current Idark in the SiPMs: irradiation tests performed in laboratory resulted in a linear
increase of σ2

t with increasing Idark [28]. Such tests were carried out using a 90Sr source up
to ∼1 kGy and neutrons up to a 1 MeV neutron equivalent flux of Φeq ≈ 5.5× 109 cm−2.
The damage level accumulated in the three years expected for the MEG II run is estimated
to be Φeq ≈ 3× 109 cm−2: the resolution deterioration observed at this irradiation level is
of 41%, but this value decreases up to 13% using the pTC cooling system at 10 ◦C, which is
the temperature setting chosen for the pre-engineering runs and the physics run.

In the 2020 engineering run only the upstream module of the pTC was installed to be
used as a trigger for the CDCH. Because of the few available electronics channels only half
of the module was read out with a scheme optimised to match the CDCH readout. Since
the commissioning of the detector ended in 2017, the 2020 run was used to further test the
pTC stability, both under muon beam and, for the first time, under the pion beam used in
the CEX run for LXe calibration, with successful results.

3.1.2. CDCH

The CDCH was transported to PSI in the Summer 2018 after the assembly in Pisa
(Italy) for the commissioning phase and the full integration in the MEG II experimental
apparatus [48]. The final wire stretching was set and the HV working point was reached.
The CDCH was tested during the engineering runs 2018, 2019 and 2020 performing HV
scans around the working point with different ionization sources. After a period of
conditioning, the chamber operational stability was tested with µ+ beam at different
intensities up to the MEG II one. Michel positrons from muon decay were acquired with
a pTC trigger. Anomalously high currents (up to 300 µA) were observed in some sectors.
These were cured through a gas mixture optimization with the addition of up to 2% O2,
which was then gradually reduced to a lower content. The chamber was operated in stable
conditions at the full MEG II beam intensity with the standard gas mixture + isopropyl
alcohol (1%) + O2 (0.5%) for a period of about one week during the 2020 run. The gas gain
was determined with cosmic rays in a clean environment, resulting to be (4÷ 7)× 105, as
expected and demonstrated to be sensitive to the single ionization cluster, thus allowing to
explore cluster timing techniques [49]. The noise level in the experimental environment
was thoroughly studied, and found to be higher than initially expected. Digital filters were
developed to cope with it. FE electronics with three different amplification stages were
tested to investigate the optimal electronics gain value. The configuration with the highest
gain was found to have the best signal-to-noise ratio and it is currently used (bandwidth
around 380 MHz). The impact of added O2 at concentrations at the 0.5% level or below
on the CDCH performance is expected to be not significant. Since a limited number of
DAQ channels were available during the engineering runs, an accurate measurement of
the chamber performance with data was not possible. Nevertheless, this partial readout
was crucial to refine and tune the diagnostic and reconstruction algorithms on real data.
Full MC studies show momentum, angular and vertex resolutions of 100 keV/c, 6.7 mrad
and 1.7/0.8 mm (longitudinal/transverse) respectively, in agreement with the MEG II
experimental requirements.

3.1.3. LXe

The liquid xenon detector was transported to the experimental area in the Summer of
2017 after the replacement of PMTs with MPPCs. The first objective was to measure the
photosensor performance and its stability. Monitoring during the beamtime indicated that
the MPPC PDE for VUV light decreased with the use of the beam and the MPPCs with less
radiation exposure had higher PDE. A wavelength dependence in the PDE degradation
was observed: the MPPC PDE for visible light (from blue LEDs) also decreased, but the
degradation rate was lower than the one for VUV light by an order of magnitude. From
these observations, this degradation is most likely due to surface damage induced by the
radiation exposure to a high-intensity muon beam environment. VUV photons create
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electron-hole pairs in the shallow region of a MPPC, and hence the PDE for VUV light is
sensitive to the surface state. Thermal annealing is known to be a solution to the surface
damage [50] and was tested twice in 2019 and 2020. A higher bias voltage was applied
to several MPPCs, and they were heated by Joule heat from the quench resistor. This
recovered the PDE from the damaged level (8–10%) to the original level (18–20%). The
overall impact of the radiation damage on the detector performances was studied on
simulations. The degradation of the detector resolution was found to be limited because
the position and energy resolution are not dominated by the photo-electron statistics. The
time resolution is defined only by PMTs when the MPPC PDE is reduced. The collaboration
is evaluating how to include the time needed for the annealing process in the run plan to
minimize any eventual sensitivity loss by the reduced statistics.

The energy resolution around 52.8 MeV was measured in two different ways. One
method is based on the energy spectrum of the background gamma rays of ordinary muon
decays, where the energy resolution is estimated by comparison with simulations. The
other method uses two gamma rays with correlated energies and opening angles from
the decay of neutral pions produced in CEX reactions. The energy resolution of both
methods was measured to be 1.8%, which was not as good as the resolution goal (1.0%),
but the energy resolution for shallow depths was improved as expected with respect to
the MEG experiment. The reason for this discrepancy will be investigated in this year’s
Engineering run.

The position resolution was measured using a collimator with narrow slits. The
width of peak structures in the observed position distribution was compared to the MC
simulation. A clear improvement of the resolution in the shallow region was observed
with respect to the MEG experiment and this is consistent with simulations. A position
resolution of 2.5 mm is achieved on average, compared to a resolution of ∼5 mm in the
MEG experiment. The position of the MPPCs is measured with an optical survey using a
laser scanner and a movable low energy gamma-ray beam [51]. As a result, the MPPCs are
aligned with respect to the COBRA magnet with a precision of 0.57 mm by the combination
of the two measurements.

3.2. Engineering Run 2021: Highlights

Being the first run with the complete TDAQ system and all detectors in place, the 2021
Engineering run will see the development of full experiment reconstruction, including the
commissioning of a preliminary µ+ → e+γ trigger selection.

The pTC is ready for the MEG II physics run, and for the ongoing 2021 engineering
run both US and DS modules are already installed. This is the first run with all the
electronics channels connected simultaneously to both modules. Moreover, the CDCH is
fully instrumented and read out, meaning that it will be possible to study the noise and
temperature conditions in the final configuration. Figure 7 shows the relative rate seen by
the counters in the 2020 and in the first weeks of the 2021 run. Further, it highlights the
difference in the available readout channels. Both plots refer to the same nominal beam
intensity, namely the one used in MEG (3× 107 µ/s).

During the 2021 engineering run the CDCH full electronics readout is tested for
the first time. This period is crucial for a complete noise and signal check of all DAQ
channels. The temperature in the endcap regions using all active electronics was already
proven to be under control thanks to the cooling circuit, further improved this year during
the run preparation. An extensive campaign for the identification and suppression of
hardware noise sources is foreseen. The gas mixture is further optimized through dedicated
conditioning periods with µ+ beam. The reconstruction algorithms are tested and the
CDCH performances evaluated on data to obtain the first experimental resolutions on the
e+ track parameters and efficiency. Figure 8 shows examples of occupancy plots from
Michel e+ events with a comparison between the 2020 (a) and 2021 (b) readouts. Most of
the dead channels will be recovered during the next maintenance period. The four upper
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sectors are out of acceptance for signal e+ and are usually not readout. Nevertheless they
are equipped with FE electronics. The full 2π readout is possible.
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Figure 7. Relative hit rate of the pTC tiles in 2020 (top) and 2021 (bottom) runs.
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Figure 8. Occupancy plots from Michel e+ events with a comparison between the 2020 (a) and 2021
(b) readouts.

As the liquid xenon gamma-ray detector is fully equipped with read out electronics,
the detector performance over the entire detector can be assessed for the first time. The
contribution of noise originating from the readout electronics to the energy resolution is
equivalent to 0.04 MeV and thus is negligible. Data acquisition of the gamma-ray spectrum
from muon decays is already started together with constant calibrations to monitor the
radiation damage. Since the energy reconstruction is based on the sum of the number
of incident photons at each photosensor, the gradual development of radiation damage
has to be constantly monitored by frequent calibration measurements. Figure 9 illustrates
the event display of a gamma-ray pileup event. Thanks to the extended readout region,
the position of pileup gamma-rays can be reconstructed from the light distribution on the
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entrance face. A measurement of the detection efficiency and the timing resolution for
gamma-rays with the CEX calibration setup is planned at the end of the year.

Satoru Kobayashi 2021 JPS Autumn (Online) | 15pT3-6 | September 15
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X(17) Boson Measurement

During this year’s run MEG II will additionally be able to perform the first test on a
measurement concerning the so called X(17) boson. In 2016 a measurement at the Atomki
laboratory (Debrecen, Hungary) revealed an anomaly in the form of an excess in the angular
distribution of the Internal Pair Creation (IPC) in the nuclear reaction 7Li(p, e+e−)8Be [52].
This anomaly was confirmed by following measurements and most notably observed in
the 3H(p, e+e−)4He reaction as well [53]. A possible interpretation of this observation is
the production of a new physics boson mediator of a fifth fundamental force that describes
the interaction between dark matter and ordinary matter [54]. This hypothetical boson is
expected to have a mass of 17 MeV, hence the name X(17). Repeating this measurement
with an independent experiment and a different angular coverage is crucial to confirm that
the observed anomaly is not an artifact of the detector geometry, a possibility introduced
in [55] to explain the excess within the SM.

The MEG II experiment has all the ingredients to repeat the Atomki measurement: the
CW accelerator for the proton beam, the CDCH for e+e− measurement and the pTC as
trigger. MC simulations showed that the MEG II spectrometer has better invariant mass
resolution and angular acceptance with respect to the Atomki experiment. To maximize the
resolution the CW target region was redesigned in order to minimize multiple scattering.
The new setup consists of a 10 µm thick Li2O layer on a 25 µm thick Cu substrate, which is
connected to the CW beamline by means of a Cu arm. Both structures are placed in a carbon
fiber vacuum chamber. This configuration is incompatible with the LXe calibrations, but
the configurations can be changed with some effort. For this reason the 8Be measurement
will be completed at the beginning of 2022, after the 2021 engineering run. Nevertheless,
during this year’s run it will be possible to test the new target, support structure and
vacuum chamber. In addition, some preliminary data will be taken with an intermediate
setup compatible with MEG II calibrations, since it uses a smaller vacuum chamber that
does not interfere with the CW insertion system.

4. Conclusions

MEG II is the upgrade of the MEG experiment, built to look for the CLFV decay
µ+ → e+γ. The design of this upgrade makes it possible to achieve a sensitivity of
6× 10−14 in this search, an order of magnitude better than MEG. This is possible thanks to
the increased granularity of the detectors, the larger acceptance and reduced material, in
addition to better radiation hardness to cope with the high intensity µ+ beam at PSI.
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The commissioning of the detectors that compose the experiment started in 2015 with
the first pre-engineering run for the first estimate of the pTC time resolution and stability.
The 2018 run was the first one with all detectors installed, allowing the first estimate of the
their stability and performances, even though the number of readout channels was limited.
These studies were carried on until 2020, and several problems arose during the years.
Most notably the CDCH suffered of wire breaks and internal discharges under muon beam.
Further, the LXe observed a decrease of the MPPC PDE at an unexpected rate. Solutions for
these issues have been found, but a more detailed understanding of the long term behavior
of these detectors is fundamental for the experiment, which is the goal of the 2021 run.

For the first time all the detectors are installed and fully connected to the readout,
making the finalization of the performance assessment possible. Currently, the run is
ongoing and the MPPC PDE and CDCH stability are being extensively tested, in parallel
with the final trigger developments. The ultimate goal is to collect a first physics dataset
by the end of the year, laying the foundation for the upcoming three years of MEG II
physics runs.
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