
2021/11/11 Anomalies 2021

Rare K decay :  
status and future  output

H. Nanjo (Osaka U.) 
for the KOTO collaboration



  

K0S→μ+μ–

● BRSM(K0
S→μ+μ–) = (5.18 ± 1.5LD ± 0.02SD) 10× -12            [D’Ambrosio et al., Phys. Rev. Lett. 119 (2017) 201802]

● FCNC process, highly suppressed in the SM

● Large deviations predicted by some BSM scenarios (e.g. SUSY, Leptoquarks)

● Run 1 limit:

Br (KS

0→μ+μ --) < 0.8×10
−9
@90 % C.L.

[Eur. Phys. J. C77 (2017) 678]

Long distance contribution

Short distance contributions

[Chobanova et al., JHEP 05 (2018) 024],

[Dorsner et al., JHEP 11 (2011) 002],

[Bobeth and Buras, JHEP 02 (2018) 101]
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Rare kaon decay observables
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LHCb Collaboration, Phys.Rev.Lett. 125 (2020) 23, 231801 

ℬSM = (5.18 ± 1.5LD ± 0.02SD) × 10−12

ℬ(Ks → μμ) < 2.1 × 10−10 (90 % CL)

Focus of this presentation



 in SM and Experimental statusK → πνν
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Calculated BR 

Theoretical error

Quarks in loop top top, charm

KL → π0νν K+ → π+νν
(8.4 ± 1.0) × 10−11(3.4 ± 0.6) × 10−11

< 2 % < 4 %
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Mainly Parameter error from CKM matrix elements
Buras et al JHEP11(2015)33

Precise and Suppressed SM process(BG) 
→BSM Physics search(Signal)😀



Correlation between  and  in KL K+ K → πνν
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Amplitude
Width
CP CP violating

∝ (Im𝒜s→d)2 ∝ |𝒜s→d |2
∝ 𝒜s→d − (𝒜s→d)* ∝ 𝒜s→d

KL → π0νν K+ → π+νν
(KL ∼ (K0 − K0)/ 2)

ℬ(KL) < 4.3 × ℬ(K+)Grossman-Nir bound :
(Isospin symmetry in ΔI=1/2 process) 



Experimental status on K → πνν
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Experiments J-PARC KOTO      CERN NA62

Branching ratio

Single Event Sensitivity

KL → π0νν K+ → π+νν

< 3.0 × 10−9 (90 % CL) (10.6+4.0
−3.4 ± 0.9) × 10−11 (68 % CL)

7.2 × 10−10

JHEP 06 (2021) 093
0.84 × 10−11

PRL. 126 (2021) 12, 121801

11−10

10−10

9−1010−9

10−10

10−11

SES

SES

Measurement (68% CL)

Upper limit (90% CL)

SM SM

ℬ Grossman-Nir bound 
(  for 68% CL)6.3 × 10−10

PRL 122, 021802 (2019)

(SES)
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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 –

ℬ = 10−10

New physics contributions
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Figure 1. The branching fractions of K → πνν,πν̄ν̄ arising from the dim-9 operators versus the
NP scale Λnp for the example described in the text. Also displayed are the corresponding SM
predictions for K → πνν̄ (red and blue horizontal bands) and upper limits from KOTO [15] and
NA62 [19] (blue and red horizontal thin lines). The light-blue region is excluded by the KOTO
bound. The blue dot corresponds to KOTO’s three events.

3 GN-bound violation via EFT operators for K → πS or πSS

In the preceding section, the problem of the NP scale Λnp being too low can be ascribed to

the high dimension of the SMEFT operators. As sketched in section 1, any NP that can

induce KL → π0X with a rate exceeding the SM expectation without conflicting with the

K+ data must have an effective scale Λnp which goes roughly as
(
23000TeV2mn

K

)
1/(2+n),

where mK is the kaon mass and n the mass dimension of the field content of X . Therefore,

one way to increase Λnp is by reducing the dimension of the operators, which is 6+n. If in

the dim-9 operators examined above the neutrino pair, which has n = 3, is replaced with

a scalar field S, which has n = 1, the dimension of the operators can be decreased by 2

and in turn Λnp can be raised to the TeV level. If X = SS instead, the scale will become

Λnp = O(v). In this section, we explore how SMEFT four-quark operators supplemented

with S, which we take to be real and a singlet under the SM gauge group, can give rise to

K → πS transitions which break the GN bound. Moreover, we apply a similar treatment

to the K → πSS case.

3.1 Operators and matching

As is clear from the last paragraph, SMEFT operators that directly give rise to K → πS

at leading order have to be of dimension seven (dim-7). Since S is a SM-gauge singlet, the

quark portions of these operators are none other than the SMEFT dimension-six (dim-6)

four-quark operators [44, 45] which contribute to nonleptonic kaon decays. In the first

column of table 2, we list these dim-6 operators in the Warsaw basis [45]. In the middle

column, we exhibit the relevant operators with one s-quark field in the LEFT approach [46].

The third column contains the results for the Wilson coefficients at the electroweak scale

– 12 –
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NA62 experiment at CERN
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NA62 @ CERN - SPS

LHC

NA62
SPS

Primary goal: 
Measurement of BR(K+ → π+νതν)

Technique:
K Decay – in – flight  

Broader Physics program

~200 participants: Birmingham, Bratislava, Bristol, Bucharest, CERN, Dubna (JINR), Fairfax (GMU), Ferrara,
Firenze, Frascati, Glasgow, Lancaster, Liverpool, Louvain-la-Neuve, Mainz, Moscow (INR), Naples, Perugia,
Pisa, Prague, Protvino (IHEP) , Rome I, Rome II, San Luis Potosi, Torino, TRIUMF, Vancouver (UBC)

610/09/2019 Giuseppe Ruggiero - Kaon 2019

The Apparatus

15/09/2016 Giuseppe Ruggiero 8

RICH

Magnet

Spectrometer

Target

K+ → π+νν : K+ → π+ + nothing400 GeV/c proton

L:~250mφ:~4m

4HQL 2021 ++-p+   measurement with the NA62 experiment at CERN (R. Marchevski)

State-of-the-art �+⇤p+⌅⌅ experiments 

Phys. Rev. D 79, 092004 (2009)

Phys. Rev. D 77, 052003 (2008)

Past experiments (E787/E949 @ BNL)
Kaon decay-at-rest technique

Present state-of-the-art �+⇤p+⌅⌅ 
experiments 

Kaon decay-in-Oight technique

NA62 experiment (this talk)

NA62

Integrated luminosity NA62 Run 1

1.9 x 1012 proton per spill on target
~ 2.2 x 1018 POT collected in Run 1

     Run 1 statisticsRun1 : 2016-2018



Concept of NA62 detector
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NA62 Layout

Secondary positive beam Decay region and Detectors

Momentum 75 GeV/c, 1% rms
Divergence (RMS) 100 μrad
Transverse Size 60 × 30mm2

Composition ΤK+ 6% Τπ+ 70% p 24%
2017 typical Intensity 19 × 1011 ppp (450 MHz @ GTK3)

Fiducial region 60 m
K+ decay rate ~ 3 MHz
Vacuum 𝒪 10−6 mbar
Si pixel beam tracker + Straw tracker

LKr Calorimeter from NA48

Cerenkov counters for K id, RICH for p/m id

[NA62 Detector Paper, 2017 JINST 12 P05025]

MNP33
400 GeV/c 

SPS protons

710/09/2019 Giuseppe Ruggiero - Kaon 2019

K+ π+

DipoleMag.

DipoleMag.x4

𝐊+ → 𝛑+𝛎ത𝛎 Decay-in-flight
mmiss
2 = PK+ − Pπ+ 2 Process Branching ratio

K+ → π+π0 γ 0.2067
K+ → μ+𝜈 γ 0.6356
K+ → π+π+π− 0.0558 
K+ → π+π−e+ν 4.25 ∙ 10−5

1010/09/2019 Giuseppe Ruggiero - Kaon 2019

mass assumption

Fiducial :~60m

~150m veto sections

400 GeV/c proton→75 GeV/c K+

• Decay in flight technique
• High momentum K+(75GeV/c) 
• K+ tracking w/ magnetic field → pK

• π+ tracking w/ magnetic field → pπ



Signal reconstruction
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𝐊+ → 𝛑+𝛎ത𝛎 Decay-in-flight
mmiss
2 = PK+ − Pπ+ 2 Process Branching ratio

K+ → π+π0 γ 0.2067
K+ → μ+𝜈 γ 0.6356
K+ → π+π+π− 0.0558 
K+ → π+π−e+ν 4.25 ∙ 10−5

1010/09/2019 Giuseppe Ruggiero - Kaon 2019

mmiss = mνν

K+ → π+ + π0( → γγ)

Br: 21%
Photo veto
Cut kinematic region

𝐊+ → 𝛑+𝛎ത𝛎 Decay-in-flight
mmiss
2 = PK+ − Pπ+ 2 Process Branching ratio

K+ → π+π0 γ 0.2067
K+ → μ+𝜈 γ 0.6356
K+ → π+π+π− 0.0558 
K+ → π+π−e+ν 4.25 ∙ 10−5

Kinematic signal identification

R
eg

io
n 

1

Region 2

1110/09/2019 Giuseppe Ruggiero - Kaon 2019

m2
miss(GeV2/c4)

Cut kinematic region of K+ → π+π0

K+ → π+νν

mmiss = mπ0



Event selection
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K+→π+νν – Analysis strategy

πνν selection without PID and photon/multi-track rejection:

● Two signal region kept blinded

● Control regions adjacent to the signal 
regions to validate the background 
estimation procedure

● The background from K decays is 
evaluated extrapolating the tails of the 
distributions inside the signal region

● Selection:

▹ Single track in @nal state
▹ π+ identi@cation
▹ Photon rejection
▹ Multiplicity rejection
▹ Decay vertex inside the @ducial region
▹ 15 < pπ+ < 35 GeV/c (region 1) and

15 < pπ+ < 45 GeV/c (region 2)

Riccardo Lollini FPCP 2021 10 

,  track
Vertex of  and  tracks

 PID 
Photon veto

K+ π+

K+ π+

π+

Two signal regions : Blind analysis
Control regions
     around signal regions



Background estimation of 2018 data
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K+→π+νν – Total expected background

● In the plot: expected and observed number of background events in the control regions after the signal 

selection

● Signal regions are masked

Riccardo Lollini FPCP 2021 14 

Presented by Riccardo Lollini  in FPCP2021

Background estimation
Major decay : data driven (# in signal region / # in control region)
Minor decay : MC 



Upstream background
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beam particle or K+

charged pion generated in the upstream

Accidental coincidence / Decay

beam particle or K+

charged pion generated in the upstream

Collimator to stop such charged pion
New collimator was installed in 2018
NA62 run2 : additional tracker + veto

The NA62 experiment

Figure 2.9: Pictures of the adjustable final collimator installed during the 2017
data taking (left) and the final fixed collimator installed in June 2018 (right).
Figures from [36].

the window is attached to a thin-walled aluminium beam tube of inner diameter
168 mm, displaced to X = +34 mm and converging to the reference axis at an
angle of -1.8 mrad to follow the trajectory of the beam, which is thus transported
in vacuum throughout the length of the detectors, as shown in Figure 2.10.

2.9 STRAW: the spectrometer for downstream
particles

Downstream of the fiducial decay region, a magnetic STRAW spectrometer is
placed in vacuum to track the charged particles produced in the kaon decays. This
is the second fundamental element for the kinematic reconstruction of the events
(Equation 2.1).

The NA62 STRAW spectrometer is the first tracking system based on straw
tubes operating in vacuum. The STRAW detector is composed of four chambers
distributed, almost equidistantly, over a length of 35 m along the beam direction,
with a dipole magnet (MNP33) between the second and the third station providing
an integrated field of 0.9 Tm, that gives a horizontal momentum kick of 270 MeV/c,

30

2016-17 2018-



Results of analysis of 2018 data
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Observed data

Figure 7. The K+ → π+νν̄ candidate events in the 2018 (left) and 2016–2018 (right) data
sets. Left: reconstructed m2

miss as a function of π+ momentum for events satisfying the K+ →
π+νν̄ selection criteria. The intensity of the grey shaded area reflects the variation of the SM signal
acceptance in the plane. The two boxes represent the signal regions. The events observed in Regions
1 and 2 are shown together with the events found in the background and control regions. Right:
expected numbers of background events and numbers of observed events in the nine categories used
in the maximum likelihood fit to extract the K+ → π+νν̄ branching ratio. Categories 0,1 and
2 correspond to 2016, 2017 and S1 subsets, respectively. Categories 3 to 8 correspond to the six
5GeV/c wide momentum bins of the S2 subset. The observed data for each category are indicated
by black markers with Poissonian statistical errors. The shaded boxes show the numbers of expected
background events and the corresponding uncertainties.

The statistical uncertainties in the SES and N exp
πνν̄ are negligible. The above SES cor-

responds to about 2.7 × 1012 effective K+ decays in the fiducial volume. The external
error in N exp

πνν̄ stems from the uncertainty in the SM prediction of BR(K+ → π+νν̄). The
uncertainty in the background estimate is dominated by the statistical uncertainty in the
upstream background contribution.

A background-only hypothesis test is performed using as a test statistic the likelihood
ratio for independent Poisson-distributed variables as prescribed in [33]. A p-value of
3.4 × 10−4 is obtained, corresponding to a signal significance of 3.4 standard deviations.

TheK+ → π+νν̄ branching ratio is determined using a binned maximum log-likelihood
fit to the observed numbers of events in the nine categories comprising the NA62 data set
(figure 7, right). The parameter of interest is the signal branching ratio. The nuisance
parameters are the total expected numbers of background events in the signal regions and
the single event sensitivities and corresponding uncertainties, obtained separately for each
of the nine categories. For each category, the number of background events is constrained
to follow a Poisson distribution while the SES follows a Gaussian distribution with mean
and sigma as estimated. The resulting branching ratio is

BR(K+ → π+νν̄) = (10.6+4.0
−3.4|stat ± 0.9syst) × 10−11 at 68% CL, (7.1)

– 16 –

In the signal region
17 events observed,

 expected number of events
          
            

↔
NSM

π+νν = 7.6
NBG = 5.3



Results of NA62 run1 (2016-2018)
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8++-p+   measurement with the NA62 experiment at CERN (R. Marchevski)HQL 2021

Reminder: 2016 and 2017 data results

2 events observed

Br(K+-P+UU ) < 1.78x10-10 @ 90% CL 
JHEP 11 (2020) 042

1 events observed

Br(K+-P+UU ) < 14x10-10  @ 90% CL
Phys. LeH. B 791 (2019) 156-166 

2016 data
2017 data

16++-p+   measurement with the NA62 experiment at CERN (R. Marchevski)HQL 2021

Opening the box in the 2018 data

5.4 background + 7.6 SM signal events expected, 17 events observed

2018 data

2016 : 1 event observed (PLB 791(2019) 156)
2017 : 2 events observed (JHEP 11(2020)042)
2018 : 17 events observed
In total 20 events
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Background Subset S1 Subset S2
π+π0 0.23± 0.02 0.52± 0.05
µ+ν 0.19± 0.06 0.45± 0.06
π+π−e+ν 0.10± 0.03 0.41± 0.10
π+π+π− 0.05± 0.02 0.17± 0.08
π+γγ < 0.01 < 0.01
π0l+ν < 0.001 < 0.001
Upstream 0.54+0.39

−0.21 2.76+0.90
−0.70

Total 1.11+0.40
−0.22 4.31+0.91

−0.72

Figure 6. Background predictions. Left: reconstructed m2
miss as a function of π+ momentum

after applying the signal selection to the S1 and S2 subsets. Events in the background regions
are displayed as light grey dots. The control regions, populated by the solid black markers, are
adjacent to the background regions. The numbers next to these regions are the expected numbers
of background events (in brackets) and the observed numbers (without brackets). Right: expected
numbers of background events summed over Regions 1 and 2 in the 2018 subsets.

(S2); selecting the m2
miss value to be either inside Regions 1 or 2, or in the region m2

miss <

−0.05 GeV2/c4 removing veto conditions against pileup events in the GTK and interactions
detected by CHANTI. The selected events are distributed over five validation samples in S1
depending on the π+ position in the (XCOL, YCOL) plane, and on m2

miss. In the S2 subset,
three validation samples are obtained by either inverting the cut on the BDT output value
or selecting events in the unphysical region m2

miss < −0.05GeV2/c4. The result of the
upstream background validation procedure is presented in figure 4, right.

Background summary. The background prediction for the sum of all contributions
described above is validated in the six control regions located between the signal and the
π+π0, µν and 3π regions. After unmasking the control regions the observed and expected
numbers of events are found to be statistically compatible across all control regions (figure 6,
left). A summary of the background estimates summed over Region 1 and Region 2 is
presented in figure 6, right for the two subsets S1 and S2 of the 2018 data.

7 Results

After unmasking the signal regions, four events are found in Region 1 and thirteen in Re-
gion 2, as shown in figure 7, left. In total, combining the results of the K+ → π+νν̄ analyses
performed on the 2016, 2017 and 2018 data, 20 candidate events are observed in the signal
regions. The combined SES, and the expected numbers of signal and background events
in the 2016–2018 data set are:

SES = (0.839± 0.053syst) × 10−11,

N exp
πνν̄ = 10.01± 0.42syst ± 1.19ext,

N exp
background = 7.03+1.05

−0.82.

– 15 –Observation with  significance
Compatible with SM ( )
                             (JHEP 06 (2021) 093)

ℬ(K+ → π+νν) = (10.6+4.0
−3.4 ± 0.9) × 10−11 (68 % CL)

3.4σ
8.4 × 10−11



Prospects
• NA62 run2
• Started from Aug. 2021, till 2024
• Measure   at O(10%) precision
• More events with higher beam intensity
• Further suppression of the background

• Far future plan
• Higher beam intensity of SPS is under discussion
• Factor of 4 more 
• New  beam line to search for  : KLEVER project

ℬ(K+ → π+νν)

K+

KL KL → π0νν
15



KLEVER experiment
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Next-generation kaon experiments – M. Moulson (Frascati) – FPCP 2021 – Fudan University, Shanghai (online), 11 June 2021

A KL → π0νν experiment at the SPS?

130 m 170 m 241.5 m

FV

3 
m

MEC

SAC

LAV 1-15
LAV 16-21 LAV 22-25

80 m  from target
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γ

〈pK〉 = 40 GeV

• High-energy experiment: Complementary to KOTO
• Photons from KL decays boosted forward

• Makes photon vetoing easier - veto coverage 
only out to 100 mrad

• Roughly same vacuum tank layout and fiducial 
volume as NA62

ν

ν

−

400-GeV SPS proton beam on Be target at z = 0 m

KLEVER target sensitivity:
5 years starting Run 4

~60 SM KL→ π0νν
S/B ~ 1
δBR/BR(π0νν) ~ 20%

29
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A KL → π0νν experiment at the SPS?

130 m 170 m 241.5 m
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LAV 16-21 LAV 22-25

80 m  from target

UV/AFC

CPV
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γ

〈pK〉 = 40 GeV

• High-energy experiment: Complementary to KOTO
• Photons from KL decays boosted forward

• Makes photon vetoing easier - veto coverage 
only out to 100 mrad

• Roughly same vacuum tank layout and fiducial 
volume as NA62

ν

ν

−

400-GeV SPS proton beam on Be target at z = 0 m

KLEVER target sensitivity:
5 years starting Run 4

~60 SM KL→ π0νν
S/B ~ 1
δBR/BR(π0νν) ~ 20%

29

< pKL
> ∼ 40 GeV/c
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Common 
Target

Beam 
dump

30GeV Proton beam 
from MR

KL line

KOTO experiment at J-PARC

17
30-GeV proton in J-PARC Main Ring

J-PARC at Tokai village

Gold Target

KOTO (K0 at Tokai) 

~500 m

Hadron 
Experimental 
Facility

KOTO detector

KL beam line

66-mm-long 
gold target



KL beam line
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Photo during the construction

Primary beam
downstream of the target

KL beam line at 16 degree
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Signal reconstruction
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→
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1st collimator 2nd collimator
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KL → π0νν

Calorimeter

π0
→

2γ θ

zvtx
z axis

=beam axis

m2
π0 = 2E0E1(1 − cos θ) E0

E1
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Signal reconstruction
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30 GeV 
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blind analysis 
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Background from  decayKL
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π−

π+

Veto + pT
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KL → 2γ

γ

γ
pT

KL → 2π0

γ

γ

γ

γ

Hermetic Veto
In-beam also

π0 → 2γ

Two observable  particles in the final state

Extra particles for veto



Background from  production from neutronπ0/η
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・Less detector material
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Diameter ~1.9 m
50-cm long CsI crystals
Cross section

2.5 cm × 2.5 cm
5 cm × 5 cm

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

2

Lead/plastic scintillator sandwich counter
3-mm thick 
plastic scintillator 50-cm long CsI

8.5m-long vacuum tank



KOTO Data Accumulation
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2013 data 
(PTEP 2017, 

021C01)

2015 data 
(Phys. Rev. Lett. 

122, 021802)

2016-18 data 
Published 

(Phys. Rev. Lett. 
126, 121801)

2019-21 data 
In analysis
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Analysis of 2016-18 data
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Results of 2016-18 analysis
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134 9.2 Results
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Figure 9.1: Pt vs. Zvtx of the events after imposing the KL → π0νν 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→π0νν distribution from the MC simulation. The black italic (red
regular) numbers indicate the number of observed (background) events in each region.
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Figure 9.2: Observed overlapped-like-pulses in NCC of the second event from the right in Fig. 9.1.
The NCC-Common signal was used for the veto decision. The region inside the vertical solid (dotted)
lines is the veto window (widened veto window). The peak in the NCC-Common existed outside of the
widened veto window. The on-time (off-time) pulse in the rear (front) part of the Individual readout
implied occurring pulse overlapping in the Common readout.

3 events observed
SES=(7.20 ± 0.05stat. ± 0.66syst.) × 10−10

ℬ(KL → π0νν) < 4.9 × 10−9 (90 % CL)

Phys.Rev.Lett.126(121801)(2021)

 decay           : 
Halo    : 
Others                : 0.09
Total                  : 

K± 0.87 ± 0.25
KL → 2γ 0.26 ± 0.07

1.22 ± 0.26

No events in the surrounding regions  
                                  except for the upstream region
・New background sources were found
・# of observed events is
     consistent to # of backgrounds



Charged kaon background
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 generated in the 2nd collimator due to hadronic interaction

Backward-going  → low energy → missed due to the detector inefficiency
 kinematics is similar to the signal
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ℬ(K± → π0e±ν) = 5 %
e±
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Charged kaon flux measurement with K± → π±π0
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K+ → π+π0

K+
, neutron, pionKL

γ
γ

π+

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-
ment on MK! . The bottom panel shows the ratio of data and MC
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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3⇡
π0l±ν

π±π0 Triggering  in June 2020
3 clusters in CSI && Hit in Charged Veto detector

Matching between a Charge Veto hit and one CSI cluster
Reconstruct  from 2 
Reconstruct  with  balance →  reconstruction

K± → π±π0

π0 γ
π± pT K±

847  events → K± → π±π0 K±/KL = 2.6 × 10−5



Halo  backgroundKL → 2γ
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Future prospects
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Reduction of  backgrounds toward the next analysisK±
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0.5-mm-square scintillating fibers 
installed in 2021→ × 1/20

30 GeV 
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neutron, γ
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K+ → π0e+ν

K+
, neutron, pionKL

γ
γ

e+

PMT array

12μm aluminized 
film (reflector)

0.2mm-thick 
scintillator film

PMT array K±

Upgrade with 0.2-mm-thick  
scintillator planned in 2022
→ × 1/100

Installation of 
additional magnet
planned in 2023
→ × 1/10

Expected reduction
  in total× 1/1000
0.02 events in SM sensitivity



Reduction of halo  backgroundKL → 2γ
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CSI calorimeterHalo KL

KL → 2γ

Reconstructed Zvtx

第 6章 クラスターの形の違いを用いた新たな削減手法の開発 59

図 6.14 MCで生成した信号事象とKL → 2γ 背景事象に対して求めた Likelihood Ratio の分布。
緑が信号事象、赤が KL → 2γ 背景事象を示している。信号事象と KL → 2γ 背景事象それぞれの
事象数を用いて規格化した。

図 6.15 KL → 3π0 データと MC それぞれ
の Likelihood Ratio の分布 (上)とデータとMC

の比 (下)。黒い点がデータを、赤いヒストグラ
ムが MC を示す。データと MC は、それぞれの
POTを用いて規格化した。

図 6.16 ビーム中の KL が崩壊した KL → 2γ

データとMCそれぞれの Likelihood Ratio の分
布 (上) とデータと MC の比 (下)。黒い点がデー
タを、赤いヒストグラムがMCを示す。データと
MCは、それぞれの POTを用いて規格化した。

Likelihood Ratio for cluster shape

(  on z-axis)ℒ π0

(  on z-axis)+ (  on COE-axis)ℒ π0 ℒ KL

Signal

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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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。
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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

Kinematic MVA

Reduce it by a factor of 16 so far
with 90% signal efficiency

More reduction is under study

0.4 events in SM sensitivity
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Prospects
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KOTO will reach
       sensitivityO(10−11)



KOTO step-2 with extension of hadron experimental facility

Dump

T2

Extension of hall

T1

Higher momentum &
higher intensity  KL

 extraction angle5∘

SES: ,  S/B=0.63
• 35 SM signal / 56 background events

→  observation

•  →  CKM parameter : 

• 44% deviation from SM→90%-CL indication of NP

8.5 × 10−13

4.7σ

Δℬ/ℬ = 27 % Δη/η = 14 %

KOTO step2
Detector



Time line for KL → π0νν
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CERN KLEVER

KOTO step-1 KOTO step-2

SES : O(10−11) SES : O(10−13)

Earliest sc
enario

Next-generation kaon experiments – M. Moulson (Frascati) – FPCP 2021 – Fudan University, Shanghai (online), 11 June 2021

Physics opportunities
Precision measurements of K→ πνν BRs can provide model-independent 
tests for new physics at mass scales of up to O(100 TeV)

Physics opportunities in the kaon sector

B
R

(K
L
→

 π
0 ν
ν)

 ×
10

11

BR(K+ → π+νν) × 1011

B
R

(K
L
→

 π
0 ν
ν)

 ×
10

11

BR(K+ → π+νν) × 1011

• BR(K+→ π+νν) = BRSM with δBR = 5%
• BR(KL→ π0νν) = BRSM with δBR = 20%

• BR(K+→ π+νν) = 1.33 BRSM with δBR = 5%
• BR(KL→ π0νν) = 1.50 BRSM with δBR = 20%
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Summary
• Rare kaon decay : sensitive to new physics
• World-wide efforts
•  

• NA62 experiment at CERN 

• run1 (2016-18)  

• run2 : 2021-2026 : O(10%) measurement

•
• KOTO experiment at J-PARC

•
• will reach SES of O( )

• KLEVER (CERN) and KOTO step-2 :  aiming at 30-60 SM events observation

K+ → π+νν

ℬ(K+ → π+νν) = (10.6+4.0
−3.4 ± 0.9) × 10−11 (68 % CL)

KL → π0νν

ℬ(KL → π0νν) < 3 × 10−9 (90 % CL)
10−11
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