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COMET Experiment (Phase-l)
• The COMET Phase-I experiment is seeking the transition of a muon to an electron,

which is one of the Charged Lepton Flavor Violation (CLFV) processes.  
CLFV is strongly prohibited in the SM  → BR  !(~10&'()

Beyond the SM → BR  !(10&*(~10&*+)

• The COMET Phase-I is aiming at a single event sensitivity of  3.1×10&*'
(about 100 times higher than the previous experiment)
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Pion ProductionMuon Transport Proton Beam

Detector

Discovery of
New Physics

The main detector for
the COMET Phase-l is 

the Cylindrical Drift Chamber
(called CDC)

SINDRUM �@ PSI
BR 1&Au → 5&Au
< 7×10&*8 90% C.L. 



CDC (Cylindrical Drift Chamber)
• CDC is the main detector searching for the !" conversion.
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!

• Momentum resolution must be less than 200 keV/c (for 105 MeV/c electrons)
• Spatial Resolution must be less than 250 !m (in the  1 T magnetic field)

Requirements of CDC

COMET CDC

1.7 m

1.6 m

#$ + &' → e$ + *+e + +# + &'
#$ + &' → e$(-./012/4) + &'# 6 conversion :

Background (DIO) :

8 Chapter 1. Overview

gas. A Monte Carlo simulations with an assumption of 200 keV/c momentum resolution
was carried out to study the momentum spectrum for DIO electrons and signal electrons.
In Figure 1.6, the vertical scale is normalized so that the integral of the signal event curve
is one event at a branching ratio of B(µN ! eN = 3 ⇥ 10�15. The window was taken to
be 103.6 MeV/c < Pe < 106.0 MeV/c, where Pe is the momentum of the electron. As for
position measurement, the spatial resolution of about 200 µm is required not to degrade
the momentum resolution.
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FIGURE 1.6: The momentum distributions for the
reconstructed µ � e conversion signals and recon-
structed DIO events. The vertical scale is normal-
ized such that the integral of the signal curve is

equal to one event

The CDC is stretched with 20 concentric sense layers (including 2 guard layers) with
positive and negative stereo angles alternatively. The main role of guard layers is to
remove the space charges that may be accumulated between the outermost/innermost
sense wire and outer/inner wall due to the ionizations.

1.7.2 SES at COMET Phase-I

A SES can be estimated by considering at the net signal acceptance and stopped muon
yields during the experiment. The goal of the COMET Phase-I is to improve the upper
limit by 100 times on aluminium, therefore,

B(µ� + Al ! e� + Al) = 3⇥ 10�15 (as SES) or (1.7)
< 7⇥ 10�15 (as 90 % C.L. upper limit) (1.8)

The SES can be calculated by

B(µ� +Al ! e� +Al) =
1

Nµ ⇥ fcap ⇥ fgnd ⇥Aµ�e
(1.9)

where Nµ is the number of muons stopped in the muon stopping target, fcap is the prob-
ability of muons being captured by the nucleus on condition of aluminium is 0.61, fgnd is
the fraction of µ � e conversion to the ground state in the final state, where fgnd = 0.9 is
taken and the Aµ�e is the net signal acceptance, where Aµ�e=0.041 is taken.

To achieve the target of single event sensitivity, (90% C.L.), we have to produced 1.5⇥
1016 stopping muons. Therefore, 3.2 ⇥ 1019 of protons on target (POT) is needed for the

DIO Signal

simulation

Reconstructed signal of
!" conversion by CDC
and background signal
�simulation�



Status of COMET CDC
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• CDC is arranged in 20 sense layers (including 2 guard layers)
with alternating positive and negative stereo angles.

Gas Magnetic Field
He: i −C& H'( = 90: 10 1 T

Stereo angles
65~74 [mrad]

+HV
8 mm

8.4 mmGround

./011

2/011

Alternatively

Structure of Cell

Au plated W
3 = 25 6m

Al
3 = 126 6m

6
cellCDCCells are located on

CDC concentrically 

Structure of Layer

wirewireGas & Magnetic Filed

Layer � Layer �



SETUP for Cosmic Ray Test
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• The Cosmic Ray Test for the CDC is ongoing in KEK at Tsukuba campus.
• In this JFY, the readout area was extended from about 6 % to 35 %.

• Applied HV       : 1825 V
• Gas Ratio           : He: i −C& H'( = 90: 10
• Readout area    : about 35 %
• Trigger : Coincidence of 2 Scintillators
• Trigger Rate : about 4.5 Hz 
• Magnetic Field : not Applied

Condition

6.5 mm

439 mm

1128 mm

6.5 mm

439 mm

1130 mm

Upper side

lower side

CDC Readout Boards

Scintillator

Scintillator

Scintillator



My research in Cosmic Ray Test

2019/02/18 7ICEPP Symposium  Yugo Matsuda

Relation between
Drift Distance and Drift Time
• Layer Dependence
• Effect of Track Incident Angle toward Cells
• Effect of Shape of Cells

Spatial Resolution

• Layer Dependence
• Drift Distance Dependence
• Effect of Track Incident Angle toward Cells
• Effect of Shape of Cells

Hit Efficiency

• Layer Dependence
• Drift Distance Dependence
• Difference due to Hit Condition

Alignment of CDC

• Alignment for !, # Directions
• Alignment for Incident Angle $, %
• Relation between !, #, $, %

Research Contents ���Mainly evaluated 4 items.

Today I would like to talk about these items.



How to evaluate Spatial Resolution
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Define the Residual which is the gap between the “Reconstructed Track” and the “Drift Distance”.

DCA

+HV

Drift Distance

Track

Residual � Drift Distance � DCA

(DCA : Distance of Closest Approach)

Fit the Residual Distribution with the Gauusian.
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 / ndf 2χ  875.4 / 27

Constant  3.981e+01± 1.647e+04 

Mean      0.00035±0.02857 − 

Sigma     0.0004± 0.1653 

residual top layer10Residual Distribution

The Intrinsic Spatial Resolution !"#$% corresponds to
the deviation !%&' of the fit of residual distribution.

()*+ = (-./)0 + (/)2340

!"#$% : Intrinsic Spatial Resolution
!$%567 : Tracking Error

!%&'~165 <m
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top side (layer3-16) = 0.169222 +/- 0.000111 [mm]
top side (layer5-14) = 0.166274 +/- 0.000126 [mm]
bottom side (layer3-16) = 0.170200 +/- 0.000112 [mm]
bottom side (layer5-14) = 0.166562 +/- 0.000124 [mm]

Spatial Resolution

Layer

Layer Dependence of Spatial Resolution
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• Evaluate the Spatial Resolution of the CDC on the upper side and the lower side.
• Outer Layers of the CDC have large tracking error due to the geometrical reason.
• Estimate the upper limit of the Intrinsic Spatial Resolution by taking average of inner layers.

Average of layers upper lower

!"#$ [%m] 166 167

� CDC upper
� CDC lower

5�14 Layer



Spatial Resolution and Tracking Error
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The Intrinsic Spatial Resolution is  162 !m.
-> Confirmed the CDC can be satisfied the requirement. 

• Intrinsic Spatial Resolution → Upper limit of 167 "m without the magnetic field.
• Tracking Error →  about 40 !m according to the simulation (among inner layers).

6.8. Result 71

TABLE 6.5: Results of spatial resolution and hit efficiency of prototype
IV for He�iC4H10(90/10) and He�C2H6(50/50) with and without B-field

with �2 < 10

Gas mixture: He�iC4H10(90/10)
B-field [T] HV [kV] " [%] �total [µm] �intr [µm]

0 1.85 93 216± 9 185± 10
0 1.9 94 249± 9 218± 10
1 1.85 95 286± 12 254± 13
1 1.9 94 317± 19 284± 20

Gas mixture: He�C2H6(50/50)
0 2.35 95 182± 8 152± 9
0 2.4 95 179± 9 149± 10
1 2.35 96 268± 10 236± 11
1 2.4 96 259± 8 228± 10

Previous Study using Prototype of the CDC
In the mostly same condition,

Intrinsic Resolution was 185 !m.

%&'( = %*+,&- + %,&/01- From this eq, Intrinsic Spatial Resolution is about 23- "m.

This prototype has already
evaluated that it is satisfied
with the requirements of
COMET Phase-I.



Effect of Incident Angle and Shape of Cell
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• The shape of a cell is gradually changing along to the ! (beam) direction of the CDC.

• The behavior of drifted electrons differ in terms of the shape of the cell.

Define these two angles and

• Search for “the Relation between Drift Distance and Drift Time” 

• Aim to improve the accuracy of tracking.

Therefore…
"#� Incident angle toward the cell

$ : Angle characterizing the shape of the cell

DCA

Track

"#
$

%&'((

)&'((

DCA

"#
$

Track)&'((

%&'(( DCA

"#$

Track)&'((

%&'((

$ = 70 deg

! = !- − 20 mm
$ = 90 deg

! = !- mm
$ = 110 deg

! = !- + 20 mm
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Relation between Drift Distance and Drift Time 
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• Check the differences of  “the relation between Drift Distance and Drift Time”.

! dependence was found

Behavior of drifted electrons differ

• If the track has large incident angle, the effect of the cell will appear. 

• This is because of the distortion of the electric field in the cell.

D
C

A
[m

m
]

Drift Time [ns]

No ! dependence  

Behavior of drifted electrons is almost same

D
C

A
[m

m
]

Drift Time [ns]

� ! = 75 ± 2.5 deg

� ! = 90 ± 2.5 deg

� ! = 115 ± 2.5 deg

+, : -5 ~ 5 [deg] �straight track� +, : 5 ~ 15 [deg] �leaning track�

� ! = 75 ± 2.5 deg

� ! = 90 ± 2.5 deg

� ! = 115 ± 2.5 deg



Drift Time [ns]
0 100 200 300 400 500 600 700

D
C

A 
[m

m
]

0.3−

0.2−

0.1−

0

0.1

0.2

0.3
 -25~-15 [deg]φ
∼XT Curve Difference, 

Drift Time [ns]
0 100 200 300 400 500 600 700

D
C

A 
[m

m
]

0.3−

0.2−

0.1−

0

0.1

0.2

0.3
 -15~-5 [deg]φ
∼XT Curve Difference, 

Drift Time [ns]
0 100 200 300 400 500 600 700

D
C

A 
[m

m
]

0.3−

0.2−

0.1−

0

0.1

0.2

0.3
 -5~5 [deg]φ
∼XT Curve Difference, 

Drift Time [ns]
0 100 200 300 400 500 600 700

D
C

A 
[m

m
]

0.3−

0.2−

0.1−

0

0.1

0.2

0.3
 5~15 [deg]φ
∼XT Curve Difference, 

Drift Time [ns]
0 100 200 300 400 500 600 700

D
C

A 
[m

m
]

0.3−

0.2−

0.1−

0

0.1

0.2

0.3
 15~25 [deg]φ
∼XT Curve Difference, 

Drift Time [ns]
0 100 200 300 400 500 600 700

D
C

A 
[m

m
]

0.3−

0.2−

0.1−

0

0.1

0.2

0.3
 -25~-15 [deg]φ
∼XT Curve Difference, 

Drift Time [ns]
0 100 200 300 400 500 600 700

D
C

A 
[m

m
]

0.3−

0.2−

0.1−

0

0.1

0.2

0.3
 -15~-5 [deg]φ
∼XT Curve Difference, 

Drift Time [ns]
0 100 200 300 400 500 600 700

D
C

A 
[m

m
]

0.3−

0.2−

0.1−

0

0.1

0.2

0.3
 -5~5 [deg]φ
∼XT Curve Difference, 

Drift Time [ns]
0 100 200 300 400 500 600 700

D
C

A 
[m

m
]

0.3−

0.2−

0.1−

0

0.1

0.2

0.3
 5~15 [deg]φ
∼XT Curve Difference, 

Drift Time [ns]
0 100 200 300 400 500 600 700

D
C

A 
[m

m
]

0.3−

0.2−

0.1−

0

0.1

0.2

0.3
 15~25 [deg]φ
∼XT Curve Difference, 

Relation between Drift Distance and Drift Time 
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• Check the differences of  “the relation between Drift Distance and Drift Time”.

! dependence was found
Behavior of drifted electrons differ

• If the track has large incident angle, the effect of the cell will appear. 
• This is because of the distortion of the electric field in the cell.

DC
A

[m
m

]

Drift Time [ns]
No ! dependence  

Behavior of drifted electrons is almost same

DC
A

[m
m

]
Drift Time [ns]

� ! = 75 ± 2.5 deg
� ! = 90 ± 2.5 deg
� ! = 115 ± 2.5 deg

+, : -5 ~ 5 [deg] �straight track� +, : 5 ~ 15 [deg] �leaning track�

� ! = 75 ± 2.5 deg
� ! = 90 ± 2.5 deg
� ! = 115 ± 2.5 deg



Electric Filed in Cell and Drift Pass of Electrons
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3.2. GARFIELD Simulation 23
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FIGURE 3.3: The isochron of He�iC4H10(90/10) (left) and
He�C2H6(50/50) (right) without magnetic field, where the yel-

low line is drift line and the green line is isochrone

cell 1 cell 2

cell 3

FIGURE 3.4: The drift line of He�iC4H10(90/10) by choosing
a positron as track incoming horizontally (Right) and vertically
(Left). The dashed blue line is the boundary of a cell and the area

within red dashed line is the ambiguous region
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• The distribution of the electric field in the cell and the pass of drifted electrons.

! = 90 deg ! = 75 deg
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H_Residual[8]
Entries  934772

 / ndf 2χ  861.1 / 27

Constant  5.613e+01± 3.438e+04 

Mean      0.00027±0.02968 − 

Sigma     0.0003± 0.1786 
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Mean      0.00027±0.02968 − 
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 -175 ~ -165φ
∼run_2 Iteration=3 : residual 

H_Residual[9]
Entries  108354

 / ndf 2χ  76.68 / 27

Constant  17.6±  3422 

Mean      0.00093± 0.02941 
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Entries  108354

 / ndf 2χ  76.68 / 27

Constant  17.6±  3422 

Mean      0.00093± 0.02941 

Sigma     0.0011± 0.1879 

 -165 ~ -155φ
∼run_2 Iteration=3 : residual 

Tracking considering Incident Angle and Cell 

2019/02/18 15ICEPP Symposium  Yugo Matsuda

• Use “Relation between Drift Distance and Drift Time” considering angle !" and # -> 

• To compare previous tracking and new one, use the residual distribution.

Example � Residual Distribution !" 155 ~ 165 [deg]�leaning track� (DCA > 5.0 mm)

No consideration

about !" and #
Considered  the

effect of !" and #

The tail of residual

reduced successfully

Do new way 
of Tracking
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Comparison of Simulation and Real Data
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Drift Time [ns]

• Compare the simulation with real data about
“the relation between Drift Distance and Drift Time” with respect to angle !" and #.

ICEPP Symposium  Yugo Matsuda2019/02/18

!" �������� deg

Tendency of result from my research
is consistent with that of simulation.

Until last year,
# dependence study using real CDC

had not precisely researched yet.

Result from simulation in previous study
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Result from my research !" = 10 ± 5 deg
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Summary

1. Introduction
� the COMET experiment aims to search for the !" conversion process.
� the Main detector in COMET phase-I is CDC.

2. Cosmic Ray Test
� The Cosmic Ray Test is ongoing at KEK to evaluate the performance of the CDC.
� Evaluated Relation between Drift Distance and Drift Time, Spatial Resolution,

Hit Efficiency and Alignment.

3. Data Analysis
� The readout area was extended from about 6 % to 35 %.
� the intrinsic spatial resolution of the CDC without the magnetic field is 162 !m,

and this is satisfied with the requirement.
� In the relation between Drift Distance and Drift Time, there is the dependence of

incident angle #$ of the track toward the cell, and shape of the cell %.
� I developed the tracking algorithm considering the angle #$ and %, 

and it successfully reduced the tail of the residual distribution.

2019/02/18 17ICEPP Symposium  Yugo Matsuda
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FIGURE 3.11: The XT relation for He�iC4H10(90/10) without magnetic
field from -45 degrees to 45 degrees with Z changing from -L/2 to L/2,

where L is the length of the Chamber
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FIGURE 3.12: The XT relation for He�iC4H10(90/10) with 1 T magnetic
field from -45 degrees to 45 degrees with Z changing from -L/2 to L/2,

where L is the length of the Chamber
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FIGURE 3.3: The isochron of He�iC4H10(90/10) (left) and
He�C2H6(50/50) (right) without magnetic field, where the yel-

low line is drift line and the green line is isochrone
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FIGURE 3.4: The drift line of He�iC4H10(90/10) by choosing
a positron as track incoming horizontally (Right) and vertically
(Left). The dashed blue line is the boundary of a cell and the area

within red dashed line is the ambiguous region
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Effect of the number of primary electrons   
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• If the track goes through very near the sense wire and make less electrons,
there would be more possibility of having larger drift length than DCA.
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effect of multiple scattering and shorten the drift time respectively. The baseline choice of
the gas mixture in COMET Phase-I is He�iC4H10(90/10) , which was chosen to minimize
the multiple scattering that deteriorates the momentum resolution. In Table 2.2, different
Helium-based low-Z gas mixtures are compared.

Gas X0 (m) W (eV) dEMIP /dx (keV/cm) nMIP
T (cm�1) nMIP

p (cm�1)
He�iC4H10(85/15) 954 38 1.14 40 18
He�iC4H10(90/10) 1310 39 0.88 29 14
He�iC4H10(95/5) 2102 40 0.61 19 9
He�C2H6(50/50) 630 32 1.63 60 27
He�CH4(73/27) 2166 39 1.47 17 11
He�CH4(80/20) 3073 40 0.47 13 8

TABLE 2.2: Comparison of different Helium-based low-Z gas mixtures,
where X0 is the radiation length, W is mean energy to generate one
electron-ion pair, dEMIP /dx, nMIP

T , and nMIP
p mean is energy loss per

cm, the number of electron-ion pairs per cm, and the number of primary
ions per cm for minimum ionizing particles, respectively.

2.2 Spacial Resolution of Drift Chamber

The spatial resolution of a drift chamber is determined by different processes. It can be
decomposed into several components:

1. Statistics of the primary ions/electrons

2. Diffusion

3. Time measurement by electronics

4. Tracking error

The total uncertainty is given by the square root of the sums of the individual contri-
bution:

�total =
q
�2
diff + �2

ion�stat + �2
elec + �2

track (2.8)

The intrinsic resolution is the combination of 1-3 components mentioned in the above.
The tracking error is unrelated to the properties of drift chambers, which is purely geo-
metrical and it depends on how many layers you have used for tracking. Since the reso-
lution is measured by residuals of hit positions and extrapolated/interpolated positions
from reconstructed tracks, the tracking error has to be excluded out to know the intrinsic
resolution. Therefore, the intrinsic resolution should be Eq. (2.9). In the case of using 7
layers for tracking in the CDC prototype IV, the tracking error is about 100 µm.

�intr =
q
�2
total � �2

track (2.9)

2.3 Readout Electronics - RECBE

The 48 channels RECBE board is developed by Belle II CDC group, which is shown in
Figure 2.3. The technology is adopted to the COMET Phase-I experiment. The board is
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Because the number of primary electrons is not so large.
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Residual (DCA 0~0.5 mm) of layer 4~15

top bottom

This tail is also coming from the same reason.

Cell

+HV
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Cosmic Ray Track near the Sense Wire
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DCA

Drift
length

e

e

e

e

e

e

e

e

Track #1 Track #2

Near the sense wire such as track #1
More like DCA < Drift Length

Because the number of primary electrons is not so large.

e-

0.4 mm

0.3 mm
0.5 mm

e-

3.0 mm

0.3 mm
3.01 mm

Residual = 0.1 mm Residual = 0.01 mm

Example

Residual = drift length - DCA

Track #1 Track #2



Contribution of Spatial Resolution to Momentum Resolution  
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• Momentum Resolution !"# is descried by the equation below. 

!"#
$%

&
= ($% & + *&

( = !+,
0.301&

720
4 + 5 * = 0.054

10
1
78

1 + 0.038 ln 1
78

Spatial Resolution term Multiple Scattering term

0 : Magnetic Field (Tesla)
1 : Length of a Track used for Measurement (m)
!+, : Spatial Resolution at each Measurement Point (m)
4 : The Number of Measurement Points
78 : Length of a Track in the Gas (m)
$% : Transverse Momentum (GeV/c)

• If Spatial Resolution !+, differs from 200 =m to 300 =m,
Momentum Resolution changes only about 1 %. 

Assuming
0 = 1 T
1 = 1 m
4 = 70
78 = 507 m
$% = 103 MeV/c



Contribution of Spatial Resolution to Momentum Resolution 
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位置分解能がbddµf変化しても、
運動量分解能への寄与は小さい

From Akira Sato (Osaka)
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Definition of !" • !" characterizing the incident angle of the track regarding to each cell.

DCA

Track

!"

X

Y

Tracks come from upward

CDC

scintillator
track

cell

• Most of cosmic-ray tracks come from upward and they don't
pass through the cell toward the X axis in the cell. 

• Tracks with angle 0 deg and  180 deg are limited
due to the geometrical reason, 
so the double peaks appear.

!"
X

Y
OK

!"
X

Y
NO

NO
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Spatial Resolution with respect to !"
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DCA

Track
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X

Y

No Trigger No Trigger
No Trigger No Trigger

Spatial Resolution with respect to !" (DCA > 5.0 mm)

Before considering the effect of !" and #. 
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DCA

Track

!"
X

Y

No Trigger No Trigger
No Trigger No Trigger

Spatial Resolution with respect to !" (DCA > 5.0 mm)

• !" -5~5 and -175~175 have worst resolution because of the effect of diffusion in the gas.

• In the some range of angles, the spatial resolution improved.  

After considering the effect of !" and $. 
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Entries  118187

 / ndf 2χ    125 / 27

Constant  18.3±  3665 
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Before Correction
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H_Residual[9]
Entries  108354

 / ndf 2χ  76.68 / 27

Constant  17.6±  3422 

Mean      0.00093± 0.02941 

Sigma     0.0011± 0.1879 

 -165 ~ -155φ
∼run_2 Iteration=3 : residual 

Residual !" 155 ~ 165 [deg]    Residual !" 165 ~ 175 [deg]    Residual !" 175 ~ -175 [deg]    

Residual !" -175 ~ -165 [deg]    Residual !" -165 ~ -155 [deg]    

Before Correction
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H_Residual[0]
Entries  98369

 / ndf 2χ  154.1 / 27

Constant  17.9±  3436 

Mean      0.00083± 0.00679 

Sigma     0.0010± 0.1755 

residual [mm]
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
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H_Residual[0]
Entries  98369

 / ndf 2χ  154.1 / 27

Constant  17.9±  3436 

Mean      0.00083± 0.00679 

Sigma     0.0010± 0.1755 

 -25 ~ -15φ
∼run_2 Iteration=0 : residual 

H_Residual[1]
Entries  729958

 / ndf 2χ  443.7 / 27

Constant  4.950e+01± 2.678e+04 

Mean      0.00031±0.01508 − 

Sigma     0.0004± 0.1824 

residual [mm]
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2

0
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H_Residual[1]
Entries  729958

 / ndf 2χ  443.7 / 27

Constant  4.950e+01± 2.678e+04 

Mean      0.00031±0.01508 − 

Sigma     0.0004± 0.1824 

 -15 ~ -5φ
∼run_2 Iteration=0 : residual 

H_Residual[2]
Entries  863792

 / ndf 2χ  712.9 / 27

Constant  5.309e+01± 3.084e+04 

Mean      0.00030±0.02739 − 

Sigma     0.000± 0.184 

residual [mm]
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
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H_Residual[2]
Entries  863792

 / ndf 2χ  712.9 / 27

Constant  5.309e+01± 3.084e+04 

Mean      0.00030±0.02739 − 

Sigma     0.000± 0.184 

 -5 ~ 5φ
∼run_2 Iteration=0 : residual 

H_Residual[3]
Entries  731149

 / ndf 2χ  408.7 / 27

Constant  5.002e+01± 2.719e+04 

Mean      0.00030±0.01509 − 

Sigma     0.0004± 0.1797 

residual [mm]
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
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H_Residual[3]
Entries  731149

 / ndf 2χ  408.7 / 27

Constant  5.002e+01± 2.719e+04 

Mean      0.00030±0.01509 − 

Sigma     0.0004± 0.1797 

 5 ~ 15φ
∼run_2 Iteration=0 : residual 

H_Residual[4]
Entries  97453

 / ndf 2χ  100.3 / 27

Constant  18.2±  3499 

Mean      0.00079± 0.01556 

Sigma     0.00±  0.17 

residual [mm]
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
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H_Residual[4]
Entries  97453

 / ndf 2χ  100.3 / 27

Constant  18.2±  3499 

Mean      0.00079± 0.01556 

Sigma     0.00±  0.17 

 15 ~ 25φ
∼run_2 Iteration=0 : residual 

Residual !" -25 ~ -15 [deg]    Residual !" -15 ~ -5 [deg]    Residual !" -5 ~ 5 [deg]    

Residual !" 5 ~ 15 [deg]    Residual !" 15 ~ 25 [deg]    

After correction
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H_Residual[5]
Entries  90199

 / ndf 2χ  111.5 / 27

Constant  17.6±  3264 

Mean      0.000814±0.002415 − 

Sigma     0.0009± 0.1698 

residual [mm]
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2

0

500

1000

1500

2000

2500

3000

3500
H_Residual[5]

Entries  90199

 / ndf 2χ  111.5 / 27

Constant  17.6±  3264 

Mean      0.000814±0.002415 − 

Sigma     0.0009± 0.1698 

 155 ~ 165φ
∼run_2 Iteration=0 : residual 

H_Residual[6]
Entries  723148

 / ndf 2χ  513.9 / 27

Constant  4.968e+01± 2.679e+04 

Mean      0.00031±0.02174 − 

Sigma     0.0004± 0.1799 

residual [mm]
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
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H_Residual[6]
Entries  723148

 / ndf 2χ  513.9 / 27

Constant  4.968e+01± 2.679e+04 

Mean      0.00031±0.02174 − 

Sigma     0.0004± 0.1799 

 165 ~ 175φ
∼run_2 Iteration=0 : residual 

H_Residual[7]
Entries  863506

 / ndf 2χ    734 / 27

Constant  5.285e+01± 3.068e+04 

Mean      0.00031±0.03429 − 

Sigma     0.0004± 0.1848 

residual [mm]
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
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H_Residual[7]
Entries  863506

 / ndf 2χ    734 / 27

Constant  5.285e+01± 3.068e+04 

Mean      0.00031±0.03429 − 

Sigma     0.0004± 0.1848 

 175 ~ -175φ
∼run_2 Iteration=0 : residual 

H_Residual[8]
Entries  719035

 / ndf 2χ  586.2 / 27

Constant  4.929e+01± 2.643e+04 

Mean      0.00032±0.02596 − 

Sigma     0.0004± 0.1812 

residual [mm]
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
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H_Residual[8]
Entries  719035

 / ndf 2χ  586.2 / 27

Constant  4.929e+01± 2.643e+04 

Mean      0.00032±0.02596 − 

Sigma     0.0004± 0.1812 

 -175 ~ -165φ
∼run_2 Iteration=0 : residual 

H_Residual[9]
Entries  89232

 / ndf 2χ  73.43 / 27

Constant  17.6±  3272 

Mean      0.000811±0.006034 − 

Sigma     0.001± 0.169 

residual [mm]
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
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H_Residual[9]

Entries  89232

 / ndf 2χ  73.43 / 27

Constant  17.6±  3272 

Mean      0.000811±0.006034 − 

Sigma     0.001± 0.169 

 -165 ~ -155φ
∼run_2 Iteration=0 : residual 

Residual !" 155 ~ 165 [deg]    Residual !" 165 ~ 175 [deg]    Residual !" 175 ~ -175 [deg]    

Residual !" -175 ~ -165 [deg]    Residual !" -165 ~ -155 [deg]    

After correction
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Spatial Resolution with respect to !" and #
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Spatial Resolution with respect to !" and # (DCA > 5.0 mm)
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run000002 Iteration=3 : Spatial Resolution
 -25~-15φ
∼ for σ

 -15~-5φ
∼ for σ

 -5~5φ
∼ for σ

 5~15φ
∼ for σ

 15~25φ
∼ for σ

 155~165φ
∼ for σ

 165~175φ
∼ for σ

 175~-175φ
∼ for σ

 -175~-165φ
∼ for σ

 -165~-155φ
∼ for σ
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run000002 Iteration=0 : Spatial Resolution
 -25~-15φ
∼ for σ

 -15~-5φ
∼ for σ

 -5~5φ
∼ for σ

 5~15φ
∼ for σ

 15~25φ
∼ for σ

 155~165φ
∼ for σ

 165~175φ
∼ for σ

 175~-175φ
∼ for σ

 -175~-165φ
∼ for σ

 -165~-155φ
∼ for σ

After considering the effect of !" and #Before considering the effect of !" and #

Most of angles of spatial resolution improved.

But could not see the dependence of # clealy.



Spatial Resolution vs DCA with respect to !"
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• If tracks have large incident angle, the spatial resolution become bad.
• DCA > 5.0 mm, resolutions change according to the incident angle. 

“Spatial resolution vs Distance of Closest Approach” for each angle !"

DCA [mm]
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run000002 Iteration=3 : Sigma of Residual wrt DCA

 -25~-15φ
∼ for σ

 -15~-5φ
∼ for σ

 -5~5φ
∼ for σ

 5~15φ
∼ for σ

 15~25φ
∼ for σ

 155~165φ
∼ for σ

 165~175φ
∼ for σ

 175~-175φ
∼ for σ

 -175~-165φ
∼ for σ

 -165~-155φ
∼ for σ



Spatial Resolution vs DCA with respect to !"
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φrun000002 Iteration=3 : Sigma of Residual wrt 

DCA 0~0.5

DCA 0.5~1

DCA 1~1.5

DCA 1.5~2

DCA 2~2.5

DCA 2.5~3
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φrun000002 Iteration=3 : Sigma of Residual wrt 

DCA 0~0.5

DCA 0.5~1

DCA 1~1.5

DCA 1.5~2

DCA 2~2.5

DCA 2.5~3

DCA 3~3.5

DCA 3.5~4

DCA 4~4.5

DCA 4.5~5
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φrun000002 Iteration=3 : Sigma of Residual wrt 

DCA 0~0.5

DCA 0.5~1

DCA 1~1.5

DCA 1.5~2

DCA 2~2.5

DCA 2.5~3

DCA 3~3.5

DCA 3.5~4

DCA 4~4.5

DCA 4.5~5



Spatial Resolution vs DCA with respect to !"
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φrun000002 Iteration=3 : Sigma of Residual wrt 

DCA 5~5.5

DCA 5.5~6

DCA 6~6.5

DCA 6.5~7

DCA 7~7.5

DCA 7.5~8

DCA 8~8.5
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φrun000002 Iteration=3 : Sigma of Residual wrt 

DCA 5~5.5

DCA 5.5~6

DCA 6~6.5

DCA 6.5~7

DCA 7~7.5

DCA 7.5~8

DCA 8~8.5
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φrun000002 Iteration=3 : Sigma of Residual wrt 

DCA 5~5.5

DCA 5.5~6

DCA 6~6.5

DCA 6.5~7

DCA 7~7.5

DCA 7.5~8

DCA 8~8.5



RECBE (Readout board for CDC)
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RECBE
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RECBE÷Đ

ද 3.2: COMET RECBEͷओཁੑ [1]

γεςϜΫϩοΫ 120 MHz

TDCؒ࣌ղ 1.0416 nsʢ960 MHzʣ

ADCαϯϓϦϯάϨʔτ 30 MHz

ΟϯυαΠζ େ࠷ 8 µs

ϦϯάόοϑΝαΠζ  8 µs

ਤ 3.9: COMETʹͯ༻͍Δ RECBE

ਤ 3.9 ͕ COMET Ͱ༻͍ΒΕ͍ͯΔ RECBE ͷࣸਅͰ͋ΔɻRECBE ʹ Amplifier Shaper

DiscriminatorʢASDʣͱ Analog to Digital ConverterʢADCʣ͕ 6 ຕͣͭɺDigital to Analog

Convertor (DAC)͕ 1ຕɺͦͯ͠Vertex-5ͷ Field Programmable Gate ArraysʢFPGAʣ͕ͬࡌ

͍ͯΔɻਤ 3.10ʹ RECBEͷ৴߸ॲཧͷྲྀΕΛࣔͨ͠ɻRECBE CDC͔ΒΩϟύγλΛͯܦ

৴߸Λड͚औΓɺ·ͣASDʹͯΞφϩά৴߸ͱσδλϧ৴߸Λੜ͢ΔɻΞφϩά৴߸ɺCDC

͔Βͷ৴߸Λ૿෯͠ిѹʹม͢Δ͜ͱͰಘΒΕΔɻσδλϧ৴߸ɺCDC͔Β RECBEͷᮢ

Λ͑Δߴͷ৴߸͕͖ͨλΠϛϯάͰੜ͞ΕΔɻASDͰੜ͞ΕͨΞφϩά৴߸ɺADC

ϔૹΒΕৗʹ 30 MHzͰσδλϧ৴߸ʹม͞ΕΔɻ͜ΕΒͷ৴߸ใɺৗ࣌ RECBEͷϦ

ϯάόοϑΝʹૹΒΕه͞ΕΔɻ͜ͷϦϯάόοϑΝʹɺ 8 µsσʔλΛอ࣋Ͱ͖Δɻτ

ϦΨʔ৴߸Λड͚औΔͱɺRECBE͜ͷϦϯάόοϑΝͷใͷ͏ͪɺΟϯυαΠζͷ

σʔλΛಡΈग़͠ΠϕϯτύέοτΛੜ͢Δɻͦͯ͠࡞ͨ͠ύέοτΛDAQૹΔɻ͜ͷͱ

͖ɺSFP͔Β SiTCPٕज़ [10]Λ༻͍ͯΠʔαωοτͰσʔλΛૹ͍ͬͯΔɻ

RECBEೖྗνϟϯωϧΛ 48νϟϯωϧͪɺશ 4986νϟϯωϧ͋Δ CDCͰ࠷ऴతʹ

104ຕͷ RECBEΛ༻͍Δ༧ఆͰ͋ΔɻຊݧࢼͰ RECBEΛ 12 ຕ༻͍ɺ576νϟϯωϧͷϫ

ΠϠʔใΛಡΈग़ͨ͠ɻ·ͨɺτϦΨʔ৴߸ͷ࡞ʹಡΈग़͠༻ͱผʹ RECBEΛ 1 ຕ༻͍ͨɻ

26

COMET	RECBE/ùŽĔŒ
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 / ndf 2χ   1190 / 27

Constant  23.5±  6278 

Mean      0.00084±0.03728 − 

Sigma     0.0012± 0.2173 

residual [mm]
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 / ndf 2χ   1190 / 27

Constant  23.5±  6278 

Mean      0.00084±0.03728 − 

Sigma     0.0012± 0.2173 

residual (DCA0.0-0.5) layer5~14

 / ndf 2χ  947.5 / 27

Constant  26.4±  7676 

Mean      0.0006±0.1103 − 

Sigma     0.0007± 0.1861 

residual [mm]
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 / ndf 2χ  947.5 / 27

Constant  26.4±  7676 

Mean      0.0006±0.1103 − 

Sigma     0.0007± 0.1861 

residual (DCA0.5-1.0) layer5~14

 / ndf 2χ  809.9 / 27

Constant  28.7±  8788 

Mean      0.00051±0.06433 − 

Sigma     0.0006± 0.1716 

residual [mm]
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 / ndf 2χ  809.9 / 27

Constant  28.7±  8788 

Mean      0.00051±0.06433 − 

Sigma     0.0006± 0.1716 

residual (DCA1.0-1.5) layer5~14

 / ndf 2χ   1146 / 27

Constant  30.9±  9767 

Mean      0.00044±0.02482 − 

Sigma     0.0005± 0.1606 

residual [mm]
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 / ndf 2χ   1146 / 27

Constant  30.9±  9767 

Mean      0.00044±0.02482 − 

Sigma     0.0005± 0.1606 

residual (DCA1.5-2.0) layer5~14

 / ndf 2χ  849.4 / 27

Constant  3.264e+01± 1.062e+04 

Mean      0.000390±0.009985 − 

Sigma     0.0004± 0.1492 

residual [mm]
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 / ndf 2χ  849.4 / 27

Constant  3.264e+01± 1.062e+04 

Mean      0.000390±0.009985 − 

Sigma     0.0004± 0.1492 

residual (DCA2.0-2.5) layer5~14

 / ndf 2χ  991.2 / 27

Constant  3.394e+01± 1.124e+04 

Mean      0.00036±0.01099 − 

Sigma     0.0004± 0.1428 

residual [mm]
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 / ndf 2χ  991.2 / 27

Constant  3.394e+01± 1.124e+04 

Mean      0.00036±0.01099 − 

Sigma     0.0004± 0.1428 

residual (DCA2.5-3.0) layer5~14

 / ndf 2χ   1116 / 27

Constant  3.481e+01± 1.159e+04 

Mean      0.00035±0.01856 − 

Sigma     0.0003± 0.1396 

residual [mm]
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 / ndf 2χ   1116 / 27

Constant  3.481e+01± 1.159e+04 

Mean      0.00035±0.01856 − 

Sigma     0.0003± 0.1396 

residual (DCA3.0-3.5) layer5~14

 / ndf 2χ  963.5 / 27

Constant  3.486e+01± 1.168e+04 

Mean      0.0003±0.0235 − 

Sigma     0.0003± 0.1404 

residual [mm]
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 / ndf 2χ  963.5 / 27

Constant  3.486e+01± 1.168e+04 

Mean      0.0003±0.0235 − 

Sigma     0.0003± 0.1404 

residual (DCA3.5-4.0) layer5~14

 / ndf 2χ  996.8 / 27

Constant  3.463e+01± 1.157e+04 

Mean      0.00036±0.02367 − 

Sigma     0.0003± 0.1422 

residual [mm]
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 / ndf 2χ  996.8 / 27

Constant  3.463e+01± 1.157e+04 

Mean      0.00036±0.02367 − 

Sigma     0.0003± 0.1422 

residual (DCA4.0-4.5) layer5~14

 / ndf 2χ  709.1 / 27

Constant  3.436e+01± 1.154e+04 

Mean      0.00036±0.01818 − 

Sigma     0.000± 0.143 

residual [mm]
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 / ndf 2χ  709.1 / 27

Constant  3.436e+01± 1.154e+04 

Mean      0.00036±0.01818 − 

Sigma     0.000± 0.143 

residual (DCA4.5-5.0) layer5~14

 / ndf 2χ    634 / 27

Constant  3.373e+01± 1.128e+04 

Mean      0.000366±0.009006 − 

Sigma     0.000± 0.145 

residual [mm]
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 / ndf 2χ    634 / 27

Constant  3.373e+01± 1.128e+04 

Mean      0.000366±0.009006 − 

Sigma     0.000± 0.145 

residual (DCA5.0-5.5) layer5~14

 / ndf 2χ  481.4 / 27

Constant  3.299e+01± 1.098e+04 

Mean      0.000381±0.002152 − 

Sigma     0.0004± 0.1484 

residual [mm]
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 / ndf 2χ  481.4 / 27

Constant  3.299e+01± 1.098e+04 

Mean      0.000381±0.002152 − 

Sigma     0.0004± 0.1484 

residual (DCA5.5-6.0) layer5~14

 / ndf 2χ  672.9 / 27

Constant  3.167e+01± 1.034e+04 

Mean      0.000415±0.003646 − 

Sigma     0.0004± 0.1559 

residual [mm]
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 / ndf 2χ  672.9 / 27

Constant  3.167e+01± 1.034e+04 

Mean      0.000415±0.003646 − 

Sigma     0.0004± 0.1559 

residual (DCA6.0-6.5) layer5~14

 / ndf 2χ  694.6 / 27

Constant  28.7±  8868 

Mean      0.00052±0.02013 − 

Sigma     0.0006± 0.1767 

residual [mm]
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
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 / ndf 2χ  694.6 / 27

Constant  28.7±  8868 

Mean      0.00052±0.02013 − 

Sigma     0.0006± 0.1767 

residual (DCA6.5-7.0) layer5~14

 / ndf 2χ   2077 / 27

Constant  23.4±  6340 

Mean      0.00119±0.05708 − 

Sigma     0.0019± 0.2614 

residual [mm]
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2

en
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 / ndf 2χ   2077 / 27

Constant  23.4±  6340 

Mean      0.00119±0.05708 − 

Sigma     0.0019± 0.2614 

residual (DCA7.0-7.5) layer5~14

 / ndf 2χ  783.4 / 27

Constant  25.5±  8086 

Mean      0.00078±0.03231 − 

Sigma     0.0010± 0.2169 

residual [mm]
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
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 / ndf 2χ  783.4 / 27

Constant  25.5±  8086 

Mean      0.00078±0.03231 − 

Sigma     0.0010± 0.2169 

residual (DCA7.5-8.0) layer5~14

 / ndf 2χ  620.1 / 27

Constant  28.0±  8358 

Mean      0.00057±0.05236 − 

Sigma     0.0006± 0.1711 

residual [mm]
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
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0
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8000

9000
 / ndf 2χ  620.1 / 27

Constant  28.0±  8358 

Mean      0.00057±0.05236 − 

Sigma     0.0006± 0.1711 

residual (DCA8.0-8.5) layer5~14

 / ndf 2χ  225.9 / 27

Constant  17.4±  3649 

Mean      0.0010±0.2596 − 

Sigma     0.001± 0.183 

residual [mm]
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
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 / ndf 2χ  225.9 / 27

Constant  17.4±  3649 

Mean      0.0010±0.2596 − 

Sigma     0.001± 0.183 

residual (DCA8.5-9.0) layer5~14

Top side
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 / ndf 2χ   1094 / 27

Constant  24.0±  6519 

Mean      0.00081±0.03435 − 

Sigma     0.0011± 0.2158 

residual [mm]
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
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 / ndf 2χ   1094 / 27

Constant  24.0±  6519 

Mean      0.00081±0.03435 − 

Sigma     0.0011± 0.2158 

residual (DCA0.0-0.5) layer5~14

 / ndf 2χ   1013 / 27

Constant  26.8±  7855 

Mean      0.0006±0.1088 − 

Sigma     0.0007± 0.1868 

residual [mm]
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
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 / ndf 2χ   1013 / 27

Constant  26.8±  7855 

Mean      0.0006±0.1088 − 

Sigma     0.0007± 0.1868 

residual (DCA0.5-1.0) layer5~14

 / ndf 2χ  832.9 / 27

Constant  29.1±  9056 

Mean      0.00050±0.06256 − 

Sigma     0.0006± 0.1711 

residual [mm]
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
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 / ndf 2χ  832.9 / 27

Constant  29.1±  9056 

Mean      0.00050±0.06256 − 

Sigma     0.0006± 0.1711 

residual (DCA1.0-1.5) layer5~14

 / ndf 2χ   1054 / 27

Constant  31.1±  9974 

Mean      0.0004±0.0232 − 

Sigma     0.0005± 0.1617 

residual [mm]
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
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 / ndf 2χ   1054 / 27

Constant  31.1±  9974 

Mean      0.0004±0.0232 − 

Sigma     0.0005± 0.1617 

residual (DCA1.5-2.0) layer5~14

 / ndf 2χ   1158 / 27

Constant  3.336e+01± 1.104e+04 

Mean      0.000380±0.009329 − 

Sigma     0.0004± 0.1477 

residual [mm]
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
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 / ndf 2χ   1158 / 27

Constant  3.336e+01± 1.104e+04 

Mean      0.000380±0.009329 − 

Sigma     0.0004± 0.1477 

residual (DCA2.0-2.5) layer5~14

 / ndf 2χ   1175 / 27

Constant  3.45e+01± 1.16e+04 

Mean      0.00036±0.01015 − 

Sigma     0.0003± 0.1429 

residual [mm]
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
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 / ndf 2χ   1175 / 27

Constant  3.45e+01± 1.16e+04 

Mean      0.00036±0.01015 − 

Sigma     0.0003± 0.1429 

residual (DCA2.5-3.0) layer5~14

 / ndf 2χ   1174 / 27

Constant  3.527e+01± 1.193e+04 

Mean      0.00035±0.01606 − 

Sigma     0.0003± 0.1402 

residual [mm]
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
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 / ndf 2χ   1174 / 27

Constant  3.527e+01± 1.193e+04 

Mean      0.00035±0.01606 − 

Sigma     0.0003± 0.1402 

residual (DCA3.0-3.5) layer5~14

 / ndf 2χ   1009 / 27

Constant  3.525e+01± 1.196e+04 

Mean      0.00035±0.02229 − 

Sigma     0.0003± 0.1413 

residual [mm]
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
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 / ndf 2χ   1009 / 27

Constant  3.525e+01± 1.196e+04 

Mean      0.00035±0.02229 − 

Sigma     0.0003± 0.1413 

residual (DCA3.5-4.0) layer5~14

 / ndf 2χ  899.4 / 27

Constant  3.503e+01± 1.187e+04 

Mean      0.00035±0.02226 − 

Sigma     0.0003± 0.1419 

residual [mm]
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
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 / ndf 2χ  899.4 / 27

Constant  3.503e+01± 1.187e+04 

Mean      0.00035±0.02226 − 

Sigma     0.0003± 0.1419 

residual (DCA4.0-4.5) layer5~14

 / ndf 2χ    716 / 27

Constant  3.47e+01± 1.18e+04 

Mean      0.00035±0.01698 − 

Sigma     0.0003± 0.1436 

residual [mm]
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
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 / ndf 2χ    716 / 27

Constant  3.47e+01± 1.18e+04 

Mean      0.00035±0.01698 − 

Sigma     0.0003± 0.1436 

residual (DCA4.5-5.0) layer5~14

 / ndf 2χ  695.7 / 27

Constant  3.428e+01± 1.162e+04 

Mean      0.000362±0.008649 − 

Sigma     0.0004± 0.1452 

residual [mm]
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
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 / ndf 2χ  695.7 / 27

Constant  3.428e+01± 1.162e+04 

Mean      0.000362±0.008649 − 

Sigma     0.0004± 0.1452 

residual (DCA5.0-5.5) layer5~14

 / ndf 2χ  545.6 / 27

Constant  3.352e+01± 1.133e+04 

Mean      0.0004±0.0015 − 

Sigma     0.0004± 0.1476 

residual [mm]
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
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 / ndf 2χ  545.6 / 27

Constant  3.352e+01± 1.133e+04 

Mean      0.0004±0.0015 − 

Sigma     0.0004± 0.1476 

residual (DCA5.5-6.0) layer5~14

 / ndf 2χ  603.3 / 27

Constant  3.219e+01± 1.063e+04 

Mean      0.000410±0.003359 − 

Sigma     0.0004± 0.1561 

residual [mm]
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
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 / ndf 2χ  603.3 / 27

Constant  3.219e+01± 1.063e+04 

Mean      0.000410±0.003359 − 

Sigma     0.0004± 0.1561 

residual (DCA6.0-6.5) layer5~14

 / ndf 2χ    792 / 27

Constant  29.2±  9126 

Mean      0.00051±0.02031 − 

Sigma     0.001± 0.176 

residual [mm]
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
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 / ndf 2χ    792 / 27

Constant  29.2±  9126 

Mean      0.00051±0.02031 − 

Sigma     0.001± 0.176 

residual (DCA6.5-7.0) layer5~14

 / ndf 2χ   2143 / 27

Constant  23.7±  6476 

Mean      0.00123±0.05921 − 

Sigma     0.0020± 0.2656 

residual [mm]
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
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 / ndf 2χ   2143 / 27

Constant  23.7±  6476 

Mean      0.00123±0.05921 − 

Sigma     0.0020± 0.2656 

residual (DCA7.0-7.5) layer5~14

 / ndf 2χ  854.9 / 27

Constant  25.7±  8253 

Mean      0.00078±0.03246 − 

Sigma     0.0010± 0.2187 

residual [mm]
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
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 / ndf 2χ  854.9 / 27

Constant  25.7±  8253 

Mean      0.00078±0.03246 − 

Sigma     0.0010± 0.2187 

residual (DCA7.5-8.0) layer5~14

 / ndf 2χ  525.9 / 27

Constant  28.3±  8627 

Mean      0.00058±0.05776 − 

Sigma     0.001± 0.171 

residual [mm]
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
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 / ndf 2χ  525.9 / 27

Constant  28.3±  8627 

Mean      0.00058±0.05776 − 

Sigma     0.001± 0.171 

residual (DCA8.0-8.5) layer5~14

 / ndf 2χ    144 / 27

Constant  17.4±  3665 

Mean      0.0011±0.2699 − 

Sigma     0.0010± 0.1856 

residual [mm]
2− 1.5− 1− 0.5− 0 0.5 1 1.5 2
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 / ndf 2χ    144 / 27

Constant  17.4±  3665 

Mean      0.0011±0.2699 − 

Sigma     0.0010± 0.1856 

residual (DCA8.5-9.0) layer5~14

Bottom side
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DCA [mm]
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Sigma of Residual wrt DCA (layer5~14)
 / ndf 2χ  49.64 / 11

p0        0.005456± 0.2159 
p1        0.05106± 1.353 
p2       05− 6.26e± 0.003624 
p3            0± 0.03758 
p4            0±0.004386 − 
p5            0± 0.0004093 
p6            0±05 −1.476e− 
p7            0± 1.042 
p8            0±     0 

 / ndf 2χ  49.64 / 11
p0        0.005456± 0.2159 
p1        0.05106± 1.353 
p2       05− 6.26e± 0.003624 
p3            0± 0.03758 
p4            0±0.004386 − 
p5            0± 0.0004093 
p6            0±05 −1.476e− 
p7            0± 1.042 
p8            0±     0 

Ionσ

Difσ

Elσ

Trackσ

Totalσ

Sigma of Residual wrt DCA (layer5~14)

!" = 7.7 ± 0.3 cm+,

- = 190 ± 2 1m 2 cm+,
!" = 12.3 ± 0.2 cm+,

- ~ 140 1m 2 cm+,KLOEMy research
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DCA [mm]
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Sigma of Residual wrt DCA (layer5~14)
 / ndf 2χ  58.17 / 11

p0        0.006796± 0.214 
p1        0.05712±  1.27 
p2       05− 5.712e± 0.003388 
p3            0± 0.03758 
p4            0±0.004386 − 
p5            0± 0.0004093 
p6            0±05 −1.476e− 
p7            0± 1.042 
p8            0±  0.04 

 / ndf 2χ  58.17 / 11
p0        0.006796± 0.214 
p1        0.05712±  1.27 
p2       05− 5.712e± 0.003388 
p3            0± 0.03758 
p4            0±0.004386 − 
p5            0± 0.0004093 
p6            0±05 −1.476e− 
p7            0± 1.042 
p8            0±  0.04 

Ionσ

Difσ

Elσ

Trackσ

Totalσ

Sigma of Residual wrt DCA (layer5~14)

!" = 7.9 ± 0.4 cm,-

. = 184 ± 2 2m 3 cm,-
!" = 12.3 ± 0.2 cm,-

. ~ 140 2m 3 cm,-KLOEMy research
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h
Entries  800259
Mean   0.000273
RMS    0.5492

10- 8- 6- 4- 2- 0 2 4 6 8 10

1
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210
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410

510

h
Entries  800259
Mean   0.000273
RMS    0.5492

residual {layer_id==10&&probchisq>0.05&&residual!=-9999&&nOfSingleHitLayTP+nOfSingleHitLayBM>24&&nOfMultiHitLayTP+nOfMultiHitLayBM<10&&DCA<10&&DCA>-10}

h
Entries  800259
Mean   0.000273
RMS    0.5492
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Entries  800259
Mean   0.000273
RMS    0.5492

residual {layer_id==10&&probchisq>0.05&&residual!=-9999&&nOfSingleHitLayTP+nOfSingleHitLayBM>24&&nOfMultiHitLayTP+nOfMultiHitLayBM<10&&DCA<10&&DCA>-10}

Residual distribution of layer 10



The Way to Check the Position of the Track
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Cosmic Ray should pass through
top side and bottom side of CDC.

∆" = "$ − "&
∆' = '$ − '&
∆( = ($ − (&
∆) = )$ − )&

Evaluate these Values

X

Ytrack

($ or (&
Z

Ytrack
)$ or )&

Definition of Incident Angles

Angle in X-Y plane Angle in Y-Z plane

CDC

Top side

X

Y

("$, 0, '$)

Z axis : �

CDC
X

Y

Bottom side

("&, 0, '&)

Z axis : �

� Track reconstructed by top
� Track reconstructed by bottom

� �

Compare:



H_XalignDF
Entries  220215

 / ndf 2χ   2156 / 37
Constant  3.655e+01± 1.208e+04 
Mean      0.00147±0.04686 − 
Sigma     0.0013± 0.6398 

X [mm]Δ
10− 8− 6− 4− 2− 0 2 4 6 8 10

en
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10000

12000

H_XalignDF
Entries  220215

 / ndf 2χ  502.2 / 27
Constant  3.754e+01± 1.244e+04 
Mean      0.00149±0.04595 − 
Sigma     0.0013± 0.6155 

X (y=0)Δrun000002 Iteration=0 : 
H_XalignTP
Entries  220215

X [mm]
300− 200− 100− 0 100 200 300

en
try

0
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1600
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2000

2200
H_XalignTP
Entries  220215

H_XalignBM
Entries  220215

H_XalignBM
Entries  220215

run000002 Iteration=0: X position(y=0)

∆" = "$ − "&
Top – Bottom

Mean [mm]
0.045±0.01 
Sigma [mm]
0.616±0.001

Comparison of the Position of the X
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• Distribution of X (Y=0). 

Bottom side "&
Top side "$ : X position of tracks made from upper readout.

: X position of tracks made from lower readout.

"$ "&

scintillator
track

x

y

• Mean of ∆" is 0.045±0.01(stat.)±0.03(syst.) mm



H_PHTPxy
Entries  220215

 [rad]φ
1.3 1.4 1.5 1.6 1.7 1.8 1.9
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H_PHTPxy
Entries  220215

H_PHBMxy
Entries  220215

H_PHBMxy
Entries  220215

 X-Y planeφrun000002 Iteration=0 : 
H_PHDFxy

Entries  220215
 / ndf 2χ   1917 / 27

Constant  4.525e+01± 1.474e+04 
Mean      0.002394±0.009865 − 
Sigma     0.002± 1.022 

 [mrad]φΔ
15− 10− 5− 0 5 10 15
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H_PHDFxy

Entries  220215
 / ndf 2χ    224 / 17

Constant  4.851e+01± 1.539e+04 
Mean      0.002534±0.009525 − 
Sigma     0.0025± 0.9593 

 X-Y planeφΔrun000002 Iteration=0 : 

!" !# Top – Bottom

∆! = !" − !#

Mean [mrad]
-0.009±0.002
Sigma [mrad]
0.959±0.003 

Comparison of the Incident Angle (�X-Y Plane�
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• Distribution of incident angle ( (X-Y plane).

Bottom side !#
Top side !" : Incident angle of tracks made from upper readout.

: Incident angle of tracks made from lower readout.
X

Y
(

track

• Mean of ∆( is -0.009±0.002(stat.)±0.012(syst.) mrad.



H_ZalignTP
Entries  220215

Z [mm]
800− 600− 400− 200− 0 200 400 600 800
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H_ZalignTP
Entries  220215

H_ZalignBM
Entries  220215

H_ZalignBM
Entries  220215

run000002 Iteration=0 : Z position(y=0)
H_ZalignDF

Entries  220215
 / ndf 2χ  683.2 / 57

Constant  26.3±  9581 
Mean      0.0195±0.2755 − 
Sigma     0.016± 9.046 

Z [mm]Δ
150− 100− 50− 0 50 100 150

en
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0
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4000

6000

8000

10000
H_ZalignDF

Entries  220215
 / ndf 2χ  128.5 / 37

Constant  27.7±  9750 
Mean      0.0208±0.2751 − 
Sigma     0.019± 8.832 

Z (y=0)Δrun000002 Iteration=0 : 

!" !# ∆! = !" − !#
Top – Bottom

Mean [mm]
-0.27±0.02
Sigma [mm]
8.83±0.02

Comparison of the Position of the Z
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• Distribution of Z (Y=0). 

Bottom side !#
Top side !" : Z position of tracks made from upper readout.

: Z position of tracks made from lower readout.

Z

scintillatortrack

• Mean of ∆! is -0.27±0.02(stat.)±0.02(syst.) mm.



H_LATPyz
Entries  220215

 [rad]λ
0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4
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H_LATPyz
Entries  220215

H_LABMyz
Entries  220215

H_LABMyz
Entries  220215

 Y-Z planeλrun000002 Iteration=0 : 
H_LADFyz

Entries  220215
 / ndf 2χ  940.6 / 47

Constant  3.151e+01± 1.135e+04 
Mean      0.03±1.13 − 
Sigma     0.03± 15.16 

 [mrad]λΔ
200− 150− 100− 50− 0 50 100 150 200

en
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0
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12000
H_LADFyz

Entries  220215
 / ndf 2χ  76.37 / 27

Constant  3.403e+01± 1.167e+04 
Mean      0.036±1.078 − 
Sigma     0.03± 14.56 

 Y-Z planeλΔrun000002 Iteration=0 : 

Comparison of the Incident Angle ! �Y-Z Plane�
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• Distribution of incident angle ! (Y-Z plane). 

Bottom side "#
Top side "$ : Incident angle of tracks made from upper readout.

: Incident angle of tracks made from lower readout.

Z

Y

!
track

"$ "# Top – Bottom

∆" = "$ − "#

Mean [mrad]
-1.08±0.04
Sigma [mrad]
14.56±0.03

• Mean of ∆! is -1.08±0.04(stat.)±0.16(syst.) mrad. 

Peak in 1.55 rad�89 deg �
tend to be slope



Confirmation from CDC Spatial Resolution
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• Evaluate and confirm how “sigma” of Fit should be, by considering spatial resolution of CDC. 

1. Assume 18 layers are located side by side 

parallelly with 16 [mm] space, which is the same 

size as a cell.

2. Use spatial resolution obtained from analysis as 

errors of X and Z direction. 

Estimation Condition

• Calculate errors (Y=0) for residual

among position of wires and a straight line.

1
6

 m
m

Layer 1

Layer 2

Layer 17

Layer 18

• Thinking roughly about these errors,
there are small differences.

• So it can be said the width (!) of

∆#, ∆%, ∆&, ∆' are reasonable value

considering spatial resolution of CDC.

Real data ( Estimation ( Ratio

!)* 0.616±0.001 mm 0.539 mm 1.14

!), 0.959±0.003 mrad 0.803 mrad 1.19

!)- 8.83±0.02 mm 8.09 mm 1.09

!). 14.56±0.03 mrad 12.05 mrad 1.21

X

Y track

error

Estimate errors (!)

of X and Z in Y=0

…



Gravitational Wire Sag (Sense Wire)
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• Gravitational Wire Sag of Sense Wire at the center of CDC (Z=0 mm).

• The wire sag of each wire is around 50 ~ 58 !m.
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Wire Sag
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Wire tension assurance
!13

Criteria 
• Sag for sense wire < 70 µm 
• Sag difference with neighbor wires < 100 µm

Nominal 
value

Material Diameter Tension Sag

Sense (Au-)W 25 µm 50 g ~50 µm

Field Al 126 µm 80 g ~120 µm

Gravitational Sag:

 - 2 -

L Tg 

B 

１．１．１．１．概要概要概要概要 

 
1.1.1.1.1111．．．．    目的目的目的目的    

 ワイヤーテンション測定器䛿ワイヤーチェンバー䛾ワイヤー䛾張力を一定とするために、ワイヤー䛾張力を測

定します。許容誤差範囲外となった張力䛾ワイヤー䛿貼り直し、再度張力を測定する。 

 

1.2.1.2.1.2.1.2. 測定原理測定原理測定原理測定原理    

 ワイヤー（弦）䛾基本振動における共振周波数 F [Hz] 䛿、ワイヤー実効長 L [cm]、ワイヤー䛾線密度 ρ[g/cm]、

張力 T [gW]を用いると、以下䛾式によって表される。 

ρ
T

L
F

2
1

=  

これより、張力 T 䛿、 

( )22 FLT ×××= ρ  

となる。つまり、ワイヤー線密度 ρ、ワイヤー実効長 L、共振周波数 F が求まればワイヤー䛾張力 T が決定するこ

ととなる。ワイヤー線密度䛿計算より求める事ができ、ワイヤー実効長 L 䛿設計値から、既知䛾値である䛾で、共

振周波数 F を求めることが必要となる。以下に共振周波数 F を求める方法を示す。 

 

 

 

 

 

  

 磁場中に張られた金属ワイヤーに交流電流を流すと、ローレンツ力によってワイヤー䛿振動する。電流䛾周波

数がワイヤー䛾固有振動数に近づくと、ワイヤー䛾振幅䛿増大し、そ䛾運動に伴って、ワイヤーに誘導起電力が

発生する。こ䛾誘導起電力䛾向き䛿レンツ䛾法則により、ワイヤーに流れる電流を妨げる向きに発生する。こ䛾

結果、ワイヤー䛾インピーダンスがあたかも増加したか䛾ように見える。つまり、ワイヤー䛾インピーダンス䛾変化

を観測することによって共振周波数が測定できる。 

 

Resonant Frequency:

2016/04/19

L = 1477~1593 mm

In May 2015, we started to string wires. The stringing was conducted in a clean room in the
Fuji building B4 in KEK. Workers wore clean suits and shoes with gloves, caps and masks to
avoid dust. Temperature and humidity in the room were controlled by an air conditioner at
all times. During the whole period of stringing, we found the conditions were kept within 19.5
≥ 23.5 ¶C and 30 ≥ 55% for the temperature and relative humidity, respectively. The wires
were strung from outside to inside of the CDC. Figure 7.40 shows the number of total strung
wires as a function of consumed working days. There was no serious trouble, and the speed
of the stringing was gradually improved. The wires were strung by trained company workers.
Tension measurement of strung wires was carried out by COMET-CDC crews on the same day
as when the wires were strung. The tension of each wire was determined by measuring the wire
resonance frequency. Alternating current frequency was scanned in a magnetic field to find the
resonance point. The resonance frequency, f , is given by

f = 1
2L

Û
wg

fl
,

where L, fl, w and g are the wire length, its linear density, the tension weight, and the grav-
itational acceleration, respectively. The gravitational sag, s, at the wire center is calculated
from

s = flL2

8wg
.

The nominal tensions are 50 g for the sense wires and 80 g for the field wires; these correspond
to the gravitational sags of 50 and 120 µm, respectively. If the measured tension is 10% smaller
or larger than the nominal value, the wires were immediately re-strung.
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Figure 7.40: Progress plot of the wire stringing. It
took 121 working days to complete all wire string-
ing.
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Figure 7.41: Transition of the displacement be-
tween two endplates and total load by strung wires
and tension bars.

In addition to the wire tension, displacement between upper and lower endplates was recorded
with 4 dial gauges three times per day. The transition of the displacements are in coincidence
with the total load by strung wires and tension bars as shown in Figure 7.41. The load by
tension bars was alleviated by reducing spring load or removing tension bars one by one. There
were 6 load alleviation, and no tension bar installed in the end. Wire stringing completed at
the end of November 2015 after 121 working days. Figure 7.42 is a picture of inside CDC taken
just after the completion.
After the stringing completed, the tension of all 19,548 wires was re-checked because the gap
between 2 endplates was changing during the campaign. Figures 7.43 and 7.44 show the
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The nominal tensions are 50 g for the sense wires and 80 g for the field wires; these correspond
to the gravitational sags of 50 and 120 µm, respectively. If the measured tension is 10% smaller
or larger than the nominal value, the wires were immediately re-strung.
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tween two endplates and total load by strung wires
and tension bars.

In addition to the wire tension, displacement between upper and lower endplates was recorded
with 4 dial gauges three times per day. The transition of the displacements are in coincidence
with the total load by strung wires and tension bars as shown in Figure 7.41. The load by
tension bars was alleviated by reducing spring load or removing tension bars one by one. There
were 6 load alleviation, and no tension bar installed in the end. Wire stringing completed at
the end of November 2015 after 121 working days. Figure 7.42 is a picture of inside CDC taken
just after the completion.
After the stringing completed, the tension of all 19,548 wires was re-checked because the gap
between 2 endplates was changing during the campaign. Figures 7.43 and 7.44 show the
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After replacing bad wires, all the wires satisfy the criteria.
-100 µm

wg

From Manabu Moritsu (KEK)
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Problem in fitting of XT Curve
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• The previous way for fitting the XT Curve.

Just fit a 2D histogram with fit functions.
Fit line had been pulled inside of the XT and
not been in the center (red area) of the XT.  
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run203225 Iteration=1 Layer10: DCA vs Drift Time

XT of layer 10
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Improvement of Fitting
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• XT Curve is divided by each drift time. -> make DCA distributions for each of them.
• Fit each DCA distribution with gaussian and obtain the peak of it. 

• Make XT Curve again by using only peak of the DCA.
• Then fit it again and apply this to the real XT.

An example of DCA distribution 

Exclude the effect of inner entries
from the gaussian fitting 

DCA [mm]

En
tr

y

DCA (drift time : 60~75 ns)
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Tracking Efficiency
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• Checked how many events can be drawn the track.
• Mainly 3 types of tracks were found in the Cosmic Ray Data (total 52248 events).

Accidental Hit Noise or Crosstalk like EventClear Event
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• To pick up really clear events, P-Value cut is used for the analysis.

• The P-Value Cut Efficiency is,

• From these graphs, even though tracks look clear in the event display,

half of them are removed by P-Value cut of 3D tracking result. 

BottomTop

Distribution of Prob Chi-square

!Top : 42.23 % (12666 events)

BoUom : 42.19 % (12638 events)
P Value Cut Ef,iciency = P Value Cut Events

Clear Events ×100 =

35%
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24%
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diff of mean of ∆" due to binning and fit range
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Sigma     0.164± 8.578 

Z (y=0)Δrun203225 Iteration=4 : 

diff of mean of ∆" due to binning and fit range
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Binning

Fit Range
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 X-Y planeφΔrun203225 Iteration=4 : 
H_PHDFxy

Entries  4485
Mean  0.02043− 
RMS     3.022

 / ndf 2χ  463.7 / 167
Constant  6.3± 283.3 
Mean      0.0177±0.0286 − 
Sigma     0.017± 1.114 

 X-Y planeφΔrun203225 Iteration=4 : 
H_PHDFxy

Entries  4485
Mean  0.02043− 
RMS     3.022

 / ndf 2χ  49.72 / 27
Constant  6.2± 291.9 
Mean      0.0176±0.0299 − 
Sigma     0.016± 1.075 
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H_PHDFxy
Entries  4485
Mean  0.02043− 
RMS     3.022

 / ndf 2χ  8.017 / 17
Constant  6.7± 303.7 
Mean      0.0191±0.0439 − 
Sigma     0.019± 1.012 

 X-Y planeφΔrun203225 Iteration=4 : 
H_PHDFxy

Entries  4485
Mean  0.02043− 
RMS     3.022

 / ndf 2χ  8.017 / 17
Constant  6.7± 303.7 
Mean      0.0191±0.0439 − 
Sigma     0.019± 1.012 

 [mrad]φΔ
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H_PHDFxy
Entries  4485
Mean  0.02043− 
RMS     3.022

 / ndf 2χ  6.554 / 12
Constant  7.4± 306.4 
Mean      0.02323±0.04487 − 
Sigma     0.030± 0.993 

 X-Y planeφΔrun203225 Iteration=4 : 

diff of mean of ∆" due to binning and fit range
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Binning

Fit Range
 [mrad]φΔ

20− 15− 10− 5− 0 5 10 15 20

en
try

0

50

100

150

200

250

300

 X-Y planeφΔrun203225 Iteration=4 : 
H_PHDFxy

Entries  4485
Mean  0.02043− 
RMS     3.022

 / ndf 2χ  463.7 / 167
Constant  6.3± 283.3 
Mean      0.0177±0.0286 − 
Sigma     0.017± 1.114 

 X-Y planeφΔrun203225 Iteration=4 : 

 [mrad]φΔ
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 X-Y planeφΔrun203225 Iteration=4 : 
H_PHDFxy

Entries  4485
Mean  0.02043− 
RMS     3.022

 / ndf 2χ  452.8 / 96
Constant  12.5± 561.3 
Mean      0.01793±0.02616 − 
Sigma     0.018± 1.127 

 X-Y planeφΔrun203225 Iteration=4 : 
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 [mrad]λΔ
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 Y-Z planeλΔrun203225 Iteration=4 : 
H_PHDFyz

Entries  4485
Mean    2.052
RMS     14.75

 / ndf 2χ  68.46 / 66
Constant  5.1± 263.4 
Mean      0.202± 1.823 
Sigma     0.16± 13.37 

 Y-Z planeλΔrun203225 Iteration=4 : 

 [mrad]λΔ
200− 150− 100− 50− 0 50 100 150 200

en
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 Y-Z planeλΔrun203225 Iteration=4 : 
H_PHDFyz

Entries  4485
Mean    2.052
RMS     14.75

 / ndf 2χ  56.96 / 37
Constant  10.2± 524.6 
Mean      0.203± 1.842 
Sigma     0.16± 13.46 

 Y-Z planeλΔrun203225 Iteration=4 : 

 [mrad]λΔ
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 Y-Z planeλΔrun203225 Iteration=4 : 
H_PHDFyz

Entries  4485
Mean    2.052
RMS     14.75

 / ndf 2χ  68.46 / 66
Constant  5.1± 263.4 
Mean      0.202± 1.823 
Sigma     0.16± 13.37 

 Y-Z planeλΔrun203225 Iteration=4 : 
H_PHDFyz

Entries  4485
Mean    2.052
RMS     14.75

 / ndf 2χ  38.02 / 46
Constant  5.1± 263.7 
Mean      0.20±  1.82 
Sigma     0.16± 13.35 

 [mrad]λΔ
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H_PHDFyz
Entries  4485
Mean    2.052
RMS     14.75

 / ndf 2χ   14.7 / 27
Constant  5.3± 267.7 
Mean      0.216± 1.874 
Sigma     0.2±  13.1 

 Y-Z planeλΔrun203225 Iteration=4 : 
H_PHDFyz

Entries  4485
Mean    2.052
RMS     14.75

 / ndf 2χ   14.7 / 27
Constant  5.3± 267.7 
Mean      0.216± 1.874 
Sigma     0.2±  13.1 

 [mrad]λΔ
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H_PHDFyz
Entries  4485
Mean    2.052
RMS     14.75

 / ndf 2χ  11.82 / 23
Constant  5.5± 269.3 
Mean      0.229± 1.842 
Sigma     0.23± 12.96 

 Y-Z planeλΔrun203225 Iteration=4 : 

diff of mean of ∆" due to binning and fit range

2019/02/18 81ICEPP Symposium  Yugo Matsuda

Binning

Fit Range
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Analysis of CRT – Tracking 
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• The way to get drift time and drift distance.

• Get T0 value (basement time)
by fitting the tdc distribution with function:

Drift Time

(by Belle ll )

-> able to fit more correct than gaussian.

140- 120- 100- 80- 60- 40- 20- 00

200

400
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800

1000

1200

H_t0

tdc [1.04 ns/bin]

en
tr

y

T0

�Create XT Curve (DCA vs Drift Time) from the
result of Garfield simulation.

Get the Drift Distance from Drift Time.  

Drift Distance

First Tracking

Second and more Tracking

Drift Time = tdc - trigger timing - T0
• Use the XT Curve which is created in the

last tracking result.
-> Get Drift Distance from Drift Time
-> Iterate this process

to improve the XT Curve and tracking.

DCA

+HV
Drift Distance

Track
DCA =
Distance of
Closest Approach 

driftTime [ns]
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H2_XT_all
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run203225 Iteration=4 : DCA vs Drift Time



Analysis of CRT – Tracking Reconstruction 
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• To improve XT curve and Tracking, select appropriate hits.

Tracking result of top side and bottom side of CDC 

2. Select appropriate hit and cut others.  

1. Chose 1 layer and suspect this layer makes the tracking bad. 

3. Make XT curve from appropriate hits.

4. Draw new track and improve XT curve from this tracking result. 

Iteration

Iteration

Multi hits
Should be improved


