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Abstract

The availability of high-intensity kaon beams at the J-PARC Hadron Experimental Facility
and the CERN SPS North Area, together with the abundant forward production of kaons at the
LHC, gives rise to unique possibilities for sensitive tests of the Standard Model in the quark
flavor sector. Precise measurements of the branching ratios for the flavor-changing neutral
current decays  ! caā can provide unique constraints on CKM unitarity and, potentially,
evidence for new physics. Building on the success of the current generation of fixed-target
experiments, initiatives are taking shape in both Europe and Japan to measure the branching
ratio for  +

! c
+
aā to ⇠5% and for  ! ! c

0
aā to ⇠20% precision. These planned

experiments would also carry out lepton flavor universality tests, lepton number and flavor
conservation tests, and perform other precision measurements in the kaon sector, as well as
searches for exotic particles in kaon decays. Meanwhile, the LHCb experiment is ready to
restart data taking with a trigger upgrade that will vastly increase its sensitivity for rare  (

decays and complementary hyperon decays. We overview the initiatives for next-generation
experiments in kaon physics in Europe and Japan, identifying potential contributions from the
US high-energy physics community.
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News on KEK Project Implementation Plan 2022
3

• KEK : Largest laboratory in particle physics in Japan.
• Released the project implementation plan in 

JFY2022-2027 at June 24.
• https://www.kek.jp/wp-content/uploads/2022/07/

KEK-PIP2022.pdf
• Extension of J-PARC hadron experimental facility 

has been selected as the 1st priority project for KEK 
to make new budget requests.

• This gives a large impact on the future Kaon physics.
• KOTO step-2 is planned at the extend hadron 

experimental facility at J-PARC.

• aiming at measurement of  with 
~40-event observation. 

ℬ(KL → π0νν)
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Kaon decay : s → d
4

s→d : SM  : Flavor transition : Most suppressed
          NP  : Flavor transition : O(1)? → High energy scale O(100TeV)

|V*tsVtd | ∼ 5 × 10−4 ≪ |V*tbVtd | ∼ 10−2 < |V*tbVts | ∼ 4 × 10−2

×1/100
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(V*tsVtd)ℳ ∼ can be 𝒪(1)

Most Suppressed!
Dominant top contribution!



Suppressed in SM
Large room of search
SD contribution can be 
extracted through interference

Suppressed in SM
Larger uncertainty in SM
Large room of search in  decayKL

Golden mode
Short distance is dominant
Precise, Suppressed in SM
NP : 𝒪(100) TeV

Rare kaon decay observables
5

K → μμ or ee
W�

t
Z0

s

⌫

⌫

dV ⇤
ts Vtd

K → πνν

t
s d

d s
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ts Vtd

K0 ⇆ K0ϵK
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d
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γ/Z/g

K → 2π0ϵ′ /ϵK → π + [ee or μμ]

γ/

W�

t
Z0

s

⌫

⌫

dV ⇤
ts Vtd

l

l
       
Consistent to SM 
            : 

Re ϵ′ /ϵ =
(16.6 ± 2.3) × 10−4

(15 ± 5) × 10−4

Constraining NP

t

W

t̄
γ/Z0

s

d̄

l

l

Dark sector                                     : 
Lepton number/flavor violation     : 
Correlation to B-anomalies, g-2, …

K → πϕ, K → lN, K → γA′ , ⋯
K → πl+l+, K → πlαlβ, ⋯

Mode SM Measurment
K+ ! ⇡+⌫⌫ (8.4± 1.0)⇥ 10�11 10.6+4.1

�3.5 ⇥ 10�11

KL ! ⇡0⌫⌫ (3.4± 0.6)⇥ 10�11 < 3⇥ 10�9 ��CP
KL ! ⇡0e+e� 3.54+0.98

�0.85(1.56
+0.62
�0.49)⇥ 10�11 < 2.8⇥ 10�10 ��CP

KL ! ⇡0µ+µ� 1.41+0.28
�0.26(0.95

+0.22
�0.21)⇥ 10�11 < 3.8⇥ 10�10 ��CP w/ LD

KS ! µ+µ� (5.18± 1.50LD ± 0.02SD)⇥ 10�12 < 2.1⇥ 10�10 ��CP w/ LD

1



Physics in K → πνν
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 in SMK → πνν
7

Calculated BR (SM)

Theoretical error

Quarks in loop top top, charm

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

< 2 % < 4 %

W�

t
Z0

s

⌫

⌫

dV ⇤
ts Vtd

Mainly Parameter error from CKM matrix elements

Buras et al JHEP11(2015)33

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

High energy reach fro NP
𝒪(100) TeV



Correlation between  and  in KL K+ K → πνν
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Amplitude

Width

CP CP violating

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

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

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



Experimental status on K → πνν
9

Experiments J-PARC KOTO      CERN NA62

Branching ratio

Single Event Sensitivity

KL → π0νν K+ → π+νν

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

7.2 × 10−10

JHEP 06 (2021) 093
0.84 × 10−11

PRL. 126 (2021) 12, 121801

11−10

10−10

9−1010−9

10−10

10−11

SES

SES

Measurement (68% CL)

Upper limit (90% CL)

SM SM

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

PRL 122, 021802 (2019)

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

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

still allowed by the NA62 and KOTO results.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

through ε′/ε.

– 24 –

ℬ = 10−10

New physics contributions
10

JHEP12(2020)097

Flavor-violating Z’ couplingZ’, leptoquark, SUSY, charged Higgs…

ℬ(K+ → π+νν)/ℬ(SM)

ℬ
(K

L
→

π0 νν
)/

ℬ
(S

M
)

Figure 3: Scheme for BSM modifications of  ! caā BRs.

characteristic of littlest-Higgs models with ) parity [16], as well as models with flavor-changing /
or / 0 bosons and pure right-handed or left-handed couplings [12, 17]. In the most general case, if
the new physics has an arbitrary flavor structure and both left-handed and right-handed couplings,
the constraint from n is evaded and there is little correlation, as illustrated by the red region.
This is the case for the general MSSM framework (without minimal flavor violation) [14] and in
Randall-Sundrum models [18].

As discussed in Section 1.2.3, BR( 
+
! c

+
aā) has recently been measured to 40% precision

by NA62, following upon the collection of a few candidate events in the late 1990s and early 2000s
by the Brookhaven E787 and E949 experiments. The BR for the neutral decay  ! ! c

0
aā has

not yet been measured. Up to small corrections, considerations of isospin symmetry lead to the
model-independent bound �( ! ! c

0
aā)/�( +

! c
+
aā) < 1 [19], known as the Grossman-

Nir bound. Thus the limit on BR( 
+
! c

+
aā) from NA62 discussed in Section 1.2.3 implies

BR( ! ! c
0
aā) < 0.81 ⇥ 10�9.

The observation of three candidate events in the KOTO 2016–2018 data set, although ultimately
found to be statistically compatible with the expected background, initially gave rise to some
theoretical speculation about mechanisms for evading the Grossman-Nir bound, mainly involving
the apparent enhancement of BR( ! ! c

0
aā) by the contribution from  ! decays into final states

containing a c0 (or two photons) and one or more new, light particles with very weak SM couplings,
the most studied case being  ! ! c

0
(, with ( a light scalar. Since the Grossman-Nir relation

is based on general isospin symmetry arguments that relate the decay amplitudes of charged and
neutral kaons, it would be expected to hold also for  ! ! c

0
( and  +

! c
+
(. Indeed, in most

of these studies, the Grossman-Nir bound is evaded for experimental reasons: NA62 might not
detect  +

! c
+
( events with <( ⇡ <

c
0 because of cuts to eliminate  +

! c
+
c

0 background, for
example [20, 21, 22], or because of issues related to the di�erent acceptances of KOTO and NA62
for di�erent values of the lifetime of ( [21]. New physics scenarios have also been proposed in
which the Grossman-Nir bound is violated at the level of the decay amplitudes [23]. Although, as
discussed in Section 1.2.4, there is no evidence for the enhancement of BR( ! ! c

0
aā) at this

time, with the increased sensitivity expected from improvements to KOTO, and especially, from
the next generation of  ! ! c

0
aā searches, some of these scenarios may regain relevance.

4



On-going experiments for K → πνν
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NA62 @ CERN - SPS

LHC

NA62
SPS

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

Technique:
K Decay – in – flight  

Broader Physics program

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

610/09/2019 Giuseppe Ruggiero - Kaon 2019

The Apparatus

15/09/2016 Giuseppe Ruggiero 8

RICH

Magnet

Spectrometer

Target

CERN SPS 400 GeV proton

L:~250mφ:~4m

~500 m

Hadron 
Experimental 
Facility

30-GeV proton in J-PARC Main Ring

NA62 experiment : K+ → π+νν KOTO experiment : KL → π0νν

~4m, 8.5m-long vacuum tankϕ

US is contributing  both.

K+ → π+νν with the NA62 
Experiment

RPF Workshop: Kaon Experiments 11

Decay in Flight Experiment

Main backgrounds:
K+ →μ+ν(γ) BR = 63.5%
K+ → π+π0(γ) BR = 20.7%

Selection criteria:
• K+ beam identification
• Single track in final state
• π+ identification (εμ ~ 1 × 10−8)
• γ rejection (επ0 ~ 3 × 10−8)

m
2 m
is
s
[G
eV

2 ]

p [GeV]

Signal regions

μν
ππ0



KOTO experiment at J-PARC 
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Common 
Target

Beam 
dump

30GeV Proton beam 
from MR

KL line

30-GeV proton in J-PARC Main Ring

J-PARC at Tokai village

Gold Target

KOTO (K0 at Tokai) 

~500 m

Hadron 
Experimental 
Facility

KOTO detector

KL beam line

 
gold target
15 × 6 × 66 mm3

search for KL → π0νν



Concept of the KOTO experiment
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30 GeV 
protons

target

ch
arg

ed

short-lived

 absorberγ
KL π0

→
2γ

νν
1st collimator 2nd collimator

mag
ne

t

KL → π0νν

Calorimeter

π0 + nothing
Neutral beam lineKOTO detector 

Detector

2/22/2018 7Myron Campbell and Yau Wah

Front barrel (FB)

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

CsI	calorimeter	+	Herme2c	veto	system

γ
γ

KL
ν ν
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Diameter ~1.9 m
50-cm long CsI crystals
Cross section

2.5 cm × 2.5 cm
5 cm × 5 cm

50-cm long CsI

1.9 m

 4 m, 8.5-m-long vacuum tankϕ



Signal reconstruction
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30 GeV 
protons

target

ch
arg

ed

short-lived

 absorberγ
KL π0

→
2γ

νν
1st collimator 2nd collimator

mag
ne

t

KL → π0νν

Calorimeter

π0
→

2γ θ

zvtx
z axis

=beam axis

m2
π0 = 2E0E1(1 − cos θ) E0

E1

pπ0 = p0 + p1

→  of pT π0

p0
p1

π0 + nothing
Neutral beam line

Assume the vertex  
on beam axis

Narrow beam

pT

zvertex2 m

130 MeV

250 MeV

Signal region
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Calorimeter� Concrete/iron shield�
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Downstream 
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Membrane�

KL beam�

IB

KOTO detector 
Detector

2/22/2018 7Myron Campbell and Yau Wah

Front barrel (FB)

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

CsI	calorimeter	+	Herme2c	veto	system

γ
γ

KL
ν ν
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the inefficiency by adding 5 X0 another inside the MB. According to the Monte-Carlo (MC)
estimation, the amount of K0

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

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

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

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

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

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

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

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

2

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

 4 m, 8.5-m-long vacuum tankϕ,neutron, KL γ

1.9 m

KOTO detector



Results of 2016-18 analysis
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134 9.2 Results
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Figure 9.1: Pt vs. Zvtx of the events after imposing the KL → π0νν selection criteria. The region
surrounded by dotted lines is the signal region. The black dots represent observed events, and the
shaded contour indicates the KL→π0νν distribution from the MC simulation. The black italic (red
regular) numbers indicate the number of observed (background) events in each region.
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(d) NCC-Individual (rear)

Figure 9.2: Observed overlapped-like-pulses in NCC of the second event from the right in Fig. 9.1.
The NCC-Common signal was used for the veto decision. The region inside the vertical solid (dotted)
lines is the veto window (widened veto window). The peak in the NCC-Common existed outside of the
widened veto window. The on-time (off-time) pulse in the rear (front) part of the Individual readout
implied occurring pulse overlapping in the Common readout.

SES=
3 events observed

(7.20 ± 0.05stat. ± 0.66syst.) × 10−10

ℬ(KL → π0νν) < 4.9 × 10−9 (90 % CL)

Phys.Rev.Lett.126(121801)(2021) No events in the surrounding regions  
                                  except for the upstream region
・New background sources were found
・# of observed events is
     consistent to # of backgrounds

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

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

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

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

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

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

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

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

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

Source Number of events

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

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

Neutron Hadron cluster 0.017! 0.002
CV η 0.03! 0.01

Upstream π0 0.03! 0.03
Total 1.22! 0.26
aBackground sources studied after looking inside the blind
region.
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Charged kaon background
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Measure against charged kaon background
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Prospects for KOTO
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KOTO step-2 with extension of hadron experimental facility
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KOTO Step-2detector
21

2m

3m

2m

12m

0m 6.5m 20m

Signal region

KOTO step-1

KOTO step-2

Peak  momentum : 1.4 GeV/c (step-1) → 3 GeV/c  (step-2)KL

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

44m from T2
3m 15m



Signal / Background / Sensitivity
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Expected number of  signal eventsKL → π0νν
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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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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

44

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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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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# of signal events : 35
# of background events : 56
S/N = 0.63

2.64±0.39
# of signal events : 35
# of background events : 56
S/N = 0.63
→ 4.7σ observation

•  →  CKM parameter : 

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

Δℬ/ℬ = 27 % Δη/η = 14 %

KL → π0νν

arXiv : 2110.04462



Detector toward KOTO Step-2
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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.
1-2 degree resolution so far 
        for 0.2-2 GeV photons

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

Low-mass fast charged particle veto

Angle measurement capability

3 m in diameter
Timing resolution < 300 ps



Prospects for KOTO to KOTO step-2
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KOTO will reach
       sensitivityO(10−11)

KOTO step-2 aims at measurements
     of 

~40 events in SM sensitivity
       sensitivity

ℬ(KL → π0νν)

O(10−13)

Upper limits  or a few events
with # of backgrounds ~ 0
Saturation of sensitivity 



NA62 experiment at CERN
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NA62 @ CERN - SPS

LHC

NA62
SPS

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

Technique:
K Decay – in – flight  

Broader Physics program

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

610/09/2019 Giuseppe Ruggiero - Kaon 2019

The Apparatus

15/09/2016 Giuseppe Ruggiero 8

RICH

Magnet

Spectrometer

Target

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

L:~250mφ:~4m



  with NA62 experimentK+ → π+νν
26

NA62 Layout

Secondary positive beam Decay region and Detectors

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

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

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

LKr Calorimeter from NA48

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

[NA62 Detector Paper, 2017 JINST 12 P05025]

MNP33
400 GeV/c 

SPS protons

710/09/2019 Giuseppe Ruggiero - Kaon 2019

K+ π+

DipoleMag.

DipoleMag.x4

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

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

1010/09/2019 Giuseppe Ruggiero - Kaon 2019

Fiducial :~60m

~150m veto sections

400 GeV proton→75 GeV/c K+

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

• π+ tracking w/ magnetic field → pπ

  

K+→π+νν – Analysis strategy

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

● Two signal region kept blinded

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

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

● Selection:

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

15 < pπ+ < 45 GeV/c (region 2)

Riccardo Lollini FPCP 2021 10 



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

Reminder: 2016 and 2017 data results

2 events observed

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

1 events observed

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

2016 data
2017 data

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

Opening the box in the 2018 data

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

2018 data

2016 : 1 event observed (PLB 791(2019) 156)
2017 : 2 events observed (JHEP 11(2020)042)
2018 : 17 events observed
In total 20 events observed

J
H
E
P
0
6
(
2
0
2
1
)
0
9
3

Background Subset S1 Subset S2
π+π0 0.23± 0.02 0.52± 0.05
µ+ν 0.19± 0.06 0.45± 0.06
π+π−e+ν 0.10± 0.03 0.41± 0.10
π+π+π− 0.05± 0.02 0.17± 0.08
π+γγ < 0.01 < 0.01
π0l+ν < 0.001 < 0.001
Upstream 0.54+0.39

−0.21 2.76+0.90
−0.70

Total 1.11+0.40
−0.22 4.31+0.91

−0.72

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

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

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

miss <

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

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

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

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

7 Results

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

SES = (0.839± 0.053syst) × 10−11,

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

N exp
background = 7.03+1.05

−0.82.

– 15 –

→ 40% measurement
Observation with  significance
Compatible with SM ( )   (JHEP 06 (2021) 093)

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

3.4σ
8.4 × 10−11

2018 : 17 events observed
         : # of SM signal expected : 7.6
         : # of BG expected            : 5.4
         :    => 3.3 from upstream background (dominant)



Measure against background
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Accidental coincidence
 or Decay

Larger collimator from 2018 to stop such charged pions
NA62 run2 : additional tracker (GTK 0) + veto

beam particle or K+

charged pion generated in the upstream

Figure 34: Layout of the new GTK achromat and beamline elements for NA62 in 2021. The main
changes include optimization of the achromat and the installation of additional detectors: a fourth
GTK station (GTK0) placed next to GTK1, a new veto counter (Veto 1–3) around the beam pipe
before and after the final collimator, and a new hodoscope (Anti 0) to veto muon halo background.

about 40% precision. The original NA62 goal, however, was to measure the BR to within just
over 10%. To fully realize the potential of the experiment to achieve its original goal, in October
2019, NA62 submitted an addendum to its original proposal [49] to the CERN SPSC to extend the
data taking throughout LHC Run III, until Long Shutdown 3 (LS3), currently foreseen at the end
of 2025 [137]. Additional data taking was initially approved for one year and began in July 2021.
Finally, in 2021 NA62 was approved until LS3.

In advance of the 2021 run, numerous improvements to the experiment were made in order
to allow data to be taken e�ciently at the nominal beam intensity, including improvements to
the e�ciency and stability of the data-acquisition system, the introduction of additional detectors
to provide increased rejection power against specific backgrounds, the reduction of losses from
accidental coincidence vetoes, and the further optimization of the  +

! c
+
aā analysis.

As noted in Section 1.2.3, the largest source of background in NA62 is from upstream 
+ decays

and interactions. To reduce this background, the beamline elements were rearranged around the
GTK achromat, and a fourth station was added to the GTK beam tracker to reduce the influence
of combinatorics in GTK track reconstruction (Figure 34). An upstream charged-particle veto
counter, consisting of three stations of 2-cm wide scintillator tiles mounted immediately above
and below the beam pipe, was installed just upstream and downstream of the final collimator to
detect photons and charged pions from upstream  

+ decays. This veto counter is read out with a
new digital front-end board data-acquisition chain consisting of a new, custom, on-detector FPGA
TDC board that sends data over high-speed links to an o�-detector front-end server equipped with
FELIX data receiving PCIe cards. In addition, a new hodoscope (ANTI0) was installed at the
entrance of the fiducial volume, which mainly serves to veto the muon halo background for new
physics searches in beam dump mode. In standard running with the  + beam, the ANTI0 is
expected to assist with the reduction of background trigger rates.

The above improvements allow the present selection criteria against the upstream background
to be loosened, regaining signal acceptance. Steps to reduce losses from accidental coincidences
in the veto detectors include improvements to the use of time-clustering information for LKr
reconstruction and the adoption of multivariate analysis techniques to refine the veto from the
LAV detectors and to make better used of the information from the small-angle photon vetoes and
from the detectors used to reject events with charged products from photon interactions. These
optimizations are currently being refined with the 2016–2018 dataset, for which the analysis has
been completed.
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NA62 outlook
• Resumed data taking in July 2021 with the measure against the upstream background
• Running at higher beam intensity  (70%→100%)
• NA62 was approved until LS3 (currently foreseen at the end of 2025)
• Expected order 10% measurement of  ℬ(K+ → π+νν)
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High Intensity Kaon Experiments (HIKE)
• After LS3, higher beam intensity at SPS 

• Plan to support both  and  for long term plan until 2039.

•  pot/year (  increase) to measure  at 5%

•  pot/year (  increase) to measure  at 20% 
• Keys to handle the high rate

• Accelerator : slow extraction with small beam loss, dump,  target, 
radiation level

• Improvements on the timing resolution is  
a key to handle high rate

• Suppress  background with longer beamline

K+ KL

6 × 1018 × 4 K+ → π+νν
1 × 1019 × 6 KL → π0νν

Λ → nπ0
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 with HIKE (KLEVER)KL → π0νν
•
• 5 years running
• 60 SM events are expected with S/B=1.

< pKL
> ∼ 40 GeV/c
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3.5.8 Preshower detector

The PSD measures the directions for photons incident on the MEC. Without the PSD, the I-position
of the c0 decay vertex can only be reconstructed by assuming that two clusters on the MEC are
indeed photons from the decay of a single c0. With the PSD, a vertex can be reconstructed
by projecting the photon trajectories to the beamline. The invariant mass is then an independent
quantity, and  ! ! c

0
c

0 decays with mispaired photons can be e�ciently rejected. The vertex can
be reconstructed using a single photon and the constraint from the nominal beam axis. Simulations
show that with 0.5-0 of converter (corresponding to a probability of at least one conversion of 50%)
and two tracking planes with a spatial resolution of 100µm, placed 50 cm apart, the mass resolution
is about 20 MeV and the vertex position resolution is about 10 m. The tracking detectors must cover
a surface of about 5 m2 with minimal material. Micropattern gas detector (MPGD) technology
seems perfectly suited for the PSD. Information from the PSD will be used for bifurcation studies
of the background and for the selection of control samples, as well as in signal selection.

3.5.9 Expected performance for QR ! 00..̄

Simulations of the experiment in the standard configuration carried out with fast-simulation tech-
niques (idealized geometry, parameterized detector response, etc.) suggest that the target sensitivity
is achievable (60 SM events with (/⌫ = 1). Background channels considered at high simulation
statistics include  ! ! c

0
c

0 (including events with reconstructed photons from di�erent c0s and
events with overlapping photons on the MEC),  ! ! 3c0, and  ! ! WW.

Figure 53: Distributions of events in plane of (Irec, ??) after basic event selection cuts, from fast
MC simulation, for  ! ! c

0
aā events (top left) and for  ! ! c

0
c

0 events with two photons
from the same c0 (top right), two photons from di�erent c0s (bottom left), and with two or more
indistinguishable overlapping photon clusters (bottom right).

Signal selection and rejection of QR background Fig. 53 illustrates a possible scheme for
di�erentiating signal events from  ! ! c

0
c

0 background. Events with exactly two photons on
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KLEVER is one part of the comprehensive program for the study of rare kaon decays described
in Section 3.2. The timescale for the experiment depends upon the point at which the the measure-
ment of  ! ! c

0
aā becomes the logical next step in the North Area kaon physics program. Two

additional considerations also influence the KLEVER scheduling. First, as discussed in 3.3.5, in
order to provide maximum protection from ⇤ ! =c

0 background, the KLEVER beamline would
need to be lengthened by 150 m. Second, despite the e�orts to benchmark the KLEVER neutral
beam simulation by comparison with existing data on inclusive particle production by protons on
lightweight targets at SPS energies (Section 3.3.2), confidence in the simulations and background
estimates would be greatly increased by the possibility to acquire particle production data and
measure inclusive rates in the KLEVER beamline setup with a tracking experiment in place. This
would be possible in the intermediate experimental phase discussed in Section 3.6, which might
run before KLEVER. Therefore, although in principle, KLEVER could aim to start data taking in
LHC Run 4 (for which injector physics is currently foreseen to begin in late 2027 or early 2028), the
most natural timescale might envisage KLEVER as the last phase of the comprehensive program,
tentatively beginning data taking in LHC Run 5 (for which injector physics is currently estimated
to start in 2034).

Figure 47: KLEVER experimental apparatus: upstream veto (UV) and active final collimator
(AFC), large-angle photon vetoes (LAV), main electromagnetic calorimeter (MEC), small-angle
calorimeter (SAC), charged particle veto (CPV), preshower detector (PSD).

3.5.1 Layout

The KLEVER experiment largely consists of a collection of high-e�ciency photon detectors
arranged around a 160-m-long vacuum volume to guarantee hermetic coverage for photons from
 ! decays emitted at polar angles out to 100 mrad and to provide a nearly free path through vacuum
up to the main electromagnetic calorimeter (MEC) for photons emitted into a cone of at least 7.5
mrad. The fiducial region spans about 40 m just downstream of the active final collimator (AFC),
but the photon veto coverage extends along the entire length up to the MEC. The layout of the
detector elements is schematically illustrated in Figure 47. Note that in the figure, the transverse
and longitudinal scales are in the ratio 10:1. The largest elements are about 3 m in diameter. The
beginning of the vacuum volume is immediately downstream of the cleaning collimator at I = 80 m,
i.e., 80 m downstream of the T10 target. A 40-m vacuum decay region allows the upstream veto
calorimeter (UV) surrounding the AFC to have an unobstructed view for the rejection of  ! decays
occurring upstream of the detector volume. The UV and AFC at I = 120 m define the start of
the detector volume, which is lined with 25 large-angle photon and charged-particle veto stations
(LAV) in five di�erent sizes, placed at intervals of 4 to 6 m to guarantee hermeticity for decay
particles with polar angles out to 100 mrad. The MEC, at the downstream end of the vacuum
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R&D for new detectors
• New straw chamber with less diameter (~5 mm) and thinner wall (12 μm)
• Silicon pixel tracker (GTK) : planar, 3D, LGAD are being considered.
• Microchannel plate PMT for Cherenkov photon sensor
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NA62 Layout

Secondary positive beam Decay region and Detectors

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

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

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

LKr Calorimeter from NA48

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

[NA62 Detector Paper, 2017 JINST 12 P05025]

MNP33
400 GeV/c 

SPS protons
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R&D for new detectors
• MEC : Calorimeter with better timing resolution

• Shashylic type
• γ / neutron discrimination

• SAC: Tungsten / Silicon-pad sampling / Compact 
Cerenkov detector with 3D segmentation.
• Crystal orientation →enhancement of photon 

conversion through coherent interaction
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Figure 49: Top: Geant4 model of small prototype for romashka calorimeter, featuring spy tiles
placed at key points in the shashlyk stack, together with a photograph of the module constructed
at Protvino. Bottom: Fiber routing scheme for independent readout of spy tiles, giving rise to the
name romashka (chamomile).
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Figure 52: Dimensional sketch of a SAC for KLEVER based on dense, high-/ crystals with both
transverse and longitudinal segmentation.

than its radiation length -0.

• The SAC must have good transverse segmentation to provide W/= discrimination.

• It would be desirable for the SAC to provide additional information useful for o�ine W/=

discrimination, for example, from longitudinal segmentation, from pulse-shape analysis, or
both.

• The SAC must have a time resolution of 100 ps or less.

• The SAC must have double-pulse resolution capability at the level of 1 ns.

In addition, in five years of operation, the SAC will be exposed to a neutral hadron fluence of about
1014

=/cm2, as well as a dose of up to several MGy from photons.
In principle, all of these requirements could be met with a silicon-tungsten sampling electro-

magnetic calorimeter. An alternative possibility that is well-matched to the KLEVER requirements
would be to use a highly segmented, homogeneous calorimeter with dense, high-/ crystals pro-
viding very fast light output. We are currently investigating this latter option. As an example
of such a design, the small-angle calorimeter for the PADME experiment used an array of 25
30 ⇥ 30 ⇥ 140 mm3 crystals of lead fluoride (PbF2). PbF2 is a Cherenkov radiator and provides
very fast signals. For single crystals read out with PMTs, a time resolution of 81 ps and double-
pulse separation of 1.8 ns were obtained for 100–400 MeV electrons [182], satisfying the timing
performance requirements for KLEVER. The PADME performance was obtained with fully digi-
tizing waveform readout at 5 GS/s; waveform digitiazion would also be required for KLEVER (see
Section 3.7).

For KLEVER, a design with longitudinal segmentation is under study, as shown in Figure 52.
This design would feature four layers of 20 ⇥ 20 ⇥ 40 mm PbF2 crystals (each ⇠4-0 in depth). To
minimize leakage, the gaps between layers would be kept as small as possible. Compact PMTs such
as Hamamatsu’s R14755U-100 could fit into a gap of as little as 12 mm. This tube has ideal timing
properties for the SAC, including 400 ps rise and fall times and a transit-time spread of 200 ps.
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KLEVER is one part of the comprehensive program for the study of rare kaon decays described
in Section 3.2. The timescale for the experiment depends upon the point at which the the measure-
ment of  ! ! c

0
aā becomes the logical next step in the North Area kaon physics program. Two

additional considerations also influence the KLEVER scheduling. First, as discussed in 3.3.5, in
order to provide maximum protection from ⇤ ! =c

0 background, the KLEVER beamline would
need to be lengthened by 150 m. Second, despite the e�orts to benchmark the KLEVER neutral
beam simulation by comparison with existing data on inclusive particle production by protons on
lightweight targets at SPS energies (Section 3.3.2), confidence in the simulations and background
estimates would be greatly increased by the possibility to acquire particle production data and
measure inclusive rates in the KLEVER beamline setup with a tracking experiment in place. This
would be possible in the intermediate experimental phase discussed in Section 3.6, which might
run before KLEVER. Therefore, although in principle, KLEVER could aim to start data taking in
LHC Run 4 (for which injector physics is currently foreseen to begin in late 2027 or early 2028), the
most natural timescale might envisage KLEVER as the last phase of the comprehensive program,
tentatively beginning data taking in LHC Run 5 (for which injector physics is currently estimated
to start in 2034).

Figure 47: KLEVER experimental apparatus: upstream veto (UV) and active final collimator
(AFC), large-angle photon vetoes (LAV), main electromagnetic calorimeter (MEC), small-angle
calorimeter (SAC), charged particle veto (CPV), preshower detector (PSD).

3.5.1 Layout

The KLEVER experiment largely consists of a collection of high-e�ciency photon detectors
arranged around a 160-m-long vacuum volume to guarantee hermetic coverage for photons from
 ! decays emitted at polar angles out to 100 mrad and to provide a nearly free path through vacuum
up to the main electromagnetic calorimeter (MEC) for photons emitted into a cone of at least 7.5
mrad. The fiducial region spans about 40 m just downstream of the active final collimator (AFC),
but the photon veto coverage extends along the entire length up to the MEC. The layout of the
detector elements is schematically illustrated in Figure 47. Note that in the figure, the transverse
and longitudinal scales are in the ratio 10:1. The largest elements are about 3 m in diameter. The
beginning of the vacuum volume is immediately downstream of the cleaning collimator at I = 80 m,
i.e., 80 m downstream of the T10 target. A 40-m vacuum decay region allows the upstream veto
calorimeter (UV) surrounding the AFC to have an unobstructed view for the rejection of  ! decays
occurring upstream of the detector volume. The UV and AFC at I = 120 m define the start of
the detector volume, which is lined with 25 large-angle photon and charged-particle veto stations
(LAV) in five di�erent sizes, placed at intervals of 4 to 6 m to guarantee hermeticity for decay
particles with polar angles out to 100 mrad. The MEC, at the downstream end of the vacuum
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Fig. 227: UT fit today (left) and extrapolated to the 50 ab�1 scenario for the SM-like scenario

(right). Four sets of fits are shown using loop, tree, CP conserving and CP violating data

subsets, respectively.

the CKM parameters and the parameters representing NP contributions to Bd � B̄d mixing.

18.3. Model-independent analyses of new physics

One can parametrise all possible types of new physics in terms of Wilson coe�cients of the

weak e↵ective hamiltonian. In hadronic decays this approach involves too many coe�cients

to be feasible in practice. However, in some cases only a restricted set of Wilson coe�cients

contributes and such model-independent fits are possible. These cases are discussed in this

section.

18.3.1. Tree-level decays. (Contributing author: Ryoutaro Watanabe)

(Semi-)leptonic B meson decays are derived from the quark level process, b ! q`⌫ for

q = u and c. Belle II has su�cient sensitivity to precisely measure a variety of observables

619/688

Belle II   with only Tree contribution50 ab−1

Height from KL

ℬ(K+ → π+νν)

May find new physics effect

Just a case study:
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KS decays at LHCb

RPF Workshop: Kaon Experiments 19

1013 KS/fb−1 produced in 
LHCb acceptance
About 1 strange hadron per 
event!
Production rate compensates
for low trigger efficiency and 
long lifetime

Vast K program for Run 3:
• KS,L → μ+μ−
• KS → π0μ+μ−
• KS → π+π−!+!−
• KS → ℓ+ℓ−ℓ+ℓ−
• K+ → π+ℓ+ℓ−
• + others

For example:
BR(KS → μ+μ−) < 2.1 × 10−10 (90%CL)
PRL125 (2020) 231801

Invariant mass distribution for 
normalization mode



Long term timeline for a case study

• Current : Learning more with the on-going experiments. Develop high-performance detectors.
• ~2030s  : Start new experiments. 
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2020 2022 2024 2026 2028 2030 2032 2034 2036 2038 2040 2042

J-PARC 
MR

CERN 
SPS

CERN 
LHCb 

KOTO KOTO step-2
Extension of Hadron  
Experimental Facility

NA62 HIKE HIKE

LHC HL-LHC HL-LHC

 at 30% ℬ(KL → π0νν)

 at 20% ℬ(KL → π0νν) at 5% ℬ(K+ → π+νν)

 ~ SM expectation ℬ(KS → μμ)



Messages
• US groups are already contributing significantly to the existing kaon experiments.
• In a 2018 DOE KOTO review, the committee’s report concluded that moving towards KOTO step-2 is well 

justified and that effort to recruit new collaborators is encouraged. 
• It is important US groups keep such leading roles in the field toward the future. 
• Many opportunities get involved are there for the current and future experiments with various R&D items. 

• Large size calorimeter with γ / neutron separation, Photon incident angle measurement, Fast-timing straw tubes, 
Low-mass fast charged particle counter including planar, 3D, LGAD sensors, Fast-timing photon sensor 
including MCP-PMT, Photon detector in high intensity neutral beam, …

• It is good timing to consider new experiments. We would like to have more brain storming with relaxed 
atmosphere. Is it assist these directions? Encouraging?

• Message at the spring meeting by Elizabeth Worcester  
• Participation in kaon experiments at JPARC and/or CERN is currently the only opportunity for US physicists to 

contribute to this vital area of research [...] the US HEP community is exploring possible expansions to our 
physics program that could be achieved with future upgrades to the Fermilab proton accelerator complex, 
envisioned to take place in the 2030s. This could include additional (next-next generation) experiments 
exploring the physics accessible with high-intensity kaon beams. The best way for the US HEP community to 
be well-positioned to take advantage of this opportunity would be to explore this physics and develop expertise 
in modern kaon experiments by participating in the international programs described in [the whitepaper]. 
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