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The search for proton decay is nowadays one of the most important
subjects of particle physics. To improve the current lower bound on the
proton lifetime, massive detectors should be constructed. In the present
paper attention is paid to the LAr detector. The golden channel of proton
decay for this detector is p → K+ν̄, favored by supersymmetric models.
We present a new approach to the problem of particle track reconstruction
implemented in the software of the T600 detector at the ICARUS experi-
ment.
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1. The searches for proton decay

Proton decay is predicted by Grand Unification Theories (GUT), which
attempt to unify the three basic forces of nature — the weak, the electro-
magnetic, and the strong nuclear force [1]. An experimental detection of
proton decay would constitute a landmark discovery in particle physics.

So far, no proton decay events have been observed. The best current
lower limits for the proton lifetime come from the water Cherenkov detector
at the Super-Kamiokande experiment. In this experiment several proton
decay channels have been searched for. The highest value of lower limit for
the proton lifetime was obtained for the channel p→ π0e+ and is 8.2× 1033

years [2]. In order to significantly improve these searches it is essential to in-
crease the sensitivity of measurements by at least a factor of ten. Since water
Cherenkov detectors are relatively cheap and well understood this technique
is very popular. Thus huge water Cherenkov detectors in Japan [3], in the
USA [4] and in Europe [5] are being discussed.
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By contrast, the LAr detector has never before found application in the
searches for proton decay. It should be stressed that a 100 kton liquid argon
detector would allow the verification of several GUT models with ten years
of data-taking. In particular, for the p → K+ν̄ mode, all the range of
lifetimes predicted by theorists would be covered. The construction of a
LAr detector is considered in the USA [6] as well as, within the Laguna
project [7], in Europe.

The LAr detector filled with 600 tons of liquid argon, T600 [8, 9], has
started data taking this year. The detector is placed at the underground
laboratory in Gran Sasso. It will detect mainly muons, pions, kaons and
protons created in interactions of neutrinos coming from the CNGS beam.
It must be pointed out that 600 tons of liquid argon is too little to improve
the current limits for the proton lifetime. However, studies of real data,
especially of low energy hadrons, will increase our knowledge about the
possibilities of liquid argon technology in the searches for proton decay.

In the experiment it is possible to detect particles only after they have
left the nucleus. Therefore, it is very important to study the nuclear pro-
cesses which take place in nuclei and in consequence their influence on the
energy spectrum of particles which leave the nuclei. The description of both
the nucleon states inside nuclei and the propagation of particles through
nuclei must be taken into account. The calorimetric and spatial resolution
of the LAr Time Projection Chamber (TPC) gives an opportunity to study
the particle characteristics with high precision. However, in order to fully
use the detector potential, very good track reconstruction is required. One
should stress that the better the method of reconstruction, the better parti-
cle identification is. In the following chapters the energy spectra of particles
leaving the argon nuclei are discussed and an innovative method of the 3D
reconstruction is described.

2. The concept of the T600 detector

The advantage of the LAr TPC is its excellent spatial and calorimet-
ric resolution which makes possible a perfect visualization of tracks of the
charged particles. Currently the biggest liquid argon detector is the T600
TPC of the ICARUS experiment [9].

It is composed of two semi-independent modules, 300 tons of liquid argon
each. In every module there is a cathode plane at the center, and there are
two sets, each of three planes of anode wires, at the walls. All electrode
planes are parallel to the largest sides of the module. The charge particles
passing the detector volume, where between the cathodes and anodes a
uniform electric field is applied, produce ion–electron pairs. The electrons
from ionization drift towards the anodes and induce a current on the first two
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wire planes, called Induction planes, to be finally collected on the third plane,
called Collection plane. For each anode wire plane the signal amplitudes and
arrival times are recorded, with a sampling time of 400 ns, to provide full
3D measurements of the particle trajectories.

3. The proton decay inside argon nucleus

The golden channel for proton decay in the LAr detector is p → K+ν̄.
In this case, the simplest topology of the event is achieved when kaon de-
cays into muon and neutrino. Then the analysis is easier as compared to
other kaon decay channels. Fortunately, this is the most probable situation
(63% [10]).

In the ICARUS experiment the simulation of a proton decay inside the
argon nucleus is performed using the Fluka Monte Carlo program [11]. In
Fluka the local momentum distribution of the nucleons is described by the
Fermi gas model and the density profile of the nucleus is approximated with
zones of constant density. In each zone nucleon momenta range from zero to
the local value of the Fermi momentum. Constant binding energy is obtained
from a mass table. Let us mention that there are attempts to use more
accurate descriptions of the nuclear environment [12,13]. In the intranuclear
cascade of the model, particles are transported in a nuclear mean field, in
which the free hadron–nucleon cross-sections are used to describe collisions.
For the details concerning the intranuclear cascade implemented in Fluka
see [14].

Fig. 1. Momentum distribution of kaons produced in p → K+ν̄ decays inside the
argon nuclei. The histogram includes only the kaons which leave the nuclei, i.e.
19509 kaons out of the 20000 events generated in Fluka.
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In Fluka, the position of the decaying proton in the nucleus is sampled
from a probability distribution proportional to the density profile for the
protons. The simulation shows that 2% of all the K+ mesons from proton
decays interact with neutrons producing neutral kaon and proton. The re-
maining positive kaons leave the nuclei with momenta distorted mainly due
to the Fermi motion. The predicted momentum distribution of kaons leaving
the nuclei is shown in Fig. 1.

4. New approach to track reconstruction

Track reconstruction in the T600 detector consists of three steps: signal
finding algorithm, 2D track reconstruction and 3D track reconstruction [9].
The first two of them are responsible for finding the signals which are above
of the electronic noise (hits) and for associating the group of signals with a
single track. In the new method, there is one more step applied before the 3D
reconstruction, in which hits are sorted from one end of a track to the other
one. This results in an effective linking of the hits from two independent
wire planes. Finally, there is the 3D reconstruction giving the real length
of a track. The building of the 3D picture is based on the same drift time
coordinates for corresponding hits in the views (wire planes) considered and
on the order of hits.

4.1. Hits sorting

The hits are spread around the real trajectory of a track. This scattering
depends on the ionization energy loss and also on the electronic noise level.
The Polygonal Line Algorithm (PLA) is used to rearrange the hits along
the 2D trajectory of a track (wire and electron drift coordinates). This is
done according to the order of the projected hits on a fitted curve which
approximately fits the signals. The description of the PLA algorithm can
be found in a reference [15].

4.2. 3D reconstruction

Besides the information about 2D position (wire coordinate, drift time
coordinate), hits from Collection view include the information about ioniza-
tion charge hence energy deposition, indispensable for particle identification.
Therefore, they are important elements of 3D reconstruction, which should
not be lost. The spatial coordinates of a real track are calculated from a
formula that contains the 2D positions of the corresponding hits belonging
to independent wire planes.

In order to make 3D reconstruction more efficient the following proce-
dure is proposed. Projections in the Induction view are complemented so
that wire coordinates are assigned to each drift time sample by interpolating



Proton Decay in LAr — Studies for the ICARUS Detector 1551

between the drift time values fitted for the neighboring wires. This proce-
dure helps in finding the corresponding positions of the projections in both
Collection and Induction views. The best matching pair of projected hits is
that with the minimal difference between drift samples. Figure 2 presents
a reconstructed proton decay event from MC simulation. There is a short
straight track of the kaon and a longer track of the muon which decays giv-
ing a short wavy track of the positron. Tiny dots are MC hits and the line
is the result of the spatial reconstruction. The insertion shows a magnifi-
cation of the track fragment with MC hits and the line found during the
reconstruction with vertices corresponding to the reconstructed 3D hits.

Fig. 2. The reconstructed chain of decay particles: kaon, muon and the shortest
track comes from positron. The dots represent MC hits while line is the effect of
the spatial reconstruction. On the right, at the bottom of picture a part of a track
on a larger scale is shown.

It should be noticed that the reconstruction depends on the event topol-
ogy. It always works for straight and bend tracks. However, if two tracks
meet at a small angle, or tracks are too close to each other, it is possible to
reconstruct at most one track and a part of the other track.

5. Particle identification

Successful particle identification depends largely on the efficiency of each
step of track reconstruction. A well reconstructed track contains proper in-
formation about the particle trajectory and also about the energy deposition.
If the particles stop in the detector, the two pieces of information are enough
to determine the particle mass together with its momentum. This is because
the amount of ionization along the length of the track depends on the kinetic
energy of the particle [10].

Since charged particles coming from proton decays have low energies,
concentrating only on stopping particles is justified. In particular, kaon,
muon and positron from the proton decay chain can be observed in the de-
tector. It results from the simulation of p→ K+ν̄ that 95% of kaons decay at
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rest and in consequence muons have momentum equal 236 MeV correspond-
ing to the kinetic energy equal to 152 MeV, see Fig. 3. In Fig. 3 there are
two theoretical curves together with points coming from the measurements.
The graph shows kinetic energy versus particle range for the kaon and the
muon from one of the reconstructed proton decays. The reconstructed track
lengths are in good agreement with the MC simulation; e.g. for a muon
with kinetic energy equal to 152 MeV, the range should be 54 cm. From the
figure one can see that the reconstructed range is around 55 cm and energy
— 144 MeV, which is within the statistical fluctuation of the particle energy
loss.

Fig. 3. Kinetic energy as a function of the particle range for the kaon and the
muon from the selected, simulated proton decay. Lines represent theory and points
results of measurements.

6. Summary

Thanks to very good spatial and also calorimetric resolution the LAr de-
tector is a perfect tool for searching for proton decay. The experience gained
from the ICARUS experiment will be very valuable for future research in
this field. As far as data analysis is concerned, one should stress that the
fully automatic pattern recognition is very difficult and still under develop-
ment. The approach described in this paper gives better results than the
previously implemented 3D reconstruction algorithm [9], especially for the
tracks parallel to the wire plane. In this case the method that is based on
the comparison of the drift samples only, often fails.
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