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As the Standard Model encounters several philosophical problems, New Physics is expected to be found slightly
above the mass scale currently probed. Effects due to non-Standard Model features can be easily tagged by the
observation of Charged Lepton Flavor Violation. Thus the MEG experiment has been designed and is currently in
an advanced phase having started data taking in summer 2008 and is expected to give at least an upper limit on
the pt — e+ decay two order of magnitude better than the current limit[1] set by the MEGA collaboration|[2].
Here all experimental challenges are shown together with the main detector features. the

1. Some theory backgrounds

The Standard Model (SM) has long been re-
garded as the definitive model for particle be-
havior, thanks mainly to its striking success in
predicting experimental results. However many
things remained unresolved, and many theories
have been proposed to improve the SM. But all
these beautiful constructions need tests in order
to be rejected or validated or simply to constrain
their parameter space in order to account for ex-
perimental observation and achieve a status of
”predictive” theory. A very promising field to be
probed in search of effects of new physics is the
one of Lepton Flavor Violating processes (LFV)
involving charged leptons. LFV has been already
detected for neutrinos. So the doubt arise: LFV
is possible in the charged lepton sector, within the
SM? The answer is that LFV in the charged sec-
tor can’t be induced within the framework of the
SM even accounting for the v oscillation mech-
anism, making it as likely to be observed as fly-
ing pigs, whereby alternative models can generate
LFV processes such as u — e+~ with a detectable
rate. The predictions for the branching ratio
BR,,_..y ranges from 10~ which is already ex-
cluded by the MEGA experiment, to fractions
of 107'8, outside reach of the MEG apparatus.
Hence a search for charged LFV is a promising
field for new physics (see [3], [4] and references

therein. Among particles undergoing LFV pro-
cesses, muons are attractive because of the ex-
istence of very intense and pure muon beams.
Two most viable channels are envisaged for muon
LFV: the pu conversion in heavy nuclei and the
@ — e+ vy decay. The ratio among these two
possible mechanism is model-dependent: thus an
accurate determination of both branching ratios
or upper limits can disentangle several theoretical
scenarios|5].

An interesting feature is the strong relationship
between LFV and precision measurements such
as Muon Anomalous Dipole and Magnetic mo-
ment, neutrino-less double beta decay and neu-
trino mass pattern. Moreover the eventual obser-
vation of LF'V in the charged sector could provide
complementary indications to the ”"huge acceler-
ator discoveries”, with a different approach than
the use of growing powerful and complicated ex-
periments: the precision measurements of a phys-
ical quantity with a small, dedicated detector, in
a reasonable timescale!

2. Experimental Concept

The detection of the y — e + v decay is sub-
ordinate to the observation of a positron and a
photon emitted from the same particle simultane-
ously and, being a two-body decay, equally shar-
ing the muon energy; having muons at rest, the



energy of each particle should be equal to m,, /2.
The main problem is related to the rarity of the
phenomenon searched, and is caused by the pos-
sible background events that can mimic the true
1 — e~y decay leading to an erroneous interpre-
tation of the acquired data. In order to minimize
such occurrence a very precise measurement of
the energy momentum and emission time of both
positron and gamma is mandatory. Thus the
MEG experiment has been designed with a two-
body detector, with one sub-module dedicated to
the gamma energy and time measurement and
the other performing positron spectroscopy and
time-tagging. A sketch of the MEG experiment
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Figure 1. Schematic of the MEG experiment con-
cept.

concept is shown in fig. 1

2.1. Liquid Xenon Calorimeter

The photon detector consists of a liquid Xenon
calorimeter (LXe). This is a C-shaped vessel con-
taining about 800 1 of ultra-pure liquified Xenon,
kept at a temperature of 165 K and a pressure of
3 Atm[6].

Main liquid Xenon scintillating properties|7]
are a short radiation length (2.8 cm), thanks to
its high Z = 54; a high light yield, corresponding
to 75% of the standard Nal; a fast response and
a large attenuation length. thanks to its peculiar
light emission mechanism. Moreover it is uniform
and monolithic, which improves response with re-
spect to conventional crystals. Other VIII group
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gases also show interesting scintillating properties
that make them attractive for calorimetry[8]. All
these characteristics match well the requirements
for obtaining both a high efficiency, a good energy
resolution and a timing resolution|6].

The emission mechanism|[9] of Xe is due to the
combination of two atoms, of which at least one
in an excited state, in a bound state called “ex-
cimer”, coming from the energy deposited by par-
ticle passing through. The excimer then de-excite
emitting scintillation photons and the two Xenon
atoms dissociate.

The attractive feature of this process is the in-
trinsically null re-absorption of emitted photons,
since they are emitted by an excited state of two
bound atoms, which do not exist as a ground
state. Thanks to this feature the leading edge
of the Xenon emission is very steep being limited
only by impurities present into the gas and by
Rayleigh scattering. Both have the effect of low-
ering the absorption length to a value of about
40 cm. Thus it is of paramount importance to
reach a very low level of contaminants in the Liqg-
uid Xenon and to maintain it during the whole
operation time. A sophisticated Liquid Purifica-
tion Stage has been developed for this aim[4,6].

The Xenon volume is read out with 880 Pho-
toMultiplier Tubes (PMT) with a quartz window
and a responsivity extended to the Vacuum Ultra
Violet (VUV )range, matching the Xe emission
wavelength of 178 nm. Exspecial care had to be
put in noise rejection as well as to obtain the best
Quantum Efficiency for these devices, to pull at
most the detector performances.

The final results for energy and time resolution
are shown in fig. 2; they are obtained with the
mp calibration method described in the following.
It is worth noting that especially the time res-
olution relies in a careful reconstruction of the
interaction point of the photon inside the fidu-
cial volume, thus events occurring very near to
the surface have to be rejected or analyzed with
a different algorytm to account for non linearity
due to PMT or electronic saturation.

2.2. Drift Chambers and COBRA magnet
These two items combined allow a precise mea-
surement of positron momenta and trajectories
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Figure 2. Upper: LXe energy resolution 5 MeV;
lower: LXe timing resolution. Obtained with g
events.

while keeping a relatively low detector occupancy,
a very important issue in limiting background
events.

Figure 3. Problems with a wuniform solenoidal
magnetic field:

(a) Trajectories of monochromatic particles emit-
ted at various angles. The bending radius de-
pends on the emission angle.

(b) r — z view of the solenoid shown with the tra-
jectory of a particle emitted at 88° making many
turns inside the detector.

Advantages of a gradient magnetic field:

(¢) Trajectories of monochromatic particles emit-
ted at various angles. The bending radius is in-
dependent of the emission angle.

(d) r—z view of the COBRA spectrometer shown
with the trajectory of a particle emitted at 88°.
The particle is swept away more quickly than in

(b).

The COBRA magnet has an inhomogeneous
field designed in such a way as to provide two
important features for the MEG experiment(see
Figure 3.

The first one is suggested by the name CO-
BRA, which stands for “COnstant Bending RA-
dius”: Thanks to the geometry of the magnet



coils, the field gradient is arranged in such a
way that positron with equal value of momen-
tum but with rather different directions undergo
the same curvature radius, while in a conventional
solenoidal field the curvature radius would be de-
termined by the transverse momentum p; which
depends on the positron emission angle with re-
spect to the magnet axis; so the COBRA allows
for a better reconstruction of the positron mo-
mentum.

The second advantage coming from a gradient
field is that positron emitted nearly perpendicular
to the magnet axis are swept away from the Drift
Chambers quickly, in contrast to what happens in
an homogeneous field (Figure 3). The problems
caused by positrons making many turns inside the
Drift Chambers concern either the degradation of
their performances or the loss of timing resolution
due to multiple scattering inside the chambers.

The field in the COBRA magnet reaches the
maximum value of 1.28 T at the center and
decreases towards the spectrometer edges The
thicknesses of the winding and of the cryostat
containing the whole magnet are kept as low
as possible, limiting the conversion factor for a
52.8 MeV v to about 18 %.

2.3. The Drift Chamber

The Drift Chamber will measure the energy of
the outcoming positrons by recording their tracks
in the magnetic field.

There are 15 trapezoidal Drift Chamberplaced
in a radial arrangement with an angular displace-
ment of 17.5°; along the COBRA axis the cham-
bers extend from z=-50 cm to z=+50 cm (inner
region) and from from z=-21.9 cm to z=+21.9 cm
in the outer region, thus covering a surface cor-
responding to the calorimeter acceptance angle.
Along the radial direction, the chambers inner
edge is at r =19.3 cm and they extend to the
inner surface of the COBRA magnet, which mea-
sure r =27 cm.

Each module consists of a couple of staggered
cells. The staggered-cell configuration allows
for the measurement of the radial coordinates
of the track. The difference between the drift
times (t; — t2) in two adjacent cells gives the r-
coordinate of the track with a ~ 150 um accuracy,
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while the mean time (¢1 + t2)/2 gives the abso-
lute time of the track with ~ 5 ns accuracy. This
excellent position resolution is important for the
track reconstruction, allowing for an angular res-
olution 60 = 0.2 mrad. The chambers are filled
with a 1:1 mixture of CH4 and He, providing suf-
ficient ionization while minimizing the multiple
scattering which is the main limiting factor for
an ultimate spatial resolution.
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Figure 4. Drift Chamber resolution of recon-
structed Michel spectrum end point.

In fig. 4 the reconstructed end point for
Michel positron spectrum is shown, together with
the measured energy and momentum resolution
which satisfies the required values for the MEG
experiment planned sensitivity.

2.4. The Timing Counter

After leaving the Drift Chambers the positrons
hit the Timing Counter. The aim of the Tim-
ing Counter is to provide a fast signal from
positrons in order to obtain both a very precise
(AT=100 ps FWHM) determination of the in-
stant in which the particle is ejected from the
target and a reliable detection of positron-photon
coincidence for triggering purposes.

There are two identical Timing Counter mod-
ules, placed in symmetrical position with respect
to the axis origin. They are placed on the inner
surface of the two outermost coils of the COBRA
magnet in a position that will allow for the de-
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tection of all positrons emitted within the solid
angle opposite to the LXe calorimeter.

Each Timing Counter module consists in a lon-
gitudinal detector which is optimized for timing
purposes, and a transverse one that is intended
to provide the triggering signal for the DAQ sys-
tem. The latter is located in the inner zone at a
radius r =280 mm while the mean radius of the
longitudinal detector is 315 mm.

Each longitudinal detector is an assembly of
15 scintillator bars whose light output is read by
two PMTs, one for each end. Special PMTs suit-
able for use in magnetic field have been selected:
the best candidate proved to be the HAMA-
MATSU fine mesh type, and we decided to use
the 2”7 model R5924[10], well matching the op-
timal shape of the scintillator bar[11]. Several
beam test held at the Laboratori Nazionali di
Frascati’s "Beam Test Facility” (BTF) allowed
us to obtain the goal resolution with an almost
squared section of 4 cm, and using BC404 scin-
tillator from Bicron Saint Gobain[12] With this
geometry the matching PMT-scintillator is opti-
mum and a timing resolution better than 100 ps
FWHM has been obtained (see fig. 5).

For the transverse detector the PMT readout
was found not to be possible due to the strong
magnetic field in the zone of the detectors, so we
developed a structure made of scintillating fibers
with an APD (Avalanche PhotoDiode) readout.
A dedicated electronics has been developed, and
extensive studies have been carried on[13]. This
module is used to determine the longitudinal co-
ordinate of impact of the positron on the TC for
track reconstruction improvement.

3. Beautiful, but will it work?

A vital issue is to insure the stability of de-
tector performances during all data taking pe-
riod, which is planned to extend over two years
or more. Thus several calibration techniques have
been implemented.

The most delicate issue is the LXe calorime-
ter energy resolution. This depends heavily on
the charge and conversion depth reconstruction;
lastly, the key parameters are:

e the PMT gain and Quantum Efficiency;
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Figure 5. Upper: timing resolution obtained at
BTF with a telescope-like configuration, having
a well defined impact point. The reported time
resolution of 99 ps FWHM for T1-T2 is the value
found in one position of a single TC bar, but we
obtained a rather uniform resolution within all
bars and for a vast set of position for each bar.
Lower: time reconstruction in the final configura-
tion obtained with Michel positrons; in this case
the timing resolution is degraded by some trajec-
tory spread but still in fair agreement with the
required value.



e the Liquid Xenon contamination.

several independent methods each with some
advantages and drawbacks are been studied for
both of these items. We can distinguish at first
from methods that require to stop normal data
taking and arrange some apparatus modification,
thus being time-consuming, and methods that
don’t require any tuning nor stopping the nor-
mal beam operations, and can thus be performed
online.

First we look to ”online” calibration and mon-
itoring methods. In this group we can also dis-
tinguish between ”physical” and ”"non physical”
processes The easiest one is to feed a light pulse
with several LEDs put in various positions on the
inner surface of the LXe vessel. By monitoring
with different pulse height and looking for the
PMT response one can observe variation in the
PMT gain. Another alternative method, which is
addressed mainly to timing accuracy, involves the
use of a very fast laser pulse (10 ps total width)
with a wavelength close to the characteristic emis-
sion of the Xe; this is fed into the vessel and si-
multaneously into the TC with a very low disper-
sion optical fiber and allows to monitor the rel-
ative synchronization of the two timing detector.
Also, this can help in observing dramatic varia-
tion of the TC PMT response, that could affect
the whole experiment outcome, for example bi-
asing in unwanted manner the trigger-level event
selection. A third method is a physical one and
relies on several v sources immersed in LXe[14].
Each source is a small deposition of 24! Am on
a 100 pm diameter gold plated tungsten wire.
Half life of americium is suitable to have a uni-
form activity during all data taking. Having a
well-defined energy deposit into LXe, it is possi-
ble with this method to estimate PMT QE and
the monitor optical properties of LXe that are
affected by the eventual presence of very small
amounts of contaminants[4], as shown in fig. 6.

A last way is the use of normal Radiative De-
cay of muons stopped on target. This result in
a looser time and direction correlation between
positron an gamma, and also both of them has
lower energies, but this can be useful also for
normalizing purposes as well as for testing event
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Figure 6. Example of monitoring the LXe pu-
rification with a sources and Li(py)Be methods.
It is evident the plateau in the detector response
reached after ~80 hours of purification progress.

reconstruction capability. A dedicated tool for
DCs is the naive Michel trigger, helping in char-
acterizing their ability to track positrons trajec-
tories back to the target; to allow this, the target
presents some ”holes” that can be reconstructed
and can give an estimate on the resolution of ver-
tex reconstruction.

Concerning the ”offline” methods, we have two
physical handles to test detector performances:

e a CW accelerator providing mono-energetic
low energy photons;

e a 1 beam for production of high energy
photons.

The first item relies on the produciton of low
energy photons by means of nuclear reactions
of the type X(p,7)Y where X and Y are two
contiguous low-Z elements, and the proton can
have up to 1 MeV energy [15,16]. Photons are
emitted by the higher Z elements being gener-
ated, by means of nuclear de-excitation. Main
candidates are the reactions involving Boron and
Lithium as target materials, undergoing the reac-
tions B(p,v)C and Li(p,v)Be. The boron reac-
tion has a resonance at around 870 keV and the
result is the emission of either a single 16.1 MeV
photon or a couple of mono-energetic (11.4 and
4.7 MeV respectively) photons. The double photon
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emission proved to be useful to look up for TC-
Xe synchronizing. On the other side the Lithium
target provides a nice 17.6 MeV photon, via the
xxx keV-resonant proton reaction. To obtain
protons with the needed energies, a Cockcroft-
Walton accelerator with a dedicated beam line
entering the COBRA magnet has been imple-
mented; it can reach energies up to 1 MeV, suitable
for our purposes.

A set of Boron and Lithium Fluoride targets
have been produced in the Genova film deposition
facility[11]. The ”"Boron Way” has some advan-
tages: the CW beam line can be easily inserted
into the COBRA magnet in a few minutes, and
within a reasonable live time a sufficient statistics
is reached for calibration and monitoring mea-
surements. Thus it can be used quite often, for
instance during the periodical shutdown of the
PSI main accelerator, when muon beam is not
available.

The last method relies on the charge exchange
reaction 7 +n — my + p[4], where the final 7,
decays into two photons being at rest in the lab
frame. According to the kinematics of the pro-
cess this will result in a couple of photons of en-
ergies 55 and 83 MeV respectively, emitted back-
to-back. They are detected with the coincidence
of the LXe signal with a reference Nal thus elim-
inating not back-to-back events which will result
in a wider energy distribution. By measuring the
line width for the 55 MeV line one can monitor the
LXe calorimeter energy resolution, while compar-
ing tx. — tnar an estimate of timing resolution
is obtained; both issues are reported in figure 2.
The main drawback of this method is that one
have to change the beam line parameters to ex-
tract pions instead of muons and the best suited
target for the charge exchange reaction is a liquid
hydrogen target that needs several days to be in-
stalled. Thus this method will be used in the very
beginning of data taking to validate the detector
performances.

4. Final detector performances and exper-
iment goals

In summer 2008 MEG data taking is started.

Table 1
MEG performances and expected goal, to be ob-
tained within 2008 beam time

Detector performances Obtained
Muon Stopping Rate 3-107u/s

DC momentum resolution 1.1 %

DC vertex reconstruction i3 mm

et — ~ angular resolution 17 mrad
TC timing resolution 120 ps FWHM
LXe energy resolution 5% FWHM
LXe timing resolution 150 ps FWHM

LXe efficiency 340%

Experimental goals Planned
Single Event Sens. 2.2 x10~ 13
Accidental rate < 10713

90% CL limit 6.9x10713

Final performances of various detectors are sum-
marized in table 1, where MEG goal is also re-
ported. A very preliminary result from the 2007
Engineering Run can be estimated as an upper
limit of about 1.5 x 107!°[17] which is already
within one order of magnitude from the MEGA
limit; moreover, many improvements have been
implemented in the detector performances and
others are planned, that together with the higher
statistic from the next weeks of beam time will
result in a much lower limit, at least one order of
magnitude better than the previous one.

The MEG experiment is planned to take data
until 2010, with an intermediate stop due to
beam-sharing with other experiments, which will
be used for detector and DAQ improvements.
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