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Physics on 
• Standard Model : FCNC 
• CP-violating: 

• Rare: 

• Accurate: 
• theoretical uncertainty < 2% 

• Good probe for New Physics search

KL → π0νν

September 4-7, 2013 T. Nomura (KEK),  PIC 2013 - IHEP, Beijing

K→πνν in the Standard Model

Process via loop diagrams
KL case:

• Top quark dominates
– K0-anti-K0 superposition extracts

imaginary part of  the amplitude

• CP violating

K+ case:
• Top and charm contribute

– Absolute value of  s→d amplitude

Theoretically clean

6

Vts

𝒜KL→π0νν ∝ 𝒜s→d − (𝒜s→d)* ∝ Im𝒜s→d

KL ∝ K0 − K0

BR(SM) = 3 × 10−11 ∝ VtsV*td
2

t
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Experimental search for KL→π0νν

10−8

10−9

10−10

10−11 SM

Indirect limit
Direct limit (KOTO 2015)

New Physics?
pinn stuffs

!7

Hors d’Oeuvre New Physics Reach of Flavour Physics

A Glimpse at the Zeptouniverse

recent analysis of tree level flavour changing Z0
: Buras et al. (2014)

K ! ⇡⌫⌫̄ decays sensitive to
scales up to 2000TeV if left- and
right-handed FV couplings are
present

(fine-tuned) cancellation of e↵ects
in K0 � K̄0 mixing required

new physics reach of B decays
lower by an order of magnitude
(⇠ 100TeV!)

‚ high precision in rare K and B decays is crucial!

6 M.Blanke Flavour Physics Beyond the Standard Model

http://www.lnf.infn.it/wg/vus/content/Krare.html
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BKL→π0νν < 3.0 × 10−9(90 % CL)

BKL→π0νν < 8.1 × 10−10(90 % CL)

BR(KL → π0νν)
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KOTO experiment
•Study of KL→π0νν@J-PARC 30GeV Main Ring.J-PARC Laboratory

•Main ring (30 GeV protons)
J-PARC Laboratory

 

 

KOTO = KL0 at TOkai
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Primary proton !
30 GeV/c Target (Ni, Pt, Au)

KOTO area

Hadron hall

Linac

3 GeV !
Synchrotron

30 GeV !
Main Ring Extraction!

in 16 degree

Tokai, Ibaraki, Japan

J-PARC

30 GeV 
Main Ring

Hadron hall

3 GeV 
Synchrotron

Linac

̅

Collaboration meeting 
with Zoom(July 2020)
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Experimental principle

proton

target
Neutral beam line

θ
γ
γ

νν

Rec. Z 

R
ec

. P
t “2γ+Nothing+Pt”

Assuming 2γ from π0, 
Calculate z vertex. 

Calculate π0 transverse momentum

M2(π0)=2E1E2(1-cosθ)

E1
E2

KL→π0νν decay

Signal  
Box

π0KL

̅

̅
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KOTO detector 
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KOTO detector 
Detector

2/22/2018 7Myron Campbell and Yau Wah

Front barrel (FB)

Neutron collar counter (NCC) Main barrel (MB) Charged veto (CV) Calorimeter

CsI	calorimeter	+	Herme2c	veto	system

γ
γ

KL
ν ν
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NCC

Front Barrel (FB) Main Barrel (MB) Charged Veto (CV) Calorimeter
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the inefficiency by adding 5 X0 another inside the MB. According to the Monte-Carlo (MC)
estimation, the amount of K0

L → 2π0 will be suppressed by a factor of three
The IB detector is a sampling calorimeter as shown in Fig. 2. It consists of 25 layers of

5-mm-thick scintillators and 24 layers of 1-mm-thick lead plates, corresponding to 5 X0. The
32 modules were made in a trapezoidal shape and formed as a cylindrical detector. The volume
is 3 m long along the beam direction, and inner and outer diameters are 1.5 m and 1.9 m,
respectively. Scintillation light is read out by a photomultiplier (Hamamatsu R329-EGP or
R7724-100) at both ends via Wave Length Shifting (WLS) Fibers (BCF92).

Figure 1. Schematic cross-sectional view of
the KOTO detector. The main background
event, KL → 2π0, is also displayed. The new
detector is shown as blue color.

Figure 2. Top Left) The WLS fibers are
attached in the scintillators. Bottom Left)
One module consists of 25 layers of 5 mm
thick scintillators and 24 layers of 1 mm lead
plates. Right) Formation as cylindrical shape.

3. Module production, construction and insertion to the existing KOTO detector
First, we attached WLS fibers to all 800 scintillators with UV adhesive. After the fibers were
glued, we found some cracks in the scintillators caused by uncured adhesive behind fibers. We
reproduced new scintillators with fibers for those who have large cracks and also annealed to
other scintillators at 80◦C for 3 hours to increase chemical resistance based on the result of
damage test.

In 2015, we started to make modules as shown in Fig. 3. To bundle the module, we used 0.75
mm-thick stainless band in 9 points. The accuracy of the module production was determined to
less than 1 mm. The modules were supported by 8 rings as shown in Fig. 4. All the production
and construction processes were made in KEK. The detector was delivered to J-PARC, and then
installed in April 2016. To insert the IB in the MB, the IB detector was pulled on the teflon
plates attached to the MB and the support rings.

4. Performance check
After installation, the performance of the IB detector was evaluated with the data. Figure
5 shows the timing resolution evaluated with cosmic-rays passing through the MB and IB
detectors. We obtained the timing resolutions by comparing relative hit timings between the
MB and the IB. The results were almost consistent with the expected values considering the
light yield, the decay time of WLS fibers and readout modules.

In May-June 2016, the first physics run with the IB detector was performed. To check the veto
response of the IB, we studied events which had four photons in the CsI calorimeter requiring no
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Finalizing analysis
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physics run
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Data for 
BG evaluation

Barrel  
Upgrade

Calorimeter  
Upgrade



Analysis status of 2016-2018 data
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#BG
KL→2π0 <0.18

KL→π+π-π0 <0.02
KL→3π0+ accid. <0.04
Ke3 + accid. <0.09
KL→2γ 0.00±0.00

Upstream π0 0.00±0.00
CV-π0 <0.1
CV-η 0.03±0.01

Hadron cluster 0.02±0.00
Total 0.05±0.02

S.E.S:6.9×10-10 x1.9 better than 
2015 analysis

#Bkg estimation table 
before opening signal box

Prelim
inary
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&&MinCSDDLVal>0.985&&MaxThetaChisq<4.5&&MinWFourierLH>0.5&&EtaCSD>0.91&&KLpipipi0DLVal>0.922
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-Determined selection criteria and opened signal box at Aug. 2019. 
-Observed 4 candidate events inside the signal box 
-Reported @ Kaon2019

Rec. π0 vertex(mm)

Prelim
inary
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Properties of candidate events

9

Property of Event #3

22

• Event in Run74 
• CV hits in neighboring two strips 

(each less than the threshold) 
• HINEMOS (inner scintillator of NCC) had 

a hit but the timing was mis-measured.

The on-time hit was lost  
due to a wrong parameter for 
peak selection in this run period.

(The large deviation existed in this 
detector and in this run period.)

26465(CV hit)
• CV neighboring hits 
• HINEMOS 
• mis-measured timing 

• CC03 hit near the veto thre. 
• low-energy OEV hit 
• IBCV, CBAR noisy 
• peak-peak 30-40 cnt 

• low-energy CBAR hit

************************************************************************************************
*    Row   *     RunID * DstEntryI *   SpillID *  userFlag * TimeStamp *  Pi0Pt[0] * Pi0RecZ[0 *

************************************************************************************************
*      184 *     26465 *      8462 *       222 *  20170601 * 1.1254761 * 197.85986 * 4536.1848 *

 (mm)vertexz

2000 3000 4000 5000 6000
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This event remained 
due to a mistake…Bug in nominal time and veto time

• Nominal timing should apply after T0 correction 
• Veto timing : 
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Run:26465, Event:8462, NCC, ID:610, Energy:20.65, Time:324.33, PHC:-3.60,sigma=2327.00,ped=704.7,IADC=84177.12,gain=0.0002

detTime − (eventStartTime + zCSI − zvertex

c )
detTime − (eventStartTime + zHINEMOS − zvertex

c )

on-time

Selected peak

Time (ns)

nominal time for 
peak selection

And then, unblinded
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Unblinded at the end of August 2019
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• We found 4 events 
inside the signal 
region. 

• 1 event existed in 
the upstream 
blinded region.

It was presented as is  
at KAON2019. 0 100 200 300 400 5000
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Run:23413, Event:20074, NCC, ID:0, Energy:333.69, Time:325.85, PHC:-3.65,sigma=2434.08,ped=305.3,IADC=113683.87,gain=0.0029

Selected peak
waveform of veto detector

Mistake in pulse selection  
from multiple pulses 

Overlapped pulse  
   masked pulse for veto

Time (ns)

AD
C 
(c
h)

Time (ns)

-Mis-selection was due to mis-setting  
 of the nominal timing. 
-Corrected the setting and  
 re-processed all events.  
-No significant effect on other events. 
-Decided not to take this event  
 as a candidate:Nobs: 4 → 3 

Prelim
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Re
c.
 π
0 
P T
 (M
eV
/c
)

Rec. π0 vertex(mm)



Updated background table (ICHEP2020)
source #BG (U.L. at 

90% C.L.)
#BG (U.L. 
at 68% C.L.)

K± K±→π0π± 0.03±0.03 0.03±0.03

K±→π0e±ν 0.30±0.09 0.30±0.09

K±→π0μ±ν <0.07 <0.04

Neutron Upstream π0 0.001±0.001 0.001±0.001

Hadron cluster 0.02 ±0.00 0.02 ±0.00

CV-π0 <0.10 <0.05

CV-η 0.03±0.01 0.03±0.01

Total central value 0.39(±0.10) 0.39(±0.10)

source #BG (U.L. at 
90% C.L.)

#BG (U.L. at 
68% C.L.)

KL KL→2π0 <0.09 <0.05

KL→π+π-π0 <0.02 <0.01

KL→3π0 
(overlapped pulse)

0.01±0.01 0.01±0.01

Ke3 
(overlapped pulse)

<0.09 <0.05

KL→2γ 0.001±0.001 0.001±0.001

Ke3 (π0 produced) <0.04 <0.02

Ke3 (π+  beta 
decay)

<0.01 <0.01

radiative Ke3 <0.046 <0.023

Ke4 <0.04 <0.02

KL→eeγ <0.09 <0.05

KL→π+π- <0.03 <0.02

KL→2γ (core-like) <0.11 <0.06

KL→2γ (halo) <0.19 <0.10

Ne
w

Ne
w

K± Branching 
ratio

K±→π0π± 20.7%

K±→π0e±ν 5.1%

K±→π0μ±ν 3.4%
10
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Charged Kaon Backgrounds
K+ generated in  
the beam line

K+ /KL ～ 1.3×10-6

Based on GEANT3

PT vs Z after all the cut

Corresponding BG level  
= 0.30 ± 0.09

#Bkg events depends on 
K± flux 

11

C1 C2

Absorber

<Y-Z view>
Magnet 
(1.2T)

K+

KL



K± flux measurement
Installed a new detector 

  γ
γ

π± 

K± π0

K± � �±�0

2020 May-Jun Run 
  -Took data for K+ flux measurement 
   with a dedicated trigger 
  -Checked the performance and  
   effect of upstream charged veto counter 

K±→π±π０ MC
KL→π+π-π０ BG MC

12



Measured K± flux

13

• The distribution of selected events are well reproduced 
by MC simulation of K± decays (K+ distribution is scaled by best fit) 

• K±　flux ratio:

     RK± = FK±/FKL

 Rmeas.
K± /RMC

K± = 3.0 ± 0.1
• Comparison between data and MC

Measured K± flux is   
3 times larger than MC.



Updates of BG table with K± measurement
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New

New

-BG table was updated based on the result of the K± flux 
-Tentative total BG estimation: 1.05±0.28 
     →Nobs(3) is not significantly larger than total #BG.

We will finalize the analysis and report the results in this autumn

Prelim
inary

Prelim
inary



To suppress K± BG
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  γ

π± 

π0

Prototype module has 30% 
inefficiency due to 
  ①Limited coverage. 
  ②Insensitive region  
     in the fiber. 
  ③Noise fluctuation.

->Developing a new upstream charged veto counter 
①Enlarge the detector ②Tilt the detector ③Keep away from 

   beam core

Energy distribution

K+



Prospects for future runs
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2015 1.3×10-9

2016-2018  
7×10-10

By 2021:3x10-10

By 2025:O(10-11)

• Have 2 month beam time before 2021 long shutdown. 
-> We can reach a sensitivity of ～3 x 10-10  by suppressing K± BG. 

!27

Accelerator 
upgrade

S.E.S.

• After long shutdown,   
 ->Beam power will increase up to 100 kW. (Current power:50kW) 
 ->Slow-extraction spill structure would be better.



Summary
• The KOTO experiment studies the KL→π0νν decay 
• 3 events were observed in 2016-2018 data. 

• Found a possibility of K± background contamination. 

• Measured K± flux was 3 times larger than the MC 
expectation. 

• Updated BG level is 1.05±0.25 and not negligible 
compared with Nobs(=3) 

• Developing a new detector to suppress K± BG and Continue 
to take physics data to reach the sensitivity of O(10-11). 

17

We will finalize the analysis and  
  report the results in this autumn



Backup
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Property of Event #3

19

• Event in Run74 
• CV hits in neighboring two strips 

(each less than the threshold) 
• HINEMOS (inner scintillator of NCC) had 

a hit but the timing was mis-measured.

The on-time hit was lost  
due to a wrong parameter for 
peak selection in this run period.

(The large deviation existed in this 
detector and in this run period.)

26465(CV hit)
• CV neighboring hits 
• HINEMOS 
• mis-measured timing 

• CC03 hit near the veto thre. 
• low-energy OEV hit 
• IBCV, CBAR noisy 
• peak-peak 30-40 cnt 

• low-energy CBAR hit

************************************************************************************************
*    Row   *     RunID * DstEntryI *   SpillID *  userFlag * TimeStamp *  Pi0Pt[0] * Pi0RecZ[0 *

************************************************************************************************
*      184 *     26465 *      8462 *       222 *  20170601 * 1.1254761 * 197.85986 * 4536.1848 *

 (mm)vertexz

2000 3000 4000 5000 6000

 (M
eV

)
Tp

0

50

100

150

200

250

300

350

400

450

500

This event remained 
due to a mistake…Bug in nominal time and veto time

• Nominal timing should apply after T0 correction 
• Veto timing : 
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Run:26465, Event:8462, NCC, ID:610, Energy:20.65, Time:324.33, PHC:-3.60,sigma=2327.00,ped=704.7,IADC=84177.12,gain=0.0002

detTime − (eventStartTime + zCSI − zvertex

c )
detTime − (eventStartTime + zHINEMOS − zvertex

c )

on-time

Selected peak

Time (ns)

nominal time for 
peak selection
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Run:23413, Event:20074, NCC, ID:0, Energy:333.69, Time:325.85, PHC:-3.65,sigma=2434.08,ped=305.3,IADC=113683.87,gain=0.0029
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Run:23413, Event:20074, NCC, ID:2, Energy:113.06, Time:325.90, PHC:0.00,sigma=82.17,ped=318.3,IADC=3129.80,gain=0.0361
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Run:23413, Event:20074, NCC, ID:3, Energy:76.50, Time:251.67, PHC:0.00,sigma=44.17,ped=254.2,IADC=2021.20,gain=0.0378
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Property of Event #1
23413 (NCC masking)

• IBCV hit 
• NCC masking
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************************************************************************************************
*    Row   *     RunID * DstEntryI *   SpillID *  userFlag * TimeStamp *  Pi0Pt[0] * Pi0RecZ[0 *

************************************************************************************************
*        7 *     23413 *     20074 *       274 *  20160601 * 2.3268814 * 194.35615 * 4067.5658 *

• Event in Run69 
• Overlapped pulse in NCC
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24 2.2 Experimental Facility and Apparatus

NCC module
NCC Outer Moduel

CFRP Beam Pipe

HINEMOS

Common PMT

Individual PMT

HINEMOS PMT

HINEMOS CFRP Beam Pipe

Front Middle Rear
Common Fiber Individual Fiber

SUS Crystal Support

SUS Crystal Support

PMT Support

Figure 2.16: Schematic front (left) and side (right) views of NCC (quoted from Ref. [67]).

2.2.4.4 Barrel Charged Veto (BCV)

The Barrel Charged Veto (BCV) counter covers the inner surface of MB as shown in Fig. 2.14. It is
composed of 32 plastic-scintillator sheets with a thickness of 10 mm where WLS fibers are embedded.
The signal of each module is read from both ends of the WLS fibers by PMT’s.

2.2.4.5 Neutron Collar Counter (NCC) and Hinemos

The Neutron Collar Counter (NCC) [66] is located inside FB and surrounds the KL beam. It serves as
an upstream boundary of the decay volume; decay products from KL’s which decay in the upstream of
NCC are shielded. Another important role of NCC is to suppress the upstream-π0 background, which
is caused by halo-neutrons hitting the upstream boundary and producing π0’s. The full-activeness
of NCC (mentioned later) suppresses this background by detecting the secondary particles associated
with the π0 production.

The NCC is a fully-active counter made of un-doped CsI crystals and consists of 48 inner modules
and 8 outer modules. Figure 2.16 is a schematic view of NCC. The eight modules with pentagonal
shapes located around the outer circumference are the outer modules and the others are the inner
modules. The signal from the outer modules is read out with a PMT attached on the crystal. WLS
fibers are used for the readout of the inner modules.

The NCC has a beam-hole at its center, which is made with a 2-mm-thick CFRP pipe. The inner
surface of the CFRP pipe is covered by a charged particle veto counter named Hinemos. The Hinemos
is made of plastic-scintillator sheets and WLS fibers. It vetoes the events with π0’s produced in NCC
or the CFRP pipe by detecting associated particles.

2.2.4.6 Collar Counter 3 (CC03) and Liner Charged Veto (LCV)

The Collar Counter 3 (CC03) covers the inner surface of the CsI calorimeter beam-hole. They veto
events in which KL’s decay near the CsI calorimeter. Figure 2.17 shows the positional relation with the
CsI calorimeter, and Fig. 2.18 shows the closeup view around the beam-hole. The CC03 is composed
of 16 un-doped CsI crystals with a rectangular cross-section of 45.5 × 18 mm2 and a length of 500
mm, equipped with two PMT’s for each. The CC03 fills the gap between the CsI calorimeter and a
4.5-mm-thick CFRP beam-pipe supporting the beam-hole structure.

The inner surface of the beam-pipe is covered by the Liner Charged Veto (LCV) counter to detect
charged particles before they hit the beam-pipe. The LCV consists of four plastic-scintillator sheets
with WLS fibers embedded.

KL beam

NCC

This must be accounted 
in our BG estimation

Common
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Special run to collect neutron samples
Special run to take control sample

PtZ plot w/o neutron cut

2018/12/14 27
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Reduction (direct calculation : just comparing # of event for each Pt_Z region)

B/A : (4+0+1+6) / (32010+8216+28375+82407) = (7.3+/-2.2)*1e-5

(B-C)/A : ((4+0+1+6)-(1.93+0+0+2.18)) / (32010+8216+28375+82407) = (4.6+/-2.2)*1e-5

Weighted method (precut: EtaCSD)
region observed vs. prediction
Region-0 4 vs. 0.170221 +- 0.0483522
Region-1 0 vs. 0.0287286 +- 0.00388214
Region-2 1 vs. 0.246573 +- -nan
Region-3 0 vs. 0 +- 0
Region-4 3 vs. 0.0733531 +- 0.0137523
Region-5 6 vs. 0.401444 +- 0.0323755
Region-6 4 vs. 0.150526 +- 0.0251481
Reduction : (5.61 +- 0.39)*1e-6

A : Z0Al w/o neutron-cut B : Z0Al w/ CSD_DL and 

EtaCSD and FPSD

C : KL2gamma MC w/ CSD_DL 

and EtaCSD

KL2gamma MC prediction
1.93 +- 0.15
0
0
0
0.01 +- 0.01
2.18 +- 0.16
1.72 +- 0.14

factor 8 difference

direct calc. error is large

2015 control sample 2016-18 control samples

×8

Develop more powerful discrimination.

Hadron cluster BG

neutron neutron

Al target

27



New cuts against Hadron-cluster BGs
• Deep learning

7
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Gamma
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 shape χ
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Neutron CSD

2048 neurons in each layer

32 outputs in each 3x3 block

• Three types of clusters: (a) all small (b) all large (c) mix 

• Input: N_Pixel × N_Pixel x N_CH + (Cluster E, θ,φ & shape χ2) 

• N_Pixel(a,b,c) = (16,12,16); N_CH(a,b,c) = (2,2,3) 

• N_CH: crystal energy, timing and (size) 

• Only input timing for crystals with energy > 30 MeV 

• 4 convolutional layers + 6 fully connected layers

x2 improvement

• Pulse shape discrimination  
by Fourier transformation x1.8 improvement
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Detector upgrade in 2019
Calorimeter upgrade

to suppress the hadronic background

Confirmed good separation ability 
with 2019 data

Reduction of Hadron-Cluster BG

 7

ΔT range : ΔT : 25 ns < ΔT < 31.05 ns 
gamma efficiency = 89.9%  
hadron-cluster background is suppressed to  (2.1±0.1)% 
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0.1)%±neutron back ground (2.1 

gamma efficiency = 89.9

hadron-cluster control sample (Data) 
(w/kinematic cut, w/tight veto)

KL → 3π0 (Data)
(w/kinematic cut)

　　
v

Max   distribution  
   (energy weighted for MPPC energy > 10 MeV)  

ΔT

ΔT = TEnergy Weighted
MPPC − TPMT

  (downstream one)Max ΔT

Max π0:90%

neutron bkg: 2.1x10-2

Neutron

10 mm Al
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