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After the prototype test

Scintillator type was changed to EJ200 from ELJEN company. 
All WLS Fiber was used as S-type Y-11 from Kuraray. 

We accomplished the production process more skillfully.



Measurement of the single photon gain

LED Box

Type No. HAMAMATSU S13360-6050PE

Effective 
photosensitive area

6.0 mm  × 6.0 mm

Material size 7.35 mm × 6.85 mm × 1.45 mm

Spectral response 
range λ

320 nm ~ 900 nm
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Entries  10000
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RMS     19.97

 / ndf 2χ   3162 / 114
Prob       0
p0        0.02± 11.53 
p1        6.4± 184.3 
p2        9.3± 391.7 
p3        9.5± 409.5 
p4        8.4± 319.9 
p5        6.7± 200.4 
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 / ndf 2χ   2412 / 100
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p0        0.0±  12.1 
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p3        9.6± 412.3 
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p5        4.60± 95.29 
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Single photon measurement by LED(430nm)

U.FL Cable(1.32𝜙)

ADC  Channel

Ev
en

ts

Single photon gain
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Same Charge

Charge of the MPPC single photon signal

40 MPPCs were tested.

Grouping the MPPCs

ADC Channel = 12

S.N. Voltage

12686 54.7099

DCV1 
(module 0) 

12705 54.7202

12685 54.7262

12697 54.7742

12693 54.7843

DCV1 
(module 1)

12679 54.8381

12692 54.8428

12708 54.8495

54.7 V

54.8 V
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ADC Channel → Charge



Fiber test
Test bench

MPPC

LED(430nm)

Fiber Type Kuraray, Y-11, 1mm

Fiber Length[mm] 1600

Fiber number
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ADC Channel(Calib.) by fiber number

Choice

for DCV2

72 fibers were chosen out of 115 in DCV2 
(72 fibers were chosen out of 94 in DCV1)
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Fiber gluing
Evacuation 

by vacuum chamber Wrapping

Put the MPPC Cover the MPPCLight guide

Detector manufacturing process

Scintillator : ELJEN EJ-200 
Glue : Saint Gobain BC-600 

Less than 1 pa. Over the 48 hr 
Extracting outgas

12 µm aluminized film
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Cosmic ray test of DCV
Position1 = 125,510,898,1285 Position2 = 317,705,1092,1380.5

DCV 1

DCV2

Position1 = 26.5,428,829,1231 Position2 = 227,628,1030,1432.5
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Measurement of P.E. and Attenuation length

Trigger Position[mm]
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100  / ndf 2χ  15.38 / 5
Prob   0.008841
p0        1.195± 80.05 
p1        95.33±  2322 

 / ndf 2χ  15.38 / 5
Prob   0.008841
p0        1.195± 80.05 
p1        95.33±  2322 

 / ndf 2χ  15.03 / 5
Prob   0.01024
p0        0.5564± 43.16 
p1        90.75±  2510 

 / ndf 2χ  15.03 / 5
Prob   0.01024
p0        0.5564± 43.16 
p1        90.75±  2510 

DCV1 Module0
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100  / ndf 2χ  19.77 / 5
Prob   0.001377
p0         1.19± 77.47 
p1        94.59±  2310 

 / ndf 2χ  19.77 / 5
Prob   0.001377
p0         1.19± 77.47 
p1        94.59±  2310 

 / ndf 2χ  54.16 / 5
Prob  10− 1.94e
p0        0.3017± 48.63 
p1        619.1±  3000 
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Prob  10− 1.94e
p0        0.3017± 48.63 
p1        619.1±  3000 

DCV1 Module1
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100  / ndf 2χ   30.2 / 5
Prob  05− 1.344e
p0        0.9155± 80.98 
p1        80.96±  2326 

 / ndf 2χ   30.2 / 5
Prob  05− 1.344e
p0        0.9155± 80.98 
p1        80.96±  2326 

 / ndf 2χ  27.22 / 5
Prob  05− 5.17e
p0        0.5207± 44.96 
p1        83.76±  2493 

 / ndf 2χ  27.22 / 5
Prob  05− 5.17e
p0        0.5207± 44.96 
p1        83.76±  2493 

DCV1 Module2
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100  / ndf 2χ   22.4 / 5
Prob   0.0004387
p0        0.8644± 79.73 
p1        70.88±  2261 

 / ndf 2χ   22.4 / 5
Prob   0.0004387
p0        0.8644± 79.73 
p1        70.88±  2261 

 / ndf 2χ  16.47 / 5
Prob   0.005616
p0        0.5215± 45.11 
p1         89.1±  2531 

 / ndf 2χ  16.47 / 5
Prob   0.005616
p0        0.5215± 45.11 
p1         89.1±  2531 

DCV1 Module3
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100  / ndf 2χ  12.29 / 4
Prob   0.01532
p0        0.9475± 80.83 
p1        92.63±  2525 

 / ndf 2χ  12.29 / 4
Prob   0.01532
p0        0.9475± 80.83 
p1        92.63±  2525 

 / ndf 2χ  12.98 / 4
Prob   0.01138
p0        0.5216± 47.34 
p1        98.53±  2680 

 / ndf 2χ  12.98 / 4
Prob   0.01138
p0        0.5216± 47.34 
p1        98.53±  2680 

DCV2 Module0
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100  / ndf 2χ  16.51 / 4
Prob   0.002406
p0        1.102±  79.3 
p1        126.5±  2729 

 / ndf 2χ  16.51 / 4
Prob   0.002406
p0        1.102±  79.3 
p1        126.5±  2729 

 / ndf 2χ  7.807 / 4
Prob   0.09892
p0        0.8023± 41.53 
p1        120.9±  2385 

 / ndf 2χ  7.807 / 4
Prob   0.09892
p0        0.8023± 41.53 
p1        120.9±  2385 

DCV2 Module1
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100  / ndf 2χ  11.94 / 4
Prob   0.01783
p0        0.9372±  69.1 
p1        139.5±  2793 

 / ndf 2χ  11.94 / 4
Prob   0.01783
p0        0.9372±  69.1 
p1        139.5±  2793 

 / ndf 2χ  5.269 / 4
Prob   0.2608
p0        0.6491± 43.15 
p1        102.9±  2433 

 / ndf 2χ  5.269 / 4
Prob   0.2608
p0        0.6491± 43.15 
p1        102.9±  2433 

DCV2 Module2

Trigger Position[mm]
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100  / ndf 2χ  10.23 / 4
Prob   0.0367
p0        1.473± 83.41 
p1        163.7±  2690 

 / ndf 2χ  10.23 / 4
Prob   0.0367
p0        1.473± 83.41 
p1        163.7±  2690 

 / ndf 2χ   9.87 / 4
Prob   0.04268
p0        0.9458± 43.87 
p1        124.8±  2298 

 / ndf 2χ   9.87 / 4
Prob   0.04268
p0        0.9458± 43.87 
p1        124.8±  2298 

DCV2 Module3

P.E. 
for 1 MeV

• DCV1 
 Min : 41.88 / Max : 82.05 
• DCV2 
 Min : 36.98 / Max : 85.08

Fitting 
Function f(x) = [0] * exp( ±x / [1] )

Fitting 
Range

• DCV1 : 128 ~ 1285 
(DCV1 Length = 1410 mm) 
• DCV2 : 227 ~ 1231 
(DCV2 Length = 1460 mm)

Average 
Attenuatio
n Length

• DCV1 : 2469 mm 
• DCV2 : 2567 mm
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DCV1

DCV2

Making the scintillator pipes
Top

Bottom

NorthSouth
Beam
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LIM GeiYoub PARK JeongWoo

CHOI JaeMin
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(View from downstream) Center Line for beam alignment



Feed through

Membrane
DCV1

Signal check

After covering the flange

Installation of DCV1

To Fix the DCV1

20 mV

~150 ns
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Downstream  square beam pipe
Signal check

Installation of DCV2

Feed through
Spacer to fix the DCV2

10 mV

~150 ns
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DCV1

Combine the downstream square beam pipe

Alignment

DCV1

DCV2
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U.FL Connector 
for MPPC LAN Connector

Test pulse input 
(LEMO)

Voltage ControllerVoltage Control 
Connector 

(Micro 5-pin)

Voltage 
Monitor 
Connector Voltage  

Input 
Connector

0

1

2

3

0

1

2

3

DCV Amplifier board



DCV Amplifier board

U.FL Connector 
for MPPC

Voltage  
Input 

Connector

LAN Connector

[There are 4 board in one box.]

Test pulse input 
(LEMO)

Voltage 
Monitor 
Connector

Voltage Control 
Connector 

(Micro 5-pin)

Mod 0

Mod 1

Mod 2

Mod 3



DCV1

LAN Cable No. 7 
( ADC 14, 15 )

Fixed by clamp

DCV2 feedthrough

DCV2



Issues during the installation of DCV
• The depth of feedthrough at downstream square beam pipe was short. 

• Extend the feedthrough about 90 mm.  

• U.FL Cables were stressed between feedthrough flanges and surface of the DCV1 pipe. So 
there were no signal. 

• The defective MPPCs were replaced with a new one with a gain as close as possible.  
( DCV1 module3 MPPC 2, DCV2 module 2 MPPC 4 )  

• DCV2 beam pipe spacers were not fit. 

• We had polished the spacers to fit. 

• DCV Pulse was inverted to negative sign. 

• Converting board from Osaka University was installed. 

• ADC channel of a pair of MPPCs were switched ( 1 ↔ 2, 3 ↔ 4 ) 

• DCV Map was modified at 20 Feb, 2019





Define the Run Period for the calibration by cosmic ray

Run Period RunID Date

81

0 30776 ~ 30787 2019.3.1. 01:30:52 ~ 2019.3.1. 09:10:48

1 30910 ~ 31035 2019.3.4. 11:01:48 ~ 2019.3.8. 10:21:00

2 31240 ~ 31373 2019.3.14. 15:04:25 ~ 2019.3.18. 22:36:06

3 31374 ~ 31389 2019.3.18. 23:56:46 ~ 2019.3.19. 17:44:15

4 31422 ~ 31446 2019.3.20. 20:56:08 ~ 2019.3.21. 18:24:10

5 31447 ~ 31506 2019.3.21. 18:30:47 ~ 2019.3.23. 20:38:25

82

6 31533 ~ 31553 2019.4.3. 23:39:44 ~ 2019.4.4. 16:28:03

7 31747 ~ 31772 2019.4.10. 09:05:19 ~ 2019.4.11. 05:11:42

8 31984 ~ 31996 2019.4.17. 05:35:27 ~ 2019.4.17. 16:24:26

9 32202 ~ 32220 2019.4.24. 09:28:03 ~ 2019.4.25. 01:31:45



Using the DCVPeak for calibration.

0

Module 1

Module 3

Module 0 Module 2

ch 7 
ch 5

ch 12 
ch 14

Ratio =  DCVIntegratedADC / DCVPeak

(Cal_Period1)

Flag Number 0

DCV had the 2 type of  
Ratio and Pedestal.
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~ 8
~ 16
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Configuration
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DCV1 DCV2
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Δ𝑥 = 447 mmΔ𝑥 = 295 mm

Calibration of DCV(Path length, Attenuation)

Module 1

Module 3

Module 0 Module 2
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Flag Number
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4
DCV2

CC05(CsI)

𝜃
Path length correction factor 

= sin 𝜃

Attenuation factor = exp( Δ𝑥 /  λ ) 
λ : Attenuation length

!23

For Flag Number 2, 3, 4, 5
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Calibration Factor by run period
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Calibration Factors tend to increase over time.
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Period 9 almost have maximum calibration factor. 
Period 0 have minimum calibration factor for all MPPC channel. 

Calibration factors were increased about 10 ~ 37 %
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Summary

1. The result of cosmic ray data, DCV got 40 ~ 80 p.e. 

2. DCV was well installed at KOTO beam line. 

3. The calibration of DCV was almost completed by using the cosmic ray 
data. 

1. There is a pedestal fluctuation. 

2. DCVPeak(Pulse height) was used. 

3. DCV calibration factors were increased about 10 ~ 37% 

4. We have to check the physics run data.
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FIG. 3. Reconstructed π0 transverse momentum (Pt) versus
π0 decay vertex position (Zvtx) plot of the events with all the
cuts imposed. The region surrounded by red lines is the sig-
nal region. The black dots represent observed events, and the
contour indicates the KL → π0νν signal distribution derived
from the MC simulation. The black italic (red regular) num-
bers indicate the numbers of observed (expected background)
events for the regions inside the lines.

which was a veto counter of plastic scintillator for charged
particles located in front of CSI. In this background,
when a halo-neutron hit CV and produced an η meson,
and the two photons from the η decay hit CSI, the two
clusters were reconstructed using the π0 mass hypoth-
esis which pushes the reconstructed Zvtx upstream into
the signal region. This background was suppressed by
imposing a cut which evaluates the consistency of the
shape of the clusters with the incident angle of the pho-
tons originated from the η→ 2γ decay produced at CV.
The number of the background events was estimated to
be 0.04.

Conclusions and prospects. After all the cuts were im-
posed, no signal candidate events were observed as shown
in Fig. 3. Assuming Poisson statistics with uncertainties
taken into account [38], the upper limit for the branch-
ing fraction of the KL → π0νν decay was obtained to
be 3.0 × 10−9 at the 90% C.L. The upper limit for the
KL → π0X0 decay was also set to be 2.4 × 10−9 (90%
C.L.) for mX0 = mπ0 . These results improve the upper
limit of the direct search by almost an order of magni-
tude.

Based on this analysis, we developed necessary mea-
sures to reach better sensitivity. We anticipate to im-
prove background rejection with data collected after 2015
with a newly-added veto counter in 2016 [39] and more
refined analysis methodologies, exploiting the substan-
tially higher statistics of the collected control samples.
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The motivation of new detector(DCV)

CHAPTER 2 The KOTO Experiment
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Figure 2.1: Cut-out-view of the KOTO detector assembly in the physics run in May, 2013. Detectors
with their names written in blue, green and red letter consists of mainly lead-scintillator sampling
calorimeter, plastic scintillator and undoped CsI crystal, respectively. The downstream detector
named as BHPV is lead-aerogel sandwich detector. Detail of each detector appears in Section 2.2.5
and 2.2.6.

Narrowly-collimated beam
In the π0 reconstruction process, assumption of decay on the beam axis is necessary as described
in Sec. 2.1.2. This requires KL beam with a small cross section, which is called “pencil beam,” so
that deviation of decay vertex from the beam axis is neglected. This pencil beam method also plays
an important role to give a kinematical limit on transverse momentum of beam KL. Thanks to
this feature, transverse momentum of incident KL is considered to be zero and that of a decay π0

is clearly resolved. Since π0 from the KL → π0νν decay tends to have large transverse momentum
due to emission of two neutrinos, this is one of the most critical kinematic variable for signal
identification and the narrow beam is indispensable for this experiment.

Long beam line
At the production target, neutral short-lived particles which can mimic the KL → π0νν signal are
also generated. For example, it is possible that a Λ particle gives the same state of “two photons and
nothing” with KL → π0νν through its decay of Λ → π0n. In order to suppress contaminations from
such short-lived particles, the beam line is designed to be long so that they completely decay out
before reaching the detector. In this experiment, distance between the production target and the
detector is 21.5 m. As a result of a Geant4 [49] simulation with the hadron package of QGSP BERT
[50], where a gold target was bombarded with 30 GeV protons, the relative Λ yield to that of KL

at the detector position was estimated to be 3 × 10−15. This number*1 is small enough compared
to expected sensitivity of this experiment. As a result, only stable or long-lived neutral particles,

*1In this simulation, Λ particles generated in the target were collected at its surface and the number of those
within the direction of 16± 1◦ with respect to incident protons was counted considering survival probability after the
21.5-m-long beam line for each Λ.
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TABLE II. Summary of relative systematic uncertainties in
the single event sensitivity.

source uncertainty [%]
trigger effect 1.9
photon selection cuts 0.81
kinematic cuts for KL→π0νν 5.1
veto cuts 3.7
shape-related cuts 5.1
KL momentum spectrum 1.1
kinematic cuts for KL→2π0 2.7
KL→2π0 branching fraction 0.69
normalization modes inconsistency 5.6
total 11

TABLE III. Summary of background estimation.

source Number of events
KL decay KL→π+π−π0 0.05 ± 0.02

KL→2π0 0.02 ± 0.02
other KL decays 0.03 ± 0.01

neutron-induced hadron-cluster 0.24 ± 0.17
upstream-π0 0.04 ± 0.03
CV-η 0.04 ± 0.02

total 0.42 ± 0.18

(MC), was used to estimate the systematic uncertainty of
the ith cut. The sum in quadrature of the uncertainties
for each of the kinematic cuts and shape-related cuts re-
sulted in a total systematic uncertainty of 5.1% for both
sets, as shown in Table II. The sensitivity was measured
with the KL→3π0 and KL→2γ decays, and their differ-
ence contributed the single largest source of systematic
uncertainties of 5.6%.
Background estimation. Table III summarizes the

background estimation. The total number of estimated
background events in the signal region was 0.42 ± 0.18.
We categorized background sources into two groups: KL

decay background and neutron-induced background.
The KL decay background was estimated using MC

simulations. The KL→π+π−π0 background was due to
the absorption of charged pions in the un-instrumented
material downstream of CSI. The background fromKL→
2π0 and other KL decays was found to be small in this
analysis.
The neutron-induced background, which was caused

by halo-neutrons hitting a detector component, was sub-
divided into following three categories.
The background called “hadron-cluster” [33] was

caused by a halo-neutron directly hitting CSI and creat-
ing a hadronic shower and by a neutron produced in the
primary shower to create a second, separated hadronic
shower. These two showers mimicked the clusters from
π0→2γ. A data-driven approach was taken to estimate
this background. A control sample was collected in spe-
cial runs with a 10-mm-thick aluminum plate inserted
to the beam core at Z = −634 mm to scatter neutrons.

Two-cluster events were selected in this control sample
with selection criteria similar to those used for the sig-
nal sample. Two types of cuts were used to reduce the
contamination from these neutron-induced events based
on cluster shape discrimination [34] and pulse shape dis-
crimination [35]. A photon-like cluster was selected by
considering several variables based on an electromagnetic
shower library produced by the MC simulation. The vari-
able with the most discriminating power between pho-
ton and neutron clusters was an energy-based likelihood
calculated using the accumulated energy distribution in
each crystal as a probability density function. Addi-
tional variables, such as global energy and cluster tim-
ing information, were used in minimum chi-square esti-
mations and combined with the energy-based likelihood
as inputs to a neural network [36] with a single output
variable able to distinguish between electromagnetic and
hadronic cluster hypotheses. The pulse shape discrimi-
nation used the waveform of read-out signal from each
CSI crystal. The waveform was fitted to the following
asymmetric Gaussian:

A(t) = |A| exp

(

−
(t− t0)2

2σ(t)2

)

, (2)

where σ(t) = σ0 + a(t− t0) depends on the timing differ-
ence from the mean of the Gaussian (t0). Using tem-
plates of the fit parameters, σ0 and a, obtained in a
hadron-cluster control sample and by a photon sample
from KL→ 3π0, a likelihood ratio was calculated to de-
termine which of the hadron-cluster and the two-photon
event was more likely to be. We evaluated the rejection
power of cuts based on these two discrimination variables
for the Al-plate control sample by taking their correla-
tion into account. The number of the background events
was normalized by comparing the numbers of events of
the signal sample and of the control sample outside the
signal region before imposing these cuts. The number of
the background events was estimated to be 0.24. Note
that this is an overestimate due to kaon contamination
in the control sample, which we were unable to subtract
quantitatively from the estimation because of the limited
statistics.
The background called “upstream-π0” was caused by

halo-neutrons hitting the NCC counter in the upstream
end of the decay volume and producing π0’s. The re-
constructed Zvtx for such decays is shifted downstream
into the signal region if the energies of photons were mis-
measured to be smaller due to photo-nuclear interactions
in CSI, or if one photon in the CSI is paired to a sec-
ondary neutron interacting in the CSI to reconstruct the
π0. This background was evaluated by simulation, and
the yield was normalized to the number of events in the
upstream region in the data and MC. We estimated the
number of this background to be 0.04.
The background called “CV-η” stemmed from the η

production in the halo-neutron interaction with CV [37],
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ADC Channel = 12

S.N. Voltage[V] Group Before the 
installation

During the 
installation
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(module 0) 
54.7 V
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(module 3) 
55.3 V12681 55.2684

12673 55.2827 Broken

12699 55.2867 DCV2 
(module 3) 
55.3 V12694 55.3299



DCV Map

DCV Number Module MPPC Serial Number U.FL cable Board(COM) LAN cable ADC Channel
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DCV1 Position
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Cable arrangement

DCV0 ~ DCV7

DCV8 ~ DCV15
There is both-end label.
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Power supply for DCV

20:27 2019/2/8 
Turn on the power supply 

DCV1 : 0.93 A 7.01 V 
DCV2 : 0.93 A 7.00 V 

(+18V) 

10:45 2019/2/10 
DCV1 : 0.94 A 7.01 V 
DCV2 : 0.95 A 7.00 V 

(+18V) 

14:41 2019/2/10 
DCV1 : 0.94 A 7.01 V 
DCV2 : 0.95 A 7.00 V 

(+18V)



Outside of the fence

USB connector for voltage control LEMO cable for Test pulse
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For North Trigger
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Cosmicray traking by using CC05
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Path length(DCV1)

 float a1 = 170*3/4; 
 float x = 5*17/317; 
 float b1 = (x+120)/2; 
 float c1 = sqrt((a1*a1)+(b1*b1)); 
 float sin1 = a1/c1;

𝜃

a1

b1
c1

170 mm 300 mm

120 mm

!60

sin1 : 0.904172



 float a2 = 210*3/4; 
 float b2 = 210/2; 
 float c2 = sqrt((a2*a2)+(b2*b2)); 

 float sin2 = a2/c2;

Path length(DCV2)
210 mm
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m

m

𝜃
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!61

sin2 : 0.831235



lambda_dcv1 = 2469; // Attenuation Length of DCV1 
pos_DCV1 = 7835; // Center position of DCV1 
pos_CC04 = 7540; // Center position of CC04 

att1_f = exp((pos_DCV1 - pos_CC04)/lambda_dcv1); 
att1_r = exp(-(pos_DCV1 - pos_CC04)/lambda_dcv1);

7835 mm

7540 mm

Δ𝑥 = 295 mm
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Calculation of attenuation factor



lambda_dcv2 = 2567; // Attenuation Length of DCV2 
pos_DCV2 = 9346; // Center position of DCV2 
pos_CC05 = 8899; // Center position of CC05 

att2_f = exp((pos_DCV2 - pos_CC05)/lambda_dcv2); 
att2_r = exp(-(pos_DCV2 - pos_CC05)/lambda_dcv2);
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Calculation of attenuation factor
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