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The COMET project at JINR has been approved by the JINR PAC on nuclear physics in 2014 for
the period 2014-2016. Below the results of the activity will be presented and the extension of the
project for 2017-2019 years will be proposed.

1.Introduction

COMET (COherent Muon to Electron Transition) is the experiment [1] at J-PARC to search for
coherent neutrino-less conversion of muons to electrons # ~— e~ in the presence of a nucleus, x
+ N(A,Z) — e~ + N(A,Z), with a single event sensitivity Br(u'N —e N) ~ 107,

Flavor transitions between the charged leptons (Charged Lepton Flavor Violation, CLFV) have a
great potential to reveal new physics phenomena beyond the Standard Model (SM). Many models
of such physics require the existence of CLFV at the level that is accessible in future experiments.

Muons provide the best laboratory to study CLFV as they can be produced in substantial numbers
and have a sufficiently long lifetime. Present accelerators can produce about 10*> muons/year, and
it is anticipated that it will be possible to produce 108 - 10* muons/year with a new high intensity
source that is proposed in conjunction with the main J-PARC proton synchrotron ring.

Within the SM, the expected branching ratio of 1 - e conversion is less than 10-°* what is beyond
the experiment’s reach. Therefore, any observation of 1 — e~ conversion would be a clear signal
of a new physics beyond the SM. A measurement at the level of < 106 for x~— e conversion,
which is the COMET goal, is a factor of 10,000 better than the current experimental limit.

COMET will use a bunched proton beam slow-extracted from the J-PARC Main Ring. Beam
bunching is necessary to reject beam-related backgrounds. The experimental setup consists of high
magnetic field solenoids for pion capture, C-shaped curved solenoids with momentum selection,
and a C-shaped curved solenoid spectrometer. The experiment will require about 2x10'® stopping
muons, which, with the expected transmission of muons in the muon beam line, will require about
8.5 x10% protons of 8 GeV energy.

In the chapters that follow, the physics motivation and method of observation are presented, to-
gether with the experiment layout, status of the experiment and preliminary schedule. The JINR
contribution is described in detail.

2. Physics motivation

The charged lepton flavor violation (CLFV) processes attract much attention from both theoretical
and experimental points of views. The search for CLFV processes has notable advantages, includ-
ing the following: (1) CLFV can have sizable contributions from new physics and thus can mani-
fest themselves in future experiments; (2) CLFV does not have any sizable contribution from the
SM which would limit the experimental sensitivity to search for new physics.

Although CLFV has never been observed, LFV among neutrino species has been experimentally
confirmed with the discovery of neutrino oscillations [2, 3], and hence lepton flavor conservation
is now known to be violated. The phenomenon of oscillation means that neutrinos are massive and
hence the SM must be modified so that LFV can occur.
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It is well known that in the minimally extended SM which takes into account the neutrino oscilla-
tions, the predicted branching ratios for CLFV are too small to be observed. For example, the
prediction for the Br(u — ey) is < 10 [4-7].

The new physics beyond the SM predict CLFV at some level. Examples of such new physics
models are multiple and include, in particular, supersymmetric (SUSY), extra dimension, little
Higgs models, models with new extra gauge Z' bosons, with new heavy leptons, lepto-quarks etc.
(see, for example [8-19]). Each model has its own predictions for relative probabilities of the
CLFV processes including 4~ +N — e~ +N, and the predicted branching ratios are within the
COMET reach.

2.1 u~— e conversion

One of the most prominent muon LFV processes is coherent neutrino-less conversion of muons to
electrons (1 ~— e~ conversion). Once a negative muon is stopped by some material, it is trapped
by an atom, and a muonic atom is formed. After it cascades down energy levels in the muonic
atom, the muon is bound in its 1s ground state. The fate of the muon is then to either decay in orbit

(u —ev,v,)orbe captured by a nucleus of mass number A and atomic number Z, namely, z~

+ N(A,Z) — v+ N(A,Z-1) . However, in the context of physics beyond the SM, the exotic process
of neutrino-less muon capture, such as

1 +NAZ) — e +N(A2Z) (2.2)
is also expected, called 2 — e~ conversion in a muonic atom. This process violates the conser-
vation of lepton flavor numbers, L, and L, , by one unit, while the total lepton number L is con-
served. The final state of the nucleus (A, Z) could be either the ground state or one of the excited
states. In general, the transition to the ground state, which is called coherent capture, is dominant.
The rate of the coherent capture over non-coherent capture is enhanced by a factor approximately
equal to the number of nucleons in the nucleus, since all the nucleons participate in the process.

2.2 u~— e conversionvs u*— ey and yt — e'e’e

Apart from ¢ ~— e conversion, there might be two other CLFV processes: muon decays u — ey
and u — eee.

Two possible contributions inthe ¢ — ¢~ transition diagrams have been considered in [20]. One
of them is a photonic contribution, and the other one is a non-photonic contribution. For the pho-
tonic contribution, there is a definite relation between the x — e~ conversion process and the
" — e*y decay. Suppose the photonic contribution dominates, then the branching ratio of the
[~ — e conversion process is expected being smaller than that of 4" — ey decay due to
electromagnetic interaction of a virtual photon. This implies that the search for #— e~ conver-
sion at the level of 1071¢ is comparable to that of x# — e*y at the level of 10714,

If the non-photonic contribution dominates, the u*— e*y decay would be small whereas the
u~— e conversion could be sufficiently large to be observed. It is worth noting the following.
If a u* — e*y signal is found, the ©~— e conversion signal should also be found. A ratio of
the branching ratios between u4* — e*y and u — e~ carries vital information on the intrinsic
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physics process. If no u* — "y signal is found, there will still be an opportunity to finda z —
e~ conversion signal because of the potential existence of non-photonic contributions.

Like for the u~— e~ conversion, sensitivity of the © — e"e*e” process is also 2 orders of
magnitude less than that of 4" — e*y, therefore 107 for 4" — e*e*e” (what is the aim of the
“Mu3e” Proposal in PSI) is equivalent to 1074 for x* — e*y . But the diagrams describing these
muon decays are different, therefore all three CLFV processes are differently sensitive to various
BSM models. Hence, the experiments on search for x — e~ conversion, u* — e*y and u" —
e"e*e are complimentary.

In Table 2.1 one can see the current and planned limits for the three CLFV processes with muons.

Table 2.1: experimental limits for the CLFV processes.

process current limit plan
u—ey | <43x101(MEG, 2016) < 5.0 x 10" (MEG-II, PSI)
1 — eee | <1.0x10" (SINDRUM, 1988) ~ 1016 (Mu3e Proposal, PSI)

LN — eN | < 7.0 x 103 (SINDRUM-I1, 2006) | < 10617 (COMET, J-PARC
and Mu2e, FNAL)

The three CLFV processes have different experimental issues that need to be solved to realize
improved experimental sensitivities. They are summarized in Table 2.2. The processes " — e*y
and u*—e"e"e  are detector-limited. To go beyond the present sensitivities, the resolutions of
the detectors have to be improved, which is, in general, very hard problem. On the other hand, for
U~ — e conversion, there are no accidental background events, and an experiment with higher
rates can be performed.

Table 2.2: CLFV processes and issues.

Process Major backgrounds | Beam Sensitivity Issues
u— ety accidental DC beam detector resolution
ut—etete accidental DC beam detector resolution
1 — e conversion | beam-associated pulsed beam | beam qualities

Note, that over the past 30 years the experimental upper limits have been improved by 5 orders of
magnitude. The latest search for 4 — e~ conversion was performed by the SINDRUM-II col-
laboration at PSI. They set the current upper limit on B(u™ + Au — e~ + Au) < 7 x 10713 [21].



2.3. Signal and background events

The event signature of coherent 1 ~— e~ conversion in muonic atom is emission of a mono-ener-
getic single electron with an energy Ee = mu— B, where my is the muon mass and B, is the
binding energy of the 1s muonic atom. Due to smallness of By, Ee is close to m,.

From an experimental point of view, £ — e~ conversion is very attractive process. First, the
electron energy of about 105 MeV is far above the end-point energy of the muon decay spectrum
(~ 52.8 MeV). Second, since the event signature is a mono-energetic electron, no coincidence
measurement is required. The search for this process has the potential to improve sensitivity by
using a high muon rate without suffering from accidental background events, which would be
serious for other processes, such as u* — e*y and u* — e*e*e” decays.

The energy distribution of muon Decay In Orbit (DIO) falls steeply above m, /2, but the DIO
spectrum has a small tail extending to the conversion energy, Fig.2.1. Energy distributions for
D10 electrons have been calculated for a number of muonic atoms [22,23] and the energy resolu-
tions of the order of few percent are sufficient to keep this background low.
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Fig. 2.1. Spectrum of electrons from muon decay in orbit. A tail of the distribution extends to the
LL-€ conversion energy.

Apart from decay in orbit, which is the main source of background, there are other potential
sources of background:

) background resulting from muon capture in atom:
radiative muon capture;
muon capture with emission of neutrons or charged particles;
i) beam-related backgrounds:
radiative pion capture;
muon decay in flight;
pion decay in flight;
electrons in the beam;
background induced by neutrons and antiprotons;
i) cosmic rays background.
All the above sources have been thoroughly estimated and found acceptably small.
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2.4. MuZ2e experiment at FNAL.

The MuZ2e experiment [24] at the Fermi National Laboratory (FNAL) has the same goal of search
for 1 — e conversion. The muon beam line and detector for the Mu2e experiment are similar
to those of the MECO experiment at BNL. Their planned single-event sensitivity (SES) is 3 x 10°
17 (what is equivalent to the goal of COMET) with 3 years of 2 x 107 second running per year,
although COMET needs only less than 1 year.

While the main structure of the experimental setup is similar to COMET, there are some differ-
ences in the beamline shape (S-shape in Mu2e vs C-shape in COMET), calorimeter structure etc.
The Mu2e experiment would strongly compete with the COMET experiment.

3. Method of observation

A schematic drawing of the experimental setup is shown in Fig. 3.1. An 8 GeV proton beam from
the J-PARC Main Ring (MR) collides with a target to produce pions. The pions emitted backward
are captured with high efficiency using a 5 T superconducting solenoid magnet surrounding the
pion-production target. The muons, which are produced by pion decays, are captured and trans-
ported through subsequent solenoids and are brought to a muon-stopping target in the detector
solenoid. The muon beam line is composed of a combination of straight and curved superconduct-
ing solenoids. The curved solenoids are used to select the charge and momentum of muons in the
beam line and have a compensating dipole magnetic field overlaid. The expected muon beam in-
tensity is enormous, about 10'* u/sec, which would be the highest in the world. The proposed
method to create a very intensive muon beam has been proved at the MuSIC facility in Osaka
where 3x102 s muon beam was obtained [25] with only 400 W proton beam power.

The experimental setup consists of the muon beam line and the detector section. The muon beam
line is composed of the pion capture solenoids with high magnetic field, and the muon transport
with curved and straight solenoids. The detector section is composed of the muon stopping target,
the electron transport for x~— e~ conversion signals, and the detector.

The C-shape design of the muon transport and the electron transport is an essential advantage of
the COMET experiment. Muon transport section selects muons of low momenta in order to be
stopped efficiently in the muon stopping target . Electron transport section, vice versa, is tuned to
select high energy electrons arising from p-e conversion in the target and to eliminate low-energy
electrons that could make background hits to the detector.
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Fig.3.1. The COMET experiment schematic layout. Magnetic fields of the superconducting solenoids
range from 5 to 1 Tesla.

3.1. Proton beam and pion production

The number of pions (and therefore their daughter muons) produced by a proton beam is propor-
tional to the proton beam power, which is given by the product of the beam energy and beam
current. The proton beam power of the current design is 8 GeV x 7 A (4.4x10'3 protons/second),
which will provide enough muons for COMET to achieve its physics goal within about one year
of running (8.5 x102° protons to produce 2x10'® muons). Note that the J-PARC proton beam will
be used not at full energy and power.

The proton beam needs to be pulsed with a time separation of the order of 1 us, which corresponds
to the lifetime of a muon in a muonic atom (0.864 us in Al). Short beam buckets, compared with
this lifetime, would allow removal of prompt beam background events when performing measure-
ments in a delayed time window, as shown in Figure 3.2. The required separation between the
proton beam pulses will be realized by filling every third bucket, which gives a total of three out
of nine. The scheme is illustrated in Fig. 3.3.
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Fig. 3.3. The proposed bunch configuration for COMET.

It is very important to reduce the number of residual protons between the pulses as these will
produce beam related background in the signal timing window. For COMET to achieve its ex-
pected sensitivity the relative number of residual protons between the pulses (“proton extinction
factor™) need to be 10° or less of the number of protons in the pulse. The dedicated measurement
of the proton extinction factor at the J-PARC accelerator ring has achieved even the better value,
of the order of 10-1%.

The COMET experiment uses negatively charged low-energy muons, which can be stopped in a
muon-stopping target. The low-energy muons are mostly produced by in-flight decay of pions of
low energy. Therefore, the production of low energy pions is of major interest. At the same time,
high-energy pions, which could potentially cause background events, should be eliminated as
much as possible.

The = production yields by protons incident on graphite and tungsten are presented in Fig.3.4. It
is seen that high-energy pions are suppressed in the backward direction. For this reason, it has
been decided to collect pions emitted backward with respect to the proton beam direction.
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Fig. 3.4. Pion production in graphite and tungsten targets: total momentum distributions for forward and
backward .

3.2. Muon transport section

Muons and pions are transported to the muon-stopping target through the muon beam line. The
requirements for the muon transport section are:

¢ the muon transport should be long enough for pions to decay into muons. For instance, for
about 20 meters, the pion survival rate for pions with the reference momentum is about 2x
103,

¢ the muon transport should have a high transport efficiency for muons with a momentum of
low momentum around 40 MeV/c,

e at the same time the muon transport should eliminate muons of high momenta (p,> 75
MeV/c) to avoid backgrounds from muon decays in flight since their decays in flight would
produce spurious signals of ~105 MeV electrons.

The design of the muon transport section utilizes two curved solenoids with a bending angle of
90° in the same bending direction (see Fig. 3.1), and a straight solenoid between the two. The
curved solenoid causes the centers of the helical motion of charged particles to drift perpendicular
to the plane in which their paths are curved. To keep the center of the trajectory of the low energy
muons, the compensating dipole fields are applied.

3.3. Detector section

Detector section (Fig. 3.5) includes muon-stopping target, electron transport section and the de-
tector itself.

The muon-stopping target is placed in the center of the muon-target solenoid. The muon-stopping
target is designed to maximize the muon-stopping efficiency and the acceptance for the # N —
e~ N conversion electrons and to minimize the energy loss of the conversion electrons in order to
minimize the momentum spread of the electrons.

The muon-stopping target configuration is shown in Table 3.1.

Table 3.1. Configuration of the COMET muon-stopping target



Item Specification

Material Aluminum
Shape flat disk
Disk radius 100 mm

Disk thickness | 200 um
Number of disks | 17
Disk spacing 50 mm

Beam Collimator Muon Target Disks

Beam Blocker
L DIO Blocker

Calorimeter Tracker

Fig. 3.5. Detector section of the COMET consisting of the muon-target section, the electron-
transport section and the particle detector section. A typical conversion signal track is shown in
red.

A beam collimator is placed upstream of the stopping target, and a muon beam stop is placed
downstream of the last target disk.

The requirements of the electron transport in the COMET electron spectrometer are:

e to remove charged-particle backgrounds of low momenta so as to reduce single counting

rates of the detectors, and

e to maximize the transmission of x — e conversion signals.
The electron transport consists of curved superconducting solenoids with collimators inside the
solenoid. Like in the muon transport section, a charged particle in a uniform solenoidal field moves
along a helical trajectory. Tracks with desired momentum (105 MeV/c) stay nearly in a horizontal
plane using a drift-compensating dipole field. On the other hand, tracks with wrong momenta drift
to upward and are absorbed by a collimator.
The electron transport ends with a detector solenoid which contains the detector of the conversion
electrons.
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4, Detector

The main purpose of the COMET detector is to distinguish electrons from other particles and to
measure their energies, momenta, and timing. The detector consists of an electron tracker with
straw-tube gas chambers for measuring momenta of electrons and an electromagnetic calorimeter
for measuring their energies. The detector is placed under a uniform solenoidal magnetic field of
1T. Furthermore, to reduce multiple scattering in momentum measurements, the entire system is
placed under vacuum.

4.1. Tracking detector

Since the momentum of the electrons from z — e~ conversion is as low as 105 MeV/c, the
intrinsic momentum resolution is dominated by multiple scattering of electrons in the tracker ma-
terial. Therefore, reduction of a total mass of the tracking detector and placing it in a vacuum
environment are of great importance. For these requirements, a straw-tube gas wire chamber tech-
nology has been selected for the tracker. The straw tracker is based [26] on that being built for the
NAG62 experiment at CERN.

The overall structure of the straw tracker is shown in Fig. 4.1. It consists of a set of 5 stations of
straw-tube planes, and placed so that the axial direction of the straws is transverse to the axis of
the solenoid. Each of the 5 stations contains a set of 4 straw tube arrays, two for x- and two for y-
coordinates.

Both timing and pulse height information are recorded from one end of each hit wire. Pulse height
is used to discriminate between electron and low-energy, heavily ionizing tracks (e.g. protons)
which can occur through the atomic muon absorption on nuclei.

S

i
a‘l

Fig. 4.1. (a) Side view of the straw tracker, and (b) cross-sectional view of a plane.

The straws will have a diameter 5 mm or 9.75 mm (the latter at the Phase-I of the experiment as
explained below). A default gas mixture is 50/50 Ar/CzHe.

The required momentum resolution is 150 keV/c (RMS), space resolution is 150 um.

11



4.2. Electromagnetic calorimeter

The electromagnetic calorimeter (ECAL) system (Fig.4.2.) consists of segmented scintillating
crystals. It is placed downstream of the straw chamber detector and serves the following purposes:

e to measure the energy of electrons (E), where good energy resolution is necessary;

e to provide the E/p ratio for the electron identification. Redundant measurements of energy
and momentum of electrons are of critical importance to identify the u—e conversion signal
events from backgrounds;

e to provide a timing signal, i.e. a trigger, with respect to which the electron events are ref-
erenced;

e to provide additional position information on the electron track trajectory correlating the
measured energy with the track and eliminating false tracking.

Fig.4.2.The electromagnetic calorimeter.
Energy resolutions of the calorimeter has been studied using Geant4 with Optical Photon Pro-
cesses. The resolution depends on crystal, light guide, photon detector, and their geometrical con-
figuration. This selection would be a cost effective case for the photon detector, since the ratio of
active area of the photon detector to the cross section of the crystal is set to 0.09.

The ECAL is required to have energy resolution better than 5% at 100 MeV and a cluster position
resolution better than 1 cm. With sufficient crystal granularity the shower topology can also be
used to discriminate electrons from neutrons and low energy photons. The crystals need to have a
good light yield, and a fast response- and decay-time to reduce pileup.

From two the best crystal candidates with large light yield and small decay constant, which are
GSO(Ce) and LYSO(Ce), the latter has been selected after the beam tests of the prototype. The
calorimeter will consist of the LYSO crystals of 2x2 cm? cross section and 12 cm length (about
10.6 radiation length). To covers the full cross-section of the detector region, about 2000 crystals
IS needed.
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Because operation of the calorimeter isin a 1 T field, scintillation light will be read out with the
Avalanche Photo Diodes (APDs), and the options of 5x5 and 10x10 mm? sensitive area are under
test.

4.3. Cosmic ray veto

Cosmic ray induced electrons (or other particles misidentified as electrons) may cause background
events. Therefore, passive and active shielding against cosmic rays will be arranged covering the
entirety of the detector. Figure 4.3 shows a preliminary layout of the cosmic ray shield.

4400 mm

§
%
3

2000 mm

Figure 4.3: Schematic view of cosmic-ray active shield covering the whole detector.

The passive shielding will be a combination of steel and concrete walls. The active shielding
placed inside the passive shielding, will consist of four layers of scintillator strips with a WLS
fiber readout. With 99% efficiency of each scintillator layer, the cosmic ray system inefficiency
will be 1074,

5. Two-stage realization of the COMET experiment.

Taking into account the risks of an ambitious goal to increase 10000 times the sensitivity of meas-
urements, it is necessary to study experimentally all expected background processes and possible
obstacles. With this aim, the project is split into two phases. The final declared experiment sen-
sitivity will be reached at Phase-11. At Phase-I the goals will be two-fold: i) to estimate the exper-
imental conditions and measure the backgrounds, and ii) to search for x-e conversion with an
intermediate sensitivity.

5.1. COMET Phase-I
The main differences of Phase-1 [27] compared to Phase-11 are the following:

- pion-decay and muon-transport section ends after the first 90° bend, Fig. 5.1;
- the proton beam power will be reduced to 3.2 kW (compared to 56 kW at Phase-I1);
- two detector configurations will be used (as explained below);
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- acarbon pion production target (instead of tungsten) will be used which does not require
cooling at this reduced beam power.
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Fig. 5.1. Beam line configurations at Phase-1 and Phase-II.

Note that in Phase-I there will be no curved solenoid system between the muon stopping target
and the detector, and therefore beam particles which do not stop in the muon stopping target would
hit the downstream detectors causing a heavy background load.

The main goals of the COMET Phase-I are:

1) the direct measurement of the proton beam extinction and other potential background sources
for the full COMET experiment, using the actual COMET beam line, and

2) carrying out a search for u ~— e~ conversion with a single-event sensitivity of 3.0x107%° which
is 200 times better than the current world best SINDRUM-II limit.

The detector configurations for these two goals will be different, once they are optimized for their
best performance. For the w-e conversion search at COMET Phase-1 a cylindrical detector , which
will be placed at a 90 degree from the muon stopping target with respect to a muon beam-line, is
the best choice as it does not “see” forward beam particles. For the beam background studies an-
other configuration consisting of the straw tracker and electron calorimeter is a good option. It is
expected that the straw tracker and calorimeter constructed for Phase-1 can be directly used at
COMET Phase-11, as well.
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5.1.1. Detector for background measurements

Exactly the same detector technology as for the main COMET detector will be employed. Figure
5.2 shows schematic view of the setup for background measurement. The setup includes 5 super-
layers of straw chamber tracker and a crystal calorimeter composed of LYSO crystals. At Phase-I
the calorimeter will use not a full set of crystals but about a quarter of it, ~500 pieces. The require-
ments to straw tracker at Phase-1 are loosened: the tubes will be of 9.8 mm diameter and 20 p wall
thickness (instead of 5 mm and 12 p, respectively, at Phase-I11). It is planned and quite feasible that
the tracker and the calorimeter prepared for Phase-1 will be later used at Phase-11 with only minor
modifications.
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Fig.5.2. Setup for the background measurement in COMET Phase-I.

Use of this detector configuration for x-e conversion search at Phase-1 is problematic due to ab-
sence (at this stage) of the electron transport system with curved solenoids, and hence expected
high rates in these detectors. Therefore, their use for # — e~ conversion search at Phase-1 is
possible only at low beam intensities.

5.1.2. Cylindrical Detector for the u~— e~ conversion search

More favorable detector option for the ¢ — e~ conversion search at Phase-1 is using of a cylin-
drical detector. Figure 4.3 shows schematic view of the detector setup.
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Fig.4.3. Schematic view of the cylindrical detector for ¢ — ¢~ conversion search.

The setup is based on a Cylindrical Drift Chamber (CDC) which surrounds a muon stopping target
and trigger counter placed in front of the tracker chamber. The detector structure is similar to the
SINDRUM-II detector [28, 29]. At COMET Phase-I a search for ¢ — e~ conversion in alumi-
num will be carried out with a single-event sensitivity of 3.0 x10715,

In addition to the i — e conversion search, there are special features of the COMET Phase- |
cylindrical detector allowing for further possibilities:

« With a cylindrical configuration one can detect both positive and negative particles. This allows
for a search for the lepton-number-violating process 4~ + N — e¢* + N’ (u — e * conversion)
concurrently with the 2 ~— e~ conversion search.

* This detector can have a large geometrical coverage, and thereby a coincidence measurement
with a large solid angle is achievable. Therefore, it is possible to search for the previously-un-
measured process, 4~ + e — e + e conversion in a muonic atom.

5.2. COMET Phase-I11

This final stage includes creation of a full beam line, use of higher beam intensity, and change of
the detector configuration. The 8 GeV proton beam power will increase from 3.2 kW at Phase-1 to
56 kW at Phase-I1. The main detectors for the z~— e~ conversion search will be straw tracker and
ECAL instead of CDC. These modifications, together with experience gained during Phase-I, will

make possible to carry out a search for 4 — e~ conversion at the single-event sensitivity of 3-10-
17

In Table 5.1 comparison of the Phase-1 and Phase-11 parameters is given.
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Table 5.1. COMET Phase-1 and Phase-11 parameters.

Phase-I Phase-11
Beam power 3.2kW (8 GeV) | 56 kW (8 GeV)
Exposition time 150 days 1 year
Proton beam target material graphite tungsten
#protons on target 2.37 x 10% 8.5 x 10
#muon stops 1.3 x 10'¢ 2.0 x 108
Muon flux 5.8 x 10° 1.0 x 10!
Background events 0.02 0.3
Single event sensitivity 3.1x10% 2.6 x 10°Y
Upper limit (90% CL) 7.2x 101 6.0 x 107
Planned start of measurements | 2018-2019 2021

6. JINR contribution to the COMET experiment

The main contribution of JINR to COMET consists of participation in the production of two main
detector systems — the electromagnetic calorimeter and the straw tracker, and includes variety of
works on a simulation.

Below we present what has been done and our plans for the following period.
6.1. Electromagnetic calorimeter.

From the beginning of the R&D works related to the COMET experiment the JINR group has
proposed two types of scintillating crystals, GSO and LYSO, which became considered in the
collaboration as the real candidates. In order to evaluate their adequacy for COMET, a lot of la-
boratory studies have been done in DLNP JINR. Some optical properties (energy resolution, light
output, non-uniformity of light yield) of LYSO and GSO crystals were studied [1]. In DLNP a
dedicated high precision test bench for measuring the crystal parameters has been arranged
(Fig.6.1). The test bench includes a mechanical arrangement for remote-controlled movement of
the crystal, photomultipliers for light readout, plastic veto-counters, corresponding electronics and
software. All the work on the data acquisition, the movement of RA-source to the desired position
along the surface of the crystal with the required accuracy was automated. The correlation algo-
rithm for selection in the trigger system was used to reduce the impact of intrinsic radioactive
radiation on the energy resolution of LYSO crystal. These studies have shown the advantages of
the LY SO type which, however, is more expensive compared to GSO. Therefore, the final decision
about selection of the LYSO crystals has been done after the test of the calorimeter prototypes
(both GSO and LYSO) with an electron beam in Tohoku University and takes into account the
cost/performance ratio.

The crystals used in the LYSO prototype (50 pieces) have been thoroughly investigated in DLNP
JINR [2] first, including light yield, light absorption, homogeneity etc.

Later on the JINR physicists participated in assembling of the prototype, beam measurements and
fulfilled independent analysis of the beam test results. Following these investigations, the collab-
oration has selected the LY SO crystal as one to be used in the calorimeter.
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Fig.6.1. Test bench to measure the crystal quality.

We plan plan to test all crystals for the calorimeter with this test bench in JINR.

JINR takes full responsibility for testing of the LY SO crystals to be used in COMET Phase-I and
Phase-11. We will continue the study of the crystal properties, light readout options, different wrap-
ping materials etc. The preliminary results are given on the Fig.6.2.
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Fig.6.2. Dependence of the signal attenuation along the crystal on reflecting material.

It is necessary to note that the JINR participates in the engineering design of the calorimeter as
well. Finally, the JINR physicists will take part in an assembling, calibration and tests of the

calorimeter.
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6.2. Straw tracker

The JINR group is a single one in the COMET collaboration which is capable to produce thin-wall
straw tubes. Therefore, we are fully responsible for manufacturing of all straw tubes.

As the method for the straw tube production, an ultrasonic welding method, developed in JINR by
the VBLHEP group participating in experiment NA62 at CERN, has been used. For NA62 they
have produced few thousands of the straw tubes of 9.5 mm diameter and 36 um wall thickness.
Note that this thickness is too large for COMET.

The Laboratory of High Energy Physics has kindly allowed us to use their facility for production
of straw tubes for COMET Phase-I, and VBLHEP physicists provided us with necessary training.
After that the COMET participants were able to work without assistance. They have developed
the technology of production thinner tubes, of 20 um wall thickness aluminized Mylar (70 nm Al
layer), what is more suitable for the Phase-I.

Different procedures of the tube tests on pressure, gas leakage and elongation have been also
updated in accordance with the COMET requirements and new test standards have been estab-
lished.

As a result, a full set of straw tubes for Phase-I, more than 2500 tubes of 120 and 160 cm length,
9.8 mm diameter and 20 um wall thickness, has been produced and delivered to Japan (Fig.6.3).
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Fig.6.3. Left: straw tubes prepared for shipping. Right: results of the leakage and elongation
tests.

The next step to this direction is preparation and carrying out of R&D works of straw tubes for the
COMET Phase-Il. At Phase-Il we need the tubes of 5 mm diameter and 12 p wall thickness. For
this purpose within the framework of R&D works we are planning to arranging a new straw line
in our Laboratory of Nuclear Problems. The method of manufacturing will be the same, the ultra-
sonic welding, but the extensive R&D works need to be done in order to deal with such a delicate
material. The technology of the production process and the procedures of testing have to be up-
dated for new conditions. A part of equipment is already available, and the rooms for straw tubes
R&D works are in preparation.

The JINR physicists will be involved in assembling and tests of the full scale straw tracker, first
for Phase-1 and then R&D works for straw tracker for Phase-11 of COMET.

Another JINR activity related to the straw tracker is engineering design of the detector including
design of the supermodules, optimization of readout electronics boards arrangement inside the
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gas manifold and integration of the five supermodules in the vacuum volume (Fig.6.4)

Fig.6.4. Examples of the design developments. Left: two options for attachment of the electronics.
Right: five straw modules fixed on rails to be moved into the solenoid.

6.3. Simulation and Data Analysis

Development of the straw tracker and calorimeter systems required a lot of simulation work. The corre-
sponding results are presented in the Technical Design Report for Phase-1 of COMET [27]. In particular,
the values of efficiency and space resolution in different conditions: for the tubes of different diameters,
wall thicknesses and gaps between the tubes, for the straw tracker have been established. Similarly, the
calorimeter simulation has been done for two types of crystals, GSO and LY SO using the real optical pa-
rameters. Among others, simulation of light outputs and light collection with different reflecting materials
also has been performed. Simulated energy resolution was found to be better for the LYSO type what has
been confirmed later experimentally.

The Geant4 simulation of the optimal structure of the seg-
mented calorimeter for the COMET experiment was made
(Fig. 6.5). The simulation of the electromagnetic calorimeter
was included in the framework ICEDUST (Integrated Comet
Experimental Data User Software Toolkit), which is adopted
framework for any COMET software activity .

A dedicated simulation has been done with the aim to optimize
the operation of the J-PARC Main Ring in order to achieve very
low extinction factor, below 10°, what is the must for COMET.

The data from the calorimeter prototype beam test has been
analyzed independently in Japan, based on the similar anal-
ysis. Both analyses have led to the conclusion about a better
performance of the LYSO crystals.

Fig.6.5.The calorimeter (GEANT4 simulation).

In the future, we are planning to enlarge our scope of works on simulation and analysis in order to
be ready for a physic analysis for the COMET data from J-PARC.
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7. Financing

An overwhelming part of COMET expenses, in particular its facility, bears the KEK side. It fully
finances the constructions of the proton beam line, the muon and electron transport system and the
experimental zone. Production of the detectors will also be mainly financed by the the KEK, Jap-
anese universities and other collaborating participants. Expenses of JINR come from R&D program
to study a new type of straw tubes, purchasing of necessary equipment and materials including a part
of crystals. Apart from the resources of the JINR theme, we are expecting the support from the
Grant of Plenipotentiary of Georgia and from the Program of the JINR-Belarus Cooperation.

8. Conclusion

The experiment COMET at J-PARC is focused at a search for coherent neutrino-less conversion
w + Al — e + Al inamuonic atom of aluminum at the level of a single-event sensitivity (SES)
3-10'Y7, corresponding to a 90% confidence level < 1018,

The two-fold goal of Phase-1 of COMET includes i) studies of experimental beam conditions and
different sources of background, and ii) a search for the x — e~ conversion with intermediate
sensitivity of SES = 3-1071%, which is 200 times better than the current limit.

The role of JINR in the COMET experiment is quite visible and recognized by the COMET Col-
laboration.

Concluding, we apply for the extension of the current JINR project “Search for coherent neutrino-
less u - e conversion at J-PARC (project C)” for 2017-2019. This period well fits to the beginning
of physics measurement at Phase-I, which is planned for 2018-2019, and carrying out R&D pro-
gram to study a new type of straw tubes for Phase-Il, which is scheduled to start in 2021.
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Schedule of works on the project

Participation in assembling and tests of the straw detector for Phase-I

R&D for production of the straw tubes of 12 u wall thickness
and 5 mm diameter for Phase-II:

Test of the crystals in JINR to be used in the calorimeter:

Participation in the calorimeter designing, assembling and tests:
Participation in the beam tests of the detector components:
Creation of the COMET computer farm in LIT-JINR

Complex detector system (tracker, calorimeter, etc.) simulation to define
the acceptance, expected uncertainties, sources of systematics,
reconstruction algorithm development, etc.

Participation in assembling, installation and testing of the whole detector

Participation in the engineering and physical run:

10. Participation in the data acquisition and analysis:
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Estimation of costs and resources

Proposal for resources necessary for realization of the project "Search for coherent neutrino-

less W -e conversion at J-PARC (COMET) ", 2017-2019

Form No26

Units and systems of
The setup, resources,
Sources of financing

Cost of units (k$).
Required resources

Laboratory proposal for
schedule of financing and re-
sources

1 year 2 year 3 year

Computers 15 5 5 5
c Electronic devices 96 50 27 19
g § Materials 320 110 110 100
S 4
. Design bureau 800 hours 300 300 200
S DLNP Workshop 1200 hours 500 500 200
> wn
g |3
@ | T

*g Budget expenses 587 217 194 176

S (without salary)

0

Grant of the

> Plenipotentiary of
= Georgia 30 10 10 10
c
o
= | % | Program of the
s | 8 | JINR-Belarus 15 5 5 5
8 | 3 | Cooperation.
3|5
A |2

Project leader
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Estimate of expenses for the project ”Search for coherent neutrino-less L -e conversion at
J-PARC (COMET) ", 2017-2019

Form N229
NN | Purpose of expenses from DLNP Full cost 15t year 2dyear | 3'9year
Direct expenses
1. | Accelerator - - - -
2. | Computing - - - -
3. | Design bureau 800 hours 300 300 200
4. | Workshop LNP 1200 hours 500 500 200
5. | Materials 320k$ 110 110 100
6. | Equipment 111k$ 55 32 24
7. | Contracts for R&D - - - -
8. | Business trips:
a) To the non-rouble
zone countries 150k$ 50 50 50
b) To the cities of rouble zone 6 2 2 2
countries
c) By protocols - - - -

Project leader

Director of DLNP

Assistant director
of DLNP on economics
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