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The mvv is one of the theoretically cleanest meson decay where to look for indirect effects of
new physics complementary to LHC searches. The NA62 experiment at CERN SPS is designed
to measure the branching ratio of the K+ — 77 vV decay with 10% precision. NA62 took data
in 2015 and 2016 reaching the Standard Model sensitivity. The KOTO experiment in Japan is
investigating the decay K; — m’vV reaching a higher background suppression. Both experiments

are reviewed, and recent results and prospects are summarised.
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1. Introduction

The K+ — ntvv and K; — n°vv are flavour changing neutral current decays proceeding
through box and electroweak penguin diagrams. A quadratic GIM mechanism and a strong Cabibbo
suppression make these processes extremely rare. Using the value of tree-level elements of the
Cabibbo-Kobayashi-Maskawa (CKM) triangle, the Standard Model (SM) predicts [1, 2]:

BR(Kt - wtvv)=(8.4+1.0)x 107" BR(K, — n%v¥) = (3.4£0.6) x 1071,

The knowledge of V., V,,;, and the CKM angle y dominate the uncertainties. The theoretical accu-
racy, instead, is at percent level because: short distance physics dominates due to the top quark loop
exchange; the hadronic matrix elements cancel in the normalization of the 7vVv branching ratios
(BR) to the measured K™ — 7%+ v BR. The dependence on the CKM elements partially cancels
in the correlation between K™ — ntvv and K; — n°vv. Therefore simultaneous measurements
of the two BRs” would allow a theoretical clean exploitation of the CKM triangle using kaons only.

The wvv decays are very sensitive to physics beyond the SM, probing the highest mass scales
among the rare meson decays [3, 4, 5, 6, 7]. Despite the strong constraints on new physics from
LHC, significant modifications of the SM values of the 7vv BRs’ induced by new physics at mass
scales up to 100 TeV are possible providing BRs” measurements with 10% precision at least.

The experimental status is [8, 9, 10]:

BRIK" — ' v¥)ey, = (17.37102) x 107" BR(K; — 7VV)yp < 2.6 x 10°% 90% CL.

The charged mode has been observed by stopping kaon experiments. Still 3 order of magnitude
need to be covered to observe the neutral mode.

2. NA62 experiment at CERN

The NA62 experiment at CERN [11, 12, 13] aims to measure the K™ — 77 vV BR with 10%
precision. Therefore it needs to collect about 10'3 kaon decays using 400 GeV/c protons from SPS
for a 10% signal acceptance. Keeping the background to signal ratio about 10% requires the use of
almost independent experimental techniques to suppress unwanted final states. With a single event
sensitivity of 107! NA62 can afford also a broader physics program [14]. NA62 is running with
the apparatus fully operational since 2016.

NAG62 adopts a kaon decay-in-flight technique. Fig. 1 shows a schematic view of the apparatus.
Primary SPS protons strike a target from which a secondary charged hadron beam of 75 GeV/c and
1% momentum bite is selected and transported to the decay region. The detailed descriptions of
the apparatus can be found in [13]. The incoming kaon is positively identified by a differential
Cerenkov counter (KTAG) and its momentum and direction are measured by three stations of Si
pixel detectors (GTK). About 6% of beam particles are K*. A guard ring detector (CHANTI)
vetoes beam inelastic interactions occurring in GTK. A decay tank, holding a 10~® mbar vacuum,
is surrounded by lead-glass annular calorimeters (LAV) designed to catch photons up to 50 mrad.
Four stations of straw chambers (STRAW) in vacuum trace downstream charged particles, with a
dipole magnet providing a 270 MeV/c transverse kick for momentum analysis. A RICH counter
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Figure 1: Schematic layout of the NA62 experiment in the yz plane.

time-stamps and identifies charged particles; plastic scintillators (CHOD) are used for triggering
and timing. Photon rejection in the forward region is provided by: an electromagnetic calorimeter
at liquid krypton (LKr); small angle calorimeters (IRC and SAC). Hadron calorimeters (MUV1,2)
and a plastic scintillator detector (MUV3) are used to suppress muons. The SPS delivers 3.3 x
10'2 protons per pulse at full intensity to NA62, corresponding to 750 MHz particle rate in GTK.
Information from CHOD, RICH, MUV3 and LKr are built up online to issue level zero trigger
conditions. Software-based variables from KTAG, CHOD, LAV and STRAW provide higher level
trigger requirements. K™ — 7 vv-triggered data are taken concurrently with downscaled samples
of data for rare kaon decays studies and minimum bias.

The NA62 apparatus has been commissioned in 2015 and 2016. Low intensity data have been
taken in 2015 with a minimum bias trigger to study detector performances and to perform physics
analysis. In fall 2016 NA62 has collected about 4.5 x 10'! kaon decays for K+ — 7t vv at 20-40%
of nominal intensity. A 4-months run dedicated to K™ — 7" vV has taken place in 2017 at 50-60%
of the nominal intensity and another one is scheduled in 2018.

2.1 Principle of the K™ — 7" vV Measurement

The signature of the signal is one track in the initial and one in final state. The main kine-
matic variable is m2, = (Pgx — Py+)?, with P¢ and P+ 4-momenta of K and of the charged decay
2

product under the £ mass hypothesis, respectively. Fig. 2 shows the m;, . - theoretical shape of the

most important K+ decay modes compared to K+ — @t vV. Signal regions are defined between
2

miss

Kt — u*tvand Kt — 7t and between K+ — 7t 7% and K+ — nt 2" 7~. Non gaussian m
resolution tails, radiative tails, K™ — 7" mis-matching and neutrinos in final states are the mecha-
nisms inducing backgrounds from K decays entering signal regions. Kinematics, timing, particle
identification and photon rejection contribute to background suppression. The analysis is done with
P+ between 15 and 35 GeV/c, so that 7%’ from K+ — 77 7% can be hardly missed because of high
energy.

2.2 K" — vV Analysis

In this section a preliminary analysis of a 5% sub-sample of the 2016 data is described. The
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Figure 2: mfm-m shapes for signal and backgrounds of the main K+ decay modes: the backgrounds are

normalized according to their branching ratio; the signal is multiplied by a factor 101°.

parent K™ track is reconstructed and time-stamped in GTK with 100 ps resolution; the daughter
7t track is reconstructed in STRAW. CHOD and RICH measure 7" time with resolution below
100 ps. The pion is associated in time to a KTAG kaon signal. The timing and the closest distance
of approach between GTK and STRAW tracks allow a precise K™ — 2 matching. The kaon mis-
tagging probability at 40% of nominal intensity is below 2%, signal acceptance about 75%.
Decays are selected within a 50 m fiducial region beginning 10 m downstream to the last
GTK station (GTK3) to reject events originated from interactions of beam particles in GTK and

kaon decays upstream of GTK3. Fig. 3 (left) exemplifies the kinematics of the selected events.
2

The resolution of m;,, . drives the choice of the boundaries of the signal regions. Reconstruction

tails from K — 777°% K+ — u*v and K* — nt w7~ set the level of background in signal
2

miss>

regions. To reduce it, signal regions are restricted to boxes within a 3D space, defined by the m
the same quantity computed using the momentum of the particle measured by the RICH under
n* hypothesis (m(RICH )2, ) and computed replacing the 3-momentum of the kaon measured by

miss

the GTK with the nominal 3-momentum of the beam (m(No — GTK)?2, ). The probability for
Kt — nt % (K — utv) to enter the signal regions is 6 x 10™# (3 x 10™#), as measured on data.
Calorimeters and RICH separate 7", u™, e™. A multivariate analysis combines calorimetric
information and provides 10° u* suppression and 80% 7+ efficiency. RICH quantities are used
to infer particle types, giving 10> u™ suppression and 80% n" efficiency. The two methods are
independent and therefore able to suppress (1" by 7 orders of magnitude while keeping 65% of 7.
Left over events after 7 identification are primarily K™ — 7 z°. Photon rejection exploiting
timing coincidences between 7" and calorimetric deposits suppresses them further. The resulting
¥ rejection inefficiency is (1.24:0.2) x 107, as measured from minimum bias and K™ — 7t vv-
triggered events before and after y rejection, respectively. Random losses are in the 15-20% range.
A sample of Kt — 7+ 7% from minimum bias is used for normalization. About 0.064 K+ —
nt vV events are expected over 2.3 x 10'% K+ decays. Fig. 3 (right) shows the distribution of resid-
ual events in the m(RICH )2, - versus m?,  plane. Backgrounds from K™ — 7" 7% K+ — u*v and
Kt — mtatn~ are 0.024, 0.011 and 0.017, respectively. They are estimated directly from events
outside signal regions, with the measured kinematic tails used for extrapolation in signal regions.
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Figure 3: Distribution of m2, as a function of track momentum for events selected on minimum bias data;

the bands corresponding to K+ — nt 7 and K+ — ptv decays are clearly visible; the signal regions (red
box) are drawn for reference (left). Distribution in the (m2, (RICH), m2, ) plane of K™ — n*vv-triggered

miss miss
events passing the selection, except for the cut on mgu.ss (No — GTK); signal regions (red tick boxes) and

lines defining background regions (light dashed lines) are drawn; the event in region 1 has mﬁms (No—GTK)
outside the signal region (right).

Simulations studies indicate that background from other processes is lower or negligible. The anal-
ysis is still on-going together with an optimization of the selection to further reduce backgrounds
and increase signal acceptance. No events are observed in signal regions.

NAG62 aims to reach the SM sensitivity from the analysis of the 2016 data and to select some
tens of K™ — vV events from the analysis of the data taken in 2017 and expected in 2018. Data
taken after 2018 is being considered to complete the measurement.

3. KOTO experiment at J-PARC

KOTO [15] is a fixed target experiment at J-PARC [16] in Japan using protons from the Main
Ring accelerator [17], aiming to observe few SM K; — n°vv events.

A schematic view of the KOTO detectors is shown in fig. 4. Primary protons from the main
ring (30 GeV/c) impinge on a target with 16 degree production angle. A secondary neutral hadron
beam of 1.4 GeV/c peak momentum, composed by K°, neutrons and photons is transported to a
3 m long decay region holding a vacuum of about 5 x 10~7 mbar. Photons detectors hermetically
surround the decay volume. The entrance region of the decay volume is designed to minimize
beam interactions in the collimators. Scintillator-lead sampling calorimeters at high angles pro-
vide photon rejection. A high-resolution electromagnetc calorimeter with crystals of Csl detects
forward photons to reconstruct the kinematics of the signal 7°. The small angle region at the exit
of the decay volume around the beam pipe is instrumented with plastic counters to veto mainly
background from events with charged particles in final state. All the detectors are equipped with
waveform digitizers readout to separate signals from pileup.

The first KOTO run took place in 2013 at an intensity of about 2 x 10'® proton per pulse,
corresponding to 25 kW power delivered by JPARC. Then KOTO ran in 2015 and 2016 at an
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Figure 4: Schematic layout of the KOTO experiment in the xz plane.

intensity of 30-40 kW, collecting about 20 times the statistics of 2013.

3.1 Principle of the K; — 7°vV Measurement

The signature of the signal is 2 s’ in the forward calorimeter. Under the 7° mass hypoth-
esis both the longitudinal coordinate of the decay vertex (Z,,) and the transverse momentum of
the 7° (pr) can be determined, allowing the identification of a signal region (fig. 5). Rejection
of backgrounds from K; — n°z%(n") fully relies upon photon veto efficiency. Left over events
mainly come from K; — 77~ n° and neutron induced backgrounds originated from scattering
and 7° production at the entrance. Suppression of these backgrounds depends on the design of
the entrance collimators, on the downstream plastic scintillators, on the shape of the calorimetric
energy depositions of y and neutron and on the distribution in the Z,,, versus pr plane.

3.2 2013 data analysis and result

KOTO has analyzed the full 2013 data set, corresponding to about 2.3 x 10! K; decays reach-
ing a single event sensitivity (SES) of 1.3 x 10~8. The number of expected events in signal region
after the selection is 0.34 +0.16. One is observed, as shown in fig. 5 (right), leading to an upper
limit on the K7, — 7%V branching ratio BR(K;, — n°vv) < 5.1 x 1078 at 90% C.L. [18]. The re-
sult is limited by backgrounds from neutron scattering, K; — 7’z and K; — nt 7~ 7" to a lesser
extent. The background is estimated using simulation overlaid with accidental hits collected with
data and validated with K; — 7°7°(z%) samples. The decay K; — 7°7” is used for normalization.
Systematic uncertainties come mainly from the evaluation of the acceptances both for signal and
normalization and are taken into account in the final result. Despite the limit is almost two times
worse than the best one obtained by the E931 experiment, this analysis has set the level of the
sensitivity of KOTO, showing paths for improvements.

3.3 KOTO after 2013

A re-design of the entrance region and a better instrumentation of the beam pipe followed the
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Figure 5: pr versus Z,, of events with all the analysis cuts imposed. The region surrounded with a thick
solid line is the signal region. The black dots represent the data and the contour indicates the distribution
of the signal from Monte Carlo simulations. The black italic (red regular) numbers indicate the numbers of
observed events (expected background events) for the regions divided by solid and dashed lines

2013 run. A special neutron-enriched run was taken to study the calorimeter response to neutrons,
leading to a factor 5 improvement of the neutrons—7ys’ separation in the Csl calorimeter [20].

A sub-sample of 2015 data comparable in size to the 2013 one is under analysis. The SES and
the estimation background in signal region are 5.9 x 10~ and 0.17 4-0.05, respectively; a factor 2
lower than the 2013 analysis thanks to the hardware and software improvements. The 2015 analysis
is currently under finalization.

The full 2015 and 2016 data samples correspond to 10~ SES, allowing the Grossman - Nir
limit [19] for a SM K; — nvv decay to be reached. However both the data taken so far and the
level of background are still not adequate to observe K; — vV events. To reach this goal several
improvements on the detector side are on progress: a more efficient barrel photon veto installed
and used in 2016 [20], modification of the beam pipe to reduce K, — n+n~x° background, a
dual both-end readout of the Csl calorimeter to better separate neutrons and 7s’, an increase of the
J-PARC power up to 100 kW.

4. Conclusions

The kaon experiments NA62 at CERN and KOTO at J-PARC are running to search for physics
beyond the SM through the ultra-rare 7vv decays. NA62 performances are within expectations.
The experiment aims to reach the SM sensitivity for K+ — 77 vV with the analysis of the data
collected in 2016 and to get some tens of SM events exploiting data from 2017 and from the already
scheduled 2018 run. Data taken after 2018 is being considered to complete the measurement.
KOTO experiment is expected to cross the 10~ single event sensitivity for K, — n°vv with the
data taken in 2015 and 2016. Hardware refurbishments are ongoing aiming to the observation of
few SM K; — vV events by 2021.
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