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A review of the present experimental status of the K — mvV (Kzyy) and other kaon decay analyses
at experiments NA62 (CERN) and KOTO (J-PARC) is given. The Ky, decay is one of the best
candidates among the rare meson decays for indirect searches for new physics in the mass ranges
complementary to those accessible by current accelerators. The Standard Model (SM) prediction
of the branching fraction (B) of the Ky, decay is lower than 107! in both neutral and charged
modes. The NAG62 experiment aims to measure the B of the charged mode with better than
10% precision. Three candidate events, compatible with the SM prediction, have been observed
from a sample of 2.12x 10> K* decays collected in 2016 and 2017 by NA62. More than twice
the statistics is available in the 2018 dataset currently being analysed. The KOTO experiment
in Japan aims to measure B(K; — n°vV) using a technique similar to NA62, but with much
lower momentum. In the first dataset taken in 2015 zero signal candidate events were observed.
The current status of the analysis of the 2016-2018 dataset with 1.4 times more data is presented.

Finally, the most recent results of other physics analyses at the NA62 experiment are summarised.
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1. Introduction

The decay K — mwvVv [1, 2] is a Flavour Changing Neutral Current (FCNC) loop process
strongly suppressed in the Standard Model (SM) by a quadratic GIM mechanism [3] and CKM
matrix elements [4, 5]. Short distance contributions dominate the decay amplitude. Hadronic ma-
trix elements extracted from well measured kaon decays allow for high precision of the decay rate
calculation within the SM. The current predictions for the branching fractions in the SM are [6]

B(K* = atvv)=(844+1.0)x 107" B(K; — n°vV) = (3.4+0.6) x 10!

with the uncertainties being dominated by the CKM matrix elements extracted from the tree-level
processes. The Kyyy decays not only play an important role in testing of the SM properties, as
they provide crucial contributions to a fit of the Unitarity triangle, but they are also sensitive to
the physics beyond the SM. Many extensions of the SM predict significant deviations in branching
fractions of these decays [7, 8, 9, 10, 11, 12] due to new particles in the loops of Ky diagrams.

Branching fractions of both charged and neutral modes of K, decay have been measured pre-
viously at Brookhaven National Laboratory (BNL). The combined measurement by the E787 and
E949 collaborations with a kaon decay-at-rest technique resulted in B(K™ — T vv) = (17.3f{é§) X
10~ [13], which is consistent with the SM expectation within the statistical uncertainty. The
NAG62 collaboration observed one K™ — w7 vV candidate event in the 2016 dataset [14]. The cur-
rent best upper limit for the branching fraction of the neutral mode has been set by the E391a
collaboration at 90% CL: B(K;, — EOVV) <2.6x 1078 [15]. The KOTO experiment observed zero
signal candidate events in the 2015 dataset [16].

2. The NA62 Experiment at CERN

The NA62 experiment for rare charged kaon decays is a part of the kaon physics program at
CERN offering an approach to probing new physics through precision measurements complemen-
tary to the high energy frontier [17]. It has a broad physics program covering precision measure-
ments of rare kaon decays, searches for lepton flavour (LFV) and lepton number violating (LNV)
decays forbidden in the SM, as well as searches for exotic particles connecting the SM with a hid-
den sector. The primary goal of the NA62 experiment is the measurement of B(K"™ — 7 vV) with
less than 10% relative uncertainty. For this purpose a novel technique of kaon decays-in-flight is
exploited.

NAG62 started taking physics data in 2016 and continued until November 2018. Results pre-
sented in this article were obtained from 2016 and 2017 datasets corresponding to 1.1 x 10! and
2 x 10'? kaon decays, respectively.

2.1 The beam and detector

NAG2 is a fixed target experiment connected to the CERN SPS by a proton beam line. The
primary proton beam, with momentum of 400 GeV/c from the SPS, is directed on a Be target,
producing a secondary positive beam. The secondary beam, with a total particle rate of about
750 MHz and the mean momentum of 75 GeV/c consists mainly of pions and protons with a 6%
contribution of kaons. A schematic layout of the NA62 experiment is shown in the Fig.1.
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Figure 1: Schematic layout of the NA62 Experiment in the xz plane.

A secondary beam line navigates the beam through a set of collimators and achromats towards
the upstream section of the NA62 detector, which is dedicated to measurement of the beam par-
ticle properties. A differential Cherenkov counter (KTAG) is used for time measurement of the
kaon component of the beam with better than 70 ps precision. A beam spectrometer (GTK) is a
silicon pixel detector consisting of three identical stations and several sets of dipole magnets. It
provides the momentum and direction measurement of each beam particle. All GTK stations have
to sustain the beam intensity of about 450 MHz. Finally, an upstream counter (CHANTTI) is placed
directly after the last GTK station to veto events in which an interaction of a beam particle with
material of the GTK station occured. The upstream section is followed by a large evacuated cylin-
drical tank in which a 60 m long fiducial decay volume is defined, where about 6% of the beam
kaons decay. The decay region is followed by downstream detectors designed for the detection
and measurement of the properties of the kaon decay products. Four chambers of the downstream
spectrometer (STRAW) together with a dipole magnet between the middle two chambers provide
the momentum and direction measurement of all charged decay products. Several sets of photon
detectors (LAV, SAC, IRC, LKr) are spread along the decay region and downstream section of the
NAG62 detector and they hermetically cover angles up to 50 mrad from the beam axis. The elec-
tromagnetic calorimeter (LKr) is used as a part of the photon veto system and participates in the
particle identification (PID). Two charged hodoscopes (CHODs) placed after the STRAW are used
for time measurement of the charged particles. A ring imaging Cherenkov detector (RICH) is a
key element in PID and provides clear separation of pions, positrons and muons in the momen-
tum range of 15-35 GeV/c. The muon veto system consists of two hadronic calorimeters (MUV 1,
MUV?2) designed to distinguish between muons and pions, and a plastic scintillator tile detector
(MUV3) placed at the end of the NA62 detector behind an 80 cm thick iron wall. The veto system
is complemented by another hadronic calorimeter (HASC) and a scintillator hodoscope (MUVO0)
providing further rejection of specific cases of hadronic kaon decays. Further details about the
NAG62 beam and detector can be found in [18].

2.2 The NA62 K™ — 7" vV selection and analysis

The kinematic variable squared missing mass reflects the signature of a K+ — 77 vV decay
with one positive pion in the final state and a missing energy in the form of neutrinos. It is defined
as m,znm, = (Px+ — P+ )2, where Pg+ is the measured kaon four-momentum and P+ is the measured
four-momentum of the charged decay product in the m,+ hypothesis. Expressing the branching
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fractions of the K™ — 7+ vV and the most probable kaon decays as a function of m?;  suggests the
definition of two separate signal regions used for the B(K™ — @™ vV) measurement. Region 1 is
placed between the K™ — pv (Ky2) and K™ — 7770 (Koz) peaks and region 2 between Koy and
K — ntntn~ (K3z) peaks. As shown in Fig.2, the signal regions are chosen such to minimize
the contribution from gaussian tails of these background distributions as well as from other kaon
decays. However, non-gaussian and radiative tails still stretch across the two signal regions. The
estimated contributions from the tails of the K5, K>z and K3, decays in the signal regions are
validated in several control regions defined around the peaks of the distributions. Both control and

signal regions are kept blinded until the full selection is finalised.
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Figure 2: (a): Theoretical m2, distribution for signal and main K decay modes assuming the 7 mass of

the charged track; the signal (red) is multiplied by a factor of 100 [18]. (b): m2,, distribution as a function
of track momentum for events selected with Control Trigger stream. The signal regions R1 and R2 are drawn

as red boxes for reference. Contributions of the three main kaon decays are identified.
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Two independent trigger streams are used to collect the data. A dedicated trigger stream
(Physics Trigger) is used for selection of the K™ — 7 vV candidate events, while a minimum-bias
trigger stream (Control Trigger) is used for the normalization, efficiency and selection performance
studies. A low-level trigger (LLO) makes decisions about data readout from detectors based on logi-
cal signals produced by the RICH, CHODs, LKr, LAV and MUV3 (in case of the Control Trigger
only one of the CHOD:s is used and a downscaling factor 400 is applied). After positive LO verdict
data from KTAG, LAVs and STRAW are processed by the software trigger (L1) to make more
advanced decision using higher level information obtained by applying simplified reconstruction
algorithms similar to those used offline.

Signal selection is based on several key pillars: kinematics, particle identification and veto.
In the first step K™ decays inside the decay region with single track topology are selected. For
this purpose information from upstream detectors KTAG and GTK is combined with that from
downstream spectrometer STRAW to match a beam kaon with a downstream track. The selec-
tion proceeds by a 7t identification using the RICH detector and combined information from the
calorimeters (LKr, MUV1, MUV2) and MUV3. Events with any extra in-time energy deposition
in the calorimeters not corresponding to the 7" track are rejected. Multitrack events with one or
more tracks not reconstructed by the STRAW spectrometer but detected by LKr, CHODs or HASC
are also rejected. Photon veto detectors LAV, SAV, IRC are used to suppress events with photons
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interacting with the material before reaching the LKr. A " and 7° suppression of the order of 10%
as well as more than 64% 7" identification efficiency are achieved. To protect against misrecon-
struction of the event kinematics or mismatch between the © track and kaon, a final cut on the
fnm is performed in a space of three squared missing mass variables, combining momentum of
the downstream track measured either by the STRAW or by the RICH and momentum of the kaon

as measured by the GTK or the nominal beam momentum.

m

Two categories of background events are identified - events coming from other kaon decays
and upstream background events coming from early kaon decays or inelastic interactions inside the
achromat of the GTK detector. In the former case, the fraction of K>, K>z and K3 events entering
the signal regions due to kinematic tails is determined on data with Control triggered samples. The
kinematic factors measured to be of the order of 10~ are used to estimate the residual background
contribution in the signal regions after the K™ — n7 VvV selection. The background contribution
coming from other kaon decays is estimated using Monte Carlo samples. The upstream background
turns out to be the most prominent one in the 2017 data analysis. In case of an early kaon decay
or interaction with the material in the beam achromat before the final collimator and the last GTK
station, the pion track could pass through the hole of the final collimator, enter the decay region and
reach the downstream detectors. Additionally, a scattering could occur in the first STRAW station
resulting in a change of momentum of the pion track, which is then measured by the STRAW. If
an in-time beam particle is present, a kaon momentum could be measured by the GTK and a fake
vertex could be reconstructed inside the decay region. The position of the pion track extrapolated
back to the plane of the final collimator (before the last GTK station) indicates the mechanism of
production of an upstream background event. A strong cut suppressing this background is imposed,
thus lowering the signal acceptance significantly. The residual upstream background contribution
is estimated from both data and simulation.

2.3 Results

The measured single event sensitivity (SES) of the K™ — wvV analysis of the 2017 dataset
is SES = (3.8940.21) x 10!, The dominant contribution to the systematic uncertainty comes
from the LO trigger performance. After the full K™ — 77 vV selection, the total signal acceptance
is 1.34%, which includes the random veto, trigger efficiency and total detector efficiency.

The expected numbers of signal and background events in the two signal regions combined are
given in Table 1. The kinematic tails of the K> decay dominate the background coming from kaon
decays. However, the most prominent component is the upstream background, which is a direct
result of the increase in the beam intensity from 40% in 2016 to 55% of the nominal intensity in
2017.

After unblinding the signal regions two K™ — 7" vV candidate events are observed in the
signal region 2, as shown in Fig. 3. When combined with the results from the 2016 dataset [14],
three candidate events have been observed in total while expecting 1.65 £ 0.31 background events
with total SES = (0.346 £0.017) x 10~1°,

Such observation leads to an upper limit on the branching fraction B(K™ — 7" VvV) obtained
with the CLg method [19]:

B(K* — ntvv) <2.44x107'% at95% CL.
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Process Expected events in R1+R2
Kt — ntvv (SM) 2.16+£0.124, +0.26,;
Kt — 7t 7%y) (IB) 0.29 £0.034 £ 0.03y
K* — utvy(y) B) 0.11£0.0244 £ 0.03,y
Kt —satnetyv, 0.12+£0.0554 £ 0.034y5
Kt — utvy(ut — etdecay) 0.04+0.02,

Kt —>natn ot 0.02£0.01,y

Kt — atyy 0.005 £ 0.005y4
Upstream background 0.9+0.244 0.2

Total background 1.5£0.254 £0.25

Table 1: Expected numbers of signal and background events in R1 and R2 after applying the K+ — ntvv
selection on the 2017 dataset.
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Figure 3: Two K™ — nt vV candidate events observed in the signal region 2 after the full signal selection
in the 2017 dataset.

2.4 Other physics analyses at the NA62

The NA62 experiment offers a unique opportunity to search for physics beyond the SM (BSM)
both directly and indirectly in the rare, forbidden and exotic decays of kaons [2] and pions, thus
covering wide range of proposed BSM models. A brief summary of several other physics analyses
performed at the NA62 experiment in addition to Ky, analysis is reported.

2.4.1 7' — invisible

As a natural by-product of the KT — 77 vV search, thanks to the rejection power of more
than O(10®) of any visible 7° decay, the NA62 is able to perform a high sensitivity search for
n¥ decays to invisible particles. In the 2016 and 2017 datasets a large sample of tagged 7¥ is
available after selecting events with one 7" particle from a K decay in the final state and invariant
missing mass compatible with m. Selection of 7% — invisible events relies on the efficiency of
the photon veto system (LKr, LAV, IRC, SAC). The background is dominated by 7° — yy events
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with undetected photons, the expected contribution of which is determined from a combination
of MC and data-based studies. Region 2 of K™ — 77VV analysis with £ momentum range
between 20 GeV/c and 40 GeV/c has been selected as signal region for 7° — invisible search and
has been kept blinded. Using the CLs method, an upper limit on the branching fraction is set to
B(n® — invisible) < 4.4 x 10~° at 90% CL from 12 events observed in the signal region.

2.4.2 Forbidden decays at the NA62

Many scenarios of BSM physics allow for lepton number violating (LNV) processes forbidden
within the SM. Two LNV kaon decays: K™ — 7~ e"e" and K™ — 7~ u*u™, violating the lepton
number conservation by two units and available in some models in the presence of a massive
Majorana neutrino U [20], are studied at NA62. A blind analysis is performed in two signal regions
of the invariant mass spectrum. The total estimated background in the signal regions is evaluated
to be 0.16£0.03 for the electron mode and 0.94-0.41 for the muon mode. In the 2017 dataset no
event is observed in the signal region of the electron mode, while one event is observed in the
signal region of the muon mode, as shown in Fig.4. These results translate into improved upper
limits on the branching fractions: B(Kt — 7 eTe™) <2.2x 10710 and B(KT — n-utu®) <
4.2 x 107" at 90% CL [21]. Forseen analysis of the full 2016-2018 dataset is expected to lead to
further improvement by a factor of three.
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Figure 4: Reconstructed invariant mass of electron (left) and muon (right) mode of K™ — 7~ [TI" decay.
Background estimates are overlayed with data. Shaded intervals correspond to signal and control regions of
the measurement and were kept blinded during the analysis [21].

2.4.3 Hidden sector searches: Heavy Neutral Leptons (HNL)

An example of a BSM model including heavy neutral leptons (HNL) is the neutrino minimal
SM [22, 23], which involves adding three massive neutrinos mixing with the SM massless neutri-
nos to explain dark matter and baryon asymmetry in the Universe. Leptonic K* decay channels
involving production of HNL with masses up to 500 MeV/c? are studied at NA62. The search for
K™ — I"N(l = e, 1) decays is based on HNL mass scans of missing mass spectra in ranges 136-
456 MeV/c and 230-374 MeV/c in positron and muon modes, respectively. No HNL production
signal event candidates are observed in the part of the 2017 dataset used for this analysis, and new
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upper limits on the mixing parameter Uy in each HNL mass hypothesis are computed. As shown
in Fig.5a, this result improves the previous limits obtained with the 2015 dataset [24] by two (one)
orders of magnitude for Ugy (Upy) case.

2.4.4 Hidden sector searches: Dark Photon A’

One of the proposed models of BSM physics introduces a new massive vector field A’ called a
dark photon, which provides vector connection with a hidden sector by mixing with the SM photon
with coupling € dependent on the mass of A’ [25, 26]. NA62 is suited to search for the A’ in the
production channel 7° — A’y, which is dominant for My, < M. The search relies on tagging 7°
from KT — 7170 decay using K™ and 77 4-momentum and imposing a cut on the missing mass.
Signal selection requires only one photon in the final state. A dominant background comes from
7° — yy decay with one of the photons undetected. A mass scan over this background is performed,
looking for an excess of events at the mass of the dark photon. No statistically significant excess
is observed in the subsample of the 2016 dataset [27]. A new upper limit is put on the coupling
parameter in the mass region available to NA62, as is shown in the Fig.5b.
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Figure 5: (a): New upper limits at 90% CL from NA62 on |Ul4|2 obtained for each assumed HNL mass
(labelled “This result”’) compared to the limits from earlier HNL production searches. (b): New upper limit
at 90% CL from NA62 (red region) [27] in the &> vs M, plane with A’ decaying into invisible final states
compared to previous limits obtained by NA64 (grey) and BaBar (blue) experiments.

2.5 Future prospects

The K ;ﬁr v analysis of the 2018 dataset is currently ongoing. Two times more data than in the
2017 dataset is available and an increased signal acceptance and improved signal-to-background
ratio is expected, thanks to a new collimator installed in 2018.

To suppress the upstream background, plans to modify the NA62 beam line setup as well as
to add new veto detectors in the beam line for detection of extra particles have been made. A new
GTK station will be added to the beam spectrometer to reduce the K™ — 7 mistagging probability.
After data taking resumes in 2021, NA62 plans to run at 100% of nominal intensity. This requires
improvement in the TDAQ efficiency and good control of the random veto, maintaining it at the

same level as in 2018.
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NAG62 also plans to collect a large sample of data while operating in a dump mode before the
long shutdown at CERN (LS3). In this case the beam intensity can surpass the nominal one by
20-50% since the dump mode does not reach the performance limits of the detector and the TDAQ
system. This data will be used for exotic searches and studies of decays of exotic particles.

A feasibility study for running at considerably higher intensity has been initiated at NA62
having three physics goals in mind, all with similar hardware and readout upgrade requirements.
In the proposed Kaon Facility, the precision of the B(K* — 7 vV) measurement would be im-
proved while running at 4 times the nominal intensity of NA62. A measurement of B(K; — n°vV)
would be performed as proposed by the KLEVER collaboration [28], complementing the KOTO
experiment at J-PARC, as well as a new measurement of B(K;, — nlete).

3. The KOTO Experiment at J-PARC

J-PARC laboratory in Japan houses several experiments and a high intensity proton accelerator
complex. KOTO experiment [29, 30] is part of the Hadron Beam facility where a 30 GeV/c proton
beam is used to create secondary beams of hadrons by impinging on a 66 mm thick gold target.
A neutral beam is produced at an angle of 16 degrees with respect to the proton beam axis. The
beam is composed of neutrons, photons and K; mesons with a peak momentum of 1.4 GeV/c. A
neutral beam line guides the beam towards a 3 m long decay volume in vacuum. The decay volume
is surrounded by hermetic veto counters and a CSI calorimeter at the far end used for the detection
of two photons from the 7° decay. The veto counters for photons and charged particles ensure that
no other particles were produced in the decay and are used for detection of the photons from early
K} decays.
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Figure 6: Schematic layout of the KOTO detector [30].

3.1 The KOTO K; — n°vV selection and analysis

The signature of the decay K; — n°VV is given by two photons with high pr, originating in
the decay of 7°, and missing energy in the form of neutrinos. The photons are detected in the CSI
calorimeter and a ¥ decay vertex, and transverse momentum is reconstructed assuming the decay
occurred on the beam axis. A blinded signal region for K; — n°vV decay selection is defined by
the pT(nO) and Z,;, position. The background comes either from other K; decays or from beam
halo neutrons interacting with the detector material.
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The analysis of the data sample collected in 2016-2018 by the KOTO experiment follows in the
footsteps of the previous analysis performed on the 2015 dataset [16]. After major improvements
of the TDAQ, reconstruction and analysis techniques in 2016 and 2017, the signal acceptance
increased by a factor of ~ 1.4. A SES = 6.9x107'% and good control over the background is
achieved, with an expected 0.05+0.02 background events in the signal region.

3.2 Results and future prospects

After unblinding the signal region four events are observed. A first study of these events sug-
gests that one of the background sources might have been underestimated. A careful investigation
of the candidate events and reevaluation of all the background sources is currently ongoing.

As presented at the KAON 2019 conference!, the measurement of the B(K; — n’vV) by
the KOTO experiment with precision comparable to the SM prediction requires SES the order of
10~!1. This requires either long running time or major upgrades, not only on the side of KOTO
experiment, but also within the accelerator complex of J-PARC. A new power supply for the Main
Ring proton accelerator, boosting the beam power towards 100 kW, is planned to be installed in
2020. To further improve the measurement efficiency, a new stage of the experiment, KOTO Step-
2 [31], is proposed, which includes an increased kaon flux from the neutral beam produced at a
smaller production angle. To increase the number of K; decays detected at KOTO, a longer decay
region and a larger detector is proposed. Other plans and considerations have been discussed at the
KAON 2019 conference.

4. Conclusions

The NA62 experiment observed three K™ — 77 vV candidate events in the 2016 and 2017
datasets. This result not only proved the relevance of the novel decay-in-flight technique and
showed that the SM sensitivity can be reached at the NA62, but also established a steady ground
for a future K+ — 77 vV measurement at NA62. Two times more data is already available in the
2018 dataset. Improved signal acceptance and signal-to-background ratio is expected. Major im-
provements over previous results have also been achieved in other physics analyses at NA62 with
2016 and 2017 datasets. The KOTO experiment observed zero K; — n’vV candidate events in the
2015 dataset. Improved data acquisition and analysis techniques have been used for the collection
and analysis of the 2016-2018 dataset. This resulted in only one order of magnitude difference
in sensitivity with respect to the SM sensitivity, which is expected to be reached after extensive
detector upgrades in 2021. Final results of the full 2016-2018 dataset are expected soon.
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