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There is a handful of “golden” Kaon decays, 
which are very sensi4ve but also very rare.
► Hadronic uncertain4es small.
► Almost exact predic4on by SM theory.
► Unique sensi4vity to New Physics 

because of box & penguin diagrams. 

In addi4on:
Many other important Kaon decays
(LFV/LNV, |Vus|, Dark Ma/er searches, …)

These are the decays to go for!
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Golden Kaon Decays
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NA62	after	LS	3	➞	HIKE

HIKE	=	NA62	successor	with:		
▶ Beam-line	with	4	×	NA62	intensity	
▶ Upgraded	NA62	detector	(Mainz:	new	HCAL)	

➜ Br(K+	➞	π+νν̄)	to	~ 5%																																				(phase	1)	
➜ Rare	KL	decays:		KL	➞	π0l+l–,	KL	➞	µ+µ–,	…		(phase	2)	
➜ Alternating	with:	Beamdump	mode	with	5×1019	pot.	

HIKE	plans	for	10	years	of	data	taking	LS	3	(2028)	–	LS	5	(2038):	

▶ K+	running	(phase	1):			~	4	years	
▶ Beamdump	running:				~	3-4	years		(run	periods	alternating	with	Kaon	physics)	
▶ KL	running	(phase	2):			~	2-3	years
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HIKE, High Intensity Kaon Experiments
at the CERN SPS

Letter of Intent

The HIKE Collaboration

Abstract

A timely and long-term programme of kaon decay measurements at a new level of precision
is presented, leveraging the capabilities of the CERN Super Proton Synchrotron (SPS). The
proposed programme is firmly anchored on the experience built up studying kaon decays at
the SPS over the past four decades, and includes rare processes, CP violation, dark sectors,
symmetry tests and other tests of the Standard Model. The experimental programme is based
on a staged approach involving experiments with charged and neutral kaon beams, as well as
operation in beam-dump mode. The various phases will rely on a common infrastructure and
set of detectors.

➞

High-intensity kaon experiments at the CERN SPS – M. Moulson – Physics at high intensity – Frascati, 11 November 2022

Decay ΓSD/Γ Theory err.* SM BR ´ 1011 Exp. BR ´ 1011

(Sep 2019)

KL→ µ+µ− 10% 30% 79 ± 12 (SD) 684 ± 11
KL→ π0e+e− 40% 10% 3.2 ± 1.0 < 28†

KL → π0µ+µ− 30% 15% 1.5 ± 0.3 < 38†

K+ → π+νν 90% 4% 8.6 ± 0.4 < 18.5†

KL → π0νν >99% 2% 2.9 ± 0.2 < 300†

Rare kaon decays
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†90% CL*Approx. error on LD-subtracted rate excluding parametric contributions
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Phase 2 physics sensitivity
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• Nearly 2×1014 kaon decays in FV 
in 5 years!

• Single-event sensitivities for KL→ 
π0ℓ+ℓ− improved by more than two 
orders of magnitude 

• Suppression of the KL→ γγℓ+ℓ−
background relies on excellent 
photon energy resolution of the 
HIKE EM calorimeter 

• Likely first observation of KL→ π0ℓ+ℓ− or sensitivity to BRs O(10−11)
• KL→ µ+µ− signal yield: BR with 0.2% statistical precision
• Sensitivities of O(10−12) for BR of a broad range of rare and forbidden KL decays 

(e.g. 60x better than BNL-E871) 

Greenlee
PRD42 (1990)

BR(KL→ π0e+e−) < 28 × 10−11

BR(KL→ π0µ+µ−) < 38 × 10−11

Experimental status (KTeV):

KL → γγℓ+ℓ−
BR(γγe+e−) ~ 6×10−7

BR(γγµ+µ−) ~ 10 −8
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Decay SM Branching Ratio

KL➝ π0 ν ν̄ (2.94 ± 0.15) × 10–11   [1]

K+➝ π+ ν ν̄ (8.60 ± 0.42) × 10–11   [1]

KL➝ π0 ℓ+ℓ– (SD) (3.5 ± ) × 10–11    ee, [2]*

(1.4 ± 0.3) × 10–11  µµ, [2]*

KL➝ µ+µ– (SD) (6.8 ± ) × 10–9   [3]*

[1] Buras, arXiv:2205.01118);
[2] Mescia, Smith, Trine, JHEP08 (2006) 088;
[3] Buras Fleischer, ASDHEP 15 (1998) 65;
*  Assuming constructive interference with LD contribution.
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https://arxiv.org/abs/2205.01118
https://arxiv.org/abs/hep-ph/0606081
https://arxiv.org/abs/hep-ph/9704376
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Correla0on between KL➞ π0 ν ν̄ and K+ ➞ π+ ν ν̄

3Prospects to measure KL → π0νν at the SPS – M. Moulson (Frascati) – KAON 2016  – Birmingham, UK – 17 Sept 2016

K → πνν and new physics

4

New physics affects BRs differently for K+ and KL channels
Measurements of both can discriminate among NP scenarios

BR(K+ → π+νν) × 1011

B
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Buras, Buttazzo, Knegjens
JHEP 1511

●  Models with CKM-like 
flavor structure
− Models with MFV

●  Models with new flavor-
violating interactions in 
which either LH or RH 
couplings dominate
− Z/Z′ models with pure 

LH/RH couplings
− Littlest Higgs with      

T parity

●  Models without above 
constraints
− Randall-Sundrum
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Correla0on between KL➞ π0 ν ν̄ and K+ ➞ π+ ν ν̄
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New Physics:

Branching ratio may become
► larger (constructive interference)
► smaller (destructive interference).

Necessary to measure both modes 
to nail down New Physics models.

Prospects to measure KL → π0νν at the SPS – M. Moulson (Frascati) – KAON 2016  – Birmingham, UK – 17 Sept 2016
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The Landscape

5

คณุอยู่ทนีี+
You are here
Vous êtes ici

CERN
J-PARC
KOTO
KOTO II

NA62
(LHCb)



Prospects to measure KL → π0νν at the SPS – M. Moulson (Frascati) – KAON 2016  – Birmingham, UK – 17 Sept 2016

K → πνν and new physics

4

New physics affects BRs differently for K+ and KL channels
Measurements of both can discriminate among NP scenarios

BR(K+ → π+νν) × 1011

B
R

(K
L →

 π
0 ν
ν)

 ×
 1

01
1

Buras, Buttazzo, Knegjens
JHEP 1511

●  Models with CKM-like 
flavor structure
− Models with MFV

●  Models with new flavor-
violating interactions in 
which either LH or RH 
couplings dominate
− Z/Z′ models with pure 

LH/RH couplings
− Littlest Higgs with      

T parity

●  Models without above 
constraints
− Randall-Sundrum

−

−

−

Rainer Wanke              Future Kaon Experiments              FPCP 2024              May 29th, 2024

Kaon Physics at the CERN SPS – NA62

6

► Run 1: 2016-18
20 events  (7 es?mated bkg.)
Br(K+➞ π+νν̄)

= (10.6 stat ± 0.9syst) × 10–11

►

►

+ 4.0
– 3.4

SM
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NA62 total?
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Kaon Physics at the CERN SPS – NA62
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► Run 1: 2016-18
20 events  (7 es?mated bkg.)
Br(K+➞ π+νν̄)

= (10.6 stat ± 0.9syst) × 10–11

► All NA62: 2016-25 (up to LS 3)
About 4-5 × NK as for Run 1
with similar S/N ra4o.
➜ Total error of ± 1.8 × 10–11

(very rough es,ma,on!)
► Assume same central value.

+ 4.0
– 3.4

SM
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Kaon Physics at the CERN SPS – Future
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Original Plan:
► AYer end of NA62 new High-Intensity Kaon Experiment (HIKE) , star4ng around 2030. 

Same experimental hall ECN3, many parts of the NA62 detector to be reused. 
► Phase 1:  4 × increased K+ intensity  ➜ Measurement of Br(K+➞ π+νν̄) to ± 5 %.
► Phase 2:  High intensity KL running ➜ KL➞ π0ℓ+ℓ– and other rare KL decays.
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► Phase 2:  High intensity KL running ➜ KL➞ π0ℓ+ℓ– and other rare KL decays.

March 6, 2024, CERN decision:
No succession of NA62. Hall ECN3 shall be used for beam dump facility (SHiP).

“No decision on the physics, [but] strategic decision” 
(CERN directorate, Mar 6th, 2024)
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Original Plan:
► AYer end of NA62 new High-Intensity Kaon Experiment (HIKE) , star4ng around 2030. 

Same experimental hall ECN3, many parts of the NA62 detector to be reused. 
► Phase 1:  4 × increased K+ intensity  ➜ Measurement of Br(K+➞ π+νν̄) to ± 5 %.
► Phase 2:  High intensity KL running ➜ KL➞ π0ℓ+ℓ– and other rare KL decays.

March 6, 2024, CERN decision:
No succession of NA62. Hall ECN3 shall be used for beam dump facility (SHiP).

“No decision on the physics, [but] strategic decision” 
(CERN directorate, Mar 6th, 2024)

Bad day for Flavour Physics. Prac4cally no other place at CERN for a Kaon experiment.
NA62 is going to say the last word on K+ physics for many years (forever?).
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Other Kaon Physics at CERN? 
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LHCb competitive for KS decays (displaced vertex) with µ± in the final state (trigger):
► KS➞ µ+ µ– ➜ Important for KL➞ µ+ µ– interpretation, but other NP than KL➞ µ+ µ–.
► KS,L➞ µ+ µ– µ+ µ– ➜ Extremely suppressed in the SM ➞ high NP sensitivity.
► KS➞ π0 µ+ µ– ➜ Very important for KL➞ π0 µ+ µ– interpretation.𝐾𝑆0 → 𝜇+𝜇− prospects

9
Expected to reach sensitivity close to the SM prediction with the Upgrade II

arXiv: 1808.03477
JHEP 05 (2019) 048

SM

LHCb projected sensitivity
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• Prospects  for the Upgrade are excellent:

• Scan most of the allowed range in BSM 
models (such as Dark Photons)

• Get close to the SM values if no signal is 
found

LHCb Preliminary

LHCb Preliminary
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https://conference-indico.kek.jp/event/169/contributions/3471/attachments/2359/3033/KAON2022_dms_Toyonaka.pdf
https://indico.cern.ch/event/1300660/contributions/5510836/attachments/2714242/4713896/Kaons%20at%20LHCb%20Upgrade2%20-%20Radoslav%20Marchevski.pdf
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T parity

●  Models without above 
constraints
− Randall-Sundrum

−

−

−

NA62 total?

Rainer Wanke              Future Kaon Experiments              FPCP 2024              May 29th, 2024

Kaon Physics at J-PARC – KOTO
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► 2021 Data Analysis: 
Preliminary SES = 8.7 × 10–10,
no signal candidates. 

➜ Best upper limit (preliminary):
Br(KL➞ π0νν̄)  <  2.0 × 10–9

►

➜

SM

Rainer Wanke, Forschungsseminar, Humboldt-Universität Berlin, Oct 28th, 2016

SM prediction

Grossman-Nir limit
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63

Whole 2015 KOTO data being analyzed.

2018: MPPCs on CsI calorimeter                                                                
2018: ➜  much reduced n background.

2019: Beam power 42 kW → 100 kW  ➜  reach 100 kWdays!

OK T
ν
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d

KL ! ⇡0⌫⌫̄

Future Prospect : 
Both-end Readout of the Calorimeter

12Z

radiation length for gamma <  interaction length for neutron 
➡gamma and neutron can be distinguished with the depth of hits in the crystal 

➡a new photo-sensor (MPPC) on the upstream end of  
   the CsI calorimeter give us the longitudinal (Z) information 1/10 BG reduction 

 upgrade in 2018
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¹/₂₀ 2015 data
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► 2021 Data Analysis: 
Preliminary SES = 8.7 × 10–10,
no signal candidates. 

➜ Best upper limit (preliminary):
Br(KL➞ π0νν̄)  <  2.0 × 10–9

► Full KOTO: up to ~ 2027
BeSer Detector (less bkgd.) &
DAQ (ready for 100 kW beam).  

➜ Expected in total:
Br Sensi4vity  ~ 1 × 10–10

SM

Rainer Wanke, Forschungsseminar, Humboldt-Universität Berlin, Oct 28th, 2016
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¹/₂₀ 2015 data

KOTO excluded ?

2027 ?
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Kaon Physics at J-PARC – KOTO
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► If no NP at Br(KL➞π0νν̄) ~ 10–10

➜ 10 × more sensi4vity needed 
➜ to close in on SM or NP.
(This also holds for NP at 10–10,     
for nailing down the NP model!)

► New beamline & detector
» Higher beam intensity
» Befer bkg suppression

KOTO – Step 2

Prospects to measure KL → π0νν at the SPS – M. Moulson (Frascati) – KAON 2016  – Birmingham, UK – 17 Sept 2016
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Whole 2015 KOTO data being analyzed.

2018: MPPCs on CsI calorimeter                                                                
2018: ➜  much reduced n background.

2019: Beam power 42 kW → 100 kW  ➜  reach 100 kWdays!
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Future Prospect : 
Both-end Readout of the Calorimeter

12Z

radiation length for gamma <  interaction length for neutron 
➡gamma and neutron can be distinguished with the depth of hits in the crystal 

➡a new photo-sensor (MPPC) on the upstream end of  
   the CsI calorimeter give us the longitudinal (Z) information 1/10 BG reduction 

 upgrade in 2018
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Increased KL Intensity by smaller Extraction Angle

11

► Small extraction angle: High KL flux, high 
momentum, high neutron background
➜ Optimum at  θ ~ 5°

Strategy of KOTO Step-2 beam line to gain sensitivity
14

Extraction angle θProton
KL

Small extraction angle  → High flux, High momentum
                                        ⇄ neutron background
→  is optimal
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Hadron Experimental Facility Extension

Present
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T1 target

KL
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Extended

< 1.1GeV/c K beam
Kaonic nuclei

< 2GeV/c K beam
X hypernuclei

high-intensity and high-resolution p beam
super-precision L hypernuclear spectroscopy

< 10GeV/c K beam
W spectroscopy

< 1.1GeV/c K beam
YN scattering /
T-violation

m beam
m→e conversion

30GeV p beam
hadron physics

< 20GeV/c p beam
Lc/X spectroscopy

intense K0
L beam

𝐾𝐿0 → 𝜋0𝜈 ҧ𝜈

K0
L beam

𝐾𝐿0 → 𝜋0𝜈 ҧ𝜈

Expand research programs at the 
Hadron Experimental Facility to explore 

Origin & Evolution of Matter more deeply

• +1 new production target
(T2)

• +4 new beamlines
(HIHR, K1.1/K1.1BR, KL2, K10)

• +2 updated beamlines
(High-p (p20), Test-BL)

• KOTO II at extended hadron hall
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Problem: Current KOTO Beamline

12
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Problem: Current KOTO Beamline

12

T1 target

KOTO detector

Primary beamline

KL beam, 16°

Shielding KL beam at 5°

possible new

► New beamline with 5° too long (63 m) 
because of primary beam shielding.

► Also, earlier primary beamdump not 
possible (no space in hall).
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J-PARC Hadron Facility Extension

13

Today Extension

Extension is supported by KEK Project Implementa4on Plan 2022
➜ Top priority to request new budget.
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J-PARC Hadron Facility Extension
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Fig. 4 Layout of the extended Hadron Experimental Facility at J-
PARC. The KOTO II detector is behind the dump downstream of the
T2 target

Fig. 5 Conceptual design of the KOTO II detector

Fig. 6 Cutaway view of realistic KOTO-II detector

region is defined by 3 < z < 15 m, that is 6 times larger
than that in KOTO. An electromagnetic calorimeter is 3 m
in diameter (1.5 times larger than in KOTO) and located at
z = 20 m. Veto counters surround the decay region hermet-
ically. Two photons from the π0 in the signal KL → π0νν̄

process are detected with the calorimeter. The decay vertex
of the π0 is reconstructed on the z-axis assuming the invari-
ant mass of the two photons to be the nominal π0 mass.
The transverse momentum of the π0 (pT ) is reconstructed
using the vertex position. Events are vetoed if extra particles
are detected other than the two photons from the π0 in the
calorimeter.

Including kinematic event selections, the expected num-
ber of signal events is 35 if the SM value for the branching
ratio is assumed, with a running time of 3×107 s with a 100-
kW beam incident in the T2 target. The expected number of
total background events is 40. Distributions of the signal and
background simulated events in the z–pT plane are shown
in Fig. 7. The signal can be observed with 5.6σ significance.
The branching ratio can therefore be measured with a sta-
tistical error of 25%, resulting in a precision of the CKM

parameter η of 12%. Deviations of the branching ratio by
40% from the SM value would indicate NP at 90% CL.

The design of the KOTO-II detector is progressing towards
a realistic geometry, see Fig. 6. Based on the size and the
weight from the realistic geometry, and a radiation shielding
simulation, the surrounding detector area is under design.
Prototyping of a modular barrel detector and of a calorimeter
with photon incident angle determination capabilities are on-
going. A shashlyk counter is considered for the outer region
of the calorimeter. A low-gain avalanche photodiode detector
is being considered for the in-beam charged veto counter.
The option of a straw-tube tracker behind the charged veto
detector to measure charged tracks is being evaluated. The
Collaboration plans to submit a proposal for KOTO II in JFY
2024, in order to realise the KOTO II experiment in the 2030s.

2.3 Kaon physics from other experiments: LHCb and
its upgrade 2

The LHCb experiment [19] at the LHC is optimised pri-
marily for the study of decays of the short-lived beauty
and charm hadrons. In addition to its primary objectives,
LHCb has proven to be suitable to investigate strange physics,
despite the very low O(100 MeV/c) transverse momentum
(pT ) of the decay products of kaons and hyperons. In the
past, the main bottleneck for strange physics at LHCb was
the trigger system, which was selecting only events with
pT > O(GeV) at the hardware level, resulting in a trig-
ger efficiency of εtrig ∼ 1% in Run 1 (2010–2012). In
Run 2 (2015–2018), a significantly modified software trigger
enabled an improvement of the trigger efficiency, especially
for channels with muons in the final state, by about an order
of magnitude εtrig ∼ 18% with further improvements lim-
ited by the hardware trigger system. In Run 3, which started
in 2022, the upgraded LHCb detector is equipped with an
entirely software-based trigger system which will boost the
sensitivity to kaon and hyperon decays with trigger efficien-
cies close to 100%. The possibility of fully exploiting the data
will therefore rely only on the capability of strange hadrons
triggers to cope with the allowed rates, which for most of
the channels mentioned here should be feasible. The large
improvement in trigger efficiency will enable LHCb to fully
profit from the large data sets that will become available in
the coming years. The data collected so far by LHCb in Run
1 and 2 correspond to 10 fb−1. About 50 fb−1 are expected
to be collected after LHCb Run 3 and 4 and there is inter-
est in continuing the experiment at high luminosity with a
future Upgrade, possibly reaching 300 fb−1 [20] after Run
5 and 6. Furthermore, the huge strangeness production cross
section at the LHC, two to three orders of magnitude larger
than that of heavy flavours, makes strange-hadron physics an
increasingly strong research line at LHCb [21], with several
results already published and more in the pipeline. LHCb has

123

KOTO II

Extraction angle:
From 16° (KOTO)            

to 5° (KOTO II)

+ 5 × KL intensity
(@ same stereo angle)
2 × KL momentum

– Smaller stereo angle
Larger decay length
(larger γcτ)
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KOTO II Detector

15

Peak KL momentum: 1.4 GeV/c (KOTO) ➜ 3 GeV/c (KOTO II)
► Larger decay volume:  2 m  ➜ 12 m length
► Larger calorimeter:      2 m  ➜ 3 m diameter

21KOTO-II detector

2m

3m

2m

12m

0m 6.5m 20m

Signal region

KOTO

KOTO II

Peak  momentum : 1.4 GeV/c (KOTO) → 3 GeV/c  (KOTO II)KL

Possible to use longer decay volume  (2 m → 12 m)
Larger diameter calorimeter (2 m → 3 m)

44m from T2
3m 15m

Beam hole :  20 cm × 20 cm

2 m

3 m

2 m

12 m
Signal region

0 3 m 6.5 m 15 m 20 m

KOTO:

KOTO II:

International Conference on Kaon Physics 2022 (KAON 2022)

Journal of Physics: Conference Series 2446 (2023) 012037

IOP Publishing

doi:10.1088/1742-6596/2446/1/012037

2

2.1. Beam line
The beam line is designed to use the second production target (T2) in the extended Hadron
Experimental Facility (HEF) as shown in Figure 1. The extraction angle of the KL from the
primary beam is chosen to be 5 degrees at KOTO II instead of 16 degrees at KOTO in order
to obtain a larger KL flux and harder KL momentum spectrum while keeping the same ratio
of neutron and KL fluxes. The solid angle is defined with a collimator to be 4.8 µstr. An
experimental area behind the dump is 43 m away from T2.

The momentum spectrum and flux were obtained from simulations. The momentum spectrum
of KL at 43 m from T2 peaks at 3 GeV/c as shown in Figure 2. The KL yield is 5.5 ⇥ 107 for
1014 protons on the target (POT). With the expected POT of 1014 within a 2-s spill, incident
rates at the detector are 28 MHz for KL’s, 450 MHz for neutrons with a momentum larger than
1 GeV/c, and 110 MHz for photons with a momentum larger than 10 MeV/c.

T2 target
2nd collimator

5 degree
Experimental area

1st collimator

30GeV 
Proton

Sweeping magnet

Another magnet at most downstream

Figure 1. Schematic drawing of the beam line at
KOTO II. The experimental area is behind the beam
dump to enable the extraction angle of 5 degrees. A
modeled cylindrical detector of 20 m in length, with a
3-m-diameter calorimeter inside, is shown.
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Figure 2. KL spectrum of KOTO II
at 43 m from the T2 target obtained
with the beam line simulation.

2.2. Detector
The conceptual base design of the KOTO II detector is shown in Figure 3. The signal region
for the decay is 3 < z < 15 m. The detector is cylindrical with its axis on the beam axis.
The calorimeter is 3 m in diameter at z = 20 m, and veto counters surround the signal region.
The photon detection efficiencies are modeled based on the KOTO detector, and the in-beam
downstream counters are assumed to be similar to those in KOTO.

2.3. Reconstruction
The KL ! ⇡0⌫⌫ signal is detected as follows. The calorimeter detects two photons from the ⇡0

decay, and the calorimeter and the veto counters ensure that there are no other particles in the
decay. The vertex z position (zvtx) of the ⇡0 decay is reconstructed assuming it to be on the
beam axis with the invariant mass of two photons to be the nominal ⇡0 mass. The transverse
momentum (pT) of the ⇡0 is obtained from zvtx, and large pT within a certain zvtx region is
required for the signal because the signal has two missing neutrinos.

3. Expected sensitivity
The sensitivity of KOTO II is evaluated with simulations for the continuous running time of
3⇥ 107 s. The structure of the primary proton beam is assumed to be 1014 protons on T2 in a
2-s spill with a 4.8-s cycle.

121086420 14
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2500
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KOTO II beamline simula?on

3 GeV/c
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KOTO II Expected Signal Yield
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Assuming:
► Beam power:   100 kW (as in KOTO)
► Running 4me:  3 × 107 s
➜ 6.3 × 1020 pot 

➜ 35 expected SM KL➞ π0νν̄ events

KOTO KOTO II K II/K I

KL yield (arb. units) 1 2.6 2.6

Decay probability 3.3 % 10 % 3

Geom. acceptance 26 % 24 % 0.9

Selection efficiency 3 % 26 % 8.7

1 – Accidental loss 64 % 39 % 1.7

1 – Backsplash loss 50 % 91 % 1.8

Total improvement 190

Comparison KOTO – KOTO II

KOTO II 190 × more sensi4ve than KOTO
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KL yield Decay 
Probability

Geometrical 
Acceptance

Cut 
efficiency 1- Accidental loss 1-Backsplash 

loss

KOTO 3.3% 26% 3% 36% 50%
KOTO II ×2.6 10% 24% 26% 61% 91%

Improvement
factor 2.6 3 0.9 8.7 1.7 1.8

Beam power : 100 kW at T2 target 
Running time :  s 
# of events (SM) : 35 events

3 × 107

Improvement factor 
       in total× 190
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1.5.4.5 Signal yield including the signal losses

We evaluate the number of the signal (S) in 3×107 s running time with BRKL→ß0˚˚ =
3× 10−11:

S =
(beam power)× (running time)

(beam energy)
× (number of KL/POT)

× Pdecay × Ageom × Acut × (1-accidental loss)× (1-backsplash loss)× BKL→π0νν

=
(100 kW)× (3× 107 s)

(30 GeV)
× (1.1× 107KL)

(2× 1013 POT)

× 9.9%× 24%× 26%× (1− 39%)× 91%× (3× 10−11)

=35.

Here, Pdecay is the decay probability, Ageom is the geometrical acceptance for the
two photons entering the calorimeter, Acut is the cut acceptance, and BKL→π0νν is
the branching fraction of KL → π0νν. Distribution in the zvtx-pT plane is shown in
Fig. 30.
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Figure 30: Distribution in the zvtx-pT plane for KL → π0νν for the running time of
3× 107 s. All the cuts other than pT and zvtx cuts are applied.

1.5.5 Background estimation

1.5.5.1 KL → π0π0

KL → π0π0 becomes a background when two clusters are formed at the calorimeter
and the other photons are missed in the following cases.

1. Fusion background: Three photons enter the calorimeter, and two of them
are fused into one cluster. The other one photon is missed due to the detector
inefficiency.

2. Even-pairing background: Two photons from a π0-decay form two clusters
in the calorimeter. Two photons from the other π0 are missed due to the
detector inefficiency.

31

K L➞ π0νν̄
35.3 ± 0.4 SM events

signal region
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KOTO II Expected Background
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# of Backgrounds 23
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Figure 33: Distribution in the zvtx-pT plane for KL → π+π−π0 for the running time
of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.

1.5.5.3 KL → π±e∓ν (Ke3)560

The Ke3 background happens when the electron and the charged pion are not561

identified with the Charged Veto Counter. The number of background is evaluated562

to be 0.08 with 10−12 reduction with the Charged Veto Counter as shown in Fig. 34.563
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Figure 34: Distribution in the zvtx-pT plane for Ke3 for the running time of 3×107 s.
All the cuts other than pT and zvtx cuts are applied.

564

1.5.5.4 KL → 2γ for halo KL565

KL in the beam scatters at the beam line components, and exists in the beam halo566

region. When such halo KL decays into two photons at off-z-axis region, larger567

pT is possible due to the assumption of z vertex on the beam axis. The decay568

40

KL → π+π−π0

2.5 ± 0.4
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0.078 ± 0.001

vertex is wrongly reconstructed with the nominal pion mass assumption. This569

fake vertex gives a wrong photon-incident angle. Therefore this halo KL → 2γ570

background can be reduced with incident-angle information at the calorimeter. We571

can reconstruct another vertex with the nominal KL mass assumption, which gives572

a correct photon-incident angle. By comparing the observed cluster shape to those573

from the incorrect and correct photon-incident angles, this background is reduced to574

be 10% in the KOTO step-1, while keeping 90% signal efficiency. In this report, we575

assume the reduction factor of 1%, because the higher energy photon in the step-2576

will give better resolution. We will study it more in the future. The number of this577

background is evaluated to be 4.8 as shown in Fig. 35. The flux and spectrum of578

the halo KL are obtained from the beam line simulation. Systematic uncertainties579

on the flux and spectrum are also one of the future studies.
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Figure 35: Distribution in the zvtx-pT plane for halo KL → 2γ for the running time
of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.

580

1.5.5.5 K± → π0e±ν581

K± is generated in the interaction of KL at the collimator in the beam line. The582

second sweeping magnet near the entrance of the detector will reduce the contri-583

bution. Here, we assume the reduction factor of 10%. Higher momentum K± can584

survive in the downstream of the second magnet, and K± → π0e±ν decay occurs in585

the detector. This becomes a background if e± is undetected. The kinematics of π0
586
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is similar to KL → π0νν, therefore this is one of the serious backgrounds. Detection587

of e± is one of the keys to reduce the background.588

We evaluated the number of the background to be 4.0 as shown in Fig. 36. In589

the current beam line simulation, statistics is not enough. The number of K± with590

the momentum direction toward the decay volume through the beam hole of the591

Upstream Collar Counter is 8. The second magnet reduces it to be 0. We also use592

the halo-neutron momentum spectrum and direction for the K± generation due to593

the lack of the statistics. We will evaluate these with more statistics in the future.
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Figure 36: Distribution in the zvtx-pT plane for K± → π0e±ν for the running time
of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.
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The veto timing of the barrel detector is essential also for this decay. Figure 37595

shows the correlation between the barrel hit-z-position and tBarrelVeto. The lower596

momentum electrons or positions contribute to the events with larger tBarrelVeto due597

to the backward-going configuration similarly to KL → π0π0. Unlike the pho-598

ton detection, the detection efficiency is high because a few-MeV electron is still599

a minimum-ionizing particle. Therefore, the loss of the low-momentum particles600

outside the veto window could give a large impact to increase the number of back-601

ground. The 40-ns veto window from −5 ns to 35 ns is adopted because of small602

increase of the background by 0.5 events. The number of background increase to be603

322, for example, if we set a 20-ns veto window from −5 ns to 15 ns on tBarrelVeto.604

In this report, we use the same veto timing on this charged veto as in the photon605
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Figure 38: Distribution in the zvtx-pT plane of the hadron cluster background for
the running time of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.

1.5.5.7 π0 production at the Upstream Collar Counter622

A halo neutron hits the Upstream Collar Counter, and produces a π0, which decays623

into two photons to mimic the signal.624

Halo neutrons obtained from the beam line simulation are used to simulate625

the π0 production in the Upstream Collar Counter. We assume fully-active CsI626

crystals for the detector. Other particles produced in the π0 production can hit the627

fully-active detector, and can veto the event. In the simulation, such events were628

discarded at first. In the next step, only the π0-decay was generated in the Upstream629

Collar Counter. Two photons from the π0 also hit the Upstream Collar Counter,630

and such events were discarded. The π0 production near the downstream surface631

of the Upstream Collar Counter mainly survives. Finally when the two photons hit632

the calorimeter, a full shower simulation was performed. In this process, photon633

energy can be mis-measured due to the photo-nuclear interaction. Accordingly the634

distribution of the events in the zvtx-pT plane was obtained as shown in Fig. 39. We635

evaluated the number of background to be 0.19.636

1.5.5.8 η production at the Charged Veto Counter637

A halo neutron hits the Charged Veto Counter, and produces a η, which decays into638

two photons with the branching fraction of 39.4% to mimic the signal. The decay639
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Figure 40: Distribution in the zvtx-pT plane of the background from η production
at the Charged Veto Counter for the running time of 3 × 107 s. All the cuts other
than pT and zvtx cuts are applied.

Table 6: Summary of background estimations.

Background Number
KL → π0π0 33.2 ±1.3
KL → π+π−π0 2.5 ±0.4
KL → π±e∓ν 0.08 ±0.0006
halo KL → 2γ 4.8 ±0.2
K± → π0e±ν 4.0 ±0.4
hadron cluster 3.0 ±0.5
π0 at upstream 0.2 ±0.1
η at downstream 8.2 ±2.3
Total 56.0 ±2.8
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100 kW beam, s   
→ POT : 

3 × 107

6.3 × 1020 SES: 8.5 × 10−13

# of signal events (SM) : 35
# of background events : 40
S/N = 0.9 → 5.6σ observation
for SM value of branching ratio

# of Backgrounds 23
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Figure 33: Distribution in the zvtx-pT plane for KL → π+π−π0 for the running time
of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.

1.5.5.3 KL → π±e∓ν (Ke3)560

The Ke3 background happens when the electron and the charged pion are not561

identified with the Charged Veto Counter. The number of background is evaluated562

to be 0.08 with 10−12 reduction with the Charged Veto Counter as shown in Fig. 34.563
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Figure 34: Distribution in the zvtx-pT plane for Ke3 for the running time of 3×107 s.
All the cuts other than pT and zvtx cuts are applied.

564

1.5.5.4 KL → 2γ for halo KL565

KL in the beam scatters at the beam line components, and exists in the beam halo566

region. When such halo KL decays into two photons at off-z-axis region, larger567

pT is possible due to the assumption of z vertex on the beam axis. The decay568
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vertex is wrongly reconstructed with the nominal pion mass assumption. This569

fake vertex gives a wrong photon-incident angle. Therefore this halo KL → 2γ570

background can be reduced with incident-angle information at the calorimeter. We571

can reconstruct another vertex with the nominal KL mass assumption, which gives572

a correct photon-incident angle. By comparing the observed cluster shape to those573

from the incorrect and correct photon-incident angles, this background is reduced to574

be 10% in the KOTO step-1, while keeping 90% signal efficiency. In this report, we575

assume the reduction factor of 1%, because the higher energy photon in the step-2576

will give better resolution. We will study it more in the future. The number of this577

background is evaluated to be 4.8 as shown in Fig. 35. The flux and spectrum of578

the halo KL are obtained from the beam line simulation. Systematic uncertainties579

on the flux and spectrum are also one of the future studies.
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Figure 35: Distribution in the zvtx-pT plane for halo KL → 2γ for the running time
of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.

580

1.5.5.5 K± → π0e±ν581

K± is generated in the interaction of KL at the collimator in the beam line. The582

second sweeping magnet near the entrance of the detector will reduce the contri-583

bution. Here, we assume the reduction factor of 10%. Higher momentum K± can584

survive in the downstream of the second magnet, and K± → π0e±ν decay occurs in585

the detector. This becomes a background if e± is undetected. The kinematics of π0
586
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is similar to KL → π0νν, therefore this is one of the serious backgrounds. Detection587

of e± is one of the keys to reduce the background.588

We evaluated the number of the background to be 4.0 as shown in Fig. 36. In589

the current beam line simulation, statistics is not enough. The number of K± with590

the momentum direction toward the decay volume through the beam hole of the591

Upstream Collar Counter is 8. The second magnet reduces it to be 0. We also use592

the halo-neutron momentum spectrum and direction for the K± generation due to593

the lack of the statistics. We will evaluate these with more statistics in the future.

0 5000 10000 15000 20000

Z(mm)

0
50

100
150
200
250

300
350
400

450
500

(M
eV
/c
)

Tp

2−10

1−10

1

10

0.38±4.00

Figure 36: Distribution in the zvtx-pT plane for K± → π0e±ν for the running time
of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.
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The veto timing of the barrel detector is essential also for this decay. Figure 37595

shows the correlation between the barrel hit-z-position and tBarrelVeto. The lower596

momentum electrons or positions contribute to the events with larger tBarrelVeto due597

to the backward-going configuration similarly to KL → π0π0. Unlike the pho-598

ton detection, the detection efficiency is high because a few-MeV electron is still599

a minimum-ionizing particle. Therefore, the loss of the low-momentum particles600

outside the veto window could give a large impact to increase the number of back-601

ground. The 40-ns veto window from −5 ns to 35 ns is adopted because of small602

increase of the background by 0.5 events. The number of background increase to be603

322, for example, if we set a 20-ns veto window from −5 ns to 15 ns on tBarrelVeto.604

In this report, we use the same veto timing on this charged veto as in the photon605

42

K+

4.0 ± 0.4

0 5000 10000 15000 20000

Z(mm)

0
50

100
150
200
250

300
350
400

450
500

(M
eV
/c
)

Tp

2−10

1−10

1

10

0.51±3.04

Figure 38: Distribution in the zvtx-pT plane of the hadron cluster background for
the running time of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.

1.5.5.7 π0 production at the Upstream Collar Counter622

A halo neutron hits the Upstream Collar Counter, and produces a π0, which decays623

into two photons to mimic the signal.624

Halo neutrons obtained from the beam line simulation are used to simulate625

the π0 production in the Upstream Collar Counter. We assume fully-active CsI626

crystals for the detector. Other particles produced in the π0 production can hit the627

fully-active detector, and can veto the event. In the simulation, such events were628

discarded at first. In the next step, only the π0-decay was generated in the Upstream629

Collar Counter. Two photons from the π0 also hit the Upstream Collar Counter,630

and such events were discarded. The π0 production near the downstream surface631

of the Upstream Collar Counter mainly survives. Finally when the two photons hit632

the calorimeter, a full shower simulation was performed. In this process, photon633

energy can be mis-measured due to the photo-nuclear interaction. Accordingly the634

distribution of the events in the zvtx-pT plane was obtained as shown in Fig. 39. We635

evaluated the number of background to be 0.19.636

1.5.5.8 η production at the Charged Veto Counter637

A halo neutron hits the Charged Veto Counter, and produces a η, which decays into638

two photons with the branching fraction of 39.4% to mimic the signal. The decay639
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Figure 40: Distribution in the zvtx-pT plane of the background from η production
at the Charged Veto Counter for the running time of 3 × 107 s. All the cuts other
than pT and zvtx cuts are applied.

Table 6: Summary of background estimations.

Background Number
KL → π0π0 33.2 ±1.3
KL → π+π−π0 2.5 ±0.4
KL → π±e∓ν 0.08 ±0.0006
halo KL → 2γ 4.8 ±0.2
K± → π0e±ν 4.0 ±0.4
hadron cluster 3.0 ±0.5
π0 at upstream 0.2 ±0.1
η at downstream 8.2 ±2.3
Total 56.0 ±2.8
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100 kW beam, s   
→ POT : 

3 × 107

6.3 × 1020 SES: 8.5 × 10−13

# of signal events (SM) : 35
# of background events : 40
S/N = 0.9 → 5.6σ observation
for SM value of branching ratio

# of Backgrounds 23
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Figure 33: Distribution in the zvtx-pT plane for KL → π+π−π0 for the running time
of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.

1.5.5.3 KL → π±e∓ν (Ke3)560

The Ke3 background happens when the electron and the charged pion are not561

identified with the Charged Veto Counter. The number of background is evaluated562

to be 0.08 with 10−12 reduction with the Charged Veto Counter as shown in Fig. 34.563

0 5000 10000 15000 20000

Z(mm)

0
50

100
150
200
250

300
350
400

450
500

(M
eV
/c
)

Tp

3−10

2−10

1−10

1

0.0006±0.078

Figure 34: Distribution in the zvtx-pT plane for Ke3 for the running time of 3×107 s.
All the cuts other than pT and zvtx cuts are applied.

564

1.5.5.4 KL → 2γ for halo KL565

KL in the beam scatters at the beam line components, and exists in the beam halo566

region. When such halo KL decays into two photons at off-z-axis region, larger567

pT is possible due to the assumption of z vertex on the beam axis. The decay568
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vertex is wrongly reconstructed with the nominal pion mass assumption. This569

fake vertex gives a wrong photon-incident angle. Therefore this halo KL → 2γ570

background can be reduced with incident-angle information at the calorimeter. We571

can reconstruct another vertex with the nominal KL mass assumption, which gives572

a correct photon-incident angle. By comparing the observed cluster shape to those573

from the incorrect and correct photon-incident angles, this background is reduced to574

be 10% in the KOTO step-1, while keeping 90% signal efficiency. In this report, we575

assume the reduction factor of 1%, because the higher energy photon in the step-2576

will give better resolution. We will study it more in the future. The number of this577

background is evaluated to be 4.8 as shown in Fig. 35. The flux and spectrum of578

the halo KL are obtained from the beam line simulation. Systematic uncertainties579

on the flux and spectrum are also one of the future studies.
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Figure 35: Distribution in the zvtx-pT plane for halo KL → 2γ for the running time
of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.
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1.5.5.5 K± → π0e±ν581

K± is generated in the interaction of KL at the collimator in the beam line. The582

second sweeping magnet near the entrance of the detector will reduce the contri-583

bution. Here, we assume the reduction factor of 10%. Higher momentum K± can584

survive in the downstream of the second magnet, and K± → π0e±ν decay occurs in585

the detector. This becomes a background if e± is undetected. The kinematics of π0
586
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is similar to KL → π0νν, therefore this is one of the serious backgrounds. Detection587

of e± is one of the keys to reduce the background.588

We evaluated the number of the background to be 4.0 as shown in Fig. 36. In589

the current beam line simulation, statistics is not enough. The number of K± with590

the momentum direction toward the decay volume through the beam hole of the591

Upstream Collar Counter is 8. The second magnet reduces it to be 0. We also use592

the halo-neutron momentum spectrum and direction for the K± generation due to593

the lack of the statistics. We will evaluate these with more statistics in the future.
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Figure 36: Distribution in the zvtx-pT plane for K± → π0e±ν for the running time
of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.
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The veto timing of the barrel detector is essential also for this decay. Figure 37595

shows the correlation between the barrel hit-z-position and tBarrelVeto. The lower596

momentum electrons or positions contribute to the events with larger tBarrelVeto due597

to the backward-going configuration similarly to KL → π0π0. Unlike the pho-598

ton detection, the detection efficiency is high because a few-MeV electron is still599

a minimum-ionizing particle. Therefore, the loss of the low-momentum particles600

outside the veto window could give a large impact to increase the number of back-601

ground. The 40-ns veto window from −5 ns to 35 ns is adopted because of small602

increase of the background by 0.5 events. The number of background increase to be603

322, for example, if we set a 20-ns veto window from −5 ns to 15 ns on tBarrelVeto.604

In this report, we use the same veto timing on this charged veto as in the photon605
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Figure 38: Distribution in the zvtx-pT plane of the hadron cluster background for
the running time of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.

1.5.5.7 π0 production at the Upstream Collar Counter622

A halo neutron hits the Upstream Collar Counter, and produces a π0, which decays623

into two photons to mimic the signal.624

Halo neutrons obtained from the beam line simulation are used to simulate625

the π0 production in the Upstream Collar Counter. We assume fully-active CsI626

crystals for the detector. Other particles produced in the π0 production can hit the627

fully-active detector, and can veto the event. In the simulation, such events were628

discarded at first. In the next step, only the π0-decay was generated in the Upstream629

Collar Counter. Two photons from the π0 also hit the Upstream Collar Counter,630

and such events were discarded. The π0 production near the downstream surface631

of the Upstream Collar Counter mainly survives. Finally when the two photons hit632

the calorimeter, a full shower simulation was performed. In this process, photon633

energy can be mis-measured due to the photo-nuclear interaction. Accordingly the634

distribution of the events in the zvtx-pT plane was obtained as shown in Fig. 39. We635

evaluated the number of background to be 0.19.636

1.5.5.8 η production at the Charged Veto Counter637

A halo neutron hits the Charged Veto Counter, and produces a η, which decays into638

two photons with the branching fraction of 39.4% to mimic the signal. The decay639
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Figure 40: Distribution in the zvtx-pT plane of the background from η production
at the Charged Veto Counter for the running time of 3 × 107 s. All the cuts other
than pT and zvtx cuts are applied.

Table 6: Summary of background estimations.

Background Number
KL → π0π0 33.2 ±1.3
KL → π+π−π0 2.5 ±0.4
KL → π±e∓ν 0.08 ±0.0006
halo KL → 2γ 4.8 ±0.2
K± → π0e±ν 4.0 ±0.4
hadron cluster 3.0 ±0.5
π0 at upstream 0.2 ±0.1
η at downstream 8.2 ±2.3
Total 56.0 ±2.8
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6.3 × 1020 SES: 8.5 × 10−13

# of signal events (SM) : 35
# of background events : 40
S/N = 0.9 → 5.6σ observation
for SM value of branching ratio

# of Backgrounds 23
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Figure 33: Distribution in the zvtx-pT plane for KL → π+π−π0 for the running time
of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.

1.5.5.3 KL → π±e∓ν (Ke3)560

The Ke3 background happens when the electron and the charged pion are not561

identified with the Charged Veto Counter. The number of background is evaluated562

to be 0.08 with 10−12 reduction with the Charged Veto Counter as shown in Fig. 34.563
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Figure 34: Distribution in the zvtx-pT plane for Ke3 for the running time of 3×107 s.
All the cuts other than pT and zvtx cuts are applied.
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1.5.5.4 KL → 2γ for halo KL565

KL in the beam scatters at the beam line components, and exists in the beam halo566

region. When such halo KL decays into two photons at off-z-axis region, larger567

pT is possible due to the assumption of z vertex on the beam axis. The decay568
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vertex is wrongly reconstructed with the nominal pion mass assumption. This569

fake vertex gives a wrong photon-incident angle. Therefore this halo KL → 2γ570

background can be reduced with incident-angle information at the calorimeter. We571

can reconstruct another vertex with the nominal KL mass assumption, which gives572

a correct photon-incident angle. By comparing the observed cluster shape to those573

from the incorrect and correct photon-incident angles, this background is reduced to574

be 10% in the KOTO step-1, while keeping 90% signal efficiency. In this report, we575

assume the reduction factor of 1%, because the higher energy photon in the step-2576

will give better resolution. We will study it more in the future. The number of this577

background is evaluated to be 4.8 as shown in Fig. 35. The flux and spectrum of578

the halo KL are obtained from the beam line simulation. Systematic uncertainties579

on the flux and spectrum are also one of the future studies.
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Figure 35: Distribution in the zvtx-pT plane for halo KL → 2γ for the running time
of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.
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1.5.5.5 K± → π0e±ν581

K± is generated in the interaction of KL at the collimator in the beam line. The582

second sweeping magnet near the entrance of the detector will reduce the contri-583

bution. Here, we assume the reduction factor of 10%. Higher momentum K± can584

survive in the downstream of the second magnet, and K± → π0e±ν decay occurs in585

the detector. This becomes a background if e± is undetected. The kinematics of π0
586
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is similar to KL → π0νν, therefore this is one of the serious backgrounds. Detection587

of e± is one of the keys to reduce the background.588

We evaluated the number of the background to be 4.0 as shown in Fig. 36. In589

the current beam line simulation, statistics is not enough. The number of K± with590

the momentum direction toward the decay volume through the beam hole of the591

Upstream Collar Counter is 8. The second magnet reduces it to be 0. We also use592

the halo-neutron momentum spectrum and direction for the K± generation due to593

the lack of the statistics. We will evaluate these with more statistics in the future.
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Figure 36: Distribution in the zvtx-pT plane for K± → π0e±ν for the running time
of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.
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The veto timing of the barrel detector is essential also for this decay. Figure 37595

shows the correlation between the barrel hit-z-position and tBarrelVeto. The lower596

momentum electrons or positions contribute to the events with larger tBarrelVeto due597

to the backward-going configuration similarly to KL → π0π0. Unlike the pho-598

ton detection, the detection efficiency is high because a few-MeV electron is still599

a minimum-ionizing particle. Therefore, the loss of the low-momentum particles600

outside the veto window could give a large impact to increase the number of back-601

ground. The 40-ns veto window from −5 ns to 35 ns is adopted because of small602

increase of the background by 0.5 events. The number of background increase to be603

322, for example, if we set a 20-ns veto window from −5 ns to 15 ns on tBarrelVeto.604

In this report, we use the same veto timing on this charged veto as in the photon605
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Figure 38: Distribution in the zvtx-pT plane of the hadron cluster background for
the running time of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.

1.5.5.7 π0 production at the Upstream Collar Counter622

A halo neutron hits the Upstream Collar Counter, and produces a π0, which decays623

into two photons to mimic the signal.624

Halo neutrons obtained from the beam line simulation are used to simulate625

the π0 production in the Upstream Collar Counter. We assume fully-active CsI626

crystals for the detector. Other particles produced in the π0 production can hit the627

fully-active detector, and can veto the event. In the simulation, such events were628

discarded at first. In the next step, only the π0-decay was generated in the Upstream629

Collar Counter. Two photons from the π0 also hit the Upstream Collar Counter,630

and such events were discarded. The π0 production near the downstream surface631

of the Upstream Collar Counter mainly survives. Finally when the two photons hit632

the calorimeter, a full shower simulation was performed. In this process, photon633

energy can be mis-measured due to the photo-nuclear interaction. Accordingly the634

distribution of the events in the zvtx-pT plane was obtained as shown in Fig. 39. We635

evaluated the number of background to be 0.19.636

1.5.5.8 η production at the Charged Veto Counter637

A halo neutron hits the Charged Veto Counter, and produces a η, which decays into638

two photons with the branching fraction of 39.4% to mimic the signal. The decay639
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Figure 40: Distribution in the zvtx-pT plane of the background from η production
at the Charged Veto Counter for the running time of 3 × 107 s. All the cuts other
than pT and zvtx cuts are applied.

Table 6: Summary of background estimations.

Background Number
KL → π0π0 33.2 ±1.3
KL → π+π−π0 2.5 ±0.4
KL → π±e∓ν 0.08 ±0.0006
halo KL → 2γ 4.8 ±0.2
K± → π0e±ν 4.0 ±0.4
hadron cluster 3.0 ±0.5
π0 at upstream 0.2 ±0.1
η at downstream 8.2 ±2.3
Total 56.0 ±2.8
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→ POT : 

3 × 107

6.3 × 1020 SES: 8.5 × 10−13

# of signal events (SM) : 35
# of background events : 40
S/N = 0.9 → 5.6σ observation
for SM value of branching ratio

# of Backgrounds 23
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Figure 33: Distribution in the zvtx-pT plane for KL → π+π−π0 for the running time
of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.

1.5.5.3 KL → π±e∓ν (Ke3)560

The Ke3 background happens when the electron and the charged pion are not561

identified with the Charged Veto Counter. The number of background is evaluated562

to be 0.08 with 10−12 reduction with the Charged Veto Counter as shown in Fig. 34.563
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Figure 34: Distribution in the zvtx-pT plane for Ke3 for the running time of 3×107 s.
All the cuts other than pT and zvtx cuts are applied.
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1.5.5.4 KL → 2γ for halo KL565

KL in the beam scatters at the beam line components, and exists in the beam halo566

region. When such halo KL decays into two photons at off-z-axis region, larger567

pT is possible due to the assumption of z vertex on the beam axis. The decay568
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vertex is wrongly reconstructed with the nominal pion mass assumption. This569

fake vertex gives a wrong photon-incident angle. Therefore this halo KL → 2γ570

background can be reduced with incident-angle information at the calorimeter. We571

can reconstruct another vertex with the nominal KL mass assumption, which gives572

a correct photon-incident angle. By comparing the observed cluster shape to those573

from the incorrect and correct photon-incident angles, this background is reduced to574

be 10% in the KOTO step-1, while keeping 90% signal efficiency. In this report, we575

assume the reduction factor of 1%, because the higher energy photon in the step-2576

will give better resolution. We will study it more in the future. The number of this577

background is evaluated to be 4.8 as shown in Fig. 35. The flux and spectrum of578

the halo KL are obtained from the beam line simulation. Systematic uncertainties579

on the flux and spectrum are also one of the future studies.
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Figure 35: Distribution in the zvtx-pT plane for halo KL → 2γ for the running time
of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.
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1.5.5.5 K± → π0e±ν581

K± is generated in the interaction of KL at the collimator in the beam line. The582

second sweeping magnet near the entrance of the detector will reduce the contri-583

bution. Here, we assume the reduction factor of 10%. Higher momentum K± can584

survive in the downstream of the second magnet, and K± → π0e±ν decay occurs in585

the detector. This becomes a background if e± is undetected. The kinematics of π0
586
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is similar to KL → π0νν, therefore this is one of the serious backgrounds. Detection587

of e± is one of the keys to reduce the background.588

We evaluated the number of the background to be 4.0 as shown in Fig. 36. In589

the current beam line simulation, statistics is not enough. The number of K± with590

the momentum direction toward the decay volume through the beam hole of the591

Upstream Collar Counter is 8. The second magnet reduces it to be 0. We also use592

the halo-neutron momentum spectrum and direction for the K± generation due to593

the lack of the statistics. We will evaluate these with more statistics in the future.
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Figure 36: Distribution in the zvtx-pT plane for K± → π0e±ν for the running time
of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.
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The veto timing of the barrel detector is essential also for this decay. Figure 37595

shows the correlation between the barrel hit-z-position and tBarrelVeto. The lower596

momentum electrons or positions contribute to the events with larger tBarrelVeto due597

to the backward-going configuration similarly to KL → π0π0. Unlike the pho-598

ton detection, the detection efficiency is high because a few-MeV electron is still599

a minimum-ionizing particle. Therefore, the loss of the low-momentum particles600

outside the veto window could give a large impact to increase the number of back-601

ground. The 40-ns veto window from −5 ns to 35 ns is adopted because of small602

increase of the background by 0.5 events. The number of background increase to be603

322, for example, if we set a 20-ns veto window from −5 ns to 15 ns on tBarrelVeto.604

In this report, we use the same veto timing on this charged veto as in the photon605
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Figure 38: Distribution in the zvtx-pT plane of the hadron cluster background for
the running time of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.

1.5.5.7 π0 production at the Upstream Collar Counter622

A halo neutron hits the Upstream Collar Counter, and produces a π0, which decays623

into two photons to mimic the signal.624

Halo neutrons obtained from the beam line simulation are used to simulate625

the π0 production in the Upstream Collar Counter. We assume fully-active CsI626

crystals for the detector. Other particles produced in the π0 production can hit the627

fully-active detector, and can veto the event. In the simulation, such events were628

discarded at first. In the next step, only the π0-decay was generated in the Upstream629

Collar Counter. Two photons from the π0 also hit the Upstream Collar Counter,630

and such events were discarded. The π0 production near the downstream surface631

of the Upstream Collar Counter mainly survives. Finally when the two photons hit632

the calorimeter, a full shower simulation was performed. In this process, photon633

energy can be mis-measured due to the photo-nuclear interaction. Accordingly the634

distribution of the events in the zvtx-pT plane was obtained as shown in Fig. 39. We635

evaluated the number of background to be 0.19.636

1.5.5.8 η production at the Charged Veto Counter637

A halo neutron hits the Charged Veto Counter, and produces a η, which decays into638

two photons with the branching fraction of 39.4% to mimic the signal. The decay639
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Figure 40: Distribution in the zvtx-pT plane of the background from η production
at the Charged Veto Counter for the running time of 3 × 107 s. All the cuts other
than pT and zvtx cuts are applied.

Table 6: Summary of background estimations.

Background Number
KL → π0π0 33.2 ±1.3
KL → π+π−π0 2.5 ±0.4
KL → π±e∓ν 0.08 ±0.0006
halo KL → 2γ 4.8 ±0.2
K± → π0e±ν 4.0 ±0.4
hadron cluster 3.0 ±0.5
π0 at upstream 0.2 ±0.1
η at downstream 8.2 ±2.3
Total 56.0 ±2.8
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→ POT : 
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6.3 × 1020 SES: 8.5 × 10−13

# of signal events (SM) : 35
# of background events : 40
S/N = 0.9 → 5.6σ observation
for SM value of branching ratio

# of Backgrounds 23
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Figure 33: Distribution in the zvtx-pT plane for KL → π+π−π0 for the running time
of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.

1.5.5.3 KL → π±e∓ν (Ke3)560

The Ke3 background happens when the electron and the charged pion are not561

identified with the Charged Veto Counter. The number of background is evaluated562

to be 0.08 with 10−12 reduction with the Charged Veto Counter as shown in Fig. 34.563
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Figure 34: Distribution in the zvtx-pT plane for Ke3 for the running time of 3×107 s.
All the cuts other than pT and zvtx cuts are applied.
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1.5.5.4 KL → 2γ for halo KL565

KL in the beam scatters at the beam line components, and exists in the beam halo566

region. When such halo KL decays into two photons at off-z-axis region, larger567

pT is possible due to the assumption of z vertex on the beam axis. The decay568

40

KL → π+π−π0

2.5 ± 0.4

0 5000 10000 15000 20000

Z(mm)

0
50

100
150
200
250

300
350
400

450
500

(M
eV
/c
)

Tp

3−10

2−10

1−10

1

0.0006±0.078

KL → π±e∓ν
0.078 ± 0.001

vertex is wrongly reconstructed with the nominal pion mass assumption. This569

fake vertex gives a wrong photon-incident angle. Therefore this halo KL → 2γ570

background can be reduced with incident-angle information at the calorimeter. We571

can reconstruct another vertex with the nominal KL mass assumption, which gives572

a correct photon-incident angle. By comparing the observed cluster shape to those573

from the incorrect and correct photon-incident angles, this background is reduced to574

be 10% in the KOTO step-1, while keeping 90% signal efficiency. In this report, we575

assume the reduction factor of 1%, because the higher energy photon in the step-2576

will give better resolution. We will study it more in the future. The number of this577

background is evaluated to be 4.8 as shown in Fig. 35. The flux and spectrum of578

the halo KL are obtained from the beam line simulation. Systematic uncertainties579

on the flux and spectrum are also one of the future studies.
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Figure 35: Distribution in the zvtx-pT plane for halo KL → 2γ for the running time
of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.
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1.5.5.5 K± → π0e±ν581

K± is generated in the interaction of KL at the collimator in the beam line. The582

second sweeping magnet near the entrance of the detector will reduce the contri-583

bution. Here, we assume the reduction factor of 10%. Higher momentum K± can584

survive in the downstream of the second magnet, and K± → π0e±ν decay occurs in585

the detector. This becomes a background if e± is undetected. The kinematics of π0
586
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is similar to KL → π0νν, therefore this is one of the serious backgrounds. Detection587

of e± is one of the keys to reduce the background.588

We evaluated the number of the background to be 4.0 as shown in Fig. 36. In589

the current beam line simulation, statistics is not enough. The number of K± with590

the momentum direction toward the decay volume through the beam hole of the591

Upstream Collar Counter is 8. The second magnet reduces it to be 0. We also use592

the halo-neutron momentum spectrum and direction for the K± generation due to593

the lack of the statistics. We will evaluate these with more statistics in the future.
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Figure 36: Distribution in the zvtx-pT plane for K± → π0e±ν for the running time
of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.
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The veto timing of the barrel detector is essential also for this decay. Figure 37595

shows the correlation between the barrel hit-z-position and tBarrelVeto. The lower596

momentum electrons or positions contribute to the events with larger tBarrelVeto due597

to the backward-going configuration similarly to KL → π0π0. Unlike the pho-598

ton detection, the detection efficiency is high because a few-MeV electron is still599

a minimum-ionizing particle. Therefore, the loss of the low-momentum particles600

outside the veto window could give a large impact to increase the number of back-601

ground. The 40-ns veto window from −5 ns to 35 ns is adopted because of small602

increase of the background by 0.5 events. The number of background increase to be603

322, for example, if we set a 20-ns veto window from −5 ns to 15 ns on tBarrelVeto.604

In this report, we use the same veto timing on this charged veto as in the photon605
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Figure 38: Distribution in the zvtx-pT plane of the hadron cluster background for
the running time of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.

1.5.5.7 π0 production at the Upstream Collar Counter622

A halo neutron hits the Upstream Collar Counter, and produces a π0, which decays623

into two photons to mimic the signal.624

Halo neutrons obtained from the beam line simulation are used to simulate625

the π0 production in the Upstream Collar Counter. We assume fully-active CsI626

crystals for the detector. Other particles produced in the π0 production can hit the627

fully-active detector, and can veto the event. In the simulation, such events were628

discarded at first. In the next step, only the π0-decay was generated in the Upstream629

Collar Counter. Two photons from the π0 also hit the Upstream Collar Counter,630

and such events were discarded. The π0 production near the downstream surface631

of the Upstream Collar Counter mainly survives. Finally when the two photons hit632

the calorimeter, a full shower simulation was performed. In this process, photon633

energy can be mis-measured due to the photo-nuclear interaction. Accordingly the634

distribution of the events in the zvtx-pT plane was obtained as shown in Fig. 39. We635

evaluated the number of background to be 0.19.636

1.5.5.8 η production at the Charged Veto Counter637

A halo neutron hits the Charged Veto Counter, and produces a η, which decays into638

two photons with the branching fraction of 39.4% to mimic the signal. The decay639
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Figure 40: Distribution in the zvtx-pT plane of the background from η production
at the Charged Veto Counter for the running time of 3 × 107 s. All the cuts other
than pT and zvtx cuts are applied.

Table 6: Summary of background estimations.

Background Number
KL → π0π0 33.2 ±1.3
KL → π+π−π0 2.5 ±0.4
KL → π±e∓ν 0.08 ±0.0006
halo KL → 2γ 4.8 ±0.2
K± → π0e±ν 4.0 ±0.4
hadron cluster 3.0 ±0.5
π0 at upstream 0.2 ±0.1
η at downstream 8.2 ±2.3
Total 56.0 ±2.8
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Figure 33: Distribution in the zvtx-pT plane for KL → π+π−π0 for the running time
of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.

1.5.5.3 KL → π±e∓ν (Ke3)560

The Ke3 background happens when the electron and the charged pion are not561

identified with the Charged Veto Counter. The number of background is evaluated562

to be 0.08 with 10−12 reduction with the Charged Veto Counter as shown in Fig. 34.563
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Figure 34: Distribution in the zvtx-pT plane for Ke3 for the running time of 3×107 s.
All the cuts other than pT and zvtx cuts are applied.
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1.5.5.4 KL → 2γ for halo KL565

KL in the beam scatters at the beam line components, and exists in the beam halo566

region. When such halo KL decays into two photons at off-z-axis region, larger567

pT is possible due to the assumption of z vertex on the beam axis. The decay568
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vertex is wrongly reconstructed with the nominal pion mass assumption. This569

fake vertex gives a wrong photon-incident angle. Therefore this halo KL → 2γ570

background can be reduced with incident-angle information at the calorimeter. We571

can reconstruct another vertex with the nominal KL mass assumption, which gives572

a correct photon-incident angle. By comparing the observed cluster shape to those573

from the incorrect and correct photon-incident angles, this background is reduced to574

be 10% in the KOTO step-1, while keeping 90% signal efficiency. In this report, we575

assume the reduction factor of 1%, because the higher energy photon in the step-2576

will give better resolution. We will study it more in the future. The number of this577

background is evaluated to be 4.8 as shown in Fig. 35. The flux and spectrum of578

the halo KL are obtained from the beam line simulation. Systematic uncertainties579

on the flux and spectrum are also one of the future studies.
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Figure 35: Distribution in the zvtx-pT plane for halo KL → 2γ for the running time
of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.
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1.5.5.5 K± → π0e±ν581

K± is generated in the interaction of KL at the collimator in the beam line. The582

second sweeping magnet near the entrance of the detector will reduce the contri-583

bution. Here, we assume the reduction factor of 10%. Higher momentum K± can584

survive in the downstream of the second magnet, and K± → π0e±ν decay occurs in585

the detector. This becomes a background if e± is undetected. The kinematics of π0
586
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is similar to KL → π0νν, therefore this is one of the serious backgrounds. Detection587

of e± is one of the keys to reduce the background.588

We evaluated the number of the background to be 4.0 as shown in Fig. 36. In589

the current beam line simulation, statistics is not enough. The number of K± with590

the momentum direction toward the decay volume through the beam hole of the591

Upstream Collar Counter is 8. The second magnet reduces it to be 0. We also use592

the halo-neutron momentum spectrum and direction for the K± generation due to593

the lack of the statistics. We will evaluate these with more statistics in the future.
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Figure 36: Distribution in the zvtx-pT plane for K± → π0e±ν for the running time
of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.
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The veto timing of the barrel detector is essential also for this decay. Figure 37595

shows the correlation between the barrel hit-z-position and tBarrelVeto. The lower596

momentum electrons or positions contribute to the events with larger tBarrelVeto due597

to the backward-going configuration similarly to KL → π0π0. Unlike the pho-598

ton detection, the detection efficiency is high because a few-MeV electron is still599

a minimum-ionizing particle. Therefore, the loss of the low-momentum particles600

outside the veto window could give a large impact to increase the number of back-601

ground. The 40-ns veto window from −5 ns to 35 ns is adopted because of small602

increase of the background by 0.5 events. The number of background increase to be603

322, for example, if we set a 20-ns veto window from −5 ns to 15 ns on tBarrelVeto.604

In this report, we use the same veto timing on this charged veto as in the photon605
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Figure 38: Distribution in the zvtx-pT plane of the hadron cluster background for
the running time of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.

1.5.5.7 π0 production at the Upstream Collar Counter622

A halo neutron hits the Upstream Collar Counter, and produces a π0, which decays623

into two photons to mimic the signal.624

Halo neutrons obtained from the beam line simulation are used to simulate625

the π0 production in the Upstream Collar Counter. We assume fully-active CsI626

crystals for the detector. Other particles produced in the π0 production can hit the627

fully-active detector, and can veto the event. In the simulation, such events were628

discarded at first. In the next step, only the π0-decay was generated in the Upstream629

Collar Counter. Two photons from the π0 also hit the Upstream Collar Counter,630

and such events were discarded. The π0 production near the downstream surface631

of the Upstream Collar Counter mainly survives. Finally when the two photons hit632

the calorimeter, a full shower simulation was performed. In this process, photon633

energy can be mis-measured due to the photo-nuclear interaction. Accordingly the634

distribution of the events in the zvtx-pT plane was obtained as shown in Fig. 39. We635

evaluated the number of background to be 0.19.636

1.5.5.8 η production at the Charged Veto Counter637

A halo neutron hits the Charged Veto Counter, and produces a η, which decays into638

two photons with the branching fraction of 39.4% to mimic the signal. The decay639
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Figure 40: Distribution in the zvtx-pT plane of the background from η production
at the Charged Veto Counter for the running time of 3 × 107 s. All the cuts other
than pT and zvtx cuts are applied.

Table 6: Summary of background estimations.

Background Number
KL → π0π0 33.2 ±1.3
KL → π+π−π0 2.5 ±0.4
KL → π±e∓ν 0.08 ±0.0006
halo KL → 2γ 4.8 ±0.2
K± → π0e±ν 4.0 ±0.4
hadron cluster 3.0 ±0.5
π0 at upstream 0.2 ±0.1
η at downstream 8.2 ±2.3
Total 56.0 ±2.8
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100 kW beam, s   
→ POT : 
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6.3 × 1020 SES: 8.5 × 10−13

# of signal events (SM) : 35
# of background events : 40
S/N = 0.9 → 5.6σ observation
for SM value of branching ratio

# of Backgrounds 23
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Figure 33: Distribution in the zvtx-pT plane for KL → π+π−π0 for the running time
of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.

1.5.5.3 KL → π±e∓ν (Ke3)560

The Ke3 background happens when the electron and the charged pion are not561

identified with the Charged Veto Counter. The number of background is evaluated562

to be 0.08 with 10−12 reduction with the Charged Veto Counter as shown in Fig. 34.563
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Figure 34: Distribution in the zvtx-pT plane for Ke3 for the running time of 3×107 s.
All the cuts other than pT and zvtx cuts are applied.
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1.5.5.4 KL → 2γ for halo KL565

KL in the beam scatters at the beam line components, and exists in the beam halo566

region. When such halo KL decays into two photons at off-z-axis region, larger567

pT is possible due to the assumption of z vertex on the beam axis. The decay568
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vertex is wrongly reconstructed with the nominal pion mass assumption. This569

fake vertex gives a wrong photon-incident angle. Therefore this halo KL → 2γ570

background can be reduced with incident-angle information at the calorimeter. We571

can reconstruct another vertex with the nominal KL mass assumption, which gives572

a correct photon-incident angle. By comparing the observed cluster shape to those573

from the incorrect and correct photon-incident angles, this background is reduced to574

be 10% in the KOTO step-1, while keeping 90% signal efficiency. In this report, we575

assume the reduction factor of 1%, because the higher energy photon in the step-2576

will give better resolution. We will study it more in the future. The number of this577

background is evaluated to be 4.8 as shown in Fig. 35. The flux and spectrum of578

the halo KL are obtained from the beam line simulation. Systematic uncertainties579

on the flux and spectrum are also one of the future studies.
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Figure 35: Distribution in the zvtx-pT plane for halo KL → 2γ for the running time
of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.
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1.5.5.5 K± → π0e±ν581

K± is generated in the interaction of KL at the collimator in the beam line. The582

second sweeping magnet near the entrance of the detector will reduce the contri-583

bution. Here, we assume the reduction factor of 10%. Higher momentum K± can584

survive in the downstream of the second magnet, and K± → π0e±ν decay occurs in585

the detector. This becomes a background if e± is undetected. The kinematics of π0
586
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is similar to KL → π0νν, therefore this is one of the serious backgrounds. Detection587

of e± is one of the keys to reduce the background.588

We evaluated the number of the background to be 4.0 as shown in Fig. 36. In589

the current beam line simulation, statistics is not enough. The number of K± with590

the momentum direction toward the decay volume through the beam hole of the591

Upstream Collar Counter is 8. The second magnet reduces it to be 0. We also use592

the halo-neutron momentum spectrum and direction for the K± generation due to593

the lack of the statistics. We will evaluate these with more statistics in the future.
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Figure 36: Distribution in the zvtx-pT plane for K± → π0e±ν for the running time
of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.
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The veto timing of the barrel detector is essential also for this decay. Figure 37595

shows the correlation between the barrel hit-z-position and tBarrelVeto. The lower596

momentum electrons or positions contribute to the events with larger tBarrelVeto due597

to the backward-going configuration similarly to KL → π0π0. Unlike the pho-598

ton detection, the detection efficiency is high because a few-MeV electron is still599

a minimum-ionizing particle. Therefore, the loss of the low-momentum particles600

outside the veto window could give a large impact to increase the number of back-601

ground. The 40-ns veto window from −5 ns to 35 ns is adopted because of small602

increase of the background by 0.5 events. The number of background increase to be603

322, for example, if we set a 20-ns veto window from −5 ns to 15 ns on tBarrelVeto.604

In this report, we use the same veto timing on this charged veto as in the photon605
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Figure 38: Distribution in the zvtx-pT plane of the hadron cluster background for
the running time of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.

1.5.5.7 π0 production at the Upstream Collar Counter622

A halo neutron hits the Upstream Collar Counter, and produces a π0, which decays623

into two photons to mimic the signal.624

Halo neutrons obtained from the beam line simulation are used to simulate625

the π0 production in the Upstream Collar Counter. We assume fully-active CsI626

crystals for the detector. Other particles produced in the π0 production can hit the627

fully-active detector, and can veto the event. In the simulation, such events were628

discarded at first. In the next step, only the π0-decay was generated in the Upstream629

Collar Counter. Two photons from the π0 also hit the Upstream Collar Counter,630

and such events were discarded. The π0 production near the downstream surface631

of the Upstream Collar Counter mainly survives. Finally when the two photons hit632

the calorimeter, a full shower simulation was performed. In this process, photon633

energy can be mis-measured due to the photo-nuclear interaction. Accordingly the634

distribution of the events in the zvtx-pT plane was obtained as shown in Fig. 39. We635

evaluated the number of background to be 0.19.636

1.5.5.8 η production at the Charged Veto Counter637

A halo neutron hits the Charged Veto Counter, and produces a η, which decays into638

two photons with the branching fraction of 39.4% to mimic the signal. The decay639
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Figure 40: Distribution in the zvtx-pT plane of the background from η production
at the Charged Veto Counter for the running time of 3 × 107 s. All the cuts other
than pT and zvtx cuts are applied.

Table 6: Summary of background estimations.

Background Number
KL → π0π0 33.2 ±1.3
KL → π+π−π0 2.5 ±0.4
KL → π±e∓ν 0.08 ±0.0006
halo KL → 2γ 4.8 ±0.2
K± → π0e±ν 4.0 ±0.4
hadron cluster 3.0 ±0.5
π0 at upstream 0.2 ±0.1
η at downstream 8.2 ±2.3
Total 56.0 ±2.8
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→ POT : 
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6.3 × 1020 SES: 8.5 × 10−13

# of signal events (SM) : 35
# of background events : 40
S/N = 0.9 → 5.6σ observation
for SM value of branching ratio

# of Backgrounds 23
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Figure 33: Distribution in the zvtx-pT plane for KL → π+π−π0 for the running time
of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.

1.5.5.3 KL → π±e∓ν (Ke3)560

The Ke3 background happens when the electron and the charged pion are not561

identified with the Charged Veto Counter. The number of background is evaluated562

to be 0.08 with 10−12 reduction with the Charged Veto Counter as shown in Fig. 34.563
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Figure 34: Distribution in the zvtx-pT plane for Ke3 for the running time of 3×107 s.
All the cuts other than pT and zvtx cuts are applied.
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1.5.5.4 KL → 2γ for halo KL565

KL in the beam scatters at the beam line components, and exists in the beam halo566

region. When such halo KL decays into two photons at off-z-axis region, larger567

pT is possible due to the assumption of z vertex on the beam axis. The decay568
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vertex is wrongly reconstructed with the nominal pion mass assumption. This569

fake vertex gives a wrong photon-incident angle. Therefore this halo KL → 2γ570

background can be reduced with incident-angle information at the calorimeter. We571

can reconstruct another vertex with the nominal KL mass assumption, which gives572

a correct photon-incident angle. By comparing the observed cluster shape to those573

from the incorrect and correct photon-incident angles, this background is reduced to574

be 10% in the KOTO step-1, while keeping 90% signal efficiency. In this report, we575

assume the reduction factor of 1%, because the higher energy photon in the step-2576

will give better resolution. We will study it more in the future. The number of this577

background is evaluated to be 4.8 as shown in Fig. 35. The flux and spectrum of578

the halo KL are obtained from the beam line simulation. Systematic uncertainties579

on the flux and spectrum are also one of the future studies.
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Figure 35: Distribution in the zvtx-pT plane for halo KL → 2γ for the running time
of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.
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1.5.5.5 K± → π0e±ν581

K± is generated in the interaction of KL at the collimator in the beam line. The582

second sweeping magnet near the entrance of the detector will reduce the contri-583

bution. Here, we assume the reduction factor of 10%. Higher momentum K± can584

survive in the downstream of the second magnet, and K± → π0e±ν decay occurs in585

the detector. This becomes a background if e± is undetected. The kinematics of π0
586
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is similar to KL → π0νν, therefore this is one of the serious backgrounds. Detection587

of e± is one of the keys to reduce the background.588

We evaluated the number of the background to be 4.0 as shown in Fig. 36. In589

the current beam line simulation, statistics is not enough. The number of K± with590

the momentum direction toward the decay volume through the beam hole of the591

Upstream Collar Counter is 8. The second magnet reduces it to be 0. We also use592

the halo-neutron momentum spectrum and direction for the K± generation due to593

the lack of the statistics. We will evaluate these with more statistics in the future.
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Figure 36: Distribution in the zvtx-pT plane for K± → π0e±ν for the running time
of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.
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The veto timing of the barrel detector is essential also for this decay. Figure 37595

shows the correlation between the barrel hit-z-position and tBarrelVeto. The lower596

momentum electrons or positions contribute to the events with larger tBarrelVeto due597

to the backward-going configuration similarly to KL → π0π0. Unlike the pho-598

ton detection, the detection efficiency is high because a few-MeV electron is still599

a minimum-ionizing particle. Therefore, the loss of the low-momentum particles600

outside the veto window could give a large impact to increase the number of back-601

ground. The 40-ns veto window from −5 ns to 35 ns is adopted because of small602

increase of the background by 0.5 events. The number of background increase to be603

322, for example, if we set a 20-ns veto window from −5 ns to 15 ns on tBarrelVeto.604

In this report, we use the same veto timing on this charged veto as in the photon605
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Figure 38: Distribution in the zvtx-pT plane of the hadron cluster background for
the running time of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.

1.5.5.7 π0 production at the Upstream Collar Counter622

A halo neutron hits the Upstream Collar Counter, and produces a π0, which decays623

into two photons to mimic the signal.624

Halo neutrons obtained from the beam line simulation are used to simulate625

the π0 production in the Upstream Collar Counter. We assume fully-active CsI626

crystals for the detector. Other particles produced in the π0 production can hit the627

fully-active detector, and can veto the event. In the simulation, such events were628

discarded at first. In the next step, only the π0-decay was generated in the Upstream629

Collar Counter. Two photons from the π0 also hit the Upstream Collar Counter,630

and such events were discarded. The π0 production near the downstream surface631

of the Upstream Collar Counter mainly survives. Finally when the two photons hit632

the calorimeter, a full shower simulation was performed. In this process, photon633

energy can be mis-measured due to the photo-nuclear interaction. Accordingly the634

distribution of the events in the zvtx-pT plane was obtained as shown in Fig. 39. We635

evaluated the number of background to be 0.19.636

1.5.5.8 η production at the Charged Veto Counter637

A halo neutron hits the Charged Veto Counter, and produces a η, which decays into638

two photons with the branching fraction of 39.4% to mimic the signal. The decay639
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Figure 40: Distribution in the zvtx-pT plane of the background from η production
at the Charged Veto Counter for the running time of 3 × 107 s. All the cuts other
than pT and zvtx cuts are applied.

Table 6: Summary of background estimations.

Background Number
KL → π0π0 33.2 ±1.3
KL → π+π−π0 2.5 ±0.4
KL → π±e∓ν 0.08 ±0.0006
halo KL → 2γ 4.8 ±0.2
K± → π0e±ν 4.0 ±0.4
hadron cluster 3.0 ±0.5
π0 at upstream 0.2 ±0.1
η at downstream 8.2 ±2.3
Total 56.0 ±2.8
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Figure 33: Distribution in the zvtx-pT plane for KL → π+π−π0 for the running time
of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.

1.5.5.3 KL → π±e∓ν (Ke3)560

The Ke3 background happens when the electron and the charged pion are not561

identified with the Charged Veto Counter. The number of background is evaluated562

to be 0.08 with 10−12 reduction with the Charged Veto Counter as shown in Fig. 34.563
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Figure 34: Distribution in the zvtx-pT plane for Ke3 for the running time of 3×107 s.
All the cuts other than pT and zvtx cuts are applied.

564

1.5.5.4 KL → 2γ for halo KL565

KL in the beam scatters at the beam line components, and exists in the beam halo566

region. When such halo KL decays into two photons at off-z-axis region, larger567

pT is possible due to the assumption of z vertex on the beam axis. The decay568
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KL → π+π−π0

2.5 ± 0.4
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KL → π±e∓ν
0.078 ± 0.001

vertex is wrongly reconstructed with the nominal pion mass assumption. This569

fake vertex gives a wrong photon-incident angle. Therefore this halo KL → 2γ570

background can be reduced with incident-angle information at the calorimeter. We571

can reconstruct another vertex with the nominal KL mass assumption, which gives572

a correct photon-incident angle. By comparing the observed cluster shape to those573

from the incorrect and correct photon-incident angles, this background is reduced to574

be 10% in the KOTO step-1, while keeping 90% signal efficiency. In this report, we575

assume the reduction factor of 1%, because the higher energy photon in the step-2576

will give better resolution. We will study it more in the future. The number of this577

background is evaluated to be 4.8 as shown in Fig. 35. The flux and spectrum of578

the halo KL are obtained from the beam line simulation. Systematic uncertainties579

on the flux and spectrum are also one of the future studies.
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Figure 35: Distribution in the zvtx-pT plane for halo KL → 2γ for the running time
of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.

580

1.5.5.5 K± → π0e±ν581

K± is generated in the interaction of KL at the collimator in the beam line. The582

second sweeping magnet near the entrance of the detector will reduce the contri-583

bution. Here, we assume the reduction factor of 10%. Higher momentum K± can584

survive in the downstream of the second magnet, and K± → π0e±ν decay occurs in585

the detector. This becomes a background if e± is undetected. The kinematics of π0
586

41

haloKL → 2γ
4.8 ± 0.2

is similar to KL → π0νν, therefore this is one of the serious backgrounds. Detection587

of e± is one of the keys to reduce the background.588

We evaluated the number of the background to be 4.0 as shown in Fig. 36. In589

the current beam line simulation, statistics is not enough. The number of K± with590

the momentum direction toward the decay volume through the beam hole of the591

Upstream Collar Counter is 8. The second magnet reduces it to be 0. We also use592

the halo-neutron momentum spectrum and direction for the K± generation due to593

the lack of the statistics. We will evaluate these with more statistics in the future.
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Figure 36: Distribution in the zvtx-pT plane for K± → π0e±ν for the running time
of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.

594

The veto timing of the barrel detector is essential also for this decay. Figure 37595

shows the correlation between the barrel hit-z-position and tBarrelVeto. The lower596

momentum electrons or positions contribute to the events with larger tBarrelVeto due597

to the backward-going configuration similarly to KL → π0π0. Unlike the pho-598

ton detection, the detection efficiency is high because a few-MeV electron is still599

a minimum-ionizing particle. Therefore, the loss of the low-momentum particles600

outside the veto window could give a large impact to increase the number of back-601

ground. The 40-ns veto window from −5 ns to 35 ns is adopted because of small602

increase of the background by 0.5 events. The number of background increase to be603

322, for example, if we set a 20-ns veto window from −5 ns to 15 ns on tBarrelVeto.604

In this report, we use the same veto timing on this charged veto as in the photon605
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4.0 ± 0.4
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Figure 38: Distribution in the zvtx-pT plane of the hadron cluster background for
the running time of 3× 107 s. All the cuts other than pT and zvtx cuts are applied.

1.5.5.7 π0 production at the Upstream Collar Counter622

A halo neutron hits the Upstream Collar Counter, and produces a π0, which decays623

into two photons to mimic the signal.624

Halo neutrons obtained from the beam line simulation are used to simulate625

the π0 production in the Upstream Collar Counter. We assume fully-active CsI626

crystals for the detector. Other particles produced in the π0 production can hit the627

fully-active detector, and can veto the event. In the simulation, such events were628

discarded at first. In the next step, only the π0-decay was generated in the Upstream629

Collar Counter. Two photons from the π0 also hit the Upstream Collar Counter,630

and such events were discarded. The π0 production near the downstream surface631

of the Upstream Collar Counter mainly survives. Finally when the two photons hit632

the calorimeter, a full shower simulation was performed. In this process, photon633

energy can be mis-measured due to the photo-nuclear interaction. Accordingly the634

distribution of the events in the zvtx-pT plane was obtained as shown in Fig. 39. We635

evaluated the number of background to be 0.19.636

1.5.5.8 η production at the Charged Veto Counter637

A halo neutron hits the Charged Veto Counter, and produces a η, which decays into638

two photons with the branching fraction of 39.4% to mimic the signal. The decay639
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Figure 40: Distribution in the zvtx-pT plane of the background from η production
at the Charged Veto Counter for the running time of 3 × 107 s. All the cuts other
than pT and zvtx cuts are applied.

Table 6: Summary of background estimations.

Background Number
KL → π0π0 33.2 ±1.3
KL → π+π−π0 2.5 ±0.4
KL → π±e∓ν 0.08 ±0.0006
halo KL → 2γ 4.8 ±0.2
K± → π0e±ν 4.0 ±0.4
hadron cluster 3.0 ±0.5
π0 at upstream 0.2 ±0.1
η at downstream 8.2 ±2.3
Total 56.0 ±2.8
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 production at CVη
8.2 ± 2.3

100 kW beam, s   
→ POT : 

3 × 107

6.3 × 1020 SES: 8.5 × 10−13

# of signal events (SM) : 35
# of background events : 40
S/N = 0.9 → 5.6σ observation
for SM value of branching ratio

p T
[M

eV
/c

]
p T

[M
eV

/c
]

z [mm] z [mm] z [mm] z [mm]

K L➞ 2π0
16.9 ± 1.1

K L➞ π+ π– π0
2.5 ± 0.4

K L➞ π± e∓ ν
0.078 ± 0.001

Halo KL➞ 2γ
4.8 ± 0.2

K +

4.0 ± 0.4
hadron cluster

3.0 ± 0.5
upstream π0

0.2 ± 0.1
η producDon at CV 

8.2 ± 2.3

Same assumptions (6.3 × 1020 pot):
➜ 40 ± 3 expected background events

Signal/Background ~ 0.9
➜ 5.6σ observaEon for SM K L➞ π0νν̄
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Assumptions:
► 100 kW beam
► 3 × 107 s
► SES = 8.5 × 10–13, S/B = 0.9
➜ 35 SM signal events

40 background events

➜ ΔBr/Br ≈ 25 %                        
for SM value of Br.

➜ New Physics at 90% CL with 
40% deviation from SM.

Prospects to measure KL → π0νν at the SPS – M. Moulson (Frascati) – KAON 2016  – Birmingham, UK – 17 Sept 2016

K → πνν and new physics

4

New physics affects BRs differently for K+ and KL channels
Measurements of both can discriminate among NP scenarios

BR(K+ → π+νν) × 1011

B
R
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0 ν
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 ×
 1
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Buras, Buttazzo, Knegjens
JHEP 1511
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flavor structure
− Models with MFV

●  Models with new flavor-
violating interactions in 
which either LH or RH 
couplings dominate
− Z/Z′ models with pure 

LH/RH couplings
− Littlest Higgs with      

T parity

●  Models without above 
constraints
− Randall-Sundrum

−

−

−

NA62 total?

SM

KOTO excluded ?

KOTO II ?
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Realistic detector layout for MC studies and Weight/Cost calculation.
Still several subdetector options are being studied.

Realistic detector
• Realistic detector for MC studies, and Weight/Cost calculation

27
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Tenta0ve Barrel Veto Design
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► Scintillating layers perpendicular to z
(similar to NA62 Large Angle veto), not parallel to z (KOTO). 
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Fig. 4 Layout of the extended Hadron Experimental Facility at J-
PARC. The KOTO II detector is behind the dump downstream of the
T2 target

Fig. 5 Conceptual design of the KOTO II detector

Fig. 6 Cutaway view of realistic KOTO-II detector

region is defined by 3 < z < 15 m, that is 6 times larger
than that in KOTO. An electromagnetic calorimeter is 3 m
in diameter (1.5 times larger than in KOTO) and located at
z = 20 m. Veto counters surround the decay region hermet-
ically. Two photons from the π0 in the signal KL → π0νν̄

process are detected with the calorimeter. The decay vertex
of the π0 is reconstructed on the z-axis assuming the invari-
ant mass of the two photons to be the nominal π0 mass.
The transverse momentum of the π0 (pT ) is reconstructed
using the vertex position. Events are vetoed if extra particles
are detected other than the two photons from the π0 in the
calorimeter.

Including kinematic event selections, the expected num-
ber of signal events is 35 if the SM value for the branching
ratio is assumed, with a running time of 3×107 s with a 100-
kW beam incident in the T2 target. The expected number of
total background events is 40. Distributions of the signal and
background simulated events in the z–pT plane are shown
in Fig. 7. The signal can be observed with 5.6σ significance.
The branching ratio can therefore be measured with a sta-
tistical error of 25%, resulting in a precision of the CKM

parameter η of 12%. Deviations of the branching ratio by
40% from the SM value would indicate NP at 90% CL.

The design of the KOTO-II detector is progressing towards
a realistic geometry, see Fig. 6. Based on the size and the
weight from the realistic geometry, and a radiation shielding
simulation, the surrounding detector area is under design.
Prototyping of a modular barrel detector and of a calorimeter
with photon incident angle determination capabilities are on-
going. A shashlyk counter is considered for the outer region
of the calorimeter. A low-gain avalanche photodiode detector
is being considered for the in-beam charged veto counter.
The option of a straw-tube tracker behind the charged veto
detector to measure charged tracks is being evaluated. The
Collaboration plans to submit a proposal for KOTO II in JFY
2024, in order to realise the KOTO II experiment in the 2030s.

2.3 Kaon physics from other experiments: LHCb and
its upgrade 2

The LHCb experiment [19] at the LHC is optimised pri-
marily for the study of decays of the short-lived beauty
and charm hadrons. In addition to its primary objectives,
LHCb has proven to be suitable to investigate strange physics,
despite the very low O(100 MeV/c) transverse momentum
(pT ) of the decay products of kaons and hyperons. In the
past, the main bottleneck for strange physics at LHCb was
the trigger system, which was selecting only events with
pT > O(GeV) at the hardware level, resulting in a trig-
ger efficiency of εtrig ∼ 1% in Run 1 (2010–2012). In
Run 2 (2015–2018), a significantly modified software trigger
enabled an improvement of the trigger efficiency, especially
for channels with muons in the final state, by about an order
of magnitude εtrig ∼ 18% with further improvements lim-
ited by the hardware trigger system. In Run 3, which started
in 2022, the upgraded LHCb detector is equipped with an
entirely software-based trigger system which will boost the
sensitivity to kaon and hyperon decays with trigger efficien-
cies close to 100%. The possibility of fully exploiting the data
will therefore rely only on the capability of strange hadrons
triggers to cope with the allowed rates, which for most of
the channels mentioned here should be feasible. The large
improvement in trigger efficiency will enable LHCb to fully
profit from the large data sets that will become available in
the coming years. The data collected so far by LHCb in Run
1 and 2 correspond to 10 fb−1. About 50 fb−1 are expected
to be collected after LHCb Run 3 and 4 and there is inter-
est in continuing the experiment at high luminosity with a
future Upgrade, possibly reaching 300 fb−1 [20] after Run
5 and 6. Furthermore, the huge strangeness production cross
section at the LHC, two to three orders of magnitude larger
than that of heavy flavours, makes strange-hadron physics an
increasingly strong research line at LHCb [21], with several
results already published and more in the pipeline. LHCb has
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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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Summary
⚫ In the KOTO experiment, reduction of the accidental

loss is one of the issue to be solved in order to reach
higher-sensitivity.

⚫ We found that more than 50% of the accidental counts
of FB VETO are caused by the neutron capture reactions
in scintillators (1H) and support structures (Fe isotopes).

⚫ Inserting a B4C sheet between lead/scintillator layers
can reduce 90% of the counting rate caused by thermal
neutrons. As a result, the accidental loss of FB VETO can
be improved from 21% to 12%.

Effect of low-energy neutrons on accidental counting rate 
in the KOTO experiment

KOTO is a high-sensitivity experiment aiming to
search for the rare KL → 𝜋0𝜈 ҧ𝜈 decay (Br ~10-11).
The signal criteria is 2g detection in the CsI and no
hit in the VETO counters (Fig.1). Hence, higher
accidental rate of the VETO counters causes loss of
the rare “signal” due to accidental VETO. Typical
counting rates are 5 MHz for FB VETO and 2 MHz
for MB VETO. In total, ~60% of the SM signal is

International Conference on Kaon Physics 2022 (KAON2022),   14 September 2022, Osaka

Fig.3 shows a histogram of the detection time with energy deposit more
than 1 MeV in FB VETO, where the initial time is the start timing of beam
transport at 1m downstream of the gold target. There are two major
components: sharp peak at around 70-300 ns (Prompt Component) and
broad bump at around 10 μs-3 ms (Delayed Component).

Toru Matsumura (on behalf of the KOTO collaboration), National Defense Academy of Japan, Yokosuka, Japan (E-mail: toru@nda.ac.jp)

1. Introduction

Since thermal neutrons induce the delayed accidental hits,
we can suppress them by inserting neutron absorber into
the VETO counter. Boron carbide (B4C) sheet is a good
candidate for this purpose because of following reasons.

⚫ Cross-section for the 10B(n,α)7Li* reaction to thermal
neutrons is large (3840 b). Most of 7Li residuals (94%)
are in excited state and 0.48 MeV γ’s are emitted from
them; nevertheless, FB VETO with 1 MeV threshold is
basically insensitive to the γ’s.

⚫ Thin mylar sheet is commercially available (50-100 μm).
Thus, we can insert it between lead plate and reflector
sheet without major modification of the detector.

The effect of insertion is summarized in Table 1. By
inserting 100-μm-thick of B4C sheet to all the 54 layers of
the FB module, the accidental rate reduces from 2.3 MHz
to 1.2 MHz (90% reduction in the delayed components).
As a result, the accidental loss of FB VETO may be
improved from 21% to 12% with 50 ns timing window.

Tab.1  Effect of B4C sheet insertion (64kW)

Cause of the accidental rate
In the past few years, we reinforced radiation shield around the experimental area with 30 cm-thick-
iron and 10 cm-thick polyethylene. As a result, activity due to high-energy neutrons from the
primary beamline was drastically reduced. At present, the main source of the accidental counts is
stemmed from particles from the KL beamline. Our objective is to investigate the origin and
mechanism of the accidental activity originated from the KL beamline with a beamline simulation.

expected to be lost in the present experimental condition. Therefore, reduction of the accidental
VETO rate is one of the issue to be solved in order to reach higher sensitivity.

Fig.1 Signal criteria and accidental veto. FB and 
MB VETO are Lead/Scinti. sandwich counter.

Fig.2 Top view of the KOTO beamline

accidental 
VETO

2. Origin of the accidental hit in FB VETO

Mechanism of the accidental VETO rate

⚫ Prompt Component (33%)
・KL-decay particles such as 𝜋±, 𝜇, 𝛾
・Scattered neutrons or 𝛾’s  at the upstream charged veto counter (UCV)
These are true-timing hits that should be vetoed.

⚫ Delayed Component (53%)
・Neuron capture: n+1H→ 2H+ γ (2.2 MeV) in the scintillator
・Neuron capture: n+56Fe→ 57Fe+ γ (7.6 MeV) in the support structure 
Neutrons generated by the 𝜋−𝑝 → 𝜋0𝑛 reaction are thermalized in the 
KOTO detector; they are captured by the scintillators and stainless steel.
This component is uncorrelated timing hits and should be suppressed ! Fig.3  Detection time of FB after the production Fig.5  A typical reaction mechanism of the delayed component

3. Data/MC comparison
The accidental rate of FB VETO with 64kW
beam was 2.99MHz after subtracting the
primary beamline contribution. On the other
hand, the Monte Carlo (MC) estimation was
2.3 MHz, which was in agreement with 20%
accuracy. The small discrepancy between the
data and MC may be due to incompleteness
of the hadron package of MC or existence of
unaware background source.

Fig.6 shows threshold dependence of the FB
accidental rate estimated with MC for all
component and only delayed one. Due to the
strong effect of 2.2 MeV γ accompanying the
neutron capture of 1H, one can see that the
delayed component become pronounced
(~50%) at low energies. Hence, if we can
eliminate the unwanted delayed component in
an effective way, drastic suppression of the
accidental rate is achievable.

In addition to the above mentioned sources, thermal or
epi-thermal neutrons that directly come from upstream of
the beamline are possible source of accidental counts.
Evaluating this by simulation requires a long calculation
time and is difficult to reproduce the geometry required
for reliable results. Therefore, the presence or absence of
low-energy neutrons was investigated by systematic
measurements with various neutron counters.

One of such counter is 6LiI(Eu) scintillator covered in
front with two layer of the neutron absorber (20%-boric
acid mixed polyethylene). The thickness of the absorber
makes a big difference in sensitivity to thermal and
epithermal neutrons. Fig.9 shows ADC distributions for
different absorber thickness measured at 30 cm below the
beam axis. No difference was observed in the neutron
detection rate, which indicates that we can exclude the
possibility of thermal and epithermal neutrons coming
from the upstream of the beamline.

Fig.6  Threshold depemdence of 
FB counting rate 

4. A possible way to suppress the accidental hits

5. Other sources?

Fig.7  B4C mylar sheet (100 μm)

Condition rate 
(MHz)

rate [delayed] 
(MHz)

No B4C sheet 2.34 1.25

B4C sheet 100 μm 1.20 0.11
B4C sheet 100 μm
(Inner 27 layer only)

1.43 0.33

B4C sheet 50 μm 1.39 0.31

90%
reduction
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Fig.8  LiI(Eu) scintillator

Fig.9  ADC distributions of LiI

Fig.4  A typical reaction mechanism of the prompt component
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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
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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

current barrel counters

New z-segmented barrel counter

Work in progress 
    in U of Chicago

Summary
⚫ In the KOTO experiment, reduction of the accidental

loss is one of the issue to be solved in order to reach
higher-sensitivity.

⚫ We found that more than 50% of the accidental counts
of FB VETO are caused by the neutron capture reactions
in scintillators (1H) and support structures (Fe isotopes).

⚫ Inserting a B4C sheet between lead/scintillator layers
can reduce 90% of the counting rate caused by thermal
neutrons. As a result, the accidental loss of FB VETO can
be improved from 21% to 12%.

Effect of low-energy neutrons on accidental counting rate 
in the KOTO experiment

KOTO is a high-sensitivity experiment aiming to
search for the rare KL → 𝜋0𝜈 ҧ𝜈 decay (Br ~10-11).
The signal criteria is 2g detection in the CsI and no
hit in the VETO counters (Fig.1). Hence, higher
accidental rate of the VETO counters causes loss of
the rare “signal” due to accidental VETO. Typical
counting rates are 5 MHz for FB VETO and 2 MHz
for MB VETO. In total, ~60% of the SM signal is

International Conference on Kaon Physics 2022 (KAON2022),   14 September 2022, Osaka

Fig.3 shows a histogram of the detection time with energy deposit more
than 1 MeV in FB VETO, where the initial time is the start timing of beam
transport at 1m downstream of the gold target. There are two major
components: sharp peak at around 70-300 ns (Prompt Component) and
broad bump at around 10 μs-3 ms (Delayed Component).

Toru Matsumura (on behalf of the KOTO collaboration), National Defense Academy of Japan, Yokosuka, Japan (E-mail: toru@nda.ac.jp)

1. Introduction

Since thermal neutrons induce the delayed accidental hits,
we can suppress them by inserting neutron absorber into
the VETO counter. Boron carbide (B4C) sheet is a good
candidate for this purpose because of following reasons.

⚫ Cross-section for the 10B(n,α)7Li* reaction to thermal
neutrons is large (3840 b). Most of 7Li residuals (94%)
are in excited state and 0.48 MeV γ’s are emitted from
them; nevertheless, FB VETO with 1 MeV threshold is
basically insensitive to the γ’s.

⚫ Thin mylar sheet is commercially available (50-100 μm).
Thus, we can insert it between lead plate and reflector
sheet without major modification of the detector.

The effect of insertion is summarized in Table 1. By
inserting 100-μm-thick of B4C sheet to all the 54 layers of
the FB module, the accidental rate reduces from 2.3 MHz
to 1.2 MHz (90% reduction in the delayed components).
As a result, the accidental loss of FB VETO may be
improved from 21% to 12% with 50 ns timing window.

Tab.1  Effect of B4C sheet insertion (64kW)

Cause of the accidental rate
In the past few years, we reinforced radiation shield around the experimental area with 30 cm-thick-
iron and 10 cm-thick polyethylene. As a result, activity due to high-energy neutrons from the
primary beamline was drastically reduced. At present, the main source of the accidental counts is
stemmed from particles from the KL beamline. Our objective is to investigate the origin and
mechanism of the accidental activity originated from the KL beamline with a beamline simulation.

expected to be lost in the present experimental condition. Therefore, reduction of the accidental
VETO rate is one of the issue to be solved in order to reach higher sensitivity.

Fig.1 Signal criteria and accidental veto. FB and 
MB VETO are Lead/Scinti. sandwich counter.

Fig.2 Top view of the KOTO beamline

accidental 
VETO

2. Origin of the accidental hit in FB VETO

Mechanism of the accidental VETO rate

⚫ Prompt Component (33%)
・KL-decay particles such as 𝜋±, 𝜇, 𝛾
・Scattered neutrons or 𝛾’s  at the upstream charged veto counter (UCV)
These are true-timing hits that should be vetoed.

⚫ Delayed Component (53%)
・Neuron capture: n+1H→ 2H+ γ (2.2 MeV) in the scintillator
・Neuron capture: n+56Fe→ 57Fe+ γ (7.6 MeV) in the support structure 
Neutrons generated by the 𝜋−𝑝 → 𝜋0𝑛 reaction are thermalized in the 
KOTO detector; they are captured by the scintillators and stainless steel.
This component is uncorrelated timing hits and should be suppressed ! Fig.3  Detection time of FB after the production Fig.5  A typical reaction mechanism of the delayed component

3. Data/MC comparison
The accidental rate of FB VETO with 64kW
beam was 2.99MHz after subtracting the
primary beamline contribution. On the other
hand, the Monte Carlo (MC) estimation was
2.3 MHz, which was in agreement with 20%
accuracy. The small discrepancy between the
data and MC may be due to incompleteness
of the hadron package of MC or existence of
unaware background source.

Fig.6 shows threshold dependence of the FB
accidental rate estimated with MC for all
component and only delayed one. Due to the
strong effect of 2.2 MeV γ accompanying the
neutron capture of 1H, one can see that the
delayed component become pronounced
(~50%) at low energies. Hence, if we can
eliminate the unwanted delayed component in
an effective way, drastic suppression of the
accidental rate is achievable.

In addition to the above mentioned sources, thermal or
epi-thermal neutrons that directly come from upstream of
the beamline are possible source of accidental counts.
Evaluating this by simulation requires a long calculation
time and is difficult to reproduce the geometry required
for reliable results. Therefore, the presence or absence of
low-energy neutrons was investigated by systematic
measurements with various neutron counters.

One of such counter is 6LiI(Eu) scintillator covered in
front with two layer of the neutron absorber (20%-boric
acid mixed polyethylene). The thickness of the absorber
makes a big difference in sensitivity to thermal and
epithermal neutrons. Fig.9 shows ADC distributions for
different absorber thickness measured at 30 cm below the
beam axis. No difference was observed in the neutron
detection rate, which indicates that we can exclude the
possibility of thermal and epithermal neutrons coming
from the upstream of the beamline.

Fig.6  Threshold depemdence of 
FB counting rate 

4. A possible way to suppress the accidental hits

5. Other sources?

Fig.7  B4C mylar sheet (100 μm)

Condition rate 
(MHz)

rate [delayed] 
(MHz)

No B4C sheet 2.34 1.25

B4C sheet 100 μm 1.20 0.11
B4C sheet 100 μm
(Inner 27 layer only)

1.43 0.33

B4C sheet 50 μm 1.39 0.31

90%
reduction

FB
 O

R 
ra

te
(M

H
z)

MC
2.3 MHz

π- from KL decay π-p→ π0n reaction
thermalization capture γ detection

~60%

Fig.8  LiI(Eu) scintillator

Fig.9  ADC distributions of LiI

Fig.4  A typical reaction mechanism of the prompt component

KAON2022 Poster by T. Matsumura
thermal neutron absorber

► Study of B4C mylar 
on lead layers           
to absorb thermal 
neutrons.

► First prototype of 
modular design
(1 mm lead +                                                        
5 mm plas4c 
scin4llator).
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KOTO KOPIO

Fig. 6b.6. A Shashlyk module assembly is shown in the left picture. The module design
in shown in the right picture.

means for improvement, we used the simulation model to analyze the main contributions to a module’s
energy resolution. The results of the analysis indicated (see details in Ref.[6]) that primary attention had to
be given to improving the

� sampling,

� photostatistics, and

� light collection uniformity.

To achieve this goal, we revisited the mechanical construction of the module, and optimized the selections of
the WLS fibers and photodetector. A new scintillator with improved optical and mechanical properties was
specially developed for the KOPIO experiment at the IHEP scintillator facility (Protvino, Russia)[8]. The
corresponding improvements to the module design have been implemented in the new KOPIO Calorimeter
prototype modules (2003), with an energy resolution of about 3%/

p
E (GeV)[9].

6b.2 Design of the Calorimeter Module

The design of the 2003 prototype module is shown in Fig. 6b.6. The module is a sandwich of alternating
perforated stamped lead and injection-molded polystyrene-based scintillator plates. The cross sectional size
of a module is 110 ⇥ 110 mm2. There are 300 layers, each layer consisting of a 0.275-mm lead plate and

58

WLS fiber
Pb/Plastic scintillator

0.275mm/1.5mm

Undoped CsI crystal

MPPC

KLOE

The modules consist of stacks of 200 grooved lead foils, 0.5 mm
thick, alternating with 200 layers of 1 mm diameter clad scintil-
lator-fibres, which are glued into the grooves (Fig. 32). A total of
15 000 km of fibre and 75 km of 65 cm wide lead foils were used
in the construction. Foil thickness was controlled to a few microns
and the straightness of the grooves controlled to 0.1 mm per
metre of foil length.

The assembly was pliable during the curing time for the glue,
allowing the ends of the Endcap modules to be bent (10 layers at a
time) by 901, in order to align the photomultipliers to the
direction of the magnetic field and to allow a close fit between
the active volumes of the Endcaps and the Barrel. The final
dimensions of each module were achieved by milling the sides
and end faces and wrapping the long sides with 0.16 mm
aluminium foil for light tightness. The full calorimeter covers a
solid angle of !98% of 4p.

In order to have a high scintillator content combined with fine
absorber granularity, required for good energy resolution, the
lead–fibre–epoxy ratio chosen is 42:48:10. The average density is
5 g cm"3 and the radiation length !1.5 cm. The modules are read
out at each end via light guides coupled to fine-mesh Hamamatsu
R5946 1.5 in. phototubes. The light yield is !1 photoelectron per
mm of traversed fibre for minimum ionizing particles, at a
distance of 2 m from the phototube. Light propagation in the
fibres is by single mode (which leads to better time resolution),
with a velocity of 16.7 cm ns"1. The phototubes are located in
cavities in the pole pieces, where the total magnetic field is less
than 0.2 T and where the transverse field component is less than
0.07 T. The phototube gains decrease by !10% when the field is
turned on, but linearity and resolution are not affected.

The light guides on the Barrel modules are arranged to provide
5 readout planes, each with 12 light guides, with a similar
arrangement on the Endcaps, leading to a total of 4880 readout

channels, or cells, each of !4.4 cm width. This segmentation
yields a spatial resolution of !1.3 cm (4.4/O12) for isolated
showers, which matches the average lateral shower size in the
calorimeter. The measurement of the energy, position and arrival
time of a particle is carried out by a clustering algorithm, using
groups of contiguous cells and using the longitudinal coordinate
obtained from the difference in timing at each end of the module.

The in-situ energy resolution for photons, from radiative
Bhabha events, is 5.7%/OE[GeV], with a negligible constant term
(Fig. 33, left). The resolution is mainly associated with sampling
fluctuations, receiving a lesser contribution from the photoelec-
tron statistics (!2000 p.e./GeV). The timing resolution obtained
with photons from radiative j decays is 54 ps/O(E[GeV]#140 ps
(Fig. 33, right). The contribution of the constant term to the
timing resolution arises mainly from the length of the collision
region in DAFNE. The intrinsic time resolution is calculated to be
54 ps/OE[GeV]#50 ps, giving a position resolution for electro-
magnetic showers of !9 mm/OE[GeV]#8.4 mm along the long-
itudinal direction of the modules. The absolute energy scale of the
calorimeter is determined from 2g events, using the precisely
known j mass (1019.41770.014 MeV) as reference. The more
abundant Bhabha events (which suffer more energy loss in
upstream material) are used to determine relative cell responses.

An illustration of the calorimeter performance is given in Fig. 34
(left), which shows the di-photon mass reconstructed in Z-gg
decays produced from j-Zg, by performing a kinematic fit using
the positions, times, and energies of the three photons. The small
width results mainly from the precision of the position measure-
ments. The value obtained for the Z mass is 547.85370.024 MeV
[35].

An example of the topological reconstruction of KL decays,
from j-KLKS, is illustrated in Fig. 34 (centre and right).
The direction of the KS is measured from its decay to two

Fig. 31. The KLOE detector, with the electromagnetic calorimeter surrounding the drift chamber (left), a view of the Barrel calorimeter (centre) and part of the Endcap
calorimeter (right).

Fig. 32. A photograph of a Barrel module equipped with light guides (left), the end of a machined module before the addition of the light guides (centre), and a close-up of
the fine grained matrix of scintillating fibres nestled between corrugated lead sheets. The equilateral triangle has sides of 1.3 mm (right).

R.M. Brown, D.J.A. Cockerill / Nuclear Instruments and Methods in Physics Research A 666 (2012) 47–79 67

Pb/Scintillating fiber (1mmφ)
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1.7 Detector Feasibility Study

1.7.1 Angle measurement of photon

In addition to the current reconstruction of π0 by using energies and positions of two
photons detected in a calorimeter, we can extract its decay position independently
when we can measure incident angle of the photons. By requiring a consistency
between two vertices reconstructed from different observables, we can select genuine
single π0 decay and reject various kinds of wrong pair of photons such as odd-pairing
KL → π0π0 backgrounds and neutron induced two clusters. It also enables us to
remove π0 and η decays produced by halo neutrons because they occur far from the
beam axis. We can expect similar rejection against KL → 2γ decays when the KL

deviate from the beam center due to scattering.
For the angle measurement of photon, we should get information about the

spatial profile of shower particles generated in the electromagnetic calorimeter. This
will be realized by recording energy deposits in a detector finely segmented in three
dimensions. We started the study with a setup of sampling calorimeter consisting
of alternating lead sheets and strips of plastic scintillator as shown in Fig. 42. The
dimensions of a lead sheet and a plastic scintillator strip are 500 × 500 × 1 mm3

and 500 × 15 × 5 mm3, respectively. By arranging the strips in x- and y-direction
alternatively along z-direction, we can get shower profiles in x-z and y-z planes in
turn.

Figure 42: Simulation setup for studying on angle measurement. The detector is
a sampling calorimeter consisting of alternating lead sheets and strips of plastic
scintillator.

41

15-mm wide strip

MC Study to obtain incident angle 
from shower development.

a few degree resolution so far 
        for 0.2-2 GeV photons

1-mm lead / 5-mm plastic scinti. 
for upstream part of the calorimeter 

Angle measurement capability

KAON2022 poster 
by YoungJun Kim
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KOTO II Status & Timeline
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► Design of Hadron Experimental Facility extension and KL beamline finished.
➜ Budget request is prepared.

► Lots of detector R&D ongoing,  everything on a good track.
► KOTO running up to ~ 2026, KOTO II planned to start at 2030.

► Trying to integrate more groups to have a more versatile detector.
➜ Dedicated workshop on July 27-30,2024 at J-PARC
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Summary
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Two running, dedicated Kaon experiments (NA62, KOTO) – will finish around 2026/27.
➜ K+➞ π+νν̄ to  15-20% precision,  KL➞ π0νν̄ sensi4vity down to 1 × 10–10.

Two successor experiments (HIKE, KOTO II) planned to start around 2030.
►

➜

►

►

►

►

►
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➜ K+➞ π+νν̄ to  15-20% precision,  KL➞ π0νν̄ sensi4vity down to 1 × 10–10.

Two successor experiments (HIKE, KOTO II) planned to start around 2030.
► HIKE cancelled by CERN management in March 2024.
➜ No Kaon experiment foreseen at CERN in the long-term future.
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Summary
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Two running, dedicated Kaon experiments (NA62, KOTO) – will finish around 2026/27.
➜ K+➞ π+νν̄ to  15-20% precision,  KL➞ π0νν̄ sensi4vity down to 1 × 10–10.

Two successor experiments (HIKE, KOTO II) planned to start around 2030.
► HIKE cancelled by CERN management in March 2024.
➜ No Kaon experiment foreseen at CERN in the long-term future.

► KOTO II on track, but s4ll needs to be approved.
► Hall & beamline design finished.
► Detector op4ons being studied  and well on track.
► Aiming for ~ 35 SM KL➞ π0νν̄ ➜ Observa4on!
► Could be expanded for more divers KL physics.

One



Rainer Wanke              Future Kaon Experiments              FPCP 2024              May 29th, 2024

Summary

23

Two running, dedicated Kaon experiments (NA62, KOTO) – will finish around 2026/27.
➜ K+➞ π+νν̄ to  15-20% precision,  KL➞ π0νν̄ sensi4vity down to 1 × 10–10.

Two successor experiments (HIKE, KOTO II) planned to start around 2030.
► HIKE cancelled by CERN management in March 2024.
➜ No Kaon experiment foreseen at CERN in the long-term future.

► KOTO II on track, but s4ll needs to be approved.
► Hall & beamline design finished.
► Detector op4ons being studied  and well on track.
► Aiming for ~ 35 SM KL➞ π0νν̄ ➜ Observa4on!
► Could be expanded for more divers KL physics.

KL

K+

KL

Glass s5ll 
more than 
half full!

One



Rainer Wanke              Future Kaon Experiments              FPCP 2024              May 29th, 2024

Spares
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Relations between rare Kaon decay Modes

25

Figure 1: Relation between kaon rare decay modes and the parameters d and [ of the unitary
triangle (UT). The direct link between decay modes and the UT indicates short distance terms
dependent on d or [ contributing to the corresponding decay amplitudes. Decays not directly
connected to the UT are relevant to interpret the experimental results of the decay modes to which
they are related.

It is convenient to express the formulas for the branching fractions in terms of contributions
from the different loop functions. Following Ref. [5], the SM predictions can be written as

B( + ! c
+
aā) = ^+(1 + �EM)

"✓
Im_C
_

5 - (GC )
◆2

+
✓
Re_2
_

%2 (-) +
Re_C
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5 - (GC )
◆2
#
,

with�⇢" = �0.003 the electromagnetic radiative corrections, GC = <2
C
/"2

,
, _ = |+DB |, _8 = +⇤

8B
+83

the relevant combinations of CKM matrix elements, - and %2 (-) the loop functions for the top
and charm quark respectively, and

^+ = (5.173 ± 0.025) ⇥ 10�11


_

0.225

�8

the parameter encoding the relevant hadronic matrix elements extracted from semileptonic decay
rates. As the formula shows, B( + ! c

+
aā) depends on the sum of the square of the imaginary

part of the top loop (CP violating) and the square of the sum of the charm contribution and the real
part of the top loop. The corresponding formulas for  ! are:

B( ! ! c
0
aā) = ^!

✓
Im _C

_
5 - (GC )

◆2
,

and

^! = (2.231 ± 0.013) ⇥ 10�10


_

0.225

�8
.

The quantity B( ! ! c
0
aā) depends only on the square of the imaginary part of the top loop

which is CP violating. The charm contributions drop out because  ! is mostly an odd linear
combination of  0 and  ̄0.

9

(HIKE Proposal, arXiv:2311.08231)

https://arxiv.org/abs/2311.08231
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KOTO Detector and DAQ Upgrades since 2021

26

Detector and DAQ upgrades 17

Background reduction

Permanent Magnet 
(installed Autum 2023)

0.2-mm thick plastic scintillator 
(new version installed Spring 2023)

High power and quality beam
High speed DAQ ready for 100 kW beam 
Optical fiber, FPGA, GPU/CPU L3

No spi
ke

(Courtesy by Hajime Nanjo)
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Muon Flux behind the Beamdump

27

KOTO II may suffer from high rate with par4cles from dump:

Muon flux behind the beam dump
• May suffer from high rate with particles from dump

25

Y. Hirayama (NDA)
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Muon Flux behind the Beamdump

28

Measured  with the current beamdump.

Muon flux behind the beam dump
• Measured it with the current beam dump

26

10/19

How to measure

Beam dump

▼ Dug a hole to measure behind the dump

⚫ Inner diameter:
81 mm

⚫ Depth: 6.1 m

30 m cable

count room

Hadron Experimental Facility

1.95 m

Observing hole

Cross section of the Beam dump

concrete iron copper sand

4.0 m

1.95ｍ

30 GeV
Proton beam

observing 
hole

18.6 m

⚫ Put a detector into the observing hole
⚫ Measure particles every 0.5 m
⚫ Clarify particle flux 

in the vertical direction along with the height

Muon flux is as expected. →2.1 MHz at KOTO II 
Will add 3-m thick iron shield at the dump → 0.4 MHz Fine!

Y. Hirayama (NDA)


