IL NUOVO CIMENTO VoL. 7, N. 7 ?

First observation of the K — 7tvi decay with the NA62 experi-
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Summary. — The NA62 experiment at CERN is designed to study the KT —
7T v decay. After collecting data in 2016, 2017, and 2018, the experiment resumed
data taking in 2021 and has received approval for operations until the start of Long
Shutdown 3 in 2026. The first observation of the KT — 77w decay achieved
combining the data collected in 2016-2022 is reported.
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1. — Introduction

NA62 at CERN is a fixed-target experiment designed to measure the K+ — ntvi
branching fraction. The layout of the NA62 beamline and detector is described in [1].

The NA62 experiment, thanks to the versatility of the experimental setup, com-
bined with the multiple trigger chains available [2], is able to investigate a variety of
K7 meson decays, including lepton flavour and lepton number violating decays, preci-
sion measurements, and searches for long-lived particles in leptonic and hadronic final
states [3, 4, 5, 6, 7, 8, 9, 10].

During the Long Shutdown 2 (LS2), NA62 underwent crucial detector upgrades and
resumed data taking in 2021. The analysis of the data collected in the 2016-2018 run
provided 30 evidence for the K™ — wtwi decay [11]. In this contribution, the first
observation of the K+ — 7T v decay using the data collected in 2021-2022 is reported,
together with the combination with previous results.

2. — The NAG62 detector

NAG62 is located in the North Area at the CERN SPS. Charged kaons pass through
the NA62 experiment as part of a secondary hadron beam derived from interactions of
protons from the SPS with a beryllium target. The secondary beam is defined to have a
momentum of 75 GeV, and is mostly composed of pions and protons, with kaons making
up about 6% of the beam. A fraction of the Kt decays in flight within a 60 m long
fiducial volume (FV).

Before entering a large vacuum tank, each Kt is identified, time-stamped, and has
its momentum reconstructed using a silicon-pixel detector (GTK) and a differential
Cherenkov detector (KTAG). An upstream veto system consisting of the veto counter
(VC), CHANTTI, and ANTIO detectors, detects particles from upstream K™ decays or
interactions. After the fiducial volume, a STRAW spectrometer measures the momen-
tum of the products of kaons decaying in the FV with a precision of about 0.3%. Photon
veto detectors, including large-angle vetoes (LAV), a liquid krypton calorimeter (LKr),
two hadronic calorimeters (MUV1-2), a intermediate-ring and a small-angle calorimeters
(IRC, SAC), suppress events containing photons with an inefficiency below 1078, A
RICH identifies charged particles in the momentum range relevant for kaon decays and
provides the trigger reference time. The MUV3 detector provides additional muon iden-
tification information, together with the MUV1-2, and contributes to the level-0 trigger
system.

3. — The K™ — ntvi decay

The KT — mTvi decay is a flavour-changing neutral current (FCNC) process. In
the Standard Model (SM), it proceeds through electroweak box and penguin diagrams,
dominated by short-distance contributions involving virtual top quark exchange. The
decay is highly suppressed due to the GIM mechanism and the CKM suppression of the
t — d transition. The K+ — 7+ v branching ratio can be predicted within the SM using
different inputs for the CKM matrix elements. Using tree-level determinations of the
CKM parameters, the predicted value is B(K+ — mTv) = (8.4£1.0) x 10711 [12]. When
inputs from meson mixing observables are used, a branching ratio (8.60 4 0.42) x 107!
is predicted [13].
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The KT — 7Tvi decay is sensitive to a variety of effects of physics beyond the
SM (BSM), probing new physics at mass scales up to O(100 TeV) [14]. Different BSM
scenarios predict significant deviations of the branching ratio from the SM prediction, as
well as correlations with other flavour observables and the K, — 70 decay [15, 16, 17].

4. — Data sample and selection

The data used in this analysis were collected by the NA62 experiment in 2021 and 2022
at the nominal beam intensity of 580 MHz. Events were selected using three dedicated
trigger lines: MB for K* — pu*v control samples, NORM for KT — 770 decays used
for normalisation, and PNN for K+ — ntvi signal candidates.

A beam KT is tagged by the KTAG and its momentum measured by the GTK. A sin-
gle downstream 7+ track is reconstructed in the STRAW and identified using RICH, LKr,
and MUVs information. A BDT classifier combining informations from the calorimeter
and muon veto detectors is used for particle identification. The pion momentum is re-
quired to be between 15 and 45 GeV /¢, with no associated MUV3 signal.
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Fig. 1. — Left: 7° rejection inefficiency as a function of the 77 momentum. Right: definitions
of kinematic regions in the (p,+,m2,.,) plane. Region CR3D is the same as the signal region
in this projection, but contains events outside the 3-dimensional signal regions definition.

The kaon and pion tracks are matched in space and time, requiring a common vertex
within the FV and a closest distance of approach below 4 mm. Upstream activity is
suppressed using vetoes from the GTK, VC, CHANTI, and ANTIO detectors, together
with a BDT trained to reject such backgrounds.

Photon vetoes are applied using LAV, LKr, IRC, and SAC detectors, and multi-
plicity vetoes reject events with additional activity in CHOD, NA48-CHOD, MUVO,
and STRAW. Kinematic regions are defined using the squared missing mass, m2;. =
(Px — Pr)?, and the pion momentum p,+, with Pgx and P, reconstructed from GTK
and STRAW measurements, respectively.

Background regions are defined around the main kaon decay modes: K+ — utuv,
Kt = nt7% and K+ — ntata~. Control regions are used to validate the background
estimation and to evaluate the kaon flux while signal events are required to lie within R1
or R2 (Fig: 1).
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5. — Single event sensitivity

The branching ratio of K* — 7t v is measured relatively to the K+ — 770 decay.
The selection of the normalisation K+ — 7779 710 — v+ channel relies only on charged
particles and largely overlaps with the signal selection.

The effective number of KT decays is computed as:

N . D
(1) Nk = B A
where N& is the background-subtracted number of normalisation events, By, is the
branching ratio of the normalisation K+ — 7t7% 7% — v decay chain, A, is the
acceptance for the normalisation selection and D is the downscaling factor of the NORM
trigger line (D = 400).

The single event sensitivity (SES) is defined as the branching ratio corresponding to
one expected signal event:

1

2 B = )
( ) SES Ng - Arpp - Etrig * ERV

where Ar,p is the signal acceptance, ety is the ratio of trigger efficiencies between the
PNN and NORM triggers and egy is the random veto efficiency.

The analysis is performed in six bins of p,+ between 15 and 45 GeV/c. In each bin
pi, the expected number of signal events assuming a given SM branching ratio BSM is

vy
estimated as:
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In the 2022 dataset, the average expected number of SM signal events per SPS spill
is 2.5 x 107°, compared to 1.7 x 107° in the 2018 data. The corresponding single event
sensitivity is (8.5 & 0.3) x 107'2, where the dominant contribution to the uncertainty
comes from the estimation of the acceptances ratio.

6. — Background estimation

Backgrounds to the KT — 7T v signal arise from both the main kaon decay modes
and upstream decays or interactions. The background estimation is performed using
both data-driven methods and Monte Carlo (MC) simulations.

The Kt — pfv, Kt — 777°% and KT — 77t 7~ decays can enter in the signal
regions via the non-Gaussian tails of the m2 ;. distribution. For each channel, the number
of events in the respective background region of the (p,+,m2 .. ) plane is extrapolated
to the signal regions using control samples. Corrections are applied for specific radiative
decays, such as KT — ptvy and K+ — 7770y, which are not fully captured in the
control regions.

The K+ — 7t7%(y) background is suppressed through a combination of kinematic
selection and photon vetoes, assumed to factorize. The modeling of the m?2 ;. distribution
is based on a sample where the 7° is tagged independently. MC simulations are used to
correct for small correlations due to radiative photons.
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The estimation of KT — p*v(y) relies on calorimetric and RICH-based muon iden-
tification. When a photon overlaps with a high-energy muon (E, > 30 GeV), both
kinematics and particle identification degrade. A dedicated control sample, selected
by requiring a MUV3 signal and enhanced muon-photon overlap, is used to model this
background.

Minor backgrounds such as KT — 7ty and Kt — 7~ etv are estimated from MC
and found to be negligible.
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Fig. 2. — Left: expectations and observations in control regions. Right: expectations and obser-
vations in upstream background validation samples.

The upstream background arises from kaon decays and interactions occurring up-
stream of the fiducial volume, where a downstream 7+ is incorrectly associated with an
unrelated GTK track, resulting in a fake reconstructed vertex. It is estimated using a fully
data-driven method based on a control sample selected with inverted kaon—pion match-
ing, weighted by the measured mismatching probability. Dedicated upstream-enriched
control samples are used to validate the procedure.

The total background expectation for the 2021-2022 dataset, integrated over pion
momentum, is 11.073. The validation of the background estimates in control and
upstream-enriched regions is shown in Figure 2.
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Fig. 3. — Left: distribution of events satisfying the signal selection in the (p,+,mZ;s) plane.
Right: numbers of expected and observed events in the categories used for the statistical anal-
ysis of 20162022 data. Blue and green represent background and total (measured signal plus
background) expectation, respectively.



6 I. ROSA

7. — Results

After applying the signal selection on the 2021-2022 dataset, 31 events remain in the
signal regions, as shown in Fig.3-left.

Performing a profile likelihood ratio test statistic in the six 77 momentum bins, the
analysis of 2021-2022 data results in the measurement

B(KT — ntup) = (16i313 it 3 Syst) x 1071,
The combination of the 2016-18 and 21-22 results is obtained by grouping the 2016—
18 data into nine categories. The p-value of the background-only hypothesis is found to
be 2 x 107 leading, for the first time, to a rejection of the background-only hypothesis
with a significance above 5o.
The branching ratio measured from the fit to the combined dataset is

B(Kt — ntup) = (13.0559] | +1.34s) x 1071 = (13.0735) x 107

8. — Conclusion

The NA62 experiment has observed the decay K™ — 7T vi with a significance greater
than 50. The measured branching ratio is B(K* — 7tvw) = (13.073%) x 10711, repre-
senting the smallest branching ratio measured with a significance above 5o. The relative
uncertainty of the measurement is 25%, dominated by statistical uncertainties. The mea-
surement [18] is consistent across data-taking periods and is compatible with the results
from the BNL E787 and E949 experiments [19]. The central value is compatible within
1.5-1.70 with respect to the standard model predictions.

In 2023 and 2024, NA62 collected a dataset with similar statistics to that of the
2016-2022 period. An additional dataset of comparable size is expected from the 2025—
2026 runs. With the full dataset, NA62 aims to reduce the relative uncertainty on the
branching ratio measurement to below 20%.
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