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KOTO experiment

for What? To search for CPV caused by New Physics 
beyond the Standard Model

How?        By observing the decay

When? The first physics run will start in 2013 spring

Where? J-PARC : Japan Proton Accelerator Research 
Complex
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                          decay

•decay via direct CPV
•loop diagram : sensitive to New Physics
•well known : theoretical error ~ 2%
•　
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A Feynman diagram of the decay.

1.2. CP VIOLATION IN THE STANDARD MODEL 7
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Figure 1.3: The unitarity triangle. (a) Representation of the triangle formed by the CKM
matrix element in the complex plane. (b) Rescaled triangle with vertices A,B and C at (ρ̄, η̄),
(1, 0) and (0, 0), respectively. In this context, ρ̄ = ρ(1− λ2/2) and η̄ = η(1− λ2/2). As will be
described in later, the branching ratio of the KL → π0νν̄ decay determines the height of the
unitarity triangle.

1.2.2 Current status of CKM parameters

As shown in Equation 1.25, A,λ and η determine the size of CP violation in the Standard Model.
They are also used in theoretical calculations to predict the branching ratio of KL → π0νν̄
decay, as will be discussed in the next section. Therefore, we briefly summarize the current
status of constraints on the CKM parameters, which are imposed from a combination of various
experiments.

The λ = |Vus| is determined by the decay rates of strange particles. The current average
value is reported to be |Vus| = 0.2200 ± 0.0026 [5]. The A can be determined with the λ and
the measurement of the |Vcb| as shown in Equation 1.20 and 1.23. The |Vcb| is obtained from
the semi-leptonic decays in B mesons to be |Vcb| = (41.3 ± 1.5) × 10−3 [5].

The constraints on (ρ̄, η̄) plane, where ρ̄ = ρ(1 − λ2/2) and η̄ = η(1 − λ2/2), respectively,
are imposed from several experimental measurements. A detailed description can be found in
ref. [5]. The |ε| and sin 2β are typical parameters in the K and B meson systems, respectively.

The |ε| is connected to (ρ̄, η̄) through the relation [10]:

ε = η̄A2BK

[
1.248(1 − ρ̄)A2

(
mt

170(GeV)

)1.52

+ 0.31

]
, (1.28)

where BK is the ratio of the true matrix element to that obtained using vacuum insertion, and
it is estimated to be 0.85 ± 0.15 [11].

The decay processes of b → cc̄s give, in the time-dependent CP violation, an important
parameter sin 2β, where β is an angle of the unitary triangle in the (ρ̄, η̄) plane as shown in
Fig. 1.3 (b). The present experimental results from BELLE and BaBar experiments determine
it to be [5]:

sin 2β = 0.736 ± 0.049 . (1.29)

All the constraints on the (ρ̄, η̄) nicely overlap in one region as shown in Fig. 1.4. The
measurement in the K meson system, |ε|, and the measurement in the B meson system, sin 2β,
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History of the experimental results
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History of the experimental results

“Grossman-Nir Limit” by
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History of the experimental results
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Theoretical models beyond the SM

http://www.lnf.infn.it/wg/vus/content/Krare.html
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J-PARC KOTO experiment

•KOTO : K0 at TOkai
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“Koto”

Arizona State, Chicago, CNU, Jeju National, JINR, KEK, Kyoto, Kyungpook National, 
Michigan, NDA, NTU, Okayama, Osaka, Pusan, Saga, Yamagata



Experimental methods
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Experimental apparatus

•High intensity KL beam
•Waveform digitization
•CsI calorimeter
•New Veto detectors

Another background is π0 production from beam neutrons interacting
with residual gas in the decay region. In order to suppress this background,
the decay volume is evacuated to 10−5 Pa, as was obtained in E391a by
separating the detector and the decay region with a thin film.

Figure 14: Schematic view of detector setup.

4.3.1 Calorimeter

The electromagnetic calorimeter measures the positions and energies of pho-
tons to reconstruct π0 in the K0

L → π0νν decay. In the E391a experiment,
the Calorimeter was made of 576 pure CsI crystals. Each crystal was 7.0×7.0
cm2 and 30-cm long (16 X0) [59].

For the experiment at J-PARC, we plan to replace these crystals with the
pure CsI crystals used in the calorimeter of the Fermilab KTeV experiment.
The crystals, called “KTeV CsI crystals” hereafter, are smaller in the cross
section and longer in the beam direction (50 cm, 27 X0) than the crystals in
E391a, which ensures us much better performance in the new experiment.
Figure 15 shows the layout of the new Calorimeter, which then consists of
2576 crystals. These crystals are of two sizes, 2.5 × 2.5 × 50 cm3 for the
central region (2240 blocks), and 5.0×5.0×50 cm3 for the outer region (336
blocks) of the Calorimeter.

The reasons for replacing the calorimeter are as follows.

• Reduce the probability of missing photons due to fused clusters.
If two photons hit the Calorimeter close to each other, the generated
showers will overlap and be misidentified as a single photon. Figure 16
shows an event display for two photons that enter the CsI Calorimeter
with 6-cm separation. By using the KTeV CsI crystals, two photons
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•High intensity KL beam
•Waveform digitization
•CsI calorimeter
•New Veto detectors



J-PARC Laboratory

•Main ring (30 GeV protons)
J-PARC Laboratory
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Neutral beam line
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Beam survey

vertical (Y) profiles, respectively. The shapes were asym-
metric in these figures because the edge of collimators was
cutting a part of the beam.

3.2.3 Collimator alignment
In this subsection, we show usefulness of the GOH-monitor
when aligning the collimators; more detailed analysis will
be reported elsewhere. Since the horizontal and vertical
alignments were made separately, we only explain a pro-
cedure for the horizontal direction as an example. First, an
upstream or downstream position for one of the collimators
was moved horizontally. From the obtained profile, for
example from Fig. 5 (left), we determined left or right ‘‘edge
positions’’ as the points at which the heights was 10% of the
peak. The measured edge positions are summarized in Fig. 6
as a function of the horizontal collimator positions (note that
only relative position is relevant). The top left graph shows
the left edge positions and the top right shows the right edge

positions. The graph may be represented by two straight
lines; in the part represented by the horizontal line the
collimator edge is not cutting the actual beam, while in the
part by the sloped line the edge is cutting the beam. The
break point of the two straight lines, represented by the
arrow, is defined as the ‘‘left/right-edge-defining positions’’.
We set the collimator position to the center of the left- and
right-edge-defining positions. This procedure was done for
the two collimators, upstream or downstream positions, and
horizontal or vertical directions. The bottom graphs in Fig. 6
show the results of Monte Carlo (MC) simulations for these
edge-defining positions. Although a very simple ray-tracing
simulation is used, it represents the gross structure. We note,
however, that there are noticeable differences between the
actual and MC data. These may be caused by scattering
effects of actual beam particles, effects due to KL decay
particles, physics crosstalks due to particle interactions,
instrumental crosstalks, etc. Detailed analysis is in progress

Fig. 5. Examples of beam profile measurements. In these examples, the collimators were moved by intention from the optimum position to see the effects.
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Fig. 6. Positions of the left and right edges of the profile as a function of the collimator positions for the downstream of the first collimator. The collimator
position, 0mm, is the final alignment position. The top graphs show the actual data and the bottom graphs show the results from simulations.
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Beam survey

and the results will be reported elsewhere. Next, the two
collimators were rotated simultaneously around the center of
the GOH-monitor, and the rotation angle which maximized
the beam intensity was determined. Finally, the horizontal
and vertical move was repeated more finely. As a result, we
set the collimators with the precision better than 1mm as
shown in Fig. 6. Figure 7 shows the final beam profiles thus
obtained.

4. Summary

We have developed a reliable and versatile profile monitor
for a neutral beam line. It consists of two planes of
scintillating fibers readout by MA-PMTs. It uses a high-
impedance RC circuit to integrate the PMTs output current,
and its charge was read out by sampling ADCs. By adjusting
the integration time constants, R and/or C, it can be operated
in the time-resolution mode or the spatial-resolution mode.
The monitor was tested and used in a beam survey exper-
iment at J-PARC. In particular, it was an essential diagnostic
device when installing and adjusting the collimators.

The monitor is expected to function equally well in
a higher intense beam. In a high-flux beam, it is necessary
to lower the sensitivity; this can be accomplished by,
for example, lowering the high voltage for the PMTs.
This kind of beam monitor is essential for neutral beam
experiments to do rare decay search or precision measure-
ment.
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Beam survey

•We got
•expected beam profile
•2.6 times larger number of KL assumed at proposal
(by measuring the number of                     decays)KL � �+���0

and the results will be reported elsewhere. Next, the two
collimators were rotated simultaneously around the center of
the GOH-monitor, and the rotation angle which maximized
the beam intensity was determined. Finally, the horizontal
and vertical move was repeated more finely. As a result, we
set the collimators with the precision better than 1mm as
shown in Fig. 6. Figure 7 shows the final beam profiles thus
obtained.

4. Summary

We have developed a reliable and versatile profile monitor
for a neutral beam line. It consists of two planes of
scintillating fibers readout by MA-PMTs. It uses a high-
impedance RC circuit to integrate the PMTs output current,
and its charge was read out by sampling ADCs. By adjusting
the integration time constants, R and/or C, it can be operated
in the time-resolution mode or the spatial-resolution mode.
The monitor was tested and used in a beam survey exper-
iment at J-PARC. In particular, it was an essential diagnostic
device when installing and adjusting the collimators.

The monitor is expected to function equally well in
a higher intense beam. In a high-flux beam, it is necessary
to lower the sensitivity; this can be accomplished by,
for example, lowering the high voltage for the PMTs.
This kind of beam monitor is essential for neutral beam
experiments to do rare decay search or precision measure-
ment.
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Table 1: K0
L flux estimation in the case of Ni target with various simulation packages. Neutron

and photon fluxes are also shown for reference. All of the flux values were counted at the exit
of the beam line and were normalized to 2 × 1014 primary protons on the target, which
corresponds to the designed intensity in a spill from the MR. The 7-cm-thick lead absorber
was assumed to be inserted in the beam line.

Package name K0
L flux Neutron flux Photon flux

(Tn >100 MeV) (Eγ > 10 MeV)
GEANT4 7.4 × 106 3.2 × 108 5.9 × 107

GEANT3 1.5 × 107 3.8 × 108 5.1 × 107

FLUKA 2.1 × 107 3.7 × 108 7.1 × 107

Front layer Rear layer

Upper arm

Lower arm

electromagnetic calorimeter
(array of undoped CsI crystals)

Lower arm

Upper arm

back view

beam axis

0 50cm 100cm

50cm

100cm

0

Left 
bank

Right 
bank

electromagnetic calorimeter
(array of undoped CsI crystals)

Side view

hodoscope

Figure 2: Schematic drawing of the experimental setup in the side view (left) and the back
view (right).

other component was a tracking system with sets of hodoscope planes to detect78

charged particles. A bag filled with helium gas (not shown in Fig. 2) was inserted79

in the beam region between the exit window of the beam line and the surface of80

the calorimeter to reduce backgrounds due to neutron interactions in the beam.81

No detectors were placed in the neutral beam in order to avoid excessively high82

counting rates.83

2.3. CsI calorimeter84

As shown in Fig. 2, there were two calorimeter banks: one was located on85

the left and the other on the right side of the beam with a 20-cm space between86

the two. A bank consisted of 25 undoped CsI crystals, each being 7×7×30cm3
87

and stacked in a 5 × 5 matrix. Hamamatsu R4275-02 photomultiplier tubes88

(PMTs) [14] were used to readout scintillating light from the crystals. All of89

the PMTs and the crystals were acquired from the calorimeter used in the90

E391a experiment [15]. These PMTs were attached to the downstream end of91

the crystals and their signals were sent to a subsequent readout system. The92
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Beam survey

observed with negligible background contamination. We identi-
fied those events that satisfied 460oMpþ p"p0 o540 MeV=c2 as
K0

L . After imposing all the cuts, the observed number of K0
L decays

was 1923 for the Ni target. Table 6 summarizes the numbers of
remaining events after various kinematical cuts. For the Pt target
runs, the same analysis procedure was taken and 2217 events
passed all the cuts.

The background contamination was studied by MC simula-
tions and found to be 0.5% (0.5%) from the K0

L-3p0 and 0.3%
(0.6%) from neutron interactions in the beam region in the case of
the Ni (Pt) target. In the discussion of the K0

L flux below, these

backgrounds were subtracted from the observed numbers of
events.

4. Results and discussions

4.1. K0
L flux

The number of K0
L s at the exit of the beam line was taken as a

measure of the flux. The flux was normalized to 2#1014 protons
on the production target (POT), which corresponds to the
designed value of POT per single spill from the MR accelerator
of J-PARC with the slow extraction.

In order to determine the flux at the exit of the beam line from
the observed K0

L decays, the geometrical acceptance and the
analysis efficiencies must be evaluated, as well as the decay
probability and the K0

L-pþp"p0 branching ratio. The efficiencies
of the hodoscope planes were evaluated by data taken with a
special trigger, and were found to be 98.4% per plane in average.
Hits were required in all the eight planes and thus the total
efficiency was estimated to be 87.4%. The average live time of the
data acquisition was 97.7% during the runs. The decay probability,
geometrical acceptance, and analysis efficiencies were evaluated
by the MC simulations to be 5.6%, 0.079%, and 14.4%, respectively.
Note that these values depend on the K0

L momentum distribution,
as discussed later. The values obtained with our resultant spectra
were used.

Information from a secondary emission chamber (SEC) in the
proton extraction line of the MR was used to monitor the POT
value in each spill. The SEC provided a scaler count proportional
to the proton intensity. It was normalized so as to agree with the
measured intensity by a current transformer (CT) in the MR,
provided by the accelerator group. The beam loss at the extraction
was 1.4% according to measurements by loss monitors, and was
taken into account in the calculation.

By using the K0
L-pþp"p0 branching ratio of 12.54% [19], the

K0
L yields for the Ni and Pt targets were obtained as listed in

Table 7.
Compared with the MC simulations, the resultant K0

L flux for
the Ni target was consistent with the expectations from GEANT3
and FLUKA but larger than that from GEANT4. For the Pt target,
the measured value was larger than all the expectations by three
simulation packages. Note that the differences among various MC
simulations include the effects of scattering from the 7-cm-thick
lead absorber, as well as the K0

L production cross-section. We also
examined the ratio of the K0

L yield of the Pt target to that of the Ni
target. The measurements gave the value of 2:16þ0:38

"0:36 , while the
expectations were 2.05 by GEANT4, 1.58 by GEANT3, and 1.56 by
FLUKA, respectively.

4.2. K0
L momentum spectrum

Fig. 8 shows the reconstructed K0
L momentum distribution for

the Ni target. The distribution includes the detector acceptance and

E
ve

nt
s 

(/
8 

M
eV

/c
2 )

400
0

50

100

150

200

250

300

350

400

Data

KL→π+π-π0

450 500 550 600 650 700 750 800

M         (MeV/c2)π+π-π0

Fig. 7. Invariant mass distribution of pþp"p0 after imposing all the kinematical
cuts except the cut on Mpþ p"p0 . Dots with bars indicate the data and a histogram
shows the K0

L-pþp"p0 signals from the simulation result.

Table 6
Summary of the kinematical cuts. Here the results in the Ni target runs are shown.
Npass indicates the number of events which passed the cut given in the row.
Reduction here is defined by normalizing to the number of events after the
primary event selection.

Cut name Condition Npass Reduction
(%)

Primary event selection 12 059 –

p0 invariant mass 105oMggo165 MeV=c2 5801 48

Azimuthal angle 9Df7 9o1681 or 9Df7 941921 3465 29

p7 momentum p7 40 2871 24

Vertex position 21:0ozv o23:5 m 2722 23
Two photon distance d2g440 cm 2666 22

K0
L invariant mass 460oMpþ p"p0 o540 MeV=c2 1923 16

Table 7

Resultant K0
L flux at the exit of the beam line. The K0

L yields for the Ni and the Pt targets and their ratio were summarized, together with the expectations by MC
simulations. The first uncertainties are statistical and the second ones are systematic (discussed in Section 4.3).

Target Flux (normalized to 2#1014 POT)

Data GEANT4 GEANT3 FLUKA

Ni (5.4-cm-long) ð1:9470:05þ0:25
"0:24 Þ # 107 0.74#107 1.51#107 2.07#107

Pt (6.0-cm-long) ð4:1970:09þ0:47
"0:44 Þ # 107 1.52#107 2.38#107 3.24#107

Pt/Ni ratio 2:16þ0:38
"0:36

2.05 1.58 1.56
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and the results will be reported elsewhere. Next, the two
collimators were rotated simultaneously around the center of
the GOH-monitor, and the rotation angle which maximized
the beam intensity was determined. Finally, the horizontal
and vertical move was repeated more finely. As a result, we
set the collimators with the precision better than 1mm as
shown in Fig. 6. Figure 7 shows the final beam profiles thus
obtained.

4. Summary

We have developed a reliable and versatile profile monitor
for a neutral beam line. It consists of two planes of
scintillating fibers readout by MA-PMTs. It uses a high-
impedance RC circuit to integrate the PMTs output current,
and its charge was read out by sampling ADCs. By adjusting
the integration time constants, R and/or C, it can be operated
in the time-resolution mode or the spatial-resolution mode.
The monitor was tested and used in a beam survey exper-
iment at J-PARC. In particular, it was an essential diagnostic
device when installing and adjusting the collimators.

The monitor is expected to function equally well in
a higher intense beam. In a high-flux beam, it is necessary
to lower the sensitivity; this can be accomplished by,
for example, lowering the high voltage for the PMTs.
This kind of beam monitor is essential for neutral beam
experiments to do rare decay search or precision measure-
ment.
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•We got
•expected beam profile
•2.6 times larger number of KL assumed at proposal
(by measuring the number of                     decays)KL � �+���0



•High intensity KL beam
•Waveform digitization
•CsI calorimeter
•New Veto detectors



Waveform readout

•14bit FADC
•to record waveform
•to form triggers digitally
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Waveform readout
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•to record waveform
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Waveform readout

•14bit FADC
•to record waveform
•to form triggers digitally
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Waveform readout

•14bit FADC
•to record waveform
•to form triggers digitally

•data rate : ~ 1GB/s
•Designed, produced by US
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•High intensity KL beam
•Waveform digitization
•CsI calorimeter
•New Veto detectors



CsI calorimeter

•Longer : 30cm → 50cm (27X0)
•Smaller : 7cm → 2.5/5cm square
•CsI crystals from KTeV experiment

October 2010: 
engineering run with 1800 crystals

2011.Feb.08 16:30

stacking

July 2010
KOTO 
CsI calorimeter

completed
KTeV 
CsI calorimeter

2716 crystals

dismantled by 
December 2008

2012年4月18日水曜日

KTeV@FNAL

30cm

e+

beam test w/ prototype



CsI calorimeter - beam test

•measure the energy and timing resolution
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Pulse shape based estimation method

•pulse shape simulation w/ fundamental properties of single 
photoelectrons

•typical waveform passing through the Bessel filter
•probability density function in timing
•absolute light yield : 12.7 p.e./MeV (typical)
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CsI calorimeter - performance evaluation

✓ understand σE, σt from 1st principles
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Incident angle discrimination

•calculate incident angles assuming signal and BG
•calculate the likelihood of the observed shower shape for 
each assumption
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Incident angle discrimination : rejection power

•rejection power @ 83% signal efficiency
•53 for                 decay in the beam halo
• (8.7 for             )
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CsI calorimeter

•Longer : 30cm → 50cm (27X0)
•Smaller : 7cm → 2.5/5cm square
•CsI crystals from KTeV experiment

October 2010: 
engineering run with 1800 crystals

2011.Feb.08 16:30

stacking

July 2010
KOTO 
CsI calorimeter

completed
KTeV 
CsI calorimeter

2716 crystals

dismantled by 
December 2008

2012年4月18日水曜日

KTeV@FNAL KOTO@J-PARC



CsI calorimeter - cosmic raysCsI: cosmic rays
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CsI calorimeter - KL � �0�0�0KL→3π0
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CsI calorimeter - KL � �e�CsI Calibration w/Ke3

June run

26
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•High intensity KL beam
•Waveform digitization
•CsI calorimeter
•New Veto detectors



Charged Veto

•Thin(3mm) to suppress neutron interaction
•<10-3 inefficiency (2 planes ~10-6)
•>10p.e./100keV 28

Kyoto Group
 + undergraduates from Michigan

92 x 3mm thick 
scintillators 

read by WLS fibers 
+ MPPC

29



Charged Veto

•Thin(3mm) to suppress neutron interaction
•<10-3 inefficiency (2 planes ~10-6)
•>10p.e./100keV
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Neutron Collar Counter

•Purpose
•Veto photons
•count halo neutrons
•48 3-CsI-block modules

Purpose

Veto photons

count halo neutrons

48 3-CsI-block modules
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KOTO実験の為のNeutron Collar Counterのデザイン及び開発KOTO実験の為のNeutron Collar Counterのデザイン及び開発

NCCのpositionと役割
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front view

NCC : 崩壊領域上流部のビームホール周りに設置されるveto検出器

Side View

崩壊領域

beam hole

simulationから、designへの要請を明らかにする。

NCCの3つの役割
上流部のKL崩壊によるBGの抑制
ハロー中性子がNCC自身と相互作用して生じるBGの抑制
BG源のハロー中性子のFluxとEnergyの測定

side view

three important roles
eliminate BG from upstream KL decay
suppress halo neutron BG
measure energy & flux of halo neutron

Front Barrel

NCC
front view

feature
CsI Full active detector 
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→ number of channel is exactly 200  in  total
WLS-Fiber readout
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Beam Hole Photon Veto

•Veto photons escaping to the beam hole
•Aero-gel cerenkov detector (25 modules)
•good efficiency for photons
•inefficient for neutrons in the beam core

Pb
Aerogel

30cm

Winston-type funnel

5 inch PMT

mirror
Beam

for the readout of 
    “in-beam” detectors  (high-rate environment)
    and all the veto detectors

In JFY2012 
we will produce
  15 more modules
  (120 channels in total)
          [3,840千円]

BHCV: charged-particle detection 
in the beam hole (16 ch)

BHPV: photon detection
in the beam hole (50 ch)

!

aerogelWinston Cone funnel

5inch PMT
(R1250)

40cm

30cm

30cm12cm

lead sheet�

e+
e- flat mirrors

* 16ch 14bit-125MHz FADC modules for CsI calorimeter (2716 ch) 

2012年3月1日木曜日



Main Barrel
Will move the barrel into the beamline and 
install the remaining 28 modules

34Main Barrel
 veto

Installed 4 modules outside the beamline
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Prospect

2012 Dec Engineering runs in air/vacuum

2013 Mar Short Physics run

May

Short Physics run

Long Physics run ~1month@15kW
⇒ to cross the Grossman-Nir bound

A long shut-down for Linac upgrade2014 Jan

July



Prospect
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Summary

•KOTO is the dedicated experiment to search for CPV caused 
by New Physics beyond the SM by observing                  decay

•High intensity KL beam and upgraded detectors were designed 
and prepared

•Experimental apparatus is almost ready to take physics data
•The first physics run will start in 2013 spring, and the 
experimental sensitivity will cross the Grossman-Nir bound
➡ New physics search

•The expected final sensitivity of KOTO will reach the SM 
prediction

KL � �0��̄





92 x 3mm thick 
scintillators 

read by WLS fibers 
+ MPPC

29



Discovery Level
54

0

500

1000

1500

2000

2013 2014 2016
Ac

cu
mu

lat
ed

 Po
we

r (
kW

 x 
mo

nt
hs

)
JFY

“3sigma discovery level”

Grossman-Nir limit

Standard Model

10-9

10-10

10-8

10-11

100010010 kW x months

BR

POT

Pr
op

os
al

20
13

20
14

 
sp

ri
ng

20
14

20
15

20
17


