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Physics in rare Kaon decays: K→πνν

• s-d transition via loop diagrams, 
Flavor Changing Neutral Current 
 (FCNC) process 

•   
• Top quark dominates 
•   superposition extracts 

imaginary part of the amplitude 
• CP violating 

•   
• Top and charm contributes

KL → π0νν

K0 − K0

K+ → π+νν

 2

BR∝|As→dZ*|2

BR∝Im(As→dZ*)2

~ A2λ5  
~ 10-4 suppression in SM



K→πνν in the Standard Model (SM)
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BRSM are quoted from Acta Phys. Pol. B 53, 6-A1 (2022) 

 BRSM(KL → π0νν) = (2.94 ± 0.15) × 10−11

CKM uncertainties are dominant while intrinsic one ~2%.

KL→𝜋0𝜈𝜈

K+→𝜋+𝜈𝜈

 BRSM(K+ → π+νν) = (8.60 ± 0.42) × 10−11

Small theoretical uncertainty, suppressed in SM  
⇒ Good probe to search for New Physics beyond SM



New physics can appear in the loop
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Figure 10. The ratios forK+ → π+νν̄ andKL → πνν̄ defined in (4.1) are plotted. The LR scenario
shown in green (where the whole region inside the curves is allowed) and LH-EWP scenario in blue
and red with εK ∈ [−0.2, 0.2] and [−0.5, 0.5] respectively for a Z ′ of 3TeV. The orange line also
satisfies R∆MK ∈ [−1.0, 0].

pattern of simultaneously enhancing KL → π0νν̄ and suppressing K+ → π+νν̄ possibly

still allowed by the NA62 and KOTO results.

It is known from various studies that such a pattern can be obtained through the in-

troduction of new operators and the most effective in this respect are scenarios in which

both left-handed and right-handed flavour-violating NP couplings are present, breaking the

correlation between K0−K̄0 mixing and rare Kaon decays and thereby eliminating the im-

pact of the εK constraint on rare Kaon decays. The presence of left-right operators requires

some fine-tuning of the parameters in order to satisfy the εK constraint but such operators

do not contribute to rare decays and the presence of new parameters does not affect di-

rectly these decays. Examples of such scenarios are Z ′ models with LH and RH couplings

considered in [64] and the earlier studies in the context of the general MSSM [90–94] and

Randall-Sundrum models [95, 96]. See in particular figure 6 in [95] and figure 7 in [64].

Needless to say also the correlations between NP contributions to ∆MK and rare decays

are diluted, although the necessity of non-vanishing complex couplings required by the

hinted ∆MK anomaly will certainly have some impact on rare Kaon decays.

The Left-Right (LR) scenario at 3TeV is defined by

g21q , g21d $= 0 , g11u = −2g11d , (LR-EWP scenario) (4.14)

which is equivalent to the LH-EWP scenario without imposing ∆F = 2 constraints [64].

In figure 10 correlations between ratios for KL → π0νν̄ and K+ → π+νν̄ as in (4.1) are

considered. Clearly no strong correlation is observed when both LH and RH couplings are

allowed as shown in the green region. Where the different curves correspond to the different

absolute values of the coupling g21q and the area inside the curves is allowed. Similarly,

the strong correlation between K+ → π+νν̄ and κε′ observed in the LH-EWP scenario is

absent in the LR scenario because R+
νν̄ also depends on the real part, which is not fixed

through ε′/ε.

– 24 –

JHEP12 (2020) 097 
R0,R+: BR enhancements from SM 
for neutral and charged modes

Z’ models with LH and RH couplingsIllustration of correlations in  
the BR(K+→π+νν) and BR(KL→π0νν) plane

JHEP 1511 (2015) 166

BR(KL→π0νν) can be enhanced to be O(10-10). 
• Even in case that BR(K+→π+νν) is consistent with the SM prediction.



KOTO experiment 
  KL→π0νν study  
    at J-PARC
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KOTO 2015 
(<3×10-9)
Grossman-Nir 
bound (<6.4×10-10)

Grossman-Nir bound: indirect limit 
 from relation to BR(K+→π+νν); 

Calc’d from NA62 results (2021) 
with 1σ region
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2015
2016-18

Search down 
to <10-10, 

approaching 
SM 

prediction



KOTO collaboration
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KOTO stands for 
K0 at Tokai.

Photo @ collaboration meeting 
on June 30 - July 2, 2023

KEK, NDA, Osaka, Saga, Yamagata, 
Jeonbuk, Korea, NTU, Arizona State, Chicago, Michigan

KEK Tokai campus

Zoom



J-PARC
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LINAC
400MeV 3GeV Rapid Cycle 

Synchrotron (RCS)

30GeV Main Ring 
(MR)

Hadron Experimental Facility

Material and Life 
science Facility (MLF)

Neutrino beam to Kamioka

In Tokai-village, Ibaraki, Japan

KOTO in HEF

(HEF)



Experimental principle
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VETO
Calorimeter

30 GeV/c 
proton

66mm-long 
gold target

Two stages of collimator and 
a sweeping magnet

𝐾𝐿

Photon absorber

 γ

KL beam line KOTO detector area

VETO

 γ

 ν ν
16 degree 
production

 KL → π0( → 2γ) νν (nothing)

• 2γ in the calorimeter in the end-cap 
• No extra particle, and thus no hit in veto detectors



Reconstruction of event kinematics
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VETO
Calorimeter

𝐾𝐿
 γ

VETO

 γ

 ν ν

Calculate the  decay vertex and transverse momentum (PT) 
with   energies and positions measured by the calorimeter

π0

2γ

OK T
�

�s

d

KAON13 @ Univ. of Michigan Ann Arbor

Principle
• KL pencil beam 
• 2γ + nothing

• Calorimeter + Hermetic veto

• Signal reconstruction
• Assume 2 gammas come from π0

• Require large transverse momentum
• z vertex - Pt distribution

4

2.3 バックグラウンド 11

という関係が得られる。E1、E2 は入射 γ のエネルギーである。Eqs.(2.3-2.6)を用いると、π0 の
崩壊位置 Zvtx が求まる。
得られた Zvtx を使うと 2つの γ の運動量ベクトルを得ることができ、その和が π0 の運動量ベ
クトルになる。したがって π0 のビーム軸に垂直な運動量成分 Pt も求めることが出来る。この 2
つのパラメータ Zvtx と Pt をシグナルとバックグラウンドの識別に利用する。この部分について
は参考文献 [21]に詳しく記述されている。またこの 2つのパラメータ平面上でシグナルイベント
は Fig.2.3のように分布する。図の赤枠で囲まれる部分を signal boxと呼ぶ。

Fig. 2.2 K0
L → π0νν からの π0 の再構成。
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Fig. 2.3 K0
L → π0νν 分布。赤枠で囲ま

れた部分を信号事象と同定する。横軸の 0
は Front Barrel( 2.6.1)の上流端。

2.3 バックグラウンド
KOTO実験のバックグラウンド事象 (以下 B.G.)は次の２つに分類することが出来る。
1つは K0

L 自身が B.G.の源となるものである。代表的な例としては、K0
L → 2π0 の崩壊で生成

された４つの γ のうち 2 つを検出できなかった (miss veto) 場合が挙げられる。もう１つはビー
ムコア周りに存在するハロー中性子が源となるものである。この場合，ハロー中性子は検出器中の
物質と相互作用し、π0 を生成し、その信号をシグナルと見誤る事に起因する。ここではこれらの
B.G.について簡単にまとめる。

2.3.1 K中間子 B.G.

Table2.1に K0
L の主な崩壊モードと分岐比をまとめておく。これらは K中間子 B.G.の元にな

り得る。以下、各モードについて簡単にまとめておく。
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KOTO detector
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The core part of the 
detector, surrounding the KL 
decay region, are located 
inside the vacuum tank.



KOTO detector
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KOTO latest results 
- From KOTO 2021 Data Analysis
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KOTO data accumulation history
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P.O.T. = Protons On Target

2016-18 data 
(Phys. Rev. Lett. 

126, 121801)

2019-21 data 
In analysis

Scope 
of the 
latest 

analysis

2015 data 
(Phys. Rev. Lett. 

122, 021802)

2013 data 
(PTEP 2017, 

021C01)
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Additional barrel-
type veto (IB)

Calorimeter upgrade 
for n/γ separation

K± veto: UCV
1mmt 0.5mmt

Beam power: 64.5kW at highest in 2021

Detector upgrades
0.2mmt



Review of the previous analysis (2016-18 data)
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Single Event Sensitivity = 
 (7.20 ± 0.05stat ± 0.66syst) × 10-10

coincident hit in CV, and no coincident hits in other veto
counters. In the off-line analysis, the cluster closest to the
extrapolated position of the CV hit into CSI was identified
as charged, while the others as neutral. The Zvtx was
reconstructed from the two neutral clusters with the π0

assumption. The π! direction was calculated from the Zvtx
and the charged cluster position in CSI, and its absolute
momentum was obtained by assuming the Pt balance
between the π0 and π!. The energy of the charged
cluster (Eπ!) was required to be 200 < Eπ! < 400 MeV
to select a minimum-ionizing particle. The reconstructed
K! invariant mass (MK!) was required to be
440 < MK! < 600 MeV=c2. Figure 4 shows the MK!

distribution after imposing the K! → π!π0 selection
criteria except for the requirement on MK! . Based on
847 K! → π!π0 candidate events, the ratio of the
K! to KL flux at the beam exit was measured to be
ð2.6! 0.1Þ × 10−5. Figure 5(a) shows the Pt versus Zvtx
plot of the background events from the K! → π0e!ν decay
MC simulation after imposing the cuts. The number of
background events from K! decays (NK!

BG) was estimated to
be 0.84! 0.13, where 97% comes from K! → π0e!ν
decays. The discrepancy in the acceptance between data
andMC for the cuts used in theKL → π0νν̄ analysis against
K! decays was studied using another control sample
collected in the 2020 special run. This control sample
consisted of data taken with the physics trigger while the
sweeping magnet in the beam line was turned off to
enhance the K! flux at the beam exit. We simultaneously

collected data with the π!π0 trigger in this magnet-off
configuration to normalize the K! yield. We observed 27
events in the signal region after imposing the cuts to the
control sample. This number agreed with 26.0! 3.2
events expected from the K! decay MC simulation. The
ratio of these two numbers (RAK!

) was calculated to be
1.04! 0.26, where the uncertainty comes from the K!

spectrum difference between the configurations of the
magnet on and off, as well as statistical uncertainties.
Finally, NK!

BG was corrected with RAK!
and was estimated to

be 0.87! 0.13stat ! 0.21syst.
KL → 2γ decays that occur off the beam axis can be a

background source since the reconstructed Pt can be large
and the cut on the projection angle no longer works.
The yield of the beam-halo KL was evaluated by using
KL → 3π0 events with large RCOE values. After multiplying
the MC expectations by the measured beam-halo KL yield,
the number of the beam-halo KL → 2γ background events
was estimated to be 0.26! 0.06stat ! 0.02syst, where the
systematic uncertainty comes from the MC reproducibility
of the beam-halo KL spectrum. Figure 5(b) shows the Pt
versus Zvtx plot of the beam-halo KL → 2γ back-
ground events from the MC simulation after imposing
the cuts.
Conclusions and prospects.—With the 2016–2018 data-

set, we obtained an SES of ð7.20! 0.05stat ! 0.66systÞ ×
10−10 and observed three events in the signal region. We
estimated the total number of background events to be
1.22! 0.26 with the two new background sources. The
corresponding probability of observing three events is 13%.
We conclude that the number of observed events is
statistically consistent with the background expectation
estimated after finding two new sources. Assuming Poisson
statistics and considering uncertainties [32], we set an
upper limit on the branching fraction of the KL → π0νν̄
decay in this dataset to be 4.9 × 10−9 at the 90% C.L.
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FIG. 4. Reconstructed K! mass (MK! ) distribution after im-
posing the K! → π!π0 selection criteria except for the require-
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events for each histogram bin.
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FIG. 3. Reconstructed π0 transverse momentum (Pt) versus π0

decay vertex position (Zvtx) plot of the events after imposing the
KL → π0νν̄ selection criteria. The region surrounded by dotted
lines is the signal region. The black dots represent observed
events, and the shaded contour indicates the KL → π0νν̄ distri-
bution from the MC simulation. The black italic (red regular)
numbers indicate the number of observed (background) events
for different regions. In particular, 1.22! 0.26ð1.97! 0.35Þ is
the background expectation for the three (four) events observed
inside the signal (blind) region.
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Final PT vs Z plot

Nobserved (=3) ⇔ Statistically consistent with NBG (=1.22±0.26)

BR(KL→π0νν)<4.9×10-9 (90% C.L.)

Black: observed 
Red: expected BG 
Contour: signal MC

estimated to be 1.22! 0.26 by adding the central values of
each background source. Note that the backgrounds from
K! and beam-halo KL → 2γ decays were not known when
we first looked inside the blind region, and they were added
after performing the studies described later in this Letter.
The KL → 3π0 background arises from photon detection

inefficiency in veto counters mainly due to accidental hits
overlapping a photon pulse and shifting its measured time
outside the veto window. To suppress this type of back-
ground, a pulse-shape discrimination method was intro-
duced by applying a fast Fourier transform (FFT) to the
waveform recorded by the veto counters. We prepared
templates in the frequency domain of the single hit wave-
form collected from data, and calculated a χ2 value based
on the difference between the observed waveform and the
template. When the χ2 value exceeded a given threshold,
the veto window was widened to accommodate possible
timing shifts due to overlapping pulses. The number of
background events from KL → 3π0 was studied with
the MC simulation, and estimated to be 0.01! 0.01.
The numbers of KL → 2π0, KL → πþπ−π0, and KL →
π!e∓ν background events were estimated to be < 0.08,
< 0.02, and < 0.08 (90% C.L.), respectively. Backgrounds
from other KL decays were estimated using MC simula-
tions and their aggregate number was estimated to
be 0.005! 0.005.
The hadron-cluster background is caused by two had-

ronic clusters being misidentified as photon clusters in CSI.
This can occur when a beam-halo neutron hits the CSI and
produces a cluster, and another neutron from the hadronic
interaction produces an additional cluster. With the inser-
tion of a 10-mm-thick aluminum plate in the beam at
Z ¼ −634 mm, we collected a control sample with an
enhanced number of scattered neutrons hitting the CSI.
Using this sample, an algorithm using a convolution neural
network was developed to discriminate neutrons from
photons, based on their cluster’s energy and timing patterns
in CSI as well as their reconstructed incident angle.
Additional discrimination power was obtained by applying
the FFT to the waveform of each CSI crystal and

calculating the likelihood ratio of templates in the fre-
quency domain for both the photon and neutron clusters.
The combined reduction of these shape-related cuts against
hadron-cluster events (Rshape) was estimated to be ð1.8!
0.2Þ × 10−6 after taking into account photon contamina-
tions in the control sample. The number of background
events was calculated from Rshape × α × NAl and was
estimated to be 0.017! 0.002, where α is the ratio of
the number of signal and control sample events in the
region of 120 < Pt < 500 MeV=c and 2900 < Zvtx <
6000 mm excluding the blind region before imposing
shape-related cuts, and NAl is the number of control sample
events in the signal region before imposing shape-
related cuts.
The CV-η and CV-π0 backgrounds are generated when

beam-halo neutrons hit CV [31] and produce η and π0,
respectively. CV is a charged-particle veto counter made of
plastic scintillator strips and located in front of CSI. The
upstream-π0 background is generated when beam-halo
neutrons hit NCC and produce π0. NCC is located upstream
of the decay volume. These backgrounds were studied with
MC simulations, and the yields were normalized with the
ratio between data and MC for events in the region of
Zvtx > 5100 mm for the CV-η and CV-π0 background and
the region of Zvtx < 2900 mm for the upstream-π0 back-
ground with loose selection criteria. The numbers of CV-η,
CV-π0, and upstream-π0 background events were estimated
to be 0.03! 0.01, < 0.10 (90% C.L.), and 0.03! 0.03,
respectively.
Examining the blind region.—With the background

estimation excluding K! and beam-halo KL → 2γ decays,
we proceeded to unblind the analysis and observed four
candidate events in the signal region and one extra event in
the blind region [12]. After we found an incorrect para-
meter setting which affects the timing used to veto events
with multiple pulses in the veto counters, the data were
processed again. After imposing the same selection criteria
to this sample, three of the original four candidate events in
the signal region remained as shown in Fig. 3. Of these, the
second event from the right in Fig. 3 has overlapped pulses
in NCC. The probability of observing such an event is
2.2%. The other events in the blind region have no such
features.
Background studies after examining the blind region.—

Two new types of backgrounds, one from K! decays and
one from beam-halo KL → 2γ decays, were found and
studied after examining the blind region.
A K! generated in the collision of a KL with the

downstream collimator can enter the KOTO detector.
Among K! decays, K! → π0e!ν is the most likely source
of background because the kinematics of the π0 is similar to
the one from the KL → π0νν̄ decay. The K! flux at the
beam exit was evaluated using a K! → π!π0 decay sample
taken in 2020 with a dedicated trigger (π!π0 trigger). The
π!π0 trigger selected events with three clusters in CSI, one

TABLE II. Summary of the numbers of background events with
a central value estimate.

Source Number of events

KL KL → 3π0 0.01! 0.01
KL → 2γ (beam halo) 0.26! 0.07a

Other KL decays 0.005! 0.005
K! 0.87! 0.25a

Neutron Hadron cluster 0.017! 0.002
CV η 0.03! 0.01

Upstream π0 0.03! 0.03
Total 1.22! 0.26
aBackground sources studied after looking inside the blind
region.

PHYSICAL REVIEW LETTERS 126, 121801 (2021)
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Background table

Newly evaluated backgrounds

Must reduce K± and halo KL backgrounds

Better sensitivity but worse limit 
than the result from 2015 data



K± and halo KL→2γ backgrounds
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PT vs Z  
plots

in 2016-18 
analysis

Signal 
region

The interaction of KL with the 2nd collimator 
produces K±.

The interaction of KL with the 2nd collimator 
produces halo KL.

Halo  KL → 2γ K± → π0e±ν



New in 2021 run: 

UCV - Upstream Charged Veto

• For K± detection in the beam at the 
entrance of the KOTO detector 

• A plane of square scintillation fibers, 
read by MPPC
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0.5mm-square fibers 
• Tilted 25 degree to reduce inefficiency 

due to fibers’ inactive region (clad)



KOTO 2021 data analysis: 

Evaluation of K± flux and rejection by UCV

• K± flux was evaluated by using control data which were 
simultaneously taken in physics run 
• 3-cluster trigger, collecting 2γ (from π0)+1π±

RUN87(2021) 
64.5kW

UCV detection inefficiency=7.8%

K±→π±π0 
reconstructed events 

Corresponding to K± BG rejection by a factor of 12

Reconstructed Z (mm)

M
(π

± π
0 )

 (M
eV

/c
2 ) K± events

KL→π+π-π0

K± flux: R(K±/KL)=3.3×10-5



New in 2021 data analysis: 

Analysis method to reject halo  KL → 2γ
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Rec. Z RCOE  θγ1
 θγ2

Validation by data

Likelihood Ratio

CSI calorimeter
Halo  KL → 2γ

Reconstructed Zvtx

CSI calorimeter

 KL
 π0 → 2γ

Signal

Validation by data

Fisher response

第 7章 運動学的変数の違いを用いた新たな削減手法の開発 66

に対する性能は向上するが、それ以外のサンプルに対しては性能が悪化するため、訓練サンプルとテス
トサンプルの出力の分布が異なる。
図 7.8に、信号事象と KL → 2γ 背景事象の訓練サンプルおよびテストサンプルに対する、FD値の

分布を示す。信号事象と KL → 2γ 背景事象どちらにおいても、訓練サンプルとテストサンプルの分布
に大きな乖離はない。したがって、過学習が起こっていないと判断した。
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MVA Method:
Fisher
BDT
BDTG

Background rejection versus Signal efficiency

図 7.7 信号事象と KL → 2γ 背景事象のテスト
サンプルでの、FD (黒)、BDT (緑)、BDTG (赤)

での信号事象感度と KL → 2γ 背景事象の削減能
力の相関。

0.6− 0.4− 0.2− 0 0.2 0.4 0.6
Fisher response
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2.5dx / 
(1

/N
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Background (test sample)
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Background (training sample)

Kolmogorov-Smirnov test: signal (background) probability = 0.783 (0.918)
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.0
, 0

.0
)%

TMVA overtraining check for classifier: Fisher

図 7.8 信号事象と KL → 2γ 背景事象の訓練
サンプル (ヒストグラム) およびテストサンプル
(点線) に対する FD 値。青が信号事象を、赤が
KL → 2γ 背景事象を示す。

7.2.6 データによる再現性の確認
前節での多変数解析のKL → 2γ 背景事象削減能力はMCのみを用いて評価した。ここでは、データ

とMCの間で乖離が起きていないことを保証するため、以下のコントロールサンプルを用いてMCの
再現性を確認した。

KL → 3π0 サンプルによる確認
図 7.9に、KL → 3π0 のデータとMCをテストサンプルとして用いて得られた FD値の分布を示す。

ここでは、7.2.2節と同じ訓練サンプルを用いた。また、２光子は 6.3.3節と同じ方法で選択した。デー
タとMCそれぞれの FD値の分布に大きな乖離はなく、MCはデータを再現している。また、データと
MCともに、信号事象のMCと似た FD値分布を示した。これは、KL → 3π0 崩壊の多くがビーム軸
に近い位置で崩壊し、さらに２光子の親粒子が π0 であることから、信号事象と運動学的に似ているた
めである。

KL → 2γ サンプルによる確認
図 7.10に、KL → 2γ のデータとMCをテストサンプルとして用いて得られた FD値の分布を示す。

KL → 2γ 背景事象となる事象はデータでは統計が非常に少ないため、ビーム中の KL が KL → 2γ 崩

BG
Signal

Performance

-0.6 0.6
Fisher response

0

• Consistency between shower shape 
and reconstructed angle

• Multi-variable analysis by using 
kinematical variables

Distributions of input variables
Blue:signal 
Red:Halo KL→2γ

Shower shape likelihood Kinematic MVA

Reduce halo KL→2γ by a factor of 8, while signal efficiency  = 94%

Performance

0 1
Likelihood Ratio

     Signal 
     BG



KOTO 2021 data analysis: 

PT vs Z plot after applying all the cuts
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Black: Observed 
Red: BG estimation

286.1±2.3 0.02±0.006

0.255±0.058

0.195±0.083

0

0

0

Signal region

blind region 
0.490±0.103

KOTO 2021 Data

Preliminary
Single Event Sensitivity = 8.7 × 10-10



Background evaluations in detail: 

KL→2π0 background

• Inefficiency of the photon detection is critical 
for KL→2π0 BG estimation. 
• We relied on the simulation in the past 

analysis but different versions of GEANT4 
gave us different results. 

• Data-driven evaluations (and corrections) 
are needed. 

• We use KL→3π0 events with 5γ in the 
calorimeter as evaluation samples. 
• Calculate energy (E6) and direction of remaining 

1γ by using kinematic constraints (vertex from 
2π0 reconstruction, transverse momentum 
balance, KL mass) 

• Check the energy deposit in the detector of 
destination

Backgrounds (BG) at a glance
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VETO

VETO

 n CSI  η → 2γ

CV  η

A halo neutron interacts with CV and 
produces   →wrong vertex reconstructionη

CV
Halo neutron ZVTX

VETO

VETO

 nHalo neutron

CSI  π0 → 2γ

CV  π0

A halo neutron interacts with CV and 
produces  π0

CV

VETO

VETO

CSI

 KL → π0π0 → 4γ

$%

 γ

2 of 4  hit CSI and  
2 are lost due to detection inefficiency

γ

 γ

 γ
 γ

KL

5γ in CSI

6th γ

KL→2π0 background

Inefficiency evaluation by using KL→3π0

 20



Inefficiency evaluation with 5γ data 
  Category: Barrel (IB or MB), high E
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Inefficiency event ≡ N(Edep<1MeV) 
• 1 in data (uncertainty is 100%) 

Corresponding inefficiency 
     = (4.8±4.8)×10-5 

• 1.3±0.5 in MC - G4 v10.6 
    (cf. 0.4±0.3 in G4 v9.5 MC) 
Corresponding inefficiency 
     = (6.2±2.5)×10-5

Reconstructed E6: >200MeV 
Destination: IB/MB region

How to evaluate Systematic error
Barrel detector for high energy photon

5

Assume Diff follow a Gaussian with mean=0 and sigma=1

• Inefficiency=#(E<1MeV)/All

Diff = (IneffiData − A × IneffiMC)

σ2Data + (A × σMC)2

Change the the value of A within -1<Diff<1

SF = IneffiData
IneffiMC

The range of A is considered as σdet

Max(CBAR, IB)Max(Edep(IB), Edep(MB)) (MeV)

E
ve

nt
s

D
at

a/
M

C

Black: data 
Red: KL→3π0 MC (GEANT4 v10.6) 
Blue: KL→3π0 MC (GEANT4 v9.5) 

Inefficiency

Energy deposit (Edep) in the barrel detectors

MC-to-data correction factor:  
    1/1.3 = 0.77 
    Uncertainty: 100%

Limited by statistics of control data



Background evaluations in detail: 

KL→2π0 background with correction factors

MB/IB

BHPV
𝐾𝐿  γ

MB/IB

 γ

 γ γ

“Barrel”

“FB” “BHPV”

Destination categories

Category Correction factor on 
inefficiency

Uncertainty 
(Stat error of 5γ data)

Barrel, high E 0.77 +85% / -100%

Barrel, low E 1.10 ±9.9%

FB (upstream) 1.42 ±12.6%

BHPV (downstream) 1.5 +42% / -51%

• Applied the weight to BG events in MC, according to 
energies and destinations of missing photons in each event

 22



Background evaluations in detail: 

KL→2π0 background on PT vs Z plane
The number of KL→2π0 BG

0.023±0.013(stat) +0.016
−0.019 (sys)

0.034±0.016(stat) +0.034
−0.040 (sys)

0.060±0.022(stat) +0.051
−0.060 (sys)

cf. :N(KL→2π0) BG 
before SF correction 
 -0.049±0.018(stat)

14

MC with correction

NBG=0.060 
 (⇔ NBG, w/o correction=0.049)



Background evaluations in detail: 

Upstream π0 background

• π0 can be produced by the interaction 
between halo neutrons and the 
upstream detector (NCC). 
• The reconstructed vertex must be 

around the NCC position, which is 
outside of the signal region. 

• If the measured photon energy is 
wrong (Emeasured<Etrue), the resultant 
reconstructed vertex can be inside 
the signal region. 
This happens due to photo-
nuclear interactions in the 
calorimeter. 
➔ Need data-driven evaluations
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VETO

CSI

VETO

 γ
Halo neutron

 π0

 γ

Upstream  π0

Wrong vertex 
reconstruction



Data-driven evaluation of photo-nuclear interaction 
in the CsI calorimeter

VETO

CSI

VETO

 γ
Halo neutron

 π0

 γ

Upstream  π0
Wrong E measurement due to 

photo-nuclear interaction in CSI

Wrong vertex 
reconstruction

Uncertainties on NCC BG

Key: Probability of mis-energy  
measurement in CsI

KLKL→3π0 samples 
   with large Center of Energy (COE) in CsI 
          M6γ≠ MKL

Neutrons

γ

γ

Halo neutron

Neutrons

Photo nuclear  
interactione-

γ

Decay region

Photo nuclear 
interaction

π0
γ

Evaluate the probability of mis-energy measurement in CSI

21

The MC reproducibility of the photo-
nuclear interaction (PN) in the CsI 
calorimeter can be evaluated by using 6γ 
sample (KL→3π0). 
• M(6γ) ≠ MKL  
• Large center of energies radius (RCOE)
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Discrepancy in this region 
could be due to photo-
nuclear interaction.

400
RCOE(mm)

2000

Data

Core KL (PN)

Core KL (non PN)

Halo KL

Scattered KL

6γ events with large COE

M
C

This discrepancy was taken into 
account as the correction factor.

KL→3π0



Background evaluations in detail: 

Upstream π0 background on PT vs Z plane

NBG=0.064 
 (⇔ NBG, w/o correction=0.035)

# of upstream π0  background events

0.0018±0.0018(stat)

0.064±0.050(stat) ± 0.006(sys)

0.14±0.08(stat) ± 0.01(sys)

286.1±2.3(stat)

0.16±0.08(stat) ± 0.01(sys)

cf. :N(upstream π0) BG 
before correction 
 -(0.035±0.025(stat)

18

⇔Nobs = 215
25% difference between data/MC  
comes from an imperfect  
reproducibility of π0’s kinematics

25% discrepancy comes 
from an imperfect 
reproducibility of π0’s 
kinematics in MC.

MC with correction



KOTO 2021 data analysis: 

Summary of backgrounds
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Source Estimated value

Upstream π0

KL→2π0

K±

Scattered and

halo KL(→2γ)

Hadron cluster BG

η production in CV

Sum

0.060 ± 0.022 (stat.) +0.051
−0.060 (syst.)

0.043 ± 0.015 (stat.) +0.004
−0.030 (syst.)

0.024 ± 0.004 (stat.) ± 0.006 (syst.)

0.022 ± 0.005 (stat.) ± 0.004 (syst.)
0.018 ± 0.007 (stat.) ± 0.004 (syst.)

0.023 ± 0.010 (stat.) ± 0.006 (syst.)

0.064 ± 0.050 (stat.) ± 0.006 (syst.)

0.255 ± 0.058 (stat.) +0.053
−0.068 (syst.)

Preliminary



KOTO 2021 data analysis: 

Ready for opening the box
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PreliminarySingle Event Sensitivity 
= 8.7 × 10-10

Black: Observed 
Red: BG estimation

286.1±2.3 0.02±0.006

0.255±0.058

0.195±0.083

0

0

0

Signal region

blind region 
0.490±0.103

KOTO 2021 Data

Preliminary



KOTO 2021 data analysis: 

Results

 29

KOTO 2021 Data
• Unblinded the hidden region 
➡No signal candidates 

were observed in the 
signal region. 

• Set the upper limit to be 
BR(KL→π0νν) < 2.0×10-9 
 at 90% confidence level. 

- Corresponding to SES×2.3 
based on Poisson statistics.
Preliminary

We are preparing the paper of this result.



Prospects
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Improvement after 2021 run

• UCV upgrade 
• Less material and better efficiency 

• DAQ upgrade 
• To prepare for a higher beam power, 

and to accommodate more control 
data simultaneously in physics run 

• Capable to handle ~×2 more trigger 
rate 

• Beam line upgrade 
• 50-cm-long, 0.9-T permanent magnet 

has been installed at the end of the 
beam line to sweep out K±.

 31

The MR accelerator was shutdown in 2021-22 
for the magnet power supply upgrade.

New UCV 

Collaboration meeting 2022 12/2-4Keita ONO

Introduction : UCV upgrade

2

Next generation of UCV : Film UCV
0.2-mm-thick plastic scintillator + 12-μm-thick Al mylar 

Aim to get 1% inefficiency (1/100  reduction)K+

Optical box 
(Al mylar)

Scintillator

PMT array

Collect the light escaping from the scintillator

160 mm

160 mm

0.2mm-thick 
film scintillator

>99.9% efficiency was achieved 
in a short run in June 2023

We are ready for next run.



KOTO expected sensitivity in the near future
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SES:8.7×10-10
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Expected

The accumulated POT will be ×10 
larger than 2021 in 4-5 years. 

Assumption 
• The beam power increases 

as 80→90→100kW. 
• 60 days beam time / year. 

➡SES will reach the level better 
than 10-10. 
- The achievable sensitivity will 

be (5-8)×10-11.

Thanks to the MR power supply upgrade in 2021-22, 
• A higher repetition (5.2s→4.2s cycle) can be adopted ➔ Higher beam power 

• 65kW in 2021 with 5.2s repetition → 80kW with 4.2s repetition 
• A smoother time-structure beam is expected ➔ Reduction of accidental loss



And to go further, … 
KOTO II in Extended Hadron Experimental Facility
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• 5 degree 
production angle 

• Larger and 
longer detector 
than KOTO

Dump

T2

T1

KL2
Current HEF

HEF extension 

project (HEF-ex)
HEF-ex is on top of the 

KEK-PIP 2022 
• Expecting that programs 

in the new hall will be 
launched in 2030's

New physics search with 
• # of signal ~35 (in SM) / # of BG ~30 
• ~5σ discovery of   (in SM) 
• 25% measurement of the BR (in SM) 
• Sensitive to new physics that 

enhances the BR by >40%

KL → π0νν

3m

0m 20m

KOTO 
step-2

44m 
from T2 3m 15m

12m

Next generation KL→π0νν experiment



Summary

• KOTO concluded the 2021 data analysis 
• The single event sensitivity = 8.7×10-10,  

  the expected number of backgrounds = 0.255 
• After opening the signal box, no candidate events were 

observed inside the signal box. 
• New upper limit: BR(KL→π0νν)<2.0×10-9 (90% C.L.) 

• KOTO continues taking data and will reach the sensitivity level 
better than 10-10 in 4-5 years. 

• Next generation experiment “KOTO II” is being discussed. 
• Aiming to observe >30 SM events with S/N ratio of 1
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Preliminary


