TRACKING CODE FOR COMET PHASE I
CYDET DETECTOR BASED ON GENEFIT 2
Internship report
Research internship – Phytem Master 1
Author:
SALAMBO DAGO

Supervisor:
YOSHITAKA KUNO

Internship among the KUNO Laboratory, Department of Physics, Osaka University
1-4 Machikaneyama, Toyonaka, Osaka, 560-0043, JAPON
From the 17th of April 2017 to the 27th of July 2017

CYDet Detector of COMET Phase -I

Thanks
I would like to thank deeply my supervisor Yoshitaka KUNO who supervised and guided my
work weekly, and who offered me a great opportunity to take part in the COMET Collaboration
work.
I would like to express also my deepest thanks to Chen WU who offered me the opportunity
to work with him and who advised me and followed my work regularly.
Finally, I thank the whole KUNO Laboratory team I had the chance to share my internship
with and from whom I learned so much.

Abstract
To meet COMET Phase-1 experiment requirements for single event sensitivity of 3.1×10−15
for µ-e conversions, an accurate tracking of the electrons entering the Cylindrical Drift Chamber (CDC)
of the COMET detector is needed. The point of this report is to describe the tracking code which will
be used by the KUNO Laboratory during the analysis to reconstruct the initial momentum of the
particles entering the CDC. The tracking code is still under development to reach the resolution and
the efficiency expected, and is for now only tested with data of pure signal from Monte-Carlo
simulation. The performances of the current version of the code, obtained after the definition of a
set of quality cuts providing the best balance between the resolution and the efficiency of the code,
will then be presented. A theoretical analysis of these results predicts a contamination by the noise
from the muon decay in orbit (DIO) of 86.6% to reach a signal acceptance of 90%. That is why some
modifications was performed on the tracking code to improve the total momentum resolution which
causes such DIO contamination far above the COMET requirements. After a detailed study of the hit
selection, we submitted a new version of the code to the analysis: the DIO contamination fell to
12.37% in the 90% signal acceptance window.
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1.Introduction
1.1 About the Laboratory
The KUNO Laboratory (1), located on the Osaka University campus, is a research laboratory
dedicated to the Particle Physics research. Bringing together 12 researchers and professor, 6 phD
students and post-docs, as well as administrative staff, the laboratory is involved in the search for
New Physics beyond the Standard Model within the COMET (COherent Muon to Electron Transition)
Collaboration. The laboratory teams take part in the design of the detection and acquisition systems
of the experience, and in the development of simulation and data analysis programs.
I did my internship under the supervision of the Professor Yoshitaka KUNO, in charge of the
laboratory and COMET spokesperson, and in close collaboration with the Doctor Chen WU.

1.2 Introduction to COMET Collaboration
The COMET Collaboration brings together 32 institutes, including the KUNO Laboratory, in 15
countries where approximately 176 researchers focus on charged lepton flavour violation.
In this context, the COMET experiment located at J-PARC1, is a new generation experiment
using the most intense pulsed muon beam in the world. COMET experiment searches for evidence of
charged lepton flavour violation (CLFV) via the neutrino less muon to an electron transition (µ − 𝑒
conversion) in a nucleus field of aluminium, at a single event sensitivity (SES) of 2.6×10−17 . This
sensitivity 4 order of magnitude smaller than the current upper limit 2 will be reached in 2 steps: the
first stage COMET Phase-1 is scheduled to start in 2018 and expects a intermediate sensitivity of
3×10−15.

2. Topic and Issue
2.1 Physics Background
2.1.1 Lepton Flavour
In the Standard Model, flavour in defined as a specie of an elementary particle. There are 6
flavours of quarks and leptons respectively. In lepton sector, there are 3 generations of charged
leptons (𝑒 , 𝜇, 𝜏) and neutrinos (𝜈𝑒 , 𝜈𝜇 , 𝜈𝜏 ). The quantum number of lepton flavour is chosen to be
(𝐿𝑒 , 𝐿𝜇 , 𝐿𝜏 ) = (1,1,1) for particle and (𝐿𝑒 , 𝐿𝜇 , 𝐿𝜏 ) = (−1, −1, −1) for les anti-particle.

2.1.2 Decay of Muon
The muon, of mass 𝑚𝜇 = 105.66 𝑀𝑒𝑉/𝑐 2 , can be captured by a nucleus and form a muonic
atom. To conserve the charge and flavour, the following decay modes are the most common decay
mode for captured muons predicted by the Standard Model:
𝜇 − → 𝑒 − 𝜈𝜇 𝜈̅𝑒
(1)
−
−
𝜇 → 𝑒 𝜈𝜇 𝜈̅𝑒 𝛾
(2)
−
−
+ −
𝜇 → 𝑒 𝜈𝜇 𝜈̅𝑒 𝑒 𝑒
(3)

1
2
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Japan Proton Accelerator Complex in Tokai, Japan.
Limit set by SINDRUM-II experiment at Paul Scherrer Institute (PSI), Switzerland: SES = 2.3 ×10−13.

The dominant process among these three is decay-in-orbit (DIO) expressed in l’Eq.(1). The
branching ratios of these decay modes are shown in the Table 1.
Décomposition
−

Rapport de branchement

−

𝜇 → 𝑒 𝜈𝜇 𝜈̅𝑒

~1

𝜇 − → 𝑒 − 𝜈𝜇 𝜈̅𝑒 𝛾
−

−

+

𝜇 → 𝑒 𝜈𝜇 𝜈̅𝑒 𝑒 𝑒

0.140
−

3.40×10−5

Table 1: Decay modes and branching ratios of muon listed by the Particle Data Group (PDG) (2)

2.1.3 The µ-e conversion
When a muon is stopped by a material, it is trapped by the atom forming a muonic atom that
levels down to the 1s ground state of energy. The muon can then either decay in orbit (DIO) in 39%
of cases, or be captured by the nucleus (𝜇 − + 𝑁(𝐴, 𝑍) → 𝜈𝜇 + 𝑁(𝐴, 𝑍 − 1)) in 61% of cases.
However, as far as New Physics beyond the Standard Model is concerned, a neutrino less
process of capture of the muon by the nucleus is expected:
𝜇 − + 𝑁(𝐴, 𝑍) → 𝑒 − + 𝑁(𝐴, 𝑍)
This process, called µ-e conversion into muonic atom, violates the lepton flavour conservation.
The great advantage of such a signal is that the energy of the emitted electron of this conversion is
monochromatic. The signal energy can be approximated by the following equation:
𝐸𝜇2
𝐸𝑒 = 𝑚𝜇 − 𝐸𝑏 −
≈ 104.97 𝑀𝑒𝑉
2𝑚𝑁
𝑍 2 𝛼2 𝑚

Where 𝑚𝜇 is the muon mass, 𝐸𝑏 ≅ 2 𝜇 the binding energy of the muonic atom calculated
for an Aluminium target (𝑍 = 13), and the last term is the recoil energy of the nucleus.
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2.2 Experimental device
2.2.1 COMET Phase-1 setup
The COMET Phase-I experiment is based on a high intensity pulsed muon beam that delivers
3.6×1015 protons per cycle of 100 𝑛𝑠 at a frequency of 0.45 𝐻𝑧. The energy of the beam reaches
8 𝐺𝑒𝑉 and the global intensity is maintained at 2.5 ×1012 protons/s. Since muonic atoms have
lifetimes of the order of 1 µ𝑠, this pulsed beam with a width that is short compared with this lifetime
would allow the removal of prompt background events, by performing measurements in a delayed
time window.
When the protons of the beam hit the production target, a huge amount of pions is created.
Those pions then decompose into muons, which are carried by curved solenoids (Figure 1) and finally
stopped by aluminium stopping (Figure 2). Surrounding these targets is the detector CyDet3.

Figure 1: Dispositif expérimental de COMET Phase-1

Figure 2: Détails de la structure du détecteur CyDet

2.2.2 CyDet Detector
The CyDet detector is at the heart of the COMET Phase-I Experiment and onf my internship.
It consists in a Cylindrical Drift Chamber (CDC) and a Cylindrical Trigger Hodoscope (CTH) as shown in
the Figure 2. Is is located into a solenoid which provide a 1 Tesla uniform magnetic field, in order to
determine the charged particle momentum. The CTHH gives the time at which the particle hits it,
sometimes after having done several turns into the CTC. This time measurement is the only one
available.
Both the amplitude of the magnetic field and the intern radius of the CDC of 14.95 𝑐𝑚 were
set to entirerly cover the signal energy area around 105 𝑀𝑒𝑣/𝑐. The CDC is itself made up of 20
concentric layers of cells. Each cell consists in a sensitive wire (anode) in its center surrounded by a
rectangular grid of c (Figure 3). The passage of the charged particle ionizes the gas and triggers a hit
at the nearest sensitive wire as described in Figure 4.

3
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CyDet: Cylindrical Detector System.

6 mm

Figure 3: Champ électrique créé par les différents fils
dans une cellule de la CDC

Figure 4: L’électron ionise le gaz, ce qui provoque une
cascade d’électrons jusqu’à l’anode la plus proche, qui
transmet alors un hit.

2.3 Purpose of the internship
This internship focuses on the development of a tracking code to reconstruct the electron
trajectory into the CDC from de detector data, in order to obtain in particular the initial momentum
of the particle when it enters the CDC. The tracking code should provide both a high enough efficiency
to keep and reconstruct as many µ-e conversions as possible, and a good enough resolution on the
reconstructed initial momentum so that particles from noise processes could be identified and
excluded from the analysis.

3. Understanding and update of the tracking code
A former PhD student of the laboratory, Mr. Hideyuki Sakamoto, had written a tracking code
for the electrons from µ-e conversion in the COMET experiment. When I arrived, the latter didn’t give
any results, only returning default values.
With the help of the Dr. Chen WU, I took back Mr. Sakamoto’s work and updated the code
until the code give consistent results again. To do that I had to get familiar with tracking issues and
with the structure of the tracking code.
I then analysed the code performances in terms of resolution and efficiency, after having
defined quality cuts and studied the contamination of the reconstructed signal by noise processes
such as DIO.

3.1 Issues
The tracking code is intended to reconstruct the initial momentum of electrons when they
enter the CDC, to be able to obtain the branching ratio of the desired signal which has a momentum
signature of 104.5 MeV/c. To do so, the code must tackle to major issues.
First, as detailed in section 2.2.2, cells of the CDC are built in such a way that is impossible to
know how far the electron has been from the centred sensitive wire: this distance is called drift
distance. Because of this drifting, the chronological succession of hits does not respect the actual
chronology of the passage of the particle trough the cells. The drift distance can be approximated
knowing the entrance time of the particle into the CDC which is called drift time 𝑡0 . However, only
the time given by the CTH is available. The tracking code has therefore to take into account the drift
uncertainty in the trajectory calculation.

Second, about 70% of the events provide not a single track, but a so-called multiple track
which occurred when the particle has a small enough z momentum to male several turns in the CDC
before reaching the CTH (Figure 5). So, the code should also be able to rebuild the different turns.
For now, we just reconstruct the turns independently, but in the future the code should be able to
connect the turns to each other in extrapolating the trajectory out of the CDC. The code has an upper
limit of 3 turns, which allows to cover most of the multiple turns events.

Figure 5: Example of multiple turn event reconstructed track (3 turns) in the 3 dimensional .

3.2 Data and methods
Before being able to test the tracking code on the actual response of the detector, we run it
on Monte-Carlo simulation data. As far as my internship is concerned, the data used are data of pure
signal without any noise: all the simulate hits correspond to electrons from the signal. They are stored
into a TTree generated by the ROOT software, which consists in fifty of branches filled with different
variables. Among the latter, variables used for reconstruction are hits arrays from the sensitive wires
indexed geometrically.
Before applying the tracking code, a first rough estimation of the trajectory, called global
fitting, should be conducted on the raw data from the detector. This very basic fitting should be used
as reference track by our tracking code (see Annex 3 for further detail on the using of reference track).
So far, the global fitting is not yet available, but it is a realistic approach to consider that the latter
will provide a 10% initial momentum resolution. That is why our tracking code uses the truth
artificially damaged by an error on initial momentum following a standard deviation 10% gaussian
distribution as the reference track, in order to mimic the result of the global fitting. Mr. Sakamoto
had previously considered the global fitting as ideal with a 0.1% resolution when we reported his first
results (3). This explains why his good previous results couldn’t be recovered with the our version of
the code using a 10% momentum smearing.
Regarding the fitting, the tracking code uses methods belonging to the GENFIT 2 (4)
environment. These are based on Kalman filters (5) and on classes defined in ROOT. The whole code
is written in C++.
Besides, to proceed with the reconstruction, a whole environment is set, including the
detector geometry or the magnetic field. An update of this environment and its format was required.
9

Finally, the code returns 3 outputs: an error file, a text file that details the code execution at
each stage, and a ROOT TTree that contains all the data from reconstruction. A detailed reading of
the text file after adding many comments at various stages of the tracking was necessary to
understand how the code works.

3.3 Main steps of the code

Figure 6: Figure of the tracking code main steps. The red colour corresponds to the 1st turn, the yellow one to the 2nd
turn and the blue one to the 3rd turn. The coloured arrows represent the 3 seeds selected after the fitting. Only the
first branch of the tree is fully detailed, but all the others branches follow the same structure.

The tracking is made in several steps in the code (see Figure 6). It is important to remind us
that if the track is a multiple one, the code will reconstruct each turn on by one by processing each
time on the remaining hits. Then it will order the reconstructed turs by decreasing momentum.
The first step, before starting a turn reconstruction, is to pre-select the hits on which fitting
methods will be applied. To do so, fifty different ways of pre-selecting a reduced collection of hits are
defined following geometrical criteria (see Annex 4). Those fifty reduced collections of hits are called
seeds.
The idea is to try to reconstruct a turn only on the hits selected by the seed. The fitting, using
GENEFIT2 methods, is then performed on each of the fifty seeds. This fitting considers the drift
distance with an iteration on the drift time 𝑡0 : 𝑡0 has for initial value the one given by the global fitting
and then become more accurate at each iteration based on the trajectory predicted by the previous
iteration.
The 3 seeds leading to the best fitting are then selected from the fifty. A seed leads to a
consistent fitting when the hits selected by it are mainly from a same turn. Indeed, a seed which
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collect hits from different turns will make the fitting difficult, because hits from next turns are noise
for the fitting of the 1st turn.
Then, a stopping control is set up on the results of the fitting on the first of the 3 selected
seeds. The breaking conditions are fulfilled when most of the hits of the event have been included in
the reconstructed track, and when the latter has a good enough correlation coefficient ( 𝜒²). If so,
the tracking is complete: it turns out to be a single turn track. If not, in particular if there is a lot of
remaining hits, the tracking code considers the track as a multiple one and try to reconstruct a second
turn.
The same procedure is then followed considering only the remaining hits from the 1st turn
fitted. 3 seeds are selected for the 2nd turn and, just as the 1st turn, the code first examines the 1st of
the of the 3 seeds. If the breaking conditions are met, the tracking ends: it is a 2-turns track.
Otherwise, let’s try to reconstruct a 3rd turn with the remaining hits.
The 3 seeds selected for the 3rd turn are tested one by one, if one of them allows to meet the
breaking conditions, the tracking ends: it is a 3-turns track. If the breaking conditions are met for any
of them, the maximum number of turn having been reached, the code comes back to the start the
2nd turn procedure again with the 2nd best seed. If the 3 selected seeds of the 2nd turn are exhausted
without achieving a satisfying reconstruction, go back to the fitting of the 1 st turn this time with the
2nd best seed.
Finally, if after having tried the 3×3×3 possible combinations, none has met the breaking
condition, the code returns default values: tracking has failed. This can happen especially for morethan-3-turns events.

4. First results: Tracking code performances
After the first results obtained, they have to be treated by writing analysis codes in C++ under
ROOT to study the code performances. The approach is the following: quality cuts are sets on the
reconstructed track so that wrong events (badly reconstructed ones) would be eliminated. Doing so
improves the momentum resolution. However, it also reduces the number of events considered, and
so decreases the efficiency. It means, that a compromise is needed between a good enough
resolution achieved by a narrow selection, and a higher efficiency obtained by a looser selection.
The following results were obtained with a sample of 20 million events from pure signal from
Monte-Carlo simulation.
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4.1 Efficiency
To estimate the impact of the quality cuts on the efficiency, I took the time to determine how
many of the detected events meet the cuts on the reconstruction. Therefore, I conducted a detailed
study on the efficiency of the tracking.
To get the detailed performances of the code depending on the type of track, I draw the
efficiency in the 3 possible cases: single turn event (Figure 7), multiple turn events whose the code
has reconstructed only one turn (Figure 9 in blue), and multiple turn events whose the code has
reconstructed more than turns (Figure 9 in green). Figure 8 (right) gives the distribution of these two
last cases among multiple turn events in our sample.

Figure 7: Distribution of track quality cut parameters for single turn tracks of signal events. The regions highlighted in
red are accepted in the track quality cuts. Each of the cuts is applied in the order of NL5, NFIT, NDF30, Chi2, CL3Enter
and CL3Exit, and the distributions show only events that pass the requirements on the preceding cuts.

Figure 8: On the left, distribution of
the parameter NL5, the quality cut
that all multiple tracks have in
common. On the right, the
distribution of 1-turn-fit track (blue)
and more-than-2-turns-fit track
(green) among the multiple tracks.

12

Figure 9 : Distribution of track quality cut parameters for multiple turn tracks of signal events: 1-turn-fit track in blue
and more-than-2-turns-fit in green . The design in the same as the single turn one.

As seen in the graphs below, I applied specifically on each option a sequence of cuts in
sequence. These cuts can be divided in three categories. The NL5 one, which requires that the
particles reach at least the fifth layer of the CDC is a quality cut The NFIT, NDF30 and Chi2 cuts
requiring respectively that the code has at least managed to reconstruct one turn, that the number
of degree of freedom of the track (i.e the number of hits accepted in the track) is greater than 30,
and that the reduced correlation coefficient 𝜒 2 /𝑁𝐷𝐹 is less than 2, are testimony to the fitting
efficiency. Finally, cuts CL3Enter and CL3Exit ensure that the z-momentum of the particle is small
enough by asking that at least 3 layers are reached by the 3 consecutive hits to the entry and exit of
the CDC. As the Dpz20 cut in the case of multiple turn tracks which selects the events for which the
z-momentum between 2 turns does not differ of more than 20MeV/c, they allow to keep only events
in which the z-position can be easily determined. Thus, events reconstructed with a bad resolution
are eliminated: it is tail cuts.
Single turn tracks

Multiple-turn tracks

Geometrical acceptance

13.91%

18.25%

NL5

77.92%

97.57%

NFIT==1

99.98%

27.34%

93.91%

71%
77.53%

10.18%

13.80%

NFIT>=2
NDF30 & Chi2 &CL3Enter
& CL3Exit ( &Dpz20
when NFIT>=2)
Total

Single + Multiple
32.161%

23.98%

Table 2: Detailed efficiency for single and multiple turn after quality cuts in sequence.
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We then get a fitting efficiency of 94.2% for single events and 77.35% for all the multiple
events. Regarding the total efficiency (quality cuts fitting efficiency and tail cuts), we get 73.1% for
single events, and 75.4% for multiple ones. These results are good enough for the requirements of
the COMET Phase-1 in terms of efficiency.

4.2 Resolution
The resolution is the second criteria for judging the quality of the tracking providing by the
code. The latter is calculated with the events which satisfied the cuts previously defined. Besides,
there are two definitions of the resolution: the first one is the intrinsic momentum resolution
defined as the initial reconstructed momentum of the particle when it enters the CDC, whereby is
subtracted the real momentum when the particle enters the CDC known in the truth. But it also
possible to calculate the total momentum resolution, defined as the difference between the initial
reconstructed momentum of the particle entering the CDC and the momentum of the signal electron
emitted on the target. The total momentum resolution takes into account the uncertainty added by
the transport of the electron between the target and the CDC. While the intrinsic resolution reflects
only on the quality of the reconstruction of the trajectory into the CDC performed by our code.
These resolutions distributions are presented as histograms fitted with appropriate functions.
The intrinsic resolution (Figure 10 on the left) is fitted with a double gaussian of standard deviation
0.3824 𝑀𝑒𝑉/𝑐. This points out that the performance of the code in terms of resolution is below the
requirements of COMET Phase-I.

Figure 10: On the left, histogram of the intrinsic momentum resolution in blue, fitted by a double gaussian in red. On
the x-axis the intrinsic resolution in MeV/c et on the y-axis the number of events in logarithmic scale. On the right, the
histogram of the total momentum resolution fitted with a demi-gaussian of standard deviation t 0.7317 MeV/c1. The
tail in the negative values is due for the main part to the energy loss of the electron between the targets and the CDC.

4.3 DIO Contamination
The total momentum resolution has a direct influence on the contamination of the signal by
the parasite process DIO. Indeed, if it the tail in momentum resolution is too large in the positive
values, as it is the case here (see Figure 10 on the right), some electrons from DIO might be confused
with the signal. This is due to the fact that the DIO momentum spectrum extends up to 100MeV/c,
14

because of the boost that can give the atom to the electron during the muon decay in orbit. Though,
if large momentum electrons from DIO are reconstructed with a positive resolution of the order of 4
MeV, their momentum will be reconstructed in the signal momentum area.
To quantify this DIO contamination, I used the theoretical DIO momentum spectrum that I
smeared at each point according to the total momentum resolution of the code. This can be seen as
a convolution product between the 2 distributions. It is important to use total, and not intrinsic
momentum resolution, because the theoretical DIO spectrum represents the moment of the electron
at is production on the target. I then layered this DIO spectrum such as it would have been
reconstructed by the code, with the momentum spectrum of the 20 million reconstructed events. So
that the integral of the spectrum of the signal corresponds to one event, I had normalized the
histograms taking into account the DIO branching ratio (39%) for the DIO spectrum, and the muons
capture branching ratio times the branching ratio of the µ-e conversion (61%×3.10−15 ) for the
signal spectrum. We obtain the Figure 11 (left).
It is then interesting to draw the integral of these distributions as a function of the lower
bound of the integration range to quantify the DIO contamination. Here we see on Figure (right) that
the DIO contamination is huge in the signal area. In the momentum window (starting from 103.48
MeV/c) which provides a 90% signal acceptance, the DIO contamination is 86.6%, which is well
beyond the COMET Phas-1 sensitivity requirements.

0,9
0,87

Figure 11: On the left, momentum distributions of the reconstructed µ-e conversions and of DIO reconstructed events.
The vertical scale is normalized so that the integral of the signal curve corresponds to one event. On the right, the
integrated fraction of the spectrum on the left as a function of the lower bound of the integration range. In the 90%
signal acceptance window [103.48 MeV/c – 120 MeV/c], the DIO contamination reaches 86.6%.
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5. Analysis of the results and improvements on the code
5.1 Origin of the bad reconstructions

Figure 12 : Example of a wrong event : in
circles the reconstructed track and in point
the real track from the truth.

DIO contamination on the initial version of the code is far too high. We would like to reach an
90% signal acceptance with only 1% of DIO contamination. And, as seen above, to reduce the DIO
contamination, it is needed to reduce the resolution tail in positive values.
The first step was to identity what were the events composing such a spreading in the
resolution curve. These events turn out to be always multiple turn events, for which the code
reconstructed a track totally out of the truth. Figure 12 is an example of poorly reconstructed event,
with markers point representing the position from the truth and markers circle the position
reconstructed by the code. We can see in particular that the starting points are very badly
reconstructed, which illustrates the wrong momentum resolution.
The second step consisted in structuring the dismantle the fitting done by the code on one of
the wrong event previously reconstructed. BY adding comments in the output file and various test
on small loops, we managed to understand in detail the fitting operation. And, by modifying the code
in order to force the reconstruction on imposed seeds, we have identified one of the sources of bad
reconstructions: the pre-selection. Indeed, the best seeds, defined as those which select a maximum
of hits belonging to the same turn, are not naturally selected by the code.
The selection of the three-best seeds is here based on the number of degree of freedom,
which is the number of hits taken into account in the fitting. This way to select is not ideal, and other
selection criteria as the correlation coefficient χ² should be added to perform a better pre-selection
choice and thus a better fitting.

5.2 Progress made and prospects
During the last month of my internship we worked on the identification of the fitting
weaknesses and on possible improvements of the code. I have on my side followed the pre-selection
axis to reduce the resolution tail. At first, I changed the selection of the three-best seeds by sorting
by ascending χ² order rather than by descending number of degree of freedom order, in the so-called
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v0.4 version of the code. After finding that this new version provided a better resolution than the
initial version of the code (see Figuer 13 in green), I added quality cuts into the heart of the fitting.
After the analysis and the comparison of the different versions, I have determined the best called
v0.6.5 (see Figure 13 in red).

Figure 13: Total momentum resolution in log scale. In black the initial v0.1 version of hte code, in green the v0.4
version and in red the best version so far, v0.6.5.

The new version of the code v0.6.5 lets drop the DIO contamination to 12.37% for a 90% signal
acceptance (see Figure 14), while maintaining similar efficiency as previous versions.
This is a huge advance over the first results, however further improvements are required to
meet the COMET requirements. Not to mention that the code should also be tested on signal and
noise from Monte-Carlo simulation.
Finally, on the long term, the fitting is expected to connect the turns with each other out of
the CDC, and no longer reconstructing them independently as in current versions. This may provide
a far more accurate reconstruction.

Figure 14: DIO contamination for the
v0.6.5version. In the momentum window
[103.675,106] of 90% acceptance, the DIO
contamination is 12.37%.
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6. Conclusion
This 15-weeks internship within the KUNO Laboratory allowed me to have a flavour of the job
of researchers in particle physics.
Indeed during my internship, the team did its best to involve be in the collaboration COMET
work and in the laboratory life. Whether through weekly mini-workshop of book reading4 on the
theory at the basis of COMET experiment. Or by the weekly KUNO laboratory meetings with all the
staff of the laboratory, followed by paper reading of research articles linked to Particle Physics which
I had the pleasure to present once. Finally, my participation in the annual 22ème International COMET
Collaboration Meeting which took place at J-PARC (6), enabled be to meet and exchange with
researchers belonging to other laboratories involved in the COMET experiment.
Furthermore, my collaboration with the Dr. Chen WU who guided me all along and the regular
supervision of the Pr. Yoshitaka KUNO helped me to learn a lot about how tracking works. The
specificity of this internship is that it allowed me to grasp all the work provided upstream, before the
data collection in large particle physics experiments. So that it was a valuable, and complementary
experience to my previous internship on data analysis, to participate in the development of a tracking
code, and to have a wide overview on all the issues raised during the construction of the experiment.

4

See bibliography (9) and (10)
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ANNEX 1: Tracking code
http://prism.phys.sci.osaka-u.ac.jp/~wuchen/CyDetTracking_Hideyuki/index.html
This website is made to consult all the tracking code files. The homepage regularly updated
by the Dr. Chen WU and myself, summarizes the work done and some technical details on the code.
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ANNEX 2: Details on the reconstruction steps
1. The algorithm makes 3 iterations which delete respectively none, the first or the 2 first hits of
the input data.
1.1. inROOT.getEntry() (take the input data and delete the 1st hit)
1.2. fit_turn: recursive procedure (fit_turn is an arbitrary name for a better understanding)
1.2.1. do_fit_any: procedure of construction of the seeds
▪

Creation of 50 seeds

▪

do_fit: 1st fitting of the 50 seeds. Call of fit_with_to, iteration needed to determine
the drift time 𝑡0

▪

Conservation of the 3 best results (selection by ndf) and 2nd fitting (2nd call of do_fit )
with a reduced number of seeds (modified from the 1st fitting)

▪

Conservation of the 3 best results (selection by ndf) and 3rd fitting (3rd call of do_fit )
with a reduced number of seeds (modified from the 2nd fitting)

1.2.2. Loop on the 3 best seeds
▪

check_break_condition (remaining hits and quality of the fitting)

▪

IF OK: Success of the fitting algorithm. The fitted turns are ordered by descending
momentum order and writing of the results in the output TTree.

▪

IF NOT OK and only if turn 1 or turn 2, repeat the procedure fit_turn for the 2nd or
the 3rd turn respectively.

1.2.3. End of the ongoing fit_turn procedure (if 3rd or 2nd turn, then go back to the 1.2.2
loop of the 2nd or 1st turn respectively).
1.3. Next trial without the 1st hit.
2. The reconstruction failed (check_break_condition never OK), return default values.
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ANNEX 3: Details on the fitting
fit_with_t0
1. Creation of a fitter (KALMAN), a representation, and a plane associated with the
representation.
2. Fill the representation with the seed
3. Creation of a track, add of the representation to the track
4. SetHitToTrack: insert the points to the track with the data
5. Fitter -> processTrack: fitting procedure using a Kalman filter
5.1. processTrackWithRep: to fit with a reference track
5.1.1. Iteration on iBeta: temperature loop
5.1.1.1.

prepareTrack: prepare the track for the fitting
▪

Loop on the points: If 1st iteration, definition of the weight with the drift
distance. Else use of the weight given by the previous fitting.

5.1.1.2.

fitTrack: fit the track forward and backward
▪

Loop on the points: call of processTrackWithPoint for each point.
Definition of the chi2 and ndf increment using the weight.

5.1.1.3.

calcWeight: definition of the weight of each hit using chi2

6. Return the number of degree of freedom and the χ² of the reconstructed track.

processTrackWithPoint
//prediction  The prediction extrapoltates only the current track. If the weight if the hit
considered is 0, the code sticks to the prediction and the initial parameters are not modified.
1. global fitting: use the reference track (here use the truth with an error of 10%)
2. Extrapolation to the next point and correction using the reference :
p_=prevp_*TransportMatrix , p_+=Delta
//update  Inclusion of the hit under consideration. If the weight of the hit is important, the
track is highly modified and the initial parameters are modified. If the weight of the hit is negligible,
the hit is ignored to the extent that the track is not modified, and the reconstructed point
corresponds to the track extrapolation of the previous step
1. Calculation of the χ² and ndf increment.
2. p_+= TMatrixD * res_ (TMatrixD contains the weight information)
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ANNEX 4: Definition of the seeds
The construction of a seed consists in selecting a reduced collection of hits among all the
detected hits. Various selections correspond to different definitions of seeds. In the current code, 51
are defined according to geometrically.
To do so the hits are divided into 5 types of cluster:
1. OUT EVEN: hits belonging to peer index layers in the part of the path where the
particle out of the CDC (right on Figure 13
2. OUT ODD: hits belonging to layers of odd index in the part of the path where the
particle out of the CDC (right on Figure 13)
3. IN EVEN: hits belonging to peer index layers in the part of the path where the particle
enters the CDC (left on Figure 13)
4. IN ODD: hits belonging to layers of odd index in the part of the path where the particle
enters the CDC (left on Figure 13)
5. TOP: hits belonging to the layer of the high CDC attained by the particle.
Of each cluster, the hits are selected according to the following definitions: front (first hits of
the layer), take1 front (1St of the category 'front'), take2 front, rear (latest hits of the layer), take1
rear, take2 rear, middle (hits from the middle), all (all the hits of the cluster), none (no hits), front
front rear rear, divide3_front, divide3_rear, take1_3rd.
If the cluster belongs to layers 1, 2, or 3, then the selection type can be specified by special
definitions: none, max_layers, after_peak, layer2_out, layer3_out, half_layers, 2nd_max_ilayer_in,
ilayer10.
If an exclusion list is set, hits will be excluded by default : an exclusion list is given by the results
of previous fitting (a previous call of do_fit). That is why the seeds are modified between the different
fittings

Figure: Pattern of the seed
defined in the code by:
OUT EVEN: middle
OUT ODD: take2-rear
IN EVEN: take2-rear
IN ODD: take2-rear
TOP: none.
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ANNEX 5: Details on the code version
Original code (v0.1)
Selection among the 3 successive fittings
•

Cut : ndf >10

If the seed has a greater than 10 number of degree of freedom during the 1St fitting, it is ignored for
the 2nd fitting. Similarly between the 2nd and the 3rd fitting. Only seeds checking that cut are
modified to be tested by a 2nd then potentially 3rd fitting. This first selection within the fitting
enables a first filter before the selection of the 3 best seeds among those resulting from the 3rd fitting.
Selection among the 3 successive fittings
•

Cuts: ndf >10, dpz<80 MeV

This requires that the number of degrees of freedom is greater than 10 and that the difference
between 2 towers pz is smaller than 80 MeV/c. Only the seeds on which the fitting fulfilled these
conditions are included in the ranking.
• Sorting: sort_asc
This ranking is a ranking by ascending ndf (number of degree of freedom) : the seeds on which
the fitting provides the highest ndf are put on the top of the ranking. The seeds having previously
meet the cuts are thus sorted, and the 3 first of the ranking will be selected.

Improvements of the selection of the 3 best seeds (v0.4)
Selection among the 3 successive fittings
•

Cuts: ndf >10, dpz<80 MeV, CLEnter≥3, CLExit≥3

This requires furthermore that3 consecutive layers are reached by the 3 first hits at the
entrance and the 3 last hits at the exit.
• Sorting : sort_desc_reduced_chi2
This ranking is a new ranking by descending reduced 𝜒² : 𝜒²/𝑛𝑑𝑓. The seeds with the lowest
𝜒 /𝑛𝑑𝑓 are thus put on the top of the ranking.
2

Improvements of the selection among the 3 successive fittings (v0.6.5)
Selection among the 3 successive fittings
•

Cuts : ndf >10, CLEnter≥3, CLExit≥3, max_ilayer≥5, 𝜒²/𝑛𝑑𝑓<2

More stringing selection requiring for all the quality cuts.
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