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Physics on KL→π0νν

• Breaks CP symmetry directory 

• KL∝K0-K0 

• AKL→π0νν∝As→d-(As→d)*∝Im As→d 

• Suppressed in the standard model (SM) 

• BR(SM)=3x10-11∝Im(VtsVtd*)2 

• Small theoretical uncertainty (<2%) 

• Dominated by short distance interaction 

• Precisely estimated Hadron matrix by using 
the K+→π0e+ν data
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New Physics on KL→π0νν

• Can appear in the loop 

• Can enhance the branching ratio
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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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BR(KL → π0νν)

Direct limit (KOTO 2015)

NA62 1𝜎 
(2021) 

<6.4×10-10(68% C.L.)

10−12

<3×10-9 (90% C.L.)
Indirect limit

KOTO

KOTO  
Step2



What we want to reach at KOTO step2
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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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• Discovery 

• BR(KL→πνν)≒ (SM prediction) 
→ ～5σ discovery 
→Measure BR with 30% accuracy 

• New physics search 

• |Br(KL→π0νν)-SM|/SM >40% 
→Indicate new physics  

• Measurement of SM parameters 

• Measure CKM parameter η 
representing the size of CP violation 
with 15% accuracy

NA62 1𝜎 (2021) 



How to search the KL→π0νν decay



Experimental Principle
Signature of KL→π0νν

KL

γ

γ
ν

ν

Z Vertex

PT

Signal region
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Assuming 2γ from π0, 
Calculate z vertex. 

Calculate π0 transverse 
momentum

M2(π0)=2E1E2(1-cosθ)

θ



Experimental Principle
Suppression for background events 

KL

γ

γ
ν

ν

Z Vertex

PT

Signal region
Detect charged particles with 
plastic scintillators

KL

π+

e-

ν

charged particles
KL ! ⇡+e�⌫
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KL → π0νν̄ BR=3×10-11 BR=4.0×10-1



Experimental Principle
Suppression for background events 

KL

γ

γ
ν

ν

Z Vertex

PT

Signal region
Cover decay volume with  
veto detectors

γ

γ

γ γ

KL

more photons
KL ! ⇡0⇡0
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BR=8.6×10-4
KL → π0νν̄ BR=3×10-11



Experimental Principle
Suppression for background events 

KL

γ

γ
ν

ν

Z Vertex

PT

Signal region
Keep the decay volume to be  
high vacuum

γ

γn

π0 Production through the interaction 
with residual gas 

π0
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KL → π0νν̄ BR=3×10-11



Experimental Principle
Suppression for background events 

KL

γ

γ
ν

ν

Z Vertex

PT

Signal region
Materials near the beam hole 
should be minimized

Beam should be “well-shaped”.

Ideally, No particles  
in “halo region”

γ

γ
n

π0 Production through the interaction 
with detectors around the beam hole

π0

Beam position

Intensity
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KL → π0νν̄ BR=3×10-11



Experimental Principle
Suppression for background events 

KL

γ

γ
ν

ν

Z Vertex

PT

Signal region
Discriminate “neutron cluster” 
from “photon cluster”

n

Neutron make 2 clusters 
through hadronic interactions

n

12

KL → π0νν̄ BR=3×10-11



Basic detector design 

γ

γ

Measure E and 
position of 
photons

Photon veto

Charged particle veto

Vacuum

Photon 
veto 
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KOTO experiment 
in Hadron Hall 



KOTO experiment 
KL→π0νν decay search @ Hadron Experimental Facility 

2 190324_KEK-SAC_Hadron.key - 2019年3月24日

Common 
Target

Beam 
dump

30GeV Proton 
beam 

KL line

20m30 GeV  
proton

16 degree to 
incident proton

Target

KOTO detector
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KOTO detector
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KOTO detector 
Detector

2/22/2018 7Myron Campbell and Yau Wah
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Calorimeter (CSI)Main Barrel (MB)
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KOTO data taking
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The latest results of KOTO 
2016-2018 data analysis

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.

)2 c
E

ve
nt

s 
/(

20
.0

 M
eV

/

10

210

310

410
Data 

MC Sample : 
 0π±π → ±K

)µ=e,l (ν±l0π → ±K
 0π-π+π → LK

 decays LOther K

)2c mass (MeV/±Reconstructed K
300 400 500 600 700 800

D
at

a/
M

C
0

1

1

2

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.

 (mm)vtxZ
1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000

)c
 (M

eV
/

t
P

0

50

100

150

200

250

300

350

400

450

500 439
436.79 3.83±

0
0.14 0.06±

0
0

0
0.20

0.09±

0
0

0
0.53 0.13±

4
1.97 0.35±

3
1.22 0.26±

including signal region

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.

PHYSICAL REVIEW LETTERS 126, 121801 (2021)

121801-5

Final PT vs Z plot 
Black: observed,Red: expected BG,Contour: signal MC

Nobserved (=3) is statistically consistent with NBG (=1.22±0.26).
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K± → π0e±ν

Background Table
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Single Event Sensitivity = (7.20 ± 0.05stat ± 0.66syst) × 10-10

 is the most serious contributor.K± → π0e±ν



Prospects of KOTO

• Against K+ Backgrounds 

• Plate with 0.5-mm square 
scintillating fibers to detect K+  
in beam ( Efficiency ～ 95% ) 

• Installed in 2021 
• Further upgrade study is on-
going 

VETO

VETO

𝐾±

CSI calorimeter

e±

2γ

KOTO detector area

K± → π0e±ν
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Prospects of KOTO
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2016-2018 

2015

By 2025 
O(10-11)
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Required Signal/Background ratio  
for 3σ observation

-Reachable sensitivity start to be saturated 
after reaching O(10-11) 
-Signal background ratio required for 3σ 
observation is high if Nobs is a few events

Need a new experiment  
to get huge improvement



KOTO step2 
in Extended Hadron Hall 



Measure branching ratio of the KL→π0νν decay with 
  -Higher intensity KL beam 
  -Larger detector 

KOTO Step2 in extended hadron hall

 43m from the target, 
 behind the proton dump

T3 target

2nd collimator

5 degree

Experimental area

1st collimator

30GeV 
Proton

Sweeping magnet

Another magnet at most downstream 22

- Br(KL→π0νν) ≒SM  
   → ～5σ discovery 

- |Br(KL→π0νν)-SM|/SM >40%          
   →Indication of new physics

- ~50 SM events for 3×107 s run time  
with 100kW beam 

- Signal-to-background ratio ~ 0.4

20m

3m



Yield, n/K vs angle (Au)
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A new KL beam line
KL yield dependence on extraction angle
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A new KL beam line
Basic design

• 5 degree production 

• The beam line length is 43m. 

• Shorter than the original design by shortening 
 the distance between the T2 target and the beam bump. 

• Need to discuss the detail with other groups   

• KOTO-2 area is located behind the beam dump.

 43m from the target, 
 behind the proton dump

T2 target

2nd collimator

5 degree

Experimental area

1st collimator

30GeV 
Proton

Sweeping magnet

Another magnet at most downstream

0 5000 10000 15000 20000 25000 30000
 momentum at z=-5 mm(MeV/c)LK

0

200

400

600

800

1000

1200

 / ndf 2χ  103.7 / 63
Prob   0.0009484
p0        11.8±  1193 
p1        0.027± 2.909 
p2        0.017± 1.722 
p3        0.0052±0.2011 − 
p4        0.000344± 0.005615 

KOTO Step2 Gain for KL 

yield
Production 

Angle
16 degree 5 degree x5

Beam line 
Length

20m 43m x0.8

Solid angle 7.8 μsr 4.8 μsr x0.6

N(KL)= 1.1x107/2x1013 POT 
→x 2.6 higher than KOTO (per POT)

Ppeak=2.9GeV/c
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A new KL beam line
Neutron profile

n

n

At Z=64m, Energy>0.3GeV

-15 15
-15

15

x(mm)

y(m
m
)

Ratio (Halo/Core)=1.84(±0.02)x10-4

Halo=“outside ±10cm” 
Core=“inside ±10cm”

Can improve the Halo/Core ratio  
by optimizing the collimator shapes
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A new KL beam line
Trial to reduce K± contamination

VETO

VETO

𝐾±

CSI calorimeter

30 GeV/c 
proton

Au target

1st collimator 2nd collimator

𝐾𝐿

sweeping 
magnet

Photon absorber
e±

2γ

KL beam line KOTO detector area

K± → π0e±ν

Default setup 
  -R(K±/KL)=4.1×10-6 

                   
Optimization with higher MC samples 
are on going
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With second magnet 
  -R(K±/KL)<1.1×10-6 

Setup for Monte carlo simulation

W/o second magnet W/ second magnet
K± profile@ beam exit

-100                  100                  x(cm)                 -100                  100                  x(cm)                 -100                  

100                  

y(
cm

)  
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A new KL beam line
The effect of the beam dump 

• KL experimental area is 
just behind the beam dump

X-Z view

Concrete shield |X|≤8.5m

Steel shield |X|≤2m

Tagging plane

1.0 6.0 9.245 17.645
Z (m)Cu main dump |X|≤1m

Air

Detector region 
D=4m, L=20m

5 degree line 
from T2 target

Fill x and z position  
(extrapolated) when 
|y|<2m at the point

•Muon rate over the detector will be 15 MHz ! (**)
• Neutron rate is tolerable ( ～25kHz)

KOTO  
Area

Muon track behind the beam dump

-10 10x(m)
0

30z(m
)Simulation Setup for the effect of dump
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X-Z view

Concrete shield |X|≤8.5m

Steel shield |X|≤2m

Tagging plane

Cu main dump |X|≤1m

Air

1.0 6.0 9.245 17.645
Z (m)

Additional steel 
3/5/7m-thick

A new KL beam line
The effect of the beam dump 

• KL experimental area is 
just behind the beam dump

•Muon rate can be reduce to 1.3 MHz  
with additional 7m-thick steel.KOTO  

Area

Simulation Setup for the effect of dump 
with additional steel

Current 
dump

Additional 
3m-thick 
steel

Additional 
5m-thick 
steel

Additional 
7m-thick 
steel

Counting 
rate 

 @ 100kW
15 MHz 5.5 MHz 2.6 MHz 1.3 MHz

•Cooperate with the primary beam channel group 
to look for a good configuration
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Detector for KOTO step2

KOTO

KOTO 
Step2

0m 20m6.5m

Signal  
region

Signal region

2m

12m

2m

3m

Signal region        : 2m →12m (x6) 
Calorimeter radius: 1m →1.5m (x.15)
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Signal acceptance

• Beam power: 100kW 

• KL yield: 1.1×107/2.1×1013 POT  → ×2.5 from KOTO 

• Data taking : 3 Snowmass years (3x107s)

Decay 
Probability

Geometrical 
Acceptance

Cut 
efficiency 1- Accidental loss

KOTO Step2 
Efficiency 10% 24% 26% 77%

KOTO 
Efficiency 3.3% 26% 3% 36%

Improvement 
factor 3 0.9 8.7 2.1

0

500

PT
(M

eV
)

0 20zvtx(m)

48.9±0.5
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(Sum of improvement factor on efficiency ) × (Increase of KL yield)=120



Accidental loss
FBAR
NCC

CBAR
CSI

CC04
BHCV

Rate (MHz)
0 1 2 3 4

FBAR

CBAR

NCC
CC04

CsI

BHCV

FBAR
NCC

CBAR
CSI

CC04
BHCV

Loss (%)
0 2.5 5 7.5 10

Accidental loss is  23% in total
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BG estimation
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VETO

VETO

n
Halo neutron

CSIn

Hadron cluster

A halo neutron directly hit the calorimeter 
and makes 2 clusters
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CSI
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KL → π+π−π0

𝐾𝐿

π0 → 2γ

 disappear in downstream beam pipeπ±

VETO

VETO

n CSIη → 2γ

CV η

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

CV
Halo neutron ZVTX

VETO
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γ
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Signal :48.9±0.5  BG in total :111.7±4.8  S/N=0.4432



What is achievable in KOTO step2
with 100KW beam and 3 years data taking

33
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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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+ Buras 2014

• Discovery 

• BR(KL→πνν)≒ (SM prediction) 
→ ～5σ discovery  
→Observe 49 events with  
   112 BG events    
→Measure BR with 30% accuracy 

• New physics search 

• |Br(KL→π0νν)-SM|/SM >40% 
→Indicate new physics  

• Measurement of SM parameters 

• Measure ηwith 15% accuracy

NA62 1𝜎 (2021) 
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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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+ Buras 2014

• KL→π0νν decay is a powerful tool 
to search for new physics 

• KOTO will reach the sensitivity 
of O(10-11) around 2025. 

• KOTO step2 have potentials 

• Discovery the KL→π0ννsignal with 5σ　 

• Measure the branching ratio 
with 30% accuracy 

• Indicate new physics  
if |Br(KL→π0νν)-SM|/SM >40% 

NA62 1𝜎 (2021) 
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Muon flux measurement 
behind the current dump

36

ボーリϱグҌ ビームダンプ下ླྀ෨（ビーム軸৏)に
Φ350ఖౕの穴を਄さ6mあけて、଎ఈ器

をઅ஖する。ビームダンプのஇ໚ਦ

穴はໃਭ化して、穴の৏は車
が௪れるようマンホール蓋を
અ஖する。工事஦に出るஏ下
ਭは、近๥のଈ溝（ਃಃ঍）
へ໯す。掘ったౖৗはౖೱୀ
にいれてHDフェンス಼でฯ管。
工事は、ビームం止期間に実
施する๏ਓで、༩算次୊で
2021夏から2022秋までのLong 
shutdown஦に実施したい。

現য়写ਇ

Ground level 

Cross section of the current dump

Measurement in the well 
(Under consideration)

Beam level φ350mm, 
6m-deep well

-4.4m GL

• Need to dig a hole and insert a pipe 
• Need to prevent spring water 
• Need to have a rigid cover 

• Watanabe-san started to discuss with 
facility department, radiation-safety 
division, and a company.

Want to prepare by the 
next beam time in 2022 if 
possible. 
(Although no budget is 
allocated at the moment.)



Neutron
At the exit of the beam line (Z=43m)

36x109 POT generated

37

Eth N

>1MeV 569488

>100MeV 540578

>300MeV 480245

>1GeV 370262

On-spill (/4.2x1013 POT)

660MHz

620MHz

550MHz

430MHz



Photon
At the exit of the beam line (Z=43m)

38

Eth N

>1MeV 624564

>10MeV 92471

>100MeV 20035

720MHz

110MHz

23MHz

On-spill (/4.2x1013 POT)

36x109 POT generated



• Incorrect vertex reconstruction 
• Reject with two additional photons 
• Narrower veto window

• Sampling calorimeter made of alternating lead and plastic scintillator 
• Plastic scintillator is finely segmented in X- and Y-direction individually

• 15mm width of scintillator seems to be optimal • 1.5 degree angular resolution for 1 GeV photon

Still detector optimization is on going.

Preliminary r
esults
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The same momentum spectrum as in 
Only Ke3 decay
With  additional cut acceptance 

K±/KL = 4.1 × 10−6

KL

0.94

Second magnet  :  or less → hope to be 1/10
If more reduction is needed, we will have UCV 
(with additional acceptance loss)

CBAR / newBHCV are responsible for the inefficiency of  

× 1/4

e±



• Hermetic detector = KL decay = hit somewher 
• Which decay region → 30m
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=100e3/(30e9*1.6e-19)*4.2/2.*11e7/2e14=24MHzRincident

Pdecay = 1 − exp (−
30 m
βγcτ ) =1-exp(-30/(6*15))=0.28

=24e6*0.28=6.7MHzRdecay

wR=20*ns * 6.7MHz =0.13

Accidental loss

13% loss



Situation of  backgroundKL → 2π0

• Detector inefficiency is a key.

Fusion Odd Even
0
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Entries  304196
Mean   0.6325
Std Dev    0.5351
Underflow       0
Overflow        0
Integral   119.7
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Effect of Barrel timing window, BHPV for KL → 2π0

• Narrow barrel veto window is feasible. 
• Thanks to good timing variable 

• BHPV would reduce # of BG. 
• 24 p.e. threshold is not effective. 
• Operation is difficult. 
• BHPV can be removed.

Barrel Timing Window     BHPV threshold    # of BG
20ns                                    —                         
50ns                                   24p.e.                    
50ns                                   12p.e.                       
50ns                                     6p.e.                       

120 ± 5
115 ± 4

90 ± 3
60 ± 2





High momentum KL

•  

•

ppeak = 2.9 GeV/c

l = γβcτ ∼ 6 × 15 m = 90 m

0 5000 10000 15000 20000 25000 30000
 momentum at z=-5 mm(MeV/c)LK
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 / ndf 2χ  103.7 / 63
Prob   0.0009484
p0        11.8±  1193 
p1        0.027± 2.909 
p2        0.017± 1.722 
p3        0.0052±0.2011 − 
p4        0.000344± 0.005615 

Step1:4.2 × 107/2 × 1014POT

Step2:11 × 107/2 × 1014POT
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Solid angle (0.22@43 m)

∼ 80 %

∼ 1/4

Beam size: 10cm→15cm: × 2

Extraction: 16°→5°: × ∼ 5

× 5 × 1/4 × 2 = 2.5

( measurement)

( Geant3 simulation)


