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4 Step 1

4.1 Goal of Step 1

The goal of Step 1 is the first observation of KL → π0νν decay with a
sensitivity of 8.0× 10−12. With this sensitivity, we should be able to detect
3.5 events if its branching ratio is 2.8 × 10−11 as predicted by the Standard
Model with the currently known parameters.

As described in Chapter 2, the KL → π0νν decay is very sensitive to new
physics beyond the Standard Model. A number of observed events that is
significantly different from the Standard Model prediction will be evidence
for new physics.

4.2 Beamline

Figure 9: Layout of the hadron hall and KL beamline.

Figure 9 shows the layout of the hadron hall and KL beam line for Step 1.
The common T1 target will be shared with other secondary beamline ex-
periments, and with simultaneous running. Because there is a geometrical
limitation in the layout of the experimental hall, the KL beam line is ex-
tracted at 16◦ from the primary proton beam line.

The KL beam is collimated to have a solid angle of 9 µsr. The KL flux at
the exit of the beamline (20-m downstream of the target) is estimated to be
8.1×106 per spill assuming 2×1014 protons on the T1 target. Compared to
the 4◦ extraction angle at the KEK-PS K0 beam line (PS-K0), the KL yield

23

20m
experimental area

J-Parc hadron hall

✦30GeV proton beam hits common T1 disk target.
✦Extraction angle : 16 degree.

• Target image from our experimental area has finite size.
• Neutron momentum is softer than E391a.
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Characteristic of KOTO beam-line.

3

30GeV

protons

Target
absorber

collimator collimator

magnet

20m

✦Neutral K0L beam-line.
• Sweep out charged particle w/ magnet.
• Long beam-line to remove short lived particle 

contamination. (K0s, hyperon...)
• Collimate neutral beam.
• Large amount of neutron, γ is included neutral beam.
‣Absorber to convert photons.



✦The 2 stage long collimators far from target.
✦Long beam-line to remove hyperon contamination. 
✦The Magnet to sweep out charged particles.
✦Pb absorber to remove photon contamination. 4

proton

20m

KL

γ(Pb) absorber

T1 target

sweeping magnet

KL collimators
K1.1

K1.8
Overview of neutral KL beam-line

✦Many upstream 
materials to use 
common target.
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TABLE I: Estimated numbers of background events (BG) in-
side the signal box.

Background source Estimated number of BG
K0

L → π0π0 0.11± 0.09
CC02 0.16± 0.05
CV 0.08± 0.04
CV-η 0.06± 0.02
total 0.41± 0.11

signal box and found no candidates, as shown in Fig. 5.
The number of collected K0

L decays was estimated us-
ing the K0

L → π0π0 decay, based on 1495 reconstructed
events, and was cross-checked by measuring K0

L → 3π0

and K0
L → γγ decays [14]. The 5% discrepancy observed

between these modes was accounted for as an additional
systematic uncertainty. The single event sensitivity for
the K0

L → π0νν̄ branching ratio is given by

S.E.S.(K0
L → π0νν̄) =

1
Acceptance · N(K0

Ldecays)
,

where the acceptance includes the geometrical accep-
tance, the analysis efficiency, and the acceptance loss due
to accidental hits. Using the total acceptance of 0.67%
and the number of K0

L decays of 5.1 × 109, the single
event sensitivity was (2.9 ± 0.3) × 10−8, where the error
includes both statistical and systematic uncertainties.

Since we observed no events inside the signal box, we
set an upper limit for the K0

L → π0νν̄ branching ratio

Br(K0
L → π0νν̄) < 6.7 × 10−8 (90%C.L.) ,

based on the Poisson statistics. In deriving the limit,
the uncertainty of the single event sensitivity was not
taken into consideration. The result improves the previ-
ous limit [4] by a factor 3, and the background level by
an order of magnitude.
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FIG. 5: (color online) Scatter plot of PT vs reconstructed Z
position after imposing all the cuts. The box in the figure
indicates the signal region.
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CC02
CV

signal region

π0 π0

ηγ

γn

✦Small size K0L beam (“pencil beam”)
• Reconstructed π0 assuming decay on           

the beam-axis.(M2γ=Mπ0)
✦Small halo neutron/K0L beam. (for halo n B.G.)

•π0, η production by halo neutron interact 
with detector materials.

•“CC02-π0“ : π0 + energy leakage at CsI.
•“CV-π0” : π0 + extra E at CsI.
•“CV-η” : Mη ~ 4Mπ0.



6

final design of KOTO beam-line

✦designed with 3 collimation lines.

i)Shouldn’t be faced inner surface of collimator to target.

ii)To avoid scattering @rear edge of collimator.

iii)control γ absorber image from inner surface of 2nd collimator.

Pb absorber 
(7.cm thick (12.5χ0)) CC02

CC03

target image

sweeping 
magnet

KL collimatorsKL collimators

target image

sweeping 
magnet

Cu collimator



7

Pb absorber 
(7.cm thick (12.5χ0))

CC02

CC03

target image

sweeping 
magnet

KL collimators

✦Design policy
• Inner surface of collimator 

shouldn’t be faced to the target.
‣ Assuming finite size of target.

• pencil beam method
‣ Thickness is needed to stop the 

particles entering collimator.

halo n/K0L = 4.88(±0.48)x10-3

Collimation line
  which define the beam.



Trimming @ rear edge

8

black : no-trimming.
red    : trimmed at rear edge.

1st
collimator

downstream
collimator

halo n/K0L = 4.88(±0.48)x10-3

                ⇒ 2.21(±0.24)x10-3

✦To avoid scattering at rear edge in 2nd 
collimator.(1800cm~2000cm section)

upstream material
(absorber,K1.1)



ΔX(Y)

line which control image of γ absorber.
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upstream material
(absorber,K1.1) 1st

collimator

downstream
collimator

black : no-trimming
red    : trimmed @rear edge
blue   : design w/ 3 lines

✦Change the collimation line from Z=1500 to 1800cm.
(X→X+ΔX (Y→Y+ΔY) at Z=1800cm))
• Corresponding to change the image of γ absorber 

from inner surface of 2nd collimator.
※Collimator length is changed.



✦Success to design beam-line with 
small halo n/K0L.                       
(Signal : halo n B.G. = 1 : ~0.05)

✦Rate of liner CV is 3 times larger!!
10

Performance of 
 design w/ 3 line

(/spill) design w/ 3lines
   trimmed 
     @ rear edge

K0L (T>0.1GeV) 1.64±0.08x107 1.64±0.08x107

halo n
(|P|≥0.78GeV/c)

1.04±0.05x104 2.94±0.08x104

halo n/K0L 0.63±0.01x10-3 1.79±0.10x10-3

hit n at liner CV
(T>0.1GeV) 4.18±0.10x105 1.15±0.64x105

=~100kHz

CsICsI

CC03 CC03

liner CV

CsICsI

CC03 CC03

liner CV
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Performance of 
 design w/ 3 line

(/spill) design w/ 3lines
   trimmed 
     @ rear edge

K0L (T>0.1GeV) 1.64±0.08x107 1.64±0.08x107

halo n
(|P|≥0.78GeV/c)

1.04±0.05x104 2.94±0.08x104

halo n/K0L 0.63±0.01x10-3 1.79±0.10x10-3

hit n at liner CV
(T>0.1GeV)

4.18±0.10x105 1.15±0.64x105

=~100kHz

CsICsI

CC03 CC03

liner CV

CsICsI

CC03 CC03

liner CV

13cm

20cm

CV  5.mm

CFRP 
5mm

CsI

CC03
2.52cm 
block

beam-hole @CsI

Need to optimize beam-size.



✦Success to design beam-line with 
small halo n/K0L.                    
(Signal : halo n B.G. = 1 : ~0.05)

(/spill) fixed design

K0L (T>0.1GeV) 1.46±0.08x107

halo n
(|P|≥0.78GeV/c) 1.02±0.04x104

halo n/K0L 0.70±0.05x10-3

hit n at liner CV
(T>0.1GeV) 1.32±0.69x105

hit n at liner CV/K0L 9.04±4.79x10-3

12

liner CV

CsICsI

CC03 CC03

Performance of 
   fixed design

CsICsI

liner CV

CC03 CC03



for beam-line survey 
@ ’09 autumn



plan of beam survey ’09

✦Check performance of beam-line.
• Profile of beam core 

for collimator alignment/adjustment.
• K0L flux and momentum.
‣measure K0L→π+π-π0 with mini cal. and hodoscope.
‣measure K0L→π+π- with spectrometer.

• Core neutron momentum with CERBERUS.
• Intensity of γ, charged particle in beam core.
‣prepare several thickness γ absorber.

• Trial of halo neutron measurement.
‣with modified neutron collar counter(modified new CC02).

14

priority
high

low



1. Scan Beam Core

Check the position and 
the shape of the beam 
core

~same detector as used 
for E391a

10% Beam

1% Beam

Core Energy

KL fluxHalo flux

10% Beam

Wide Scan

1% Beam

Core Scan

Scan

Scan

10% Beam

Halo flux

Scan

Halo flux

K0 beam line
Neutral
 Beam

X-Y Stage

    1 cm
(Scinti.)

 6 cm
(Scinti.)

9 cm
(1mm-Pb/5mm-Scinti.)

PT Target

4x5 cm

Primary 
Protons

Figure 15: Schematic view (left) and picture (right) of the beam profile
measurement.
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Light guidePMT

EM part
(18X, 0.7λΙ) Hadron part

(4.3 λΙ)

Pb-4mm/Scinti-3.7mm
               x 25-layer

Fe-4mm/Scinti-3.7mm
          x 25-layer

Charged 
Veto

PMT

0

Figure 16: Schematic view (left) and picture (right) of the hadron calorime-
ter used in the E391a beam survey.
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Motivation and method of profile measurement.

✦Measure the beam profile.
✦Measure tail that leads to “halo 

neutrons”.
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1. Scan Beam Core

Check the position and 
the shape of the beam 
core

~same detector as used 
for E391a
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Figure 16: Schematic view (left) and picture (right) of the hadron calorime-
ter used in the E391a beam survey.
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halo n increase 
drastically!! (x~2)

core decrease ~-2%/mm
⇒not effective for #. of K0L.

0.mm
-3.mm

~beam-shift to y.~

Δy #. of halo n

0.mm 1.13±0.05x104

-3.mm 2.25±0.21x104



Expected performance of profile measurement

✦Start consideration with counters 
used in E391a survey.

✦In E391a, measurement data can be 
reproduced by M.C..

✦However, should improve rate 
capability and segmentation.
• prefer lower intensity.
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Figure 4.5: Comparison of the experimental data with the beam-line simulation results
for the no-absorber case. The closed circle indicates the experimental data. The open
circle indicates the sum of all kinds of particles obtained by the simulation. The open
triangle indicates the neutron event. The open square indicates the γ event. The top
figure shows the simulation results for the γ signal. The bottom-left figure shows for the
neutron signal. The bottom-right figure shows for the charged signal. The line in the
figures indicates the level of the closed-state.
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Figure 4.5: Comparison of the experimental data with the beam-line simulation results
for the no-absorber case. The closed circle indicates the experimental data. The open
circle indicates the sum of all kinds of particles obtained by the simulation. The open
triangle indicates the neutron event. The open square indicates the γ event. The top
figure shows the simulation results for the γ signal. The bottom-left figure shows for the
neutron signal. The bottom-right figure shows for the charged signal. The line in the
figures indicates the level of the closed-state.
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K0L measurement motivation

✦In current study, we design the beam-
line with only M.C..
• K0L production cross section is 

difference in each M.C. package.
(Result of FLUKA is about ~3 
times larger than GEANT4.)

✦We need real data of K0L flux!!

✦E391a → E14(KOTO)
• extraction angle : 4°→16°
• target image : point like→finite size

17
January 8, 2008 T. Nomura (Kyoto U.) @ 4th J-PARC PAC 14

KL yield

! Depends on 

MC package

" G4 / G3 / FLUKA

# We use G4 result

as a default

$ FLUKA may

reproduce data
according to production experiment (BNL-E802)result of #. of K0L 

production in target M.C..
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K0L measurement plan 1.
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✦Measure K0L→π+π-π0 with mini cal. and SciFi tracker.
✦Reconstruction method.

• assuming PT of K0L = 0.(PKx=PKy=0)
•π0 reconstruction with detected 2γ in only mini cal.
• obtain φ, θ of π± with hodoscope.

✦Kinematics
• Pπ+sinθπ+cosφπ++Pπ-sinθπ-cosφπ-+Pπ0x=PKx

• Pπ+sinθπ+sinφπ++Pπ-sinθπ-sinφπ-+Pπ0y=PKy



Expected performance
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✦obtain ~500 events/day.
• 5% statistics error.←enough accurate.
• Acceptance doesn’t heavily depend on 
‣K0L momentum.
‣Cut condition.

instantaneous rate 
(1% of Full intensity)



trigger rate
900mm

600
mm

Beam hole
140x140mm

•1cm thick plastic scintilator
•requiring coincidence of 
same color plates.

rate[Hz]
Kl total 1065
ke3 440
kμ3 370
3π+-0 225
3π0 0.8
2π+- 3.7
interact 30
core n 458
core γ 24
total 1547total 1.5kHz

K0L measurement plan 2.
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B field

drift chamber

<schematic view>

trigger counter

beam

trigger rate
900mm

600
mm

Beam hole
140x140mm

•1cm thick plastic scintilator
•requiring coincidence of 
same color plates.

rate[Hz]
Kl total 1065
ke3 440
kμ3 370
3π+-0 225
3π0 0.8
2π+- 3.7
interact 30
core n 458
core γ 24
total 1547total 1.5kHz

trigger rate

✦Measure K0L→π+π- with spectrometers 
and magnet.
• Prepare magnet in KEK.(Kurama, Shizuka)



Expected performance.
✦Good resolution of reconstructed 

PK0L and Z vertex.

✦Good S/N = ~24
• 5700 K0Levt/day.

✦Stability of operation is difficult...
• Start operation test of drift 

chamber.

21
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Core neutron measurement.

✦Confirm neutron flux in core region.(also confirm n/K0L)
• Neutron flux is also different in each M.C. package.(factor of ~2)
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2. Core Neutron 
Flux And Spectrum Measurement

Hadron calorimeter 
(“Cerberus”) used for E391a

Hadron part
4.3!I

EM part
18X0

(4mm Pb + 
3.7mm scint)x25

(4mm Fe + 3.7mm scint)x25

K0 beam line
Neutral
 Beam

X-Y Stage

    1 cm
(Scinti.)

 6 cm
(Scinti.)

9 cm
(1mm-Pb/5mm-Scinti.)

PT Target

4x5 cm

Primary 
Protons

Figure 15: Schematic view (left) and picture (right) of the beam profile
measurement.

Beam

Light guidePMT

EM part
(18X, 0.7λΙ) Hadron part
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Pb-4mm/Scinti-3.7mm
               x 25-layer

Fe-4mm/Scinti-3.7mm
          x 25-layer

Charged 
Veto

PMT

0

Figure 16: Schematic view (left) and picture (right) of the hadron calorime-
ter used in the E391a beam survey.
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Expected performance of CERBERUS

23

Performance Of “Cerberus”

Reproduce previous study
0.1 GeV0.5 GeV

5 GeV 10 GeV

We have similar results as the previous study

Gsim4

Watanabe’s Theses

EM/Total (GeV)
10

hadrons photons

Comparison of Energy resolution

Neutorn
Proton
Gamma

Watanabe’s theses

1

0
21

Energy Resolution

Hadron part: visible ratio = 5%, detection efficiency = 60%

Energy!"#$%&'!

()*+,-$./01#23!

()*+,#456!

7,89:;<=>#23()*
+,6#45!

Calibration?@AB!

✦Separate n/γ with “F/T ratio”.
• F/T ratio: visible energy ratio in E.M. part & hadron part.

✦Recovery test → work well!!
• test each module of CERBERUS with cosmic-ray. → Done.
• test E.M. part with e+ beam at LNS. → Done.



Halo neutron measurement.

✦Halo neutron measurement with modified neutron collar 
counter(new CC02).

✦Feasibility depends on beam quality and intensity.
✦Preparation of measurement and analysis.

• Need to reduction K0L decay contribution.(~30%)
• Need vacuum pipe to avoid core neutron interaction.
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Summary

✦Design the neutral beam-line with small halo n/K0L using M.C.. 
✦Suppress halo neutron with 3 collimation line.

• halo-n B.G./signal →~0.05
✦Beam-line design is finished!!

• Start fabrication of beam-line materials.
• Finish construction until Sep.’09.

✦beam-survey ’09.
• Prepare various measurement in beam-survey at ’09.
‣profile measurement in core region.
‣2 method K0L measurement.
‣core/halo neutron measurement. etc...

• Preparing detector for beam-survey.
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