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A. Sato et al.

Fig. 4. Typical track in the CyDet detector for a simulated signal electron with
105 MeV/𝜔.

Fig. 5. Expected reconstructed momentum distribution for signal electrons (solid line)
and decay-in-orbit (DIO) events (dashed line), under the assumption of the signal
branching ratio of 3 ω 10ε15 and the momentum resolution of 200 keV/𝜔.

BR(𝜀ε
+𝜗𝜛  𝜚ε+𝜗𝜛) = 3.1ω10

ε15. Since the intrinsic momentum reso-
lution in such a low-energy region is dominated by multiple scattering
effects, the CDC must be a low-mass detector. These requirements lead
to choices in cell configuration, wires, and gas mixture.

2.1. Layer configuration

The CDC is arranged in 20 concentric sense wire layers including 2
guard layers with alternating positive and negative stereo angles. The
positions of the wires on the readout side end-plate are shown in Fig. 6.
The 1st and 20th sense wire layers operate at a lower high voltage (HV)
and act as guard layers. Their function is to remove the space charge
that accumulates due to ionization created in the regions between the
inner (or outer) walls and the guard layer. Without these layers, space
charge would accumulate in the absence of an electric field.

2.2. Cell configuration

Each cell in the CDC has one sense wire surrounded by an almost-
square grid of field wires. The ratio of the total numbers of field to
sense wires is 3:1, and the cell size is nearly constant over the entire
CDC region, such as 16.8 mm wide and 16.0 mm high. In a strict
sense, the cell width does indeed vary slightly from layer to layer.
Additionally, the cell height changes along the longitudinal direction
due to stereo drops and gravitational effects. Moreover, the cell shape
deviates from a perfect rectangle because of the alternating stereo wire

Table 1
Design parameters of the CDC.
Inner wall Material CFRP, Al

Length 1495.5 mm
Radius 495.95–496.5 mm
Thickness CFRP: 0.5 mm, Al: 0.05 mm

Outer wall Material CFRP, Al
Length 1577.3 mm
Radius 829.9–835.0 mm
Thickness CFRP: 5.0 mm, Al: 0.1 mm

Number of sense layers 20 (including 2 guard layers)

Sense wire Material Au-plated W
Diameter 25 ϑm

Number of wires 4986
Tension 50 g
Stereo angle ±(64–75) mrad

Field wire Material Al alloy (A5056)
Diameter 126 ϑm

Number of wires 14 562
Tension 80 g
Stereo angle ±(64–75) mrad

Gas Mixture He:i-C4H10 (90:10)
Volume 2084 L

Fig. 6. Layout of wires in the CDC. Wire positions on the readout side end-plate are
shown for one-eighth of the total area.

Fig. 7. Illustration of the shape of a cell consisting of one sense wire surrounded by
eight field wires. As the position of the cell shifts relative to the CDC axis direction, the
upper corner angle 𝜍 changes periodically. The relationship between time and space
within the cell is determined by considering the periodicity of this 𝜍 angle and the
angle of incidence 𝜑 of the charged particle on the cell.

structure, as illustrated in Fig. 6. Square cells are well-suited to low
momentum tracks (such as those from the 𝜀  𝜚 conversion signal),
which might enter the drift cells with large angles with respect to the
radial direction. The stereo angle is set to 64–75 mrad, which is selected
to achieve a longitudinal spatial resolution of about 3 mm. With this
design, where all wires are set at stereo angles, the shape of each layer’s
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Cylindrical Drift Chamber (CDC) 
‣ 20 layers of alternating all-stereo wires  
‣ Low mass gas mixture = He:iC4H10 (90:10) 
Cylindrical Trigger Hodoscopes (CTH) 
‣ 256 segmented plastic scintillators  

https://doi.org/10.1016/j.nima.2024.169926
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Fig. 1. Layout of the COMET Phase-I experiment.

Fig. 2. The red and blue histograms with the solid borderlines represent the
theoretical initial energy of the signal and DIO electrons emitted from muonic
atoms, respectively. The red histogram with the dashed borderline represents
the signal electron energy distribution convoluted by a Landau distribution,
corresponding to the energy loss inside the stopping targets. The Landau
distribution was obtained by fitting the energy distribution of the simulated
signal electrons that passed the muon stopping targets. It is assumed that the
number of muonic atoms is 1015 and the branching ratio of µ� + N ! e� + N
is 7 ⇥ 10�15.

the ionized electrons, referred as a hit, drifts to the closest anode
wire, and its drift distance (r) is obtained by measuring the drift
time. Now that an exact path relative to the wire is not provided
explicitly, the so-called left–right ambiguity occurs with regard
to whether the hit was generated on the left or right side of the
wire. Hence, a ghost hit always persists at the opposite side of a
real one, and they are referred as a left and right hit through the
paper.

Across 39 layers, there are 4986 anode and 14562 cathode
wires made of gold-plated tungsten and pure aluminum, respec-
tively. The radius of first layer is 51.4 cm and the gap between
each layer is 0.8 cm. The 19 layers with even index are called field
layers and consist of only the cathode wires. The 20 layers with
odd index are called sense layers where the anode and cathode
wires are placed alternatively. The first and last sense layers act
as guard layers to remove the space charge that accumulates due
to the ionization created in the regions between the CDC walls
and guard layers. Therefore, the drift time is measured at the 18
sense layers without the guard layers.

The wires are slightly tilted from the longitudinal axis by ro-
tating them with respect to their radial vectors. The tilting angle

Fig. 3. XZ cross section of the detector solenoid of the COMET Phase-I experi-
ment. The yellow helix line shows a typical e� double turn event going toward
the upstream direction. The sizes are in mm unit.

is about 0.07 rad, and the tilting direction alternates between
positive and negative signs for every layer. This configuration
in stereo gives a resolution in the longitudinal position (z) by
calculating crossing points between the wires in adjacent layers.
To obtain the momentum, the electron trajectory is reconstructed
with a hypothetical track that connects the inferred positions of
hits.

At both the downstream and upstream ends of the CDC, trigger
hodoscopes composed of 48 pairs of Cherenkov detectors and
scintillators are positioned to identify electron events. Their fast
timing response provides a reference time for the drift time
measurement. Outside the outer wall, a superconducting solenoid
applies a 1 T magnetic field directed toward the downstream
direction, which allows charged particles with momentum higher
than 70 MeV/c to propagate in the CDC with a helical trajectory.

Around 32% of the signal electrons and 47% of the DIO elec-
trons that satisfy the momentum cut of >70 MeV/c make mul-
tiple helix turns before they reach the trigger hodoscopes. The
multiple turn events challenge the hit-to-turn classification be-
cause hits from different turns easily overlap in the same wire,
as implied by Fig. 4. The complexity of the multiple turn events
increases with the turn numbers since the number of wires and
the average number of hits per wire increase together, as shown
in Fig. 5. This makes it hard to calculate z position of a track due
to the enormous number of possible combinations in matching
the hits from the same turn partition.

In this paper, we cope with the problem by introducing paral-
lelization to accelerate the event reconstruction. The main idea is
scanning the set of possible tracking seeds, where a seed repre-
sents the initial position and momentum of the track ((Ex, Ep)0). The
goodness of the seed is evaluated by extrapolating a track from
the seed in an inhomogeneous magnetic field and calculating
the residual based on the distances between the hits and the
extrapolated track. The hits close to the extrapolated track are
classified as hits belonging to it. The scanning and extrapolating
processes were fully parallelized on the NVIDIA GPU devices
using CUDA (Compute Unified Device Architecture) which is a
parallel computing platform [6].

The paper is organized as follows. Generalized parallelization
schemes for a GPU and a multi-threaded CPU are described in
Section 2. Their applications to the simulated multiple turn events
and tracking performance are described in Section 3. Section 4 ad-
dresses technical aspects of the parallelization by benchmarking
consumer and server-grade graphic cards. A discussion follows in
Section 5.
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Hit Classification

Track Turn Identification

Track Fitting

Track Finding

By using GBDT, 98% of noises are rejected  
while keeping 99% of signals.

Hough Transformation, Deep Learning, RANSAC, etc.

32% of signal events are multiple turn. 
# We will focus on only single turn in this report.

see also a poster by T. Xing 

We use Deterministic Annealing Filter in GENFIT2

F. Kaneko et al., PTEP 2025, 053C01

Track Fitting - GENFIT Track Fitting Algorithms Belle II Summary

Kalman Filter with Reference Track

Reference track, forward- and backward fit.

1 — GENFIT and its Application for the Belle II Experiment 11

https://doi.org/10.1093/ptep/ptaf048
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Cosmic-ray background in the COMET experiment



Motivation
‣ Cosmic rays may create 105-
MeV electrons that come into a 
detector and make trigger. 

‣ Cosmic-ray induced BG is 
basically eliminated by veto 
counter arrays which cover 
Detector Solenoid (DS) Magnet, 
✓with 99.99% veto efficiency. 

‣ However, there are uncovered 
holes through which cosmic rays 
may sneak into DS.
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—  Cosmic-ray BG

Figure 12.19: Some cosmic event displays with 4000 events overlaid (left) and 13000 events overlaid
(right). Cosmic rays were generated so as to pass through the whole COMET experimental hall
volume.

Figure 12.20: One of the cosmic ray events which escapes the detection by the CRV and enters the BS
region, creating an electron reaching the CDC. The same event shown for the whole detector region
(left) and a zoomed view (right).
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Fig. 1. Cross-sectional view of the detector region in COMET Phase-I. An example of the sneaking cosmic
muon trajectory from the backward side is also drawn.
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Fig. 2. Illustrations of a particle trajectory and detector hits in the longitudinal side view (left) and the trans-
verse view from downstream (right). The red arrows indicate a µ-e conversion signal track with the normal
direction; whereas the blue arrows indicate a sneaking cosmic µ+ track with the reverse direction.

MeV/c, it cannot be distinguished from the signal event. To guarantee that it is not caused by cosmic
rays, the CRV system is required to have no hits coinciding with the signal timing. Whereas the roof
and side walls of the DS magnet are designed to be fully covered by CRV, there are loopholes that
CRV cannot practically cover due to beam ducts, cable wiring, etc. as shown in Fig. 1. Most of cosmic
rays come from above according to the zenith angle, θ, distribution of cos2 θ, but many also enter from
the backward side at large angles.

The cosmic-ray background rate was estimated with a backward Monte Carlo simulation [8] to
be 2.4 ± 0.9 events for 150 days of the Phase-I operation. A typical example of the dangerous events
is also illustrated in Fig. 1; in this case, the most problematic particle is not a knockout electron but a
cosmic-ray muon itself; the cosmic-ray muon does not hit CRV, sneaking from the downstream loop-
hole into DS, scattered by the CTH support structure, making hits in CTH and then CDC, and finally
reaching the stopping target. It should be noticed that this problematic cosmic ray is not a negative
muon but a positive muon, because the trajectory of a reversely-going positive charged particle looks
almost the same as the signal electron track from a viewpoint of the detector data as illustrated in
Fig. 2. We call this type of dangerous events as a sneaking cosmic muon (µ+) background. Hereafter,
we define the track direction of the signal electrons as normal and that of the sneaking cosmic-ray µ+
as reverse.

In this Article, we will discuss methodology to suppress the sneaking cosmic muon background
from the viewpoint of detector data analysis, in particular, focusing on a tracking analysis. We have
developed a track reconstruction program for CDC, and performed a simple Monte Carlo simulation
as a proof of the principle.
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Sneaking cosmic µ+ 
can be a significant BG.

• does not hit CRV (sneaking from 
downstream hole of DS),  

• scattered by CTH support frame,  
• hits CTH and enters CDC from 

the reverse direction compared 
to the signal electron track, and  

• finally hits stopping target.

The trajectory of positive charged particles with 
reverse track direction looks the same as the signal 
electron track.

Notice

—  Sneaking cosmic-ray BG

In the latest simulation,  
without any measure,  
2.4 ± 0.9 BG events remains.Why µ+ (not µ-)
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 TOF miscorrection

• In order to know correct drift time, time-0 is corrected 
according to TOF between CTH and each CDC hit. 

• If the track is reverse, this makes miscorrection of at 
longest 9.7 ns for reverse µ+. 
• 9.7 ns × 25 µm/ns* = 240 µm  

• (comparable to spatial resolution of 150 µm) * Drift velocity for He:iC4H10 (90:10) 
  ~ typically 25 µm/ns

 Idea 

This miscorrection will make the difference in 𝜒2 
between normal & reverse direction hypotheses.

# Note:  
   Material effect (energy loss correction in Kalman Filter) also 
makes 𝜒2 worse for reverse tracks.

e-

µ+

∆R

∆R

We normally assume the track direction is from Target to CTH.



Track-direction ID method
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Simulation & Analysis



MC event generation
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Signal e- MC sample  
• electron e- 
• 100̶110 MeV/c 
• From stopping target disks 
• CDC max layer >= 5 
• Require CTH hits 
• Single turn only 
• Spatial resolution: 150 µm

Reversed µ+ MC sample:  
• muon µ+ 
• 100̶110 MeV/c 
• From CTH to target disks 
• CDC max layer >= 5 
• Single turn only 
• Spatial resolution: 150 µm
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Track Fitting with 2 Hypotheses
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This induces miscorrection of TOF
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Track Fitting with 2 Hypotheses
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This induces miscorrection of TOF

Hypotheses 
- Normal e- 
- Reverse µ+

Difference does exist !

Signal e- MC sample

Hypotheses 
- Normal e- 
- Reverse µ+

Residual χ2 /ndf
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Track Fitting with 2 Hypotheses
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This induces miscorrection of TOF
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This induces miscorrection of TOF
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Signal retention & BG rejection
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}If we set threshold as 

∆(𝜒2/ndf) < 0 ,

87% of signal e-  
are retained

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1
 mm

0

2000

4000

6000

8000

10000

Residual

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 50

100

200

300

400

500

600

700

/ndf2χ

3− 2− 1− 0 1 2 30

100

200

300

400

500

600

87%

/ndf)  [Normal-Rrevers]2χ(Δ

1− 0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6 0.8 1
 mm

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

20000

Residual

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 50

200

400

600

800

1000

/ndf2χ

3− 2− 1− 0 1 2 30

100

200

300

400

500

600

11%

/ndf)  [Normal-Rrevers]2χ(Δ

3− 2− 1− 0 1 2 30

100

200

300

400

500

600

87%
11%

/ndf)  [Normal-Rrevers]2χ(Δ

}

- Signal e-  MC samples  
- Reverse µ+ MC samples

89% of reverse µ+  
are eliminated

BG can be suppressed to 11%

Spatial resolution = 150 µm



Dependence of spatial resolution
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Spatial Resolution 100 µm 150 µm 200 µm

Signal Retention (e-) 95% 87% 77%
Contamination (µ+) 3% 11% 20%

✓ Rejection power is sensitive to spatial resolution.
We expect ~150 µm resolution based on a prototype test

Wu et al., NIM A 1015, 165756 (2021)

∆(𝜒2/ndf) < 0

https://doi.org/10.1016/j.nima.2021.165756


Reduction of BG events
20

Spatial Resolution 100 µm 150 µm 200 µm
Without 

Direction ID 
method

Signal Retention (e-) 95% 87% 77% 100%
Contamination (µ+) 3% 11% 20% 100%

BG events 0.07 0.26 0.48 2.4

Assuming 150 µm spatial resolution, 
Sneaking cosmic µ+ BG can be reduced to 0.26 events

Latest 
Prediction



Next step — Outlook

‣ There is room to improve reduction 
power by using machine learning 
with multi-variate analysis, instead 
of simple comparison of 𝜒2/ndf.  

‣ We have to check the performance 
with many noise hits.

21

µ+ ?

e− ?



Summary
‣ Cosmic-ray muons is one of severest backgrounds in the COMET 
experiment. 

‣ Track-Direction ID method was developed  

• to suppress sneaking cosmic µ+ BG. 

• Demonstrated that reverse µ+ track can be suppressed by an 
order of magnitude, with signal e- track retention efficiency of 
~90% (assuming 150 µm spatial resolution). 

✓Note reduction power is sensitive to the CDC spatial resolution. 

๏Prospect  

• A study is on going to improve reduction power by using machine 
learning with the noise hits. 

22

See also:  
M. Moritsu et al., arXiv:2508.15344 

https://arxiv.org/abs/2508.15344


Backup
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Note for multiple-turn events
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Event 2  Top view

If a track has multiple turns, 
the direction will be easily identified 
by checking momentum attenuation 
in-between the turns.

Therefore, we deal with  
only single-turn events in this study.



Spatial resolution = 200 µm
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Spatial resolution = 150 µm
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Spatial resolution = 100 µm
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Event display example
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Event 3  Top view

Signal e- MC sample



How to discriminate reverse µ+ ?
29

1. Cherenkov radiation
µ+ with 𝛽=0.7 exceeds the Cherenkov threshold of Acrylic (n=1.49),  𝛽th=0.67. 
(Perhaps the number of photons may help to some extent.) 
Radiator with refractive index less than 1.4 is the best.

☹



Y. Fujii et al.

Fig. 1. Half cut views of the COMET Phase-I (a) and the CyDet (b). The CTH modules
are positioned inside the both ends of CDC.

Fig. 2. Conceptual view of the CTH (a) and a photo of the prototype (b).

2. The CTH detector

Fig. 2(a) shows the conceptual design of the CTH. Each counter is
tilted and its neighbour’s positions are staggered so that most charged
particles with high momentum can penetrate four counters, suppressing
the accidental coincidence from low-momentum particles produced
from background particles. Standard photosensors cannot withstand
the high-radiation environment inside the DS. Instead, installing multi-
pixel photon counters (MPPCs, S14161-3050HS04) outside of the DS
reduces the total neutron fluence to around 1010 n/cm2, 100 times
lower than inside, and additionally encases them in a cooling system
and radiation shielding. To transfer photons from a scintillators to an
MPPC, a 7.5/5 m long fibre bundle composed of 124 clear fibres (SK-40,
1 mm𝜔 each), will be used for upstream/downstream, respectively.

To study CTH performance and improve the design, the full scale
CTH prototype was constructed (See Fig. 2(b)). The prototype detector
consists of two counters in each layer with the same dimensions and
alignment as the final detector. Each counter is wrapped with a single
layer of 9 ωm thick aluminised Mylar film. Four 2.5 m fibre bundles
with 124 clear fibres were prepared to read out photons.

3. Performance test

The performance test was carried out by using the CTH prototype
at the 𝜀M1 beamline at Paul Scherrer Institut (PSI), where 𝜗ε𝜛ε𝜀
mixed beam is available with adjustable momentum. During the beam
test, the CTH prototype was positioned at the end of the beamline,
between a trigger and a back counter; both 10 ϑ 10 mm2, 0.5 mm thick
plastic scintillators read by photo-multiplier tubes (PMTs) as shown in
Fig. 3(a). The momentum was set to 105 MeV/𝜚. Each MPPC has 16
channels grouped into four channels on the PCB. Then four outputs are
connected to a biasing circuit to separate a DC line and a fast signal
line. After that, these four outputs were merged into one channel and
connected to a commercial RF amplifier (ZFL-500LN+). All amplifier
outputs, PMT outputs and a 50 MHz accelerator signal were read by
three 300 MHz, 8-bits waveform digitisers (Picoscope 6403E) to record
all waveforms with 1.25 GSPS.

Fig. 3. Diagram of the beam test setup (a) and histograms of summed peaks for 𝜗/𝜛
(red/green) (b).

4. Analysis and results

The datasets were split into electron and muon samples by applying
a timing cut based on the relative time-of-flight measured by the front
trigger counter with respect to the accelerator timing. The peak ampli-
tudes from all four main counters were extracted from the waveform
data and then linearly summed. Fig. 3(b) shows the results for both
electrons and muons. When the cut value is set to maximise the figure
of merit, F.o.M. = 𝜍𝜗ε

⌋
𝜍𝜗 +𝜍𝜛 , the electron detection efficiency

and the muon rejection efficiency were calculated as (93 ± 3)% and
(95 ± 3)%, respectively.

5. Summary and discussion

COMET Phase-I searches for 𝜛 ϖ 𝜗 conversion with a single event
sensitivity of ∱(10ϖ15). At this level, cosmic-ray muons could become a
severe background when they infiltrate the detector volume. During the
beam test, the CTH prototype performed PID and demonstrated over
a tenfold muon suppression while maintaining a 90% electron signal
efficiency. Further improvement in separation is expected by increasing
the photon transfer efficiency between plastic scintillators and MPPCs.
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2.  dE/dx

6 33. Passage of particles through matter
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Figure 33.2: Mean energy loss rate in liquid (bubble chamber) hydrogen, gaseous
helium, carbon, aluminum, iron, tin, and lead. Radiative effects, relevant for
muons and pions, are not included. These become significant for muons in iron for
βγ >∼ 1000, and at lower momenta for muons in higher-Z absorbers. See Fig. 33.23.

in the figure is due to the density-effect correction, δ(βγ), discussed in Sec. 33.2.5. The
stopping power functions are characterized by broad minima whose position drops from
βγ = 3.5 to 3.0 as Z goes from 7 to 100. The values of minimum ionization as a function
of atomic number are shown in Fig. 33.3.

In practical cases, most relativistic particles (e.g., cosmic-ray muons) have mean energy
loss rates close to the minimum; they are “minimum-ionizing particles,” or mip’s.

Eq. (33.5) may be integrated to find the total (or partial) “continuous slowing-down
approximation” (CSDA) range R for a particle which loses energy only through ionization
and atomic excitation. Since dE/dx depends only on β, R/M is a function of E/M or
pc/M . In practice, range is a useful concept only for low-energy hadrons (R <∼ λI , where
λI is the nuclear interaction length), and for muons below a few hundred GeV (above
which radiative effects dominate). R/M as a function of βγ = p/Mc is shown for a
variety of materials in Fig. 33.4.

The mass scaling of dE/dx and range is valid for the electronic losses described by the
Bethe equation, but not for radiative losses, relevant only for muons and pions.

June 5, 2018 19:57
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µ+ e-

Unfortunately dE/dx in He gas for e- (𝛽𝛾=200) 
and µ+ (𝛽𝛾=1) are almost the same. 
→ difficult to separate ☹
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Fig. 1. Half cut views of the COMET Phase-I (a) and the CyDet (b). The CTH modules
are positioned inside the both ends of CDC.

Fig. 2. Conceptual view of the CTH (a) and a photo of the prototype (b).

2. The CTH detector

Fig. 2(a) shows the conceptual design of the CTH. Each counter is
tilted and its neighbour’s positions are staggered so that most charged
particles with high momentum can penetrate four counters, suppressing
the accidental coincidence from low-momentum particles produced
from background particles. Standard photosensors cannot withstand
the high-radiation environment inside the DS. Instead, installing multi-
pixel photon counters (MPPCs, S14161-3050HS04) outside of the DS
reduces the total neutron fluence to around 1010 n/cm2, 100 times
lower than inside, and additionally encases them in a cooling system
and radiation shielding. To transfer photons from a scintillators to an
MPPC, a 7.5/5 m long fibre bundle composed of 124 clear fibres (SK-40,
1 mm𝜔 each), will be used for upstream/downstream, respectively.

To study CTH performance and improve the design, the full scale
CTH prototype was constructed (See Fig. 2(b)). The prototype detector
consists of two counters in each layer with the same dimensions and
alignment as the final detector. Each counter is wrapped with a single
layer of 9 ωm thick aluminised Mylar film. Four 2.5 m fibre bundles
with 124 clear fibres were prepared to read out photons.

3. Performance test

The performance test was carried out by using the CTH prototype
at the 𝜀M1 beamline at Paul Scherrer Institut (PSI), where 𝜗ε𝜛ε𝜀
mixed beam is available with adjustable momentum. During the beam
test, the CTH prototype was positioned at the end of the beamline,
between a trigger and a back counter; both 10 ϑ 10 mm2, 0.5 mm thick
plastic scintillators read by photo-multiplier tubes (PMTs) as shown in
Fig. 3(a). The momentum was set to 105 MeV/𝜚. Each MPPC has 16
channels grouped into four channels on the PCB. Then four outputs are
connected to a biasing circuit to separate a DC line and a fast signal
line. After that, these four outputs were merged into one channel and
connected to a commercial RF amplifier (ZFL-500LN+). All amplifier
outputs, PMT outputs and a 50 MHz accelerator signal were read by
three 300 MHz, 8-bits waveform digitisers (Picoscope 6403E) to record
all waveforms with 1.25 GSPS.

Fig. 3. Diagram of the beam test setup (a) and histograms of summed peaks for 𝜗/𝜛
(red/green) (b).

4. Analysis and results

The datasets were split into electron and muon samples by applying
a timing cut based on the relative time-of-flight measured by the front
trigger counter with respect to the accelerator timing. The peak ampli-
tudes from all four main counters were extracted from the waveform
data and then linearly summed. Fig. 3(b) shows the results for both
electrons and muons. When the cut value is set to maximise the figure
of merit, F.o.M. = 𝜍𝜗ε

⌋
𝜍𝜗 +𝜍𝜛 , the electron detection efficiency

and the muon rejection efficiency were calculated as (93 ± 3)% and
(95 ± 3)%, respectively.

5. Summary and discussion

COMET Phase-I searches for 𝜛 ϖ 𝜗 conversion with a single event
sensitivity of ∱(10ϖ15). At this level, cosmic-ray muons could become a
severe background when they infiltrate the detector volume. During the
beam test, the CTH prototype performed PID and demonstrated over
a tenfold muon suppression while maintaining a 90% electron signal
efficiency. Further improvement in separation is expected by increasing
the photon transfer efficiency between plastic scintillators and MPPCs.
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However, dE/dx in CTH Plastic Scintillators 
can have slight difference. 
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A. TOF miscorrection

In order to know correct drift time, time-0 is corrected 
according to TOF between CTH and each CDC hit. 

For signal e- (𝛽=1),        -4 < TOF < 0 ns 
For reverse µ+ (𝛽=0.7),  0 < TOF < 5.7 ns 

This causes miscorrection of at longest 9.7 ns for reverse µ+. 
9.7 ns × 25 µm/ns* = 240 µm  
(comparable to spatial resolution of 150 µm)

We normally assume the track direction is from Target to CTH.

Seleclion�ÃbackgromndÃetampleÃ¬sneakingÃμÍ­

FigXUe 3: E[aPSle Rf 108 MeV VQeakiQg aWPRVSheUic μ+. Black dRWV cRUUeVSRQd
WR MRQWe CaUlR hiWV. The Red liQe iV Whe UeVXlW Rf Whe heli[ fiW. The Ued dRW iQdicaWeV
Whe fiWWed YeUWe[. The gUeeQ liQe (dRW) VhRZV Whe WUXe MRQWe CaUlR WUajecWRU\
(geQeUaWiRQ YeUWe[) dRZQVaPSled b\ a facWRU Rf 10. LefW: c\liQdUical SURjecWiRQ (Ǝ,
]). RighW: SlaQe SURjecWiRQ ([, \).

e-

µ+

* Drift velocity for He:iC4H10 (90:10) 
  ~ typically 25 µm/ns

Naive idea

This miscorrection will make the difference in 𝜒2 
between normal & reverse direction hypotheses.
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B.  Material effect

dE ~ 1.5 keV per cell

∆E ~ 1.5 keV × 50 cells = 75 keV for track turn

ΔR =
Δp

0.3B
=

75 keV
0.3 × 1 T

= 250 μm

e-

µ+

∆R

∆R

Energy loss is corrected in Kalman Filter

(comparable to spatial resolution of 150 µm)

Energy loss correction also makes miscorrection 
if the track direction is wrong. 
→ worsen 𝜒2 !

(Rough estimation)
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1 T
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(Al discs)

CDC
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1 m

Features 
‣ Low mass gas =  He:iC4H10 (90:10)  👈 p resolution  

‣ Alternative all stereo wire, ±4 deg   👈 z resolution 

‣ Large inner bore, φ1 m  @ 1 T   👈 suppress DIO hits
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Fig. 4. Typical track in the CyDet detector for a simulated signal electron with
105 MeV/𝜔.

Fig. 5. Expected reconstructed momentum distribution for signal electrons (solid line)
and decay-in-orbit (DIO) events (dashed line), under the assumption of the signal
branching ratio of 3 ω 10ε15 and the momentum resolution of 200 keV/𝜔.

BR(𝜀ε
+𝜗𝜛  𝜚ε+𝜗𝜛) = 3.1ω10

ε15. Since the intrinsic momentum reso-
lution in such a low-energy region is dominated by multiple scattering
effects, the CDC must be a low-mass detector. These requirements lead
to choices in cell configuration, wires, and gas mixture.

2.1. Layer configuration

The CDC is arranged in 20 concentric sense wire layers including 2
guard layers with alternating positive and negative stereo angles. The
positions of the wires on the readout side end-plate are shown in Fig. 6.
The 1st and 20th sense wire layers operate at a lower high voltage (HV)
and act as guard layers. Their function is to remove the space charge
that accumulates due to ionization created in the regions between the
inner (or outer) walls and the guard layer. Without these layers, space
charge would accumulate in the absence of an electric field.

2.2. Cell configuration

Each cell in the CDC has one sense wire surrounded by an almost-
square grid of field wires. The ratio of the total numbers of field to
sense wires is 3:1, and the cell size is nearly constant over the entire
CDC region, such as 16.8 mm wide and 16.0 mm high. In a strict
sense, the cell width does indeed vary slightly from layer to layer.
Additionally, the cell height changes along the longitudinal direction
due to stereo drops and gravitational effects. Moreover, the cell shape
deviates from a perfect rectangle because of the alternating stereo wire

Table 1
Design parameters of the CDC.
Inner wall Material CFRP, Al

Length 1495.5 mm
Radius 495.95–496.5 mm
Thickness CFRP: 0.5 mm, Al: 0.05 mm

Outer wall Material CFRP, Al
Length 1577.3 mm
Radius 829.9–835.0 mm
Thickness CFRP: 5.0 mm, Al: 0.1 mm

Number of sense layers 20 (including 2 guard layers)

Sense wire Material Au-plated W
Diameter 25 ϑm

Number of wires 4986
Tension 50 g
Stereo angle ±(64–75) mrad

Field wire Material Al alloy (A5056)
Diameter 126 ϑm

Number of wires 14 562
Tension 80 g
Stereo angle ±(64–75) mrad

Gas Mixture He:i-C4H10 (90:10)
Volume 2084 L

Fig. 6. Layout of wires in the CDC. Wire positions on the readout side end-plate are
shown for one-eighth of the total area.

Fig. 7. Illustration of the shape of a cell consisting of one sense wire surrounded by
eight field wires. As the position of the cell shifts relative to the CDC axis direction, the
upper corner angle 𝜍 changes periodically. The relationship between time and space
within the cell is determined by considering the periodicity of this 𝜍 angle and the
angle of incidence 𝜑 of the charged particle on the cell.

structure, as illustrated in Fig. 6. Square cells are well-suited to low
momentum tracks (such as those from the 𝜀  𝜚 conversion signal),
which might enter the drift cells with large angles with respect to the
radial direction. The stereo angle is set to 64–75 mrad, which is selected
to achieve a longitudinal spatial resolution of about 3 mm. With this
design, where all wires are set at stereo angles, the shape of each layer’s
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GENFIT
• Generic Track Fitting Framework 
• Experiment-independent, modular packages 
• Open source C++ code 
• Originally developed in PandaROOT at TUM 
• Widely used in many experiments, e.g. Belle-II, SHiP, FOPI etc. 
• Suitable for low-energy experiments 
• Fitter Options:  
- Kalman Filter, Deterministic Annealing Filter etc.

Track Fitting - GENFIT Track Fitting Algorithms Belle II Summary

Kalman Filter with Reference Track

Reference track, forward- and backward fit.

1 — GENFIT and its Application for the Belle II Experiment 11

Hoppner et al. NIM A 620, 518 (2010)

Bilka et al., arXiv:1902.04405

GenFit in GitHub

We implemented GENFIT into the COMET software framework (ICEDUST).

Works well !!

https://doi.org/10.1016/j.nima.2010.03.136
https://arxiv.org/abs/1902.04405
https://github.com/GenFit

