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µ→eγ physics motivation

2

2.2. Physics Motivations 7

Figure 2.1: Example of Feynman diagram describing the µ → eγ decay in the SM with
a neutrino-mass extension.

In conclusion, the cLFV processes are free from the SM background. Searches for
cLFV processes are among the most sensitive ways to investigate physics beyond the
SM. In the following sub-sections, we review some models beyond the SM focused on
the supersymmetric (SUSY) scenarios. In those models, the branching ratio of µ →
eγ decay is enhanced by the new physics and becomes accessible with present or near-
future experimental techniques.

2.2.2 Supersymmetry and Lepton-Flavor Violation

The SUSY is a symmetry between bosons and fermions with the same quantum numbers
apart from their spins. A SUSY transformation turns a bosonic state into a fermionic
state, and vice versa. It predicts for every particle a supersymmetric partner with, in
the limit of non-broken SUSY, the same mass. Those two particles belong to a super-
multiplet. The Higgs mass is kept under control by the cancellation between those two
since the contributions to the quantum correction of the two have opposite sign due to
the difference in Fermi-Bose statistics. In this way, the hierarchy problem in the SM is
solved naturally in SUSY extensions.

Table 2.2 lists the super-partners in the minimum SUSY extension of the SM (MSSM).
The super-partners differ by 1/2 unit of spin from the corresponding particles. After
electroweak symmetry breaking, the wino (W̃ ), the bino (B̃), and Higssino (H̃) mix one
another and form two charged Dirac fermions called charginos (χ̃±

i ; i = 1, 2), and four
Majorana fermions called neutralinos (χ̃0

i ; i = 1− 4). In general, SUSY models contain at
least two Higgs doublet fields to keep the SUSY invariance for three types of the Yukawa
coupling constants: one Higgs field provides the mass terms for up-type quarks while the
other provides mass terms for the down-type quarks and charged leptons. The ratio of
the VEVs of the two is called tan β.

SUSY breaking and SUSY flavor problem If the symmetry is exact, a particle and
its super-partner are degenerated and have the same mass. However, no superparticles
with the mass are not observed. Thus SUSY is broken. The LFV would originate from
the misalignment between particle and superparticle mass eigenstates. In the basis where
the lepton mass matrix is diagonalized, the presence of nonzero off-diagonal matrix ele-
ments in the slepton mass matrix would induce LFV. However, constrains from LFV and
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Lepton Flavor Violating Decays – Review & Outlook
Toshinori Mori
International Center for Elementary Particle Physics, The University of Tokyo
7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan

Here I review the status and prospects of experimental investigations into lepton flavor violation (LFV) in
charged leptons. Rare LFV processes are naturally expected to occur through loops of TeV scale particles
predicted by supersymmetric theories or other models beyond the Standard Model. In contrast to physics
of quark flavors that is dominated by the Cabibbo-Kobayashi-Maskawa matrix, LFV in charged leptons is a
definitive signal of new physics. Currently active researches are rare tau decay searches at the B factories. The
MEG experiment will soon start a sensitive search for the LFV muon decay, µ →eγ. Prospects for searches at
the LHC, a possibility of a fixed target LFV experiment with high energy muons, and a sensitivity of leptonic
kaon decays to LFV are also briefly discussed.

1. Why Lepton Flavor Violation?

Flavor violation or mixing among quarks has been
known for many years and is beautifully described by
the Cabibbo-Kobayashi-Maskawa matrix in the Stan-
dard Model. On the other hand, the discovery of flavor
violation or oscillation among neutrinos came as a big
surprise and provides a possible hint of new physics
beyond the Standard Model. Now lepton flavor viola-
tion (LFV) among charged leptons, which has never
been observed, is attracting a great deal of attention,
because its observation is highly expected by many of
the well motivated theories and would undisputedly
establish a breakdown of the Standard Model.

An example of such LFV processes is schematically
indicated in Figure 1. LFV is expected to occur in
the loops of new physics processes at TeV scale such
as supersymmetry or extra dimensions. Therefore the
discovery of such a LFV process is of similar signifi-
cance to that of the LHC.

Figure 1: A possible origin of LFV processes (µ → eγ in
this example).

On the other hand, the source of LFV originates
from much higher energy scale governed by grand uni-
fication theories (GUT) [1] or seesaw models that pre-
dict heavy majorana neutrinos to derive tiny neutrino
masses [2], as indicated by the red loop in the Figure.
Therefore the discovery and measurement of LFV pro-

cesses could also provide hints of physics at extremely
high energy scale, which would not be accessible even
at the LHC.

In this article the present and future experimental
researches on LFV in charged leptons are reviewed.

2. LFV Tau Decays

Currently most actively studied LFV processes are
the rare τ decays. τ -pairs are abundantly produced at
the B factories where the τ -pair production cross sec-
tion is as large as that of BB̄. The two B factory ex-
periments, Belle and BaBar, have accumulated more
than 7.5×108 τ -pairs altogether. τ -pair events are se-
lected and tagged by one of the τs that decayed in the
normal way and the τs on the other side are searched
for LFV decays. A result of such analyses is shown in
Figure 2. As can be seen from this Figure, many of the
searches are already beginning to be limited by back-
ground events. A more detailed description of various
searches for LFV τ decays is given by Dr. H. Kakuno
in this conference [3]. They have made an impressive
improvement on most of the LFV modes of the τ de-
cays, though any of them has not been discovered yet.
The 90% C.L. upper limits on their branching ratios
are now in the order of 10−7, an order of magnitude
improvement over the previous experiments (mostly
by CLEO) [4].

These limits strongly constrain new physics models
such as supersymmetry, especially for a large tanβ
region and also for Higgs-mediated LFV vertices.

For the future these limits should improve as the B
factories continue to accumulate more data, but the
improvements would be slow due to the background
especially for some modes such as τ → µγ/eγ, τ →
µη, etc. A Super B Factory with 5–10 ab−1 would
bring them into the 10−8 region, possibly even to 10−9

for some modes, but claiming a discovery would be
much harder with the existing background events.

Preparatory studies on LFV τ decays are being con-
ducted by the LHC experiments [5]. During their ini-
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Standard model New physics

Branching ratio of μ→eγ (<10-40) is very small

Br ~ 10-14-10-11

Many new theories beyond the 
standard model predicts large 
branching ratios

Discovery of μ→eγ is a clear 
evidence of new physics 

Current limit : Br < 5.7×10-13 (90% C.L.)
MEG, 2013, arXiv:1303.0754
submitted to Phys. Rev. Lett.
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MEG detector

Waveform digitizer for all detectors (pileup ID)

Special gradient magnetic field
 Sweeps out high rate e+ quickly
 Constant bending radius of e+

Ultra thin material
Precise e+ tracking

Precise e+ timing
Plastic scintillator + PMTs

2.7 ton of liquid xenon
Homogeneous detector
Good time, position, energy resolution
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Requirements of LXe gamma detector
γ background

Background Signal

Nacc ∝ R
2
· δEe · δE

2

γ · δθ
2

eγ · δteγ

Energy resolution Position resolution Time resolution

Good resolutions of LXe detector is important to reduce background
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Inorganic scintillators and LXe
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NaI(TI) CsI(TI) BaF2 BGO LSO(Ce) PWO LaBr3(Ce) GSO LFS-3 LXe

Density 
(g/cm3) 3.67 4.51 4.89 7.13 7.40 8.3 5.29 6.71 7.35 2.98

Radiation 
Length 
(cm)

2.59 1.86 2.03 1.12 1.14 0.89 1.88 1.38 1.15 2.8

Hygrosco
picity Yes Slight No No No No Yes No No -

Luminesc
ence (nm) 

at peak
410 550 300

220 480 402 425
420 356 430 425 175

Decay 
Time 245 1220 650

0.9 300 40 30
10 20 30-60 25-33 45

Light Yield 
(%) 100 165 36

4.1 21 85 0.3
0.1 221 20 80-85 80
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2.7 t (900l) LXe calorimeter

6

Merits
High light output(80% of NaI)
Fast timing response(45ns)
Heavy(3g/cm3)

Challenges
Low temperature(160K)

 200W pulse tube cryocooler
Short scintillation wavelength (175nm)

Eur. Phys. J. C (2013) 73:2365 Page 27 of 59

Table 3 Liquid xenon properties: Wph is the average energy for scin-
tillation photon, scintillation wavelength is the wavelength where the
scintillation spectrum has its maximum

Properties Value & Unit

Atomic/Mass number 54/131.293

Density at 161.4 K 2.978 g/cm3

Boiling/Melting point 165.1/161.4 K

Radiation length 2.77 cm

Moliere radius 4.20 cm

Scintillation wavelength 178 nm

Wph for electron/α 21.6 eV/17.9 eV

Decay time (recombination) 45 ns

Decay time (Fast/Slow component) 4.2 ns/22 ns

Absorption length >100 cm

These requirements need high light yield. Fast decay time
helps to reduce pile-up events.

On the other hand, the peak of the LXe scintillation
emission spectrum is in Vacuum UltraViolet (VUV), λ ∼
178 nm, which requires quartz windows in the PMTs, and
the operational temperature is ∼165 K, which requires cryo-
genic equipment. Furthermore, the scintillation light can be
easily absorbed by impurities like H2O, O2, and N2 etc.,
which must therefore be removed efficiently and continu-
ously.

6.2 Detector design

We developed detector prototypes to perform various feasi-
bility tests. The first used 2.3 # of LXe with 32 PMTs, and
the second used 68.6 # of LXe with 228 PMTs [41]. The pur-
pose of the first prototype was a proof-of-principle detection
of γ -rays at ∼2 MeV from radioactive sources in LXe with
adequate resolutions. The second prototype was designed to
confirm the good resolutions for position, time and energy
for γ -rays at ∼50 MeV and to study LXe detector operation
including the purification system toward a full-size detector.

Based on the prototype measurements, the final detector
design employing 900 # of LXe was completed in 2004. The
construction began in 2005 and was completed in late 2007.
A schematic view of the LXe detector is shown in Fig. 48.

The C-shaped structure fits the outer radius of COBRA.
The active volume is read out by 846 PMTs submerged di-
rectly in LXe to detect the scintillation light, placed on all six
faces of the detector (inner, outer, upstream, downstream,
top, and bottom), with different PMT densities. The active
volume of the detector is ∼800 # and covers 11 % of the
solid angle viewed from the centre of the stopping target. Its
depth is 38.5 cm, corresponding to ∼14X0 and fully con-
taining a shower induced by a 52.83 MeV γ -ray.

Fig. 48 Schematic view of the LXe detector: from the side (left), from
the top (right)

6.2.1 Cryostat

The LXe detector consists of the inner and the outer ves-
sels. The inner vessel holds 900 # of LXe and the PMT sup-
port structure. The outer vacuum vessel is used as a thermal
insulation layer. To reduce the material traversed by inci-
dent γ -rays, the window of the outer vessel consists of a
thin stainless steel plate (0.4 mm thickness), while that of
the inner vessel is made of aluminium honeycomb panels
covered with carbon-fibre plates to withstand pressure up to
3 bar. The total thickness of the γ -ray entrance window is
0.075X0. A picture of the LXe detector is shown in Fig. 49.

In order to monitor the detector condition, 27 tempera-
ture, two pressure, and two liquid-level sensors are installed
inside the detector. To maintain the LXe temperature and
to enable the recondensation of xenon, a custom-designed
200 W pulse-tube cryocooler [42] is installed on the top
of the chimney. It does not produce any electrical noise
or mechanical vibrations, thanks to the cooling principle.
In case more cooling power is needed, e.g. during lique-
faction or purification, liquid nitrogen lines are installed to
cool down the gaseous volume and the wall of the inner
vessel. From the other two chimneys, the cables of PMT
high voltages, signals, and sensors etc. are extracted via
feedthroughs. A turbomolecular pump is connected to each
vessel to evacuate the detector, and a cryopump and a getter
pump are installed in the inner vessel to efficiently remove
water vapour, which is the most dangerous impurity.

6.2.2 PMTs

In total, 846 2′′ PMTs [43] are internally mounted on all sur-
faces and submerged in LXe; the support structure is shown
in Fig. 50. In order to allow the operation in LXe, the PMTs
are designed to withstand up to 3 bar. The coverage of the in-
ner surface with active photo-cathodes is ∼35 %. The PMT

846 2” PMTs (Hamamatsu)
Sensitive to 175nm VUV
Submerged in Liquid

Purification system
Gas phase (metal heated getter)
Liquid phase (Molecular sieves)
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sels. The inner vessel holds 900 # of LXe and the PMT sup-
port structure. The outer vacuum vessel is used as a thermal
insulation layer. To reduce the material traversed by inci-
dent γ -rays, the window of the outer vessel consists of a
thin stainless steel plate (0.4 mm thickness), while that of
the inner vessel is made of aluminium honeycomb panels
covered with carbon-fibre plates to withstand pressure up to
3 bar. The total thickness of the γ -ray entrance window is
0.075X0. A picture of the LXe detector is shown in Fig. 49.

In order to monitor the detector condition, 27 tempera-
ture, two pressure, and two liquid-level sensors are installed
inside the detector. To maintain the LXe temperature and
to enable the recondensation of xenon, a custom-designed
200 W pulse-tube cryocooler [42] is installed on the top
of the chimney. It does not produce any electrical noise
or mechanical vibrations, thanks to the cooling principle.
In case more cooling power is needed, e.g. during lique-
faction or purification, liquid nitrogen lines are installed to
cool down the gaseous volume and the wall of the inner
vessel. From the other two chimneys, the cables of PMT
high voltages, signals, and sensors etc. are extracted via
feedthroughs. A turbomolecular pump is connected to each
vessel to evacuate the detector, and a cryopump and a getter
pump are installed in the inner vessel to efficiently remove
water vapour, which is the most dangerous impurity.

6.2.2 PMTs

In total, 846 2′′ PMTs [43] are internally mounted on all sur-
faces and submerged in LXe; the support structure is shown
in Fig. 50. In order to allow the operation in LXe, the PMTs
are designed to withstand up to 3 bar. The coverage of the in-
ner surface with active photo-cathodes is ∼35 %. The PMT
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Construction
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In 2007

Page 28 of 59 Eur. Phys. J. C (2013) 73:2365

Fig. 49 LXe detector under construction. A flange of the outer vacuum
vessel was not closed yet when this picture was taken

Fig. 50 View of the LXe detector inside. A total of 846 PMTs are
mounted on all surfaces. The face on the left side is the incident one
for γ -rays from the target

uses a metal-channel dynode structure to achieve a reason-
able gain inside a short package (the height is 3.2 cm) and
a high tolerance for magnetic fields as large as ∼10−2 T
[44], directed either along the transverse or the longitudi-
nal direction. The PMTs are operated at LXe temperature
∼165 K, and are equipped with a quartz window that trans-
mits VUV photons and a bialkali (K–Cs–Sb) photo-cathode
sensitive to VUV photons. Aluminium strips are added to
the surface of the cathode to reduce the sheet resistance,

which increases at low temperature. Heat dissipation from
the base circuit is minimised by optimising the resistor chain
(16 M") with Zener diode protection in the last two dyn-
odes, which keep the voltage constant under a high counting
rate. Typical PMTs show Quantum Efficiency (QE) ∼15 %
and gain ∼1.8 × 106 at 850 V. Inside the cryostat, 3.0 m
plus 1.6 m RG-196A/U coaxial cables are used for the PMTs
signal, and 3.0 m RG-188A/U coaxial and 1.6 m wires for
HV. These are connected to the feedthroughs. Outside the
cryostat, signal cables are connected to the splitter boards
(see Sect. 9.2.2), and divided into trigger (see Sect. 8) and
DRS4 boards (see Sect. 9.2.1) which record all the PMT
waveforms.

6.2.3 Purification system

As discussed in Sect. 6.1, scintillation light may be ab-
sorbed by impurities in LXe, such as H2O and O2 at ppm
level. We have developed two purification methods, gas-
phase [41] and liquid-phase [45], to remove those impuri-
ties. Gas-phase purification removes impurities in Gaseous
Xenon (GXe) by means of a metal-heated getter. Although
the gas-phase purification successfully reduces such impuri-
ties, its circulation speed is limited (∼0.6 #/h). It turned out
during the gas-phase purification study that H2O was the
dominant component for the absorption.

Liquid purification was developed to improve the circu-
lation speed and to remove mainly H2O from LXe by us-
ing a cryogenic centrifugal fluid pump [46] and molecular
sieves (MS13A). At the normal working point, the flow rate
is ∼70 #/h. Molecular sieves can absorb more than 24 g of
water, and the cartridge contains heaters which enable a re-
generation of the cartridge.

6.2.4 Storage system

In addition to the detector, two storage systems for LXe and
GXe have been developed so that 1000 # of xenon can be
stored safely when the detector is not operated [47]. One
is a 1000 # Dewar with a pulse-tube cryocooler as well as
liquid nitrogen cooling lines and a thermal insulation layer.
The heat income is estimated to be less than 20 W, and the
cryogenic tank is designed to tolerate a pressure up to 6 bar.
As a result, LXe can be stored safely without supplying any
cooling power for 100 h. The Dewar is connected to the de-
tector with flexible tubes thermally insulated to allow a rapid
LXe transfer.

The other storage system consists of eight high-pressure
gas tanks to store GXe, each of which can contain up to
360 kg of xenon corresponding to 120 # of LXe. This can
be used in long shutdown periods. In Fig. 51, a schematic
view of the LXe detector system including purification and
storage systems is shown.
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of the γ -ray energy must be extracted from the number of
photons detected by the PMTs surrounding the LXe volume,
once the proper proportionality factor is known. This factor
contains the LXe light yield, the photo-cathodic coverage,
the PMT gains and the Quantum Efficiencies (QE). All these
quantities may depend on time: some more than others (e.g.
the purity of LXe may change, some PMTs may be switched
off for some runs).

For this reason a number of calibration lines are avail-
able to check the energy scale over the full energy range.
Low-energy calibrations by means of radioactive sources are
easier and performed more frequently. Although they are
of limited use to set the absolute energy scale in the sig-
nal region, they are helpful in finding gross variations of
LXe purity. At the opposite end, 54.9 MeV γ -rays from π0

decays make possible to directly measure the detector re-
sponse, uniformity and resolution close to the signal energy.
A drawback of this calibration method is the need to change
the beam polarity and momentum (from µ+ to π−) and the
usage of a liquid hydrogen target.

Table 5 presents a list of these lines, which span a broad
energy range:

1. In the low-energy region 4.4 MeV γ -rays from an AmBe
source and 5.5 MeV α-particles from 241Am sources de-
posited on thin wires are used to monitor the PMT QEs
and the LXe optical properties on a daily basis. In addi-
tion, 9.0 MeV γ -rays from capture by nickel of thermal-
ized neutrons produced by a neutron generator are also
available (see Sects. 7.1.2–7.1.5).

2. In the intermediate-energy region a C–W accelerator is
used, two/three times per week, to accelerate protons,
in the energy range 400–900 keV, onto a Li2B4O7 tar-
get. γ -rays of 17.6 MeV energy from 7Li(p,γ17.6)

8Be
monitor the LXe detector energy scale and resolution,
while time-coincident 4.4 MeV and 11.6 MeV γ -rays
from 11B(p,γ4.4γ11.6)

12C are used to intercalibrate the
relative timing of the LXe detector with the TC (see
Sect. 7.3.1).

3. In the high-energy region measurements of γ -rays from
π0 decays produced by the π− CEX reaction in a liq-

uid hydrogen target are performed once/twice a year (see
Sect. 7.3.2).

7.1.1 LEDs and gain evaluation

PMT gains are estimated by using blue LEDs immersed in
the LXe at different positions. In total, 44 LEDs are installed
in the detector. To minimise the position dependence of the
detected photons, 11 LEDs are flashed simultaneously. In
dedicated gain measurement runs, performed every second
day on average, LEDs are flashed at several different intensi-
ties, and the PMT gains are evaluated from the photoelectron
statistics following the method described in [41]. There are
two kinds of known PMT gain instabilities, a long-term gain
decrease, and a rate-dependent gain shift. The former is typ-
ically 0.1 %/day during physics runs and 0.4 %/day during
CEX calibration runs (see Sect. 7.3.2).

The latter is observed when starting to use the µ beam,
the typical shift being ∼+2 %. It was found that the LED
light intensity was stable enough to check the long-term sta-
bility of each PMT gain. To monitor and correct long-term
instabilities, constantly flashing LED data have been taken
during physics runs since 2009 at a rate of ∼0.2 Hz: the
LED peak position for each PMT, and its variation with the
time, is used to bridge the PMTs gain variation between two
consecutive dedicated gain measurement runs.

7.1.2 Point-like α-sources

A calibration technique based on a lattice of 241Am point-
like α-sources was developed and applied, for the first time,
in a prototype LXe detector [48]. The sources are prepared
by fixing small portions of a 241Am foil to a gold-plated
tungsten wire by a thermo-compression method. The result-
ing wire diameter, after the source mounting, is <150 µm.

In the LXe detector we mounted five wires, each one
hosting five point-like sources of ∼1 kBq/source, for a total
activity of ≈25 kBq. The wires are positioned in a staggered
fashion to optimise the range of angles and distances from
which they are viewed from the PMTs (see Fig. 60).

Table 5 Typical calibrations
performed to determine the LXe
detector performance (energy
scale, linearity, etc.) with their
energy range and frequency

Process Energy (MeV) Frequency

Charge exchange π−p → π0n 54.9,82.9 yearly

π0 → γ γ

Charge exchange π−p → nγ 129.0 yearly

Radiative µ+ decay µ+ → e+γ νν 52.83 endpoint weekly

Proton accelerator 7Li(p,γ17.6(14.8))
8Be 14.8, 17.6 weekly

11B(p,γ4.4γ11.6)
12C 4.4, 11.6 weekly

Nuclear reaction 58Ni(n,γ9.0)
59Ni 9.0 daily

AmBe source 9Be(α241Am, n)12C∗ 4.4 daily
12C∗ →12 Cγ4.4



CHEF 2013                  Ryu Sawada                  Liquid Xenon Calorimeter for MEG

PMT Energy Time

LED
Alpha source (5.5 MeV)

AmBe (4.4MeV)
Neutron capture (9MeV)
Li(p,γ)Be (17.6 MeV)
π0➞γγ (55, 83 MeV)
Cosmic ray (160 MeV)

B(p,γ) (4.4+11.7 MeV)
π0➞e+eγ (55-83 MeV)
Muon radiative decay

Calibration and monitoring

9

MEG Cockcraft-Walton(C.W.) 
proton accelerator

Eur. Phys. J. C (2013) 73:2365 Page 39 of 59

A lithium tethraborate (Li2B4O7) target (p-target to distin-
guish from the µ-target described in Sect. 2.7) is used to
generate γ -rays from both reactions.

During calibration runs, the target, contained in a vacuum
pipe connecting the C–W accelerator to the MEG area, is
positioned at the centre of COBRA (see Figs. 67 and 68).
The p-target is oriented at 45◦ relative to the proton beam
direction, to reduce the amount of material on the path of the
γ -rays directed to the LXe detector.

During normal data taking the p-target is positioned
downstream outside the COBRA spectrometer. When start-
ing a calibration, the µ-target is removed from the beam line
by means of a compressed helium system and the p-target is
inserted to the centre of COBRA by means of an extendable
bellows system of ∼2 m stroke. The insertion (or extraction)
is computer controlled and takes ten minutes. At the end of
the test the inverse operation is performed, and the µ-target
reinserted. The reproducibility of its positioning has been
visually inspected and surveyed to be better than our spatial
resolutions.

Steering magnets and monitors are available along the
proton beam line (see Fig. 68) for centring the beam on

Fig. 67 Schematic layout of the area where the Cockcroft–Walton ac-
celerator is placed, with respect to the πE5 area

Fig. 68 The Cockcroft–Walton accelerator beam line

the p-target and for measuring the proton beam properties.
The data from the lithium reaction are recorded by a low-
threshold trigger, while a LXe-TC coincidence trigger is
used to record the two boron γ -rays (see Fig. 69).

By means of the C–W calibration lines the energy scale
of the experiment is constantly monitored, as are possible
drifts in the relative timing between the LXe detector and
the TC bars. This allows knowing of the energy scale in the
LXe detector at a few-per-mil level, and a time alignment
better than 20 ps.

7.3.2 π− beam and charge exchange set-up

To calibrate the LXe detector at an energy close to that of the
signal we use γ -rays from neutral pion decay (π0 → γ γ ).
A neutral pion is produced in the CEX reaction of negative
pions on protons at rest π−p → π0n. The resulting π0 has
a momentum of ∼28 MeV/c in the laboratory frame and
decays immediately to two γ -rays. The photons are emitted
back-to-back in the π0 rest frame with an energy of

E∗
γ = mπ0

2
& 67.5 MeV.

In the laboratory frame, the photon energies are

Eγ1,2 = γ
mπ0

2

(
1 ± β cos θ∗), (20)

where β is the π0 velocity and θ∗ the center-of-mass angle
between the photon and the π0 direction.

Differentiating Eq. (20), the energy spectrum of the two
photons in the laboratory frame

dN

dEγ
= dN

d cos θ∗ × d cos θ∗

dEγ
(21)

Fig. 69 Measured calibration lines from the reactions
11B(p,γ4.4γ11.6)

12C (green) and 7Li(p,γ17.6)
8Be (blue) (Color

figure online)
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Weekly energy and time calibration
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Fig. 54 Reconstructed position distribution with a lead collimator in
CEX runs. There are two slits 1 cm wide in the 1.8 cm thick collimator

the lead collimator is not sufficient to stop 55 MeV γ -rays,
the floor events which are penetrating the lead collimator are
also observed. A double Gaussian function plus a constant
term is fitted to extract the position resolution of 54.9 MeV
γ -rays, and the results are 6.6 mm, 6.7 mm in this exam-
ple. The average resolution at different positions is 6.9 mm.
This result contains the effect of the slit width itself and of
the spread of π0 decay points, and is to be compared with
the average resolution (6.5 mm) from a Monte Carlo sim-
ulation of the same configuration. The quadratic difference
(1.8 mm, expected to come from the PMT QEs calibration
uncertainty) between the data and the Monte Carlo simu-
lation is added into the position resolution map built from
simulation.

Taking into account the difference between Monte Carlo
simulation and the data, the average position resolutions
are estimated to be σ(uγ ,vγ ) ∼ 5 mm and σwγ ∼ 6 mm, re-
spectively, comparable with the design position resolutions.
They are also close to σ MC

(uγ ,vγ ) ∼ 4 mm and σ MC
wγ

∼ 6 mm
estimated by Monte Carlo simulation.

6.4.2 Energy resolution

The energy response of γ -rays at the signal energy is ex-
tracted from the CEX calibration. A small correction is ap-
plied to take into account the different background condi-
tions between the muon and the pion beams, and the opening
angle between the two γ -rays.

The response function of the detector for monochromatic
γ -rays is asymmetric with a low-energy tail due to mainly
two reasons. One is the interaction of γ -rays in the mate-
rial in front of the LXe active volume, and the other is the
shower leakage from the front face. Figure 55 shows the
LXe detector response to 54.9 MeV γ -rays. The distribu-
tion is fitted with an asymmetric function F(x) convolved

Fig. 55 Energy response of the LXe detector to 54.9 MeV γ -rays
for wγ > 2 cm in a restricted range of (uγ , vγ ). The fitting func-
tion is described in the text. The resolution is σEγ = 1.56 % and
FWHMEγ = 4.54 %

with the pedestal distribution h(x) in the CEX run. F(x) is
given by

F(x) =






A exp(− (x−x0)
2

2σ 2
Eγ

) (x > x0 + τ ),

A exp( τ

σ 2
Eγ

(τ/2 − (x − x0))) (x ≤ x0 + τ ),

where A is a scale parameter, x0 is a peak position param-
eter, τ is a transition parameter and σEγ is a resolution pa-
rameter indicating the distribution width on the high-energy
side. Since F(x) shows the intrinsic resolution of the de-
tector without pedestal contribution, it can be used for any
realistic environment with a different pedestal distribution.

A 3-dimensional mapping of these parameters is incorpo-
rated into the likelihood function for the final analysis since
they depend on the position of the γ -ray conversion, mainly
on its wγ coordinate. As an example, the average energy res-
olution is measured to be σEγ = 1.6 % (3 cm < wγ ), 2.0 %
(0.8 cm < wγ < 3 cm) and 2.7 % (0 cm < wγ < 0.8 cm)
in 2011. Except for the acceptance edge along v coordinate
(σEγ ∼ 2.5 % with |v| > 68.2 cm and wγ > 3 cm), the en-
ergy resolution depends weakly on the uγ and vγ coordi-
nates. This number is to be compared with the energy reso-
lution of σ MC

Eγ
= 1.2 % for (2 cm < wγ ) evaluated by Monte

Carlo simulation. The reason of this slightly worse resolu-
tion is not fully understood. The behaviour of PMTs such as
gain stability, angular dependence etc., or optical properties
of LXe such as convection might be possible sources.

The design resolution was σEγ = 1.7 % over all wγ .

6.4.3 Timing resolution

To investigate the intrinsic time resolution of the LXe detec-
tor due to photoelectron statistics, two PMT groups (even
PMT IDs or odd PMT IDs) are defined, and the times of the

Measured using 55 MeV CEX gamma rays

Position and depth 
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Typical 55 MeV CEX spectrum

Resolution map
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Lower tail due to
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rameter indicating the distribution width on the high-energy
side. Since F(x) shows the intrinsic resolution of the de-
tector without pedestal contribution, it can be used for any
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A 3-dimensional mapping of these parameters is incorpo-
rated into the likelihood function for the final analysis since
they depend on the position of the γ -ray conversion, mainly
on its wγ coordinate. As an example, the average energy res-
olution is measured to be σEγ = 1.6 % (3 cm < wγ ), 2.0 %
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To investigate the intrinsic time resolution of the LXe detec-
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same event are reconstructed by these two groups indepen-
dently. Then the intrinsic time resolution is estimated by the
time difference between these two results, being dominated
by photoelectron statistics, while the effects of electronics,
the position reconstruction and the event-by-event shower
spread cancel out resulting in σ

phe
tγ = 36 ps at 55 MeV.

The absolute timing resolution is evaluated from the
time difference between two γ -rays, emitted back-to-back
from the π0 decay during CEX calibration (see Sect. 7.3.2),
reconstructed by the LXe detector and by a reference
preshower counter. Figure 56 shows the measured time dif-
ference distribution having a resolution of σπ0

tγ γ
= 119 ps,

which includes not only the LXe detector timing resolu-
tion but also the contributions due to the uncertainty of
the π0 decay position and to the reference counter. The
former is evaluated to be σ

π0
tγ = 58 ps by the π− beam

spread (∼8 × 8 mm2 beam spot size). The reference counter
has two plastic scintillator plates and both sides are read
out by 2′′ fine mesh PMTs. The timing resolution of each
plate is estimated by the time difference between the two
PMTs, and the timing resolution of the counter is esti-
mated by these resolutions by taking into account the cor-
relation of the plates. Finally, the resolution of the refer-
ence counter is evaluated to be σ ref

tγ
= 81 ps. The abso-

lute timing resolution of the LXe detector is estimated by
subtracting these contributions, resulting in σtγ = 65 ps at
55 MeV. Figure 57 shows the energy-dependent timing res-
olution of the LXe detector. Black squares show the mea-
sured timing resolution σπ0

tγ γ
, while the red circles show

the LXe detector timing resolution σtγ . The black and the
red smooth curves are the fit results, and their functions
are shown in the figure. A vertical dotted line shows the
γ -ray signal energy (52.83 MeV). The timing resolution

Fig. 56 Time difference reconstructed by the LXe detector and a ref-
erence preshower counter for 54.9 MeV γ -rays

improves at higher energy, which indicates that the photo-
electron statistics still contributes significantly. This small
energy dependence is taken into account in extracting the
timing resolution for signal γ -rays to obtain σLXe

tγ
= 67 ps.

This number is in good agreement with the timing resolu-
tion of σ LXe,MC

tγ = 69 ps evaluated by Monte Carlo simula-
tion.

The breakdown of the time resolution is as follows:

σ LXe
tγ

= σ
phe
tγ ⊕ σ ele

tγ
⊕ σ TOF

tγ
⊕ σ sho

tγ
, (19)

where σ phe is defined above, σ ele
tγ

= 24 ps from electronics

contribution, σTOF
tγ

= 20 ps from the γ -ray time of flight un-
certainty (which corresponds to depth reconstruction uncer-
tainty), and σ sho

tγ
= 46 ps from position reconstruction un-

certainty and the shower fluctuation.
The final resolution on the γ -ray timing σtγ is obtained

combining σLXe
tγ

with the additional σ tar
tγ

spread due to the
uncertainty in the muon decay vertex on the target as mea-
sured by extrapolating the positron at the target plane (see
Sect. 4.10.3). This spread is no more than σ tar

tγ
∼ 5 ps giv-

ing a negligible contribution. The results are σtγ = 67 ps and
σ MC

tγ
= 69 ps.

These results are to be compared with the design res-
olution σ LXe

tγ
∼ 43 ps, that was calculated taking into ac-

count approximately only the contribution from position re-
construction uncertainty. Taking into account also the un-
certainty in the muon decay vertex the design resolution is
again σtγ ∼ 43 ps.

Fig. 57 Energy-dependent timing resolution of the LXe detector (see
text for details)
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the π0 decay position and to the reference counter. The
former is evaluated to be σ

π0
tγ = 58 ps by the π− beam

spread (∼8 × 8 mm2 beam spot size). The reference counter
has two plastic scintillator plates and both sides are read
out by 2′′ fine mesh PMTs. The timing resolution of each
plate is estimated by the time difference between the two
PMTs, and the timing resolution of the counter is esti-
mated by these resolutions by taking into account the cor-
relation of the plates. Finally, the resolution of the refer-
ence counter is evaluated to be σ ref

tγ
= 81 ps. The abso-

lute timing resolution of the LXe detector is estimated by
subtracting these contributions, resulting in σtγ = 65 ps at
55 MeV. Figure 57 shows the energy-dependent timing res-
olution of the LXe detector. Black squares show the mea-
sured timing resolution σπ0

tγ γ
, while the red circles show

the LXe detector timing resolution σtγ . The black and the
red smooth curves are the fit results, and their functions
are shown in the figure. A vertical dotted line shows the
γ -ray signal energy (52.83 MeV). The timing resolution

Fig. 56 Time difference reconstructed by the LXe detector and a ref-
erence preshower counter for 54.9 MeV γ -rays

improves at higher energy, which indicates that the photo-
electron statistics still contributes significantly. This small
energy dependence is taken into account in extracting the
timing resolution for signal γ -rays to obtain σLXe

tγ
= 67 ps.

This number is in good agreement with the timing resolu-
tion of σ LXe,MC

tγ = 69 ps evaluated by Monte Carlo simula-
tion.

The breakdown of the time resolution is as follows:

σ LXe
tγ

= σ
phe
tγ ⊕ σ ele

tγ
⊕ σ TOF

tγ
⊕ σ sho

tγ
, (19)

where σ phe is defined above, σ ele
tγ

= 24 ps from electronics

contribution, σTOF
tγ

= 20 ps from the γ -ray time of flight un-
certainty (which corresponds to depth reconstruction uncer-
tainty), and σ sho

tγ
= 46 ps from position reconstruction un-

certainty and the shower fluctuation.
The final resolution on the γ -ray timing σtγ is obtained

combining σLXe
tγ

with the additional σ tar
tγ

spread due to the
uncertainty in the muon decay vertex on the target as mea-
sured by extrapolating the positron at the target plane (see
Sect. 4.10.3). This spread is no more than σ tar

tγ
∼ 5 ps giv-

ing a negligible contribution. The results are σtγ = 67 ps and
σ MC

tγ
= 69 ps.

These results are to be compared with the design res-
olution σ LXe

tγ
∼ 43 ps, that was calculated taking into ac-

count approximately only the contribution from position re-
construction uncertainty. Taking into account also the un-
certainty in the muon decay vertex the design resolution is
again σtγ ∼ 43 ps.

Fig. 57 Energy-dependent timing resolution of the LXe detector (see
text for details)

Time difference between LXe calorimeter and a 
reference counter in CEX data

Energy dependence

Intrinsic 36 ps
ToF (depth) 20 ps
Electronics 24 ps

Position resolution and shower fluctuation 46 ps
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What is limiting the resolutions ?
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FIG. 56: E�ciency of the scintillation light collection estimated by MC simulation as a function of the depth of the

first interaction for signal �-ray of 52.8 MeV.

of how the event would look like in two cases with the current PMTs and smaller photo sensors (12 ⇥
12 mm2) on the � entrance face. The imaging power is greatly improved with smaller photo sensors. For

example, two local energy deposits in the same shower are clearly separated in the event shown in Fig. 58.

It turns out that both the energy and position resolutions greatly improves especially for the shallow events

as shown in Sec. VII D.

(a) Present detector (b) Upgraded detector (CG)

FIG. 57: Possible replacement of 216 PMTs in the �-entrance face with smaller photo-sensors (about 4000 MPPCs

with 12 ⇥ 12 mm2 area each).

The possible candidates of the smaller photo-sensor as a replacement of the current PMT are

Photo-electron statistics is not the main 
component. (Nphe ~ 100,000)

Non uniformity of photon collection 
efficiency

Fluctuation of shower shape

Other possibilities

Angular dependence of PMT 
response ?

Insufficient knowledge of LXe 
properties ?

Typical energy deposit in LXe
(color represents time of deposits)

γ
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New detector concept
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FIG. 57: Possible replacement of 216 PMTs in the �-entrance face with smaller photo-sensors (about 4000 MPPCs

with 12 ⇥ 12 mm2 area each).

The possible candidates of the smaller photo-sensor as a replacement of the current PMT are

Present detector Upgraded detector (CG)

(Gamma rays enter from the left side of the picture)

2 inch PMT 12×12 mm2 SiPM (Hamamatsu MPPC)

Replacing PMTs in entrance face with SiPMs

Higher granularity
More uniform collection efficiency
Less material before LXe

Better position and energy resolutions
Higher efficiency (9% improvement, MC)
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Imaging Calorimeter
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FIG. 77: Position resolutions in the horizontal (a) and vertical (b) directions as a function of the first conversion

depth. The resolutions in the present detector configuration are shown in red markers, and those in the upgraded

detector configuration are shown in blue markers.

acheived with the MEG LXe large prototype detector., 3: when the fluctuation remain which makes the

resolution of the present detector to be 1.7%.

The time resolution of the calorimeter can be limited by six components; the transit time spread (TTS) of

photo-sensors, the statistical fluctuation of scintillation photons, the timing jitter of the readout-electronics,

the electoronics noise, the resolution of the photon conversion point and the finite size and fluctuation of the

energy deposits in the LXe. The most of them are common for both in the present and upgraded detectors,

however the e↵ect from TTS and electronics noise are di↵erent because of the di↵erent photo-sensors. The

e↵ect of TTS is neglibible because it scales as a function of the number of photoelectron, and the light

output of liquid xenon is large. The e↵ect of the electronics is larger in the upgraded detector than in the

present detector because the leading time of a MPPC pulse for liquid xenon scintillation signal is slower

than that of a PMT pulse. In order to estimate the e↵ect, the time resolution of the upgraded detector for

signal � rays is measured in the simulation. The evaluated time resolution with a preliminary waveform

and reconstruction algorithms is 84 psec, where the gain of 2 ⇥ 107 (including the preamplifier gain) and

0.3 mV noise RMS are assumed. In the preliminary analysis, sum-waveforms of 16 adjacent MPPCs are

used. The analysis will be improved to use waveform of single MPPC near the � interaction point. The time

resolution could be improved because the small size of MPPCs compared to PMTs makes the fluctuation of

the travel-time of scintillation photons from the � conversion point to a photo-sensor smaller.

Expected performance
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FIG. 79: Energy resolutions as a function of added noise level in the simulation. E↵ective sigmas of the upper edge

(red markers) are obtained by scaling the HWHMs of the upper edge. FWHMs using both edges are shown in blue

markers.
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FIG. 80: Energy response functions with various assumptions of additional fluctuation (0, 0.7 and 1.3%) and that of

2009 data.

E. Prototype Detector

A prototype detector is planned to be built to demonstrate the performance of the LXe detector with

MPPC readout on the � entrance face. The cryostat and some other resources, which were used for the

prototype test of the current LXe detector, will be recycled (Fig. 82). A box-shaped LXe with an active

volume of approximately 70 ` is surrounded by 576 UV-MPPCs with 12 ⇥ 12mm2 active area each on the

� entrance face and 180 PMTs on the other faces (6 ⇥ 6 PMTs for each face). Since the depth of the

active volume is the same as the full-scale detector, this prototype detector is considered as a fraction of

the acceptance of the full-scale detector. Either spare PMTs of old version or the PMTs used in the current

detector are used in the prototype. For the former case, the construction of the prototype detector can be

Present detector
Upgraded detector
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A prototype detector is planned to be built to demonstrate the performance of the LXe detector with

MPPC readout on the � entrance face. The cryostat and some other resources, which were used for the

prototype test of the current LXe detector, will be recycled (Fig. 82). A box-shaped LXe with an active

volume of approximately 70 ` is surrounded by 576 UV-MPPCs with 12 ⇥ 12mm2 active area each on the

� entrance face and 180 PMTs on the other faces (6 ⇥ 6 PMTs for each face). Since the depth of the

active volume is the same as the full-scale detector, this prototype detector is considered as a fraction of

the acceptance of the full-scale detector. Either spare PMTs of old version or the PMTs used in the current

detector are used in the prototype. For the former case, the construction of the prototype detector can be
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5 → 2.6mm
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deep conversion (>2cm)

shallow conversion (<2cm)
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Development of new SiPM for LXe
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No commercially SiPMs sensitive to LXe light is available.
We are developing a new type of MPPC sensitive to LXe VUV light
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Development of PPD Sensitive to Deep UV Scintillation Photons of Liquid Xenon W. Ootani

Hamamatsu Photonics, in a LXe test facility at the Paul Scherrer Institute (PSI) in Switzerland.
The sensor area is 3⇥ 3mm2 and the pixel pitch is 50 µm or 100 µm. There is no protection
coating for all the types. For the types A to F, the contact layer is thinner than for the commercial
one and the anti-reflection coating is optimized, while for the type G and H, the refractive index on
the sensor surface is optimized for LXe.

The prototypes are mounted in a small cryostat filled with 2` LXe as illustrated in Fig. 2. An
a-source (Am-241) is installed for the absolute measurement of the PDE. Note that the a-event
can be regarded as a point-like and monochromatic scintillation light source. The expected number
of incoming scintillation photons on the sensor area of 3⇥3mm2 is O(100). An UV-sensitive PMT
is also installed for triggering on the a-event. The whole setup is surrounded by a cylindrical wall
with a special coating to suppress the reflection of the UV-photons. The signal from the PPD is
amplified by a voltage amplifier (gain of 10, bandwidth of 1 GHz) placed outside the cryostat and
then readout by a waveform digitizer 1.

UV-sensitive PMT

LXe

Non-reflective 
wall

UV-enhanced 
MPPC

Am-241

Teflon reflector

Inner 
vessel

~1cm

Figure 2: Schematic view of the setup of the prototype test. MPPCs under test are illuminated by direct
scintillation light from a-source (Am-241). The PMT signal generated by the light reflected on a Teflon
plate on top is used for triggering on the a-event.

The LXe scintillation is successfully detected by the prototypes. Fig. 3 shows a typical signal
from the prototype (type G) for the a-event where the PMT signal for the same event is also shown.
The longer tail of the PPD signal is due to the long tail of the single photoelectron signal of the
PPD, which is measured to be 40 ns. The long tail of the single photoelectron signal is caused
by the increased resistivity of the quench resistor made of poly-silicon at the LXe temperature of
165 K. The resistance of the quench resistor is measured by applying a forward voltage at both
room and LXe temperatures. The quench resistor typically shows a few times higher resistivity at

1Both the amplifier and waveform digitizer (DRS4) [4] are in-house developed at PSI.

3

Performance of new MPPC prototype 

gain = Q(1 p.e.) – Q(pedestal) 
 
crosstalk, after pulse の確率 
Poisson分布との差から求める 

PDEの測定 
 3×3mm2 プロトタイプとコンシステント 
 1.5 V の over voltage で PDE 17% 
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9 

この素子を改造に採用すると、現在の検
出器と比較して検出できる合計の光電子
数は2, 3割増加する。 

Prototype

Successfully operated in LXe
Single photon counting is possible
17% of PDE for LXe light is obtained
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Summary
The world largest LXe scintillation detector for MEG was developed

Stable operation for >5 years

Sophisticated calibration by many methods

Performance measured

Upgrade using a new type of SiPM sensitive to LXe light

R&D in progress

Energy Resolution 1.7%

Position Resolution 5 mm

Relative time Resolution 67 ps

Efficiency 63%

Upgrade schedule
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Back up
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Linearity 
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PMT Energy Time

LED
Alpha source (5.5 MeV)

AmBe (4.4MeV)
Neutron capture (9MeV)
Li(p,γ)Be (17.6 MeV)
π0➞γγ (55, 83 MeV)
Cosmic ray (160 MeV)

B(p,γ) (4.4+11.7 MeV)
π0➞e+eγ (55-83 MeV)
Muon radiative decay

Calibration
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7.1 Calibration of PMT 92

When f is large enough and the light intensity of the LED increases as a
function of applied voltage more slowly than an exponential function, the con-
tribution from the noise will be negligible. Figure 7.2 shows measured intensity
of LED as a function of applied voltage. Actually, the increase is much slower
than an exponential function.

Geometrical e�ect(solid angle of PMT viewed from a LED) and quantum
e⇤ciency of PMTs have the same e�ect with the additional attenuation by the
filter. In total, attenuation of 1000 is possible and it makes the e�ect of noise
negligible.

 −Charge (e+)
0 0.5 1 1.5 x102

C
o

u
n

ts

0

100

200

300

400

500

 / ndf 2χ  239.8 / 220

Constant  1.13± 88.18 
Mean      0.0007± 0.9475 
Sigma     0.00060± 0.06933 

9

Mean
0 0.5 1 1.5

x10
2

x10

2
σ

0

0.001

0.002

0.003

0.004

0.005

 / ndf 2χ  7.941 / 7

p0        2.443e−06± 7.011e−06 
p1        3.532e−05± 0.005156 

 / ndf 2χ  7.941 / 7

p0        2.443e−06±

p1        3.532e−05±

6
Gain = 5.16 x 10

9

18

(a) (b)

Figure 7.1: LED gain calibration. (a) Spectrum of charge of a PMT. Intensity
of LEDs are changed in 9 steps. (b) Mean and ⇥2 of fitted Gaussian functions.
Gain can be estimated from the slope of the plot.

Figure 7.2: LED intensity and applied voltage.

7.1.2 Photo-cathode quantum e�ciency(Q.E.)

Q.E. is measured by comparing output of PMTs from scintillation by alpha
source(241Am) with simulation. Alpha sources are suitable for this purpose since
the range is short (about 40 µm in liquid xenon), and they can be considered as

Mean

σ2

Gain Estimation

36 LEDs are installed
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7.1 Calibration of PMT 93

point-like sources. In the large prototype, alpha sources on plates of one inch
diameter were put on PMT holders. For the final detector, alpha sources put
on wires were produced. It was also tested by using the large prototype. In
the final detector, five alpha sources are put on each wire, and the size of each
source is 1 mm. Diameter of a wire is 100 µm. In total 25 alpha sources on five
wires were installed as shown in fig.7.4. A picture of an alpha source wire and
a LED bundle is shown in fig.7.5.

Figure 7.3: Alpha source on a wire. Length of the source is 1 mm, and diameter
of the wire is 100 µm.

Front view Side view

Figure 7.4: Positions of alpha sources in the detector. Solid and dashed boxes
in the left figure are outer and inner faces respectively.

There are three advantages of wire sources compared to plate sources.

• In the case of plate sources, a half of solid angle viewed from energy release
position is covered by the plate, hence practical amount of scintillation
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wires were installed as shown in fig.7.4. A picture of an alpha source wire and
a LED bundle is shown in fig.7.5.

Figure 7.3: Alpha source on a wire. Length of the source is 1 mm, and diameter
of the wire is 100 µm.

Front view Side view

Figure 7.4: Positions of alpha sources in the detector. Solid and dashed boxes
in the left figure are outer and inner faces respectively.

There are three advantages of wire sources compared to plate sources.

• In the case of plate sources, a half of solid angle viewed from energy release
position is covered by the plate, hence practical amount of scintillation

25 alpha sources on wire (100 μm ϕ)

Estimation of Q.E. from Qdata/QMC

1mm

Q.E. Estimation
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FIG. 10: An overview of the present MEG experiment versus the proposed upgrade. The numbers refer to the items

listed in the text.

The photon detector showed somewhat degraded reconstruction capabilities for photons converting at

the edge of its acceptance. Close to the entrance face the size of the 2” PMTs introduces a strong non-

uniformity, while close to the lateral faces the PMTs introduce shadows in the acceptance. As explained in

section IX a di↵erent solution is now envisaged for the front and lateral faces, to recover resolutions and

e�ciencies.

Furthermore there is also room for improving the tracker e�ciency. The main part of the MEG tracking

ine�ciency is mainly due to the DC front-end electronic boards and mechanical support which intercept a

large fraction of positrons on their path to the timing counters. The use of segmented cathode foils (Vernier

pads) to reconstruct the z�coordinate was partially limited by the low amplitude of the induced signals on

the cathodes, making the z�measurement more sensitive to the noise. The chamber operation presented

some instabilities: their use in a high radiation environment led to ageing related problems, with discharges

preventing their usage. This implied the impossibility of operating some of the chamber planes during part
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