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Recent results and prospects of the NA62 experiment at CERN Sergei Kholodenko

The NA62 experiment at CERN collected the world’s largest dataset of charged kaon decays in
2016-2018, leading to the first measurement of the branching ratio of the ultra-rare K* — #*vv
decay, based on 20 candidates. Rare kaon decays are among the most sensitive probes of both
heavy and light new physics beyond the Standard Model description thanks to the high precision
of the Standard Model predictions, the availability of very large datasets, and the relatively simple
decay topologies.

The NA62 experiment at CERN is a multi-purpose high-intensity kaon decay experiment and
carries out a broad rare-decay and hidden-sector physics program. In this talk, recent NA62
results on searches for violation of lepton flavour and lepton number in kaon decays, and searches
for production of hidden-sector mediators in kaon decays, are presented. Future prospects of these
searches are discussed. Searches for visible decays of exotic mediators from data taken in “beam-
dump® mode with the NA62 experiment are also reported. The NA62 experiment can be run
as a “beam-dump experiment by removing the kaon production target and moving the upstream
collimators into a “closed* position. More than 107 protons on target have been collected in this
way during a week-long data-taking campaign by the NA62 experiment. We report on new results
from analysis of this data, with a particular emphasis on Dark Photon and Axion-like particle
Models.

The future availability of high-intensity kaon beams at the CERN SPS North Area gives rise to
unique possibilities for sensitive tests of the Standard Model in the kaon sector. An overview of
the physics goals, detector requirements, and project status for HIKE, the next generation of kaon

physics experiments at CERN, will be also presented.
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Introduction

The NAG62 is the currently operating fixed-target experiment located in the CERN North Area
to measure the branching ratio of the ultra-rare K* — n*vv decay with 10% precision. The
experiment is working with the non-separated 75 GeV/c secondary hadron beam with the nominal
beam intensity of 750 MHz and the average spill duration is 3.5 s. The beam is composed of 70 %
protons, 24% n* and 6% K*. The current detector layout is present in Fig. 1.

STRAW CHOD
LAV [ MUV1,2
1 : J‘\Iron
-RICH Muv3
Target  KTAG SAC
0 = : ]

“|RICH m

Dump
IRC
2 = e LKr
T_H T T T T T T T T T T T T T T T T
0 100 150 200 250
Z[m]

Figure 1: The NA62 detector layout

Kaons are produced after impinging the 400 mm long Berylium target with the primary
400 GeV/c beam extracted from the SPS. The secondary hadron beam with the average momentum
of 75 GeV/c is transported by the K12 beamline towards the ECN3 experimental hall where NA62
is hosted. The beam kaons are identified by the differential Cherenkov detector (KTAG) and their
momentum is measured by the beam spectrometer (GTK). The Fiducial decay volume starts 105
meters downstream of the target and is equipped with the photon veto system (large angle veto,
LAV). The momentum of the particles produced in the kaon decays is measured by the main
spectrometer (STRAW), while particles are identified using RICH, fast muon hodoscope MUV3
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and calorimeters (liquid Krypton electromagnetic calorimeter LKr and two hadron calorimeters
MUV1 and MUV?2). Charged particle hodoscope CHOD is used to generate a multiplicity trigger.
All subsystems upstream of the RICH are located in the O(107%) vacuum. CHANTI suppresses
background particles originating from the K and 7 decays upstream. There are a few new additions
to the setup: ANTI-0 and VetoCounters (Veto) were installed during the CERN Long Shutdown
2 (2019 — 20) and additional copper collimator (COL) in 2018. One nominal year of operation is
equal to 10'® POT (protons on target) or 4 x 10'> K* decays in the fiducial volume. The detailed
description of the NA62 detector and the K12 beamline configuration is presented in [1]. Thanks to
the multi-stage trigger system and several trigger lines used a large number of additional reactions
could be studied in parallel with the main mode. Additionally, the detector layout allows performing
studies in the so-called “beam-dump* mode to search for weakly-coupling particles [2] which might
be produced by the interaction of the primary beam with the material of the dump.

1. The ultra-rare K* — 7*vv decay to probe Standard Model

The K* — n*vv decay proceeds through the electroweak box and penguin diagrams, both
dominated by a t-quark exchange. It is highly suppressed due to the quadratic Glashow-Iliopoulos-
Maiani (GIM) mechanism and the transition from a top to a down quark. The SM predicts the
branching ratio to be BRgps = (8.60 +0.42) x 10~ [3], where the uncertainty is dominated by the
CKM parameters V., and y. This makes K* — n"v¥ an excellent process to probe for the evidence
of the New Physics.

The 4-momentum of the beam K*, the 4-momentum of the secondary n*, and missing energy
in the final state are the main kinematic variables used to define the two signal regions (Region 1
and Region 2) and several Control regions to separate K* — n*yv and other decays. Reconstructed
missing mass as a function of 7* momentum without applying photon rejection and 7* identification
is shown in fig. 2 (left). The kinematic space is subdivided into two signal regions (Region 1 and
Region 2) and control regions. A similar plot with experimental points obtained after analysing the
2018 data sample is present in Fig. 2(right).
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Figure 2: Reconstructed missing mass as a function of 7+ momentum. MC events with region definition (left)
and with experimental points from 2018 data (right).
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The integrated RUN1 (2016-2018) dataset collected for the K* — mvv decay analysis contains
2.7 x 10'2 kaon decays in the fiducial region with the single event sensitivity =(0.839 +0.053 syst) X
1071, In total 20 reconstructed K* — m*vv candidates were observed with the total number of
expected signal events Nyjgnar = 10.01 + 0.42,y5; + 1.19.,, and number of expected background

events Npreq = 7. 03”0%52 The measured value of the K* — n*v¥ branching ratio is:

BR(K+ -7 VV) = (10 6+3 4|9tat + O 9|sy€t) X 10_ [ ]

2. K" — n"yy decay to probe ChPT predictions and search for axion-like particles

The experimental studies of radiative non-leptonic kaon decays allow to probe chiral perturba-
tion theory predictions. Two kinematic variables (y, z) and a free parameter ¢ are used to describe
the K, differential decay rate: z = (‘“r:%)z = (22 y = % where g1, g2 are 4-momenta
of the photons, mg and p are mass and four-momenta of the kaonlf m.,,, — di-photon invariant mass.
The calculations are described in [6]. The value of the ¢ parameter could be determined from the
shape of the differential decay rate distribution. The K — myy decay has no tree-level O(p?)
contribution. The shape of the distribution is sensitive to the ¢ parameter and gives a lower limit:
BR(K* — n*yy) >4 x 1077

The selected data sample contains Nx = 5.55 + 0.03 x 10'° of kaon decays in the fiducial

volume. The resulting 3984 K* — n*yy decay candidates are selected after applying all the

selection criteria including kinematic region cut z = (Px — Pn) /m%( = m%y /m%< > 0.2. The
number of background events is estimated as 291 + 14.
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Figure 3: Reconstructed z spectrum of the K* — 7y candidates using O(p*) and O(p®) signal descrip-
tions.

The obtained ¢ parameter used in the ChPT O(p®) description is found to be ¢ = 1.144 +
0.0695;ar +0.034,,,;. The branching ratio obtained by integration of the ChPT O( p6) isBR(K* —
ntyy) = (9.61 £ 0.1554 £ 0.075y5,) X 1077,

Additionally, the result of the BR(K* — m*yvy) could be reinterpreted in terms of the search
for the axion-like particle (ALP, a) K* — n*a,a — yy. Under the assumption of a — yy decay, a
mass from 207 to 350 MeV/c? and decay time not exceeding 3 ns. An upper limit of the branching
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ratio is evaluated for each axion mass hypothesis. The exclusion plot is present in fig.4. A detailed
description of the analysis is published in [5].
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Figure 4: Upper Limit at 90% CL of BR(K* — n*a) x BR(a — 7) in the prompt decay assumption (left)
and Limits obtained from the present K* — n*a, a — yy) decay, earlier NA62 searches ([4], [7]) and other
experimental limits [8] in grey colour (right).

3. Search for HNL, DarkPhoton, ALPs

Kaon mode

The massive neutrinos, or heavy neutral leptons (HNLs), are described in various SM exten-
sions. For example, the Neutrino Minimal Standard Model [9] predicts two HNLs in the MeV-GeV
mass range and a third one at the keV mass scale. Precise measurements of the kaon decays allow to
search for the HNL production in the mass range up to the kaon mass (490 MeV/c?). Using the entire
Run 1 data sample the following searches have been performed: K* — uN and K* — uvN [11]
and KT — eN [12]

Studies were performed with the assumption that an HNL lifetime exceeds 50 ns and there
are no extra SM particles produced inside the NA62 detector — only one charged particle in
the final state registered (e* or u*). The main kinematic parameter is the squared missing mass

2 = (Pg — Pl)z, where Pk and P, are the kaon and lepton 4-momenta, obtained from the

miss

3-momenta measured by the GTK and STRAW spectrometers and K* and I* (I = e, u) mass

m

hypotheses.

The main background contribution for the muon mode is coming from the K* — u*v,v,
Kt — ,u+v,l7r0 and K* — ntn*n~ decays. The background for mode with electrons in the final
state is coming from K™ — u*v, n* — e*v, and ¥ — u*v, decays.

The summary plot with U4 (electron-HNL mixing parameter) and U4 (muon to HNL mixing
parameter) as a function of HNL mass is shown in fig. 5.
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Figure 5: Mixing parameter upper limit as a function of HNL mass for electrons to HNL U4 (red) and
muons to HNL U 4 (blue).

Dump mode

The NAG62 detector can operate in the beam-dump configuration. In this case, the Beryllium
target is removed and the primary 400 GeV/c proton beam is stopped by collimators, which are
switched in closed mode. Collimators are located about 45 m upstream of the KTAG and act as a
beam dump. Typical beam intensity during the beam-dump mode is about 60 x 10'! protons per
spill. In this configuration, the particle rate in the detectors downstream of the fiducial volume is of
the order of 300 kHz, dominated by muons produced in the beam dump.

A possible dark photon can be emitted via a bremsstrahlung process (y*p — A’p’) or as a
product of intermediate meson decay ( pN — MX, where M = 7°, 1/, p, w, ...) produced after
initial proton interaction with the material of the dump. The search is performed assuming decay
of A” — pu*u~ and A’ — e*e” within the NA62 fiducial volume.

During the 2021 data-taking, the first year after LS2, the dedicated period of ~10 effective
days for the beam-dump mode measurements was allocated. Three trigger lines with LO-trigger
conditions were used:

* Q1/20 — trigger for the events with at least one signal in the CHOD and downscaled by a
factor of 20;

* H2 - triggered by events with at least two in-time signals in two different tiles of the CHOD;
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* E1 —selecting events with more than 1 GeV energy deposited in the LKr and at least one
reconstructed LKr cluster.

The approximate rate for the trigger lines used was: 14 kHz for Q1/20, 18 kHz for H2 and 4 kHz for
E1 trigger lines. The collected data sample corresponds to ~ 1.4 x 10! dumped protons on target.

Two oppositely charged tracks that form a vertex within the NA62 fiducial volume are selected.
Particle identification is based on the LKr and MUV3 responses. The additional veto conditions
for in-time activities in LAV are applied to reduce the background of the secondary interactions of
muons. A primary vertex is reconstructed as a minimum distance of approach between the total
momentum of the di-muon pair and the nominal proton beam direction. Both a signal region (SR)
and a control region (CR) are defined in the plane between the longitudinal position of the primary
vertex. The excluded region for the coupling parameter € as a function of A’ mass (M 4-) is presented

in Fig. 6.
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Figure 6: The mixing parameter € as a function of A’ mass for the decay A° — e*e™ (left) and A —
uru~ (right). The solid line is excluded at 90% CL. The green and yellow areas represent the expected
exclusion uncertainty within =10 or +20.

4. Current status of the NA62 and prospects for the future

The NAG62 is a successfully operating experiment allowing to perform studies of the kaon
decays with the single event sensitivity down to the level of ~ 10712,

Present experiment configuration allows to perform various studies in parallel to the main
K* — n*vv mode, including searches for lepton flavor and lepton number violating decays [13],
[14], [15] and precise measurements of the rare decay properties [16],[17].

In 2023 the proposal to extend Kaon physics at CERN to a new level of sensitivity has been
published as the new multi-phase experiment—High-Intensity Kaon Experiment (HIKE) [18].

HIKE Phase One — an improved version of the present experimental layout, that allows operating
with 4 times higher beam intensity to reach 5% precision in the K* — z*vv measurements in a
reasonable amount of operational years. This phase allows for significant improvement in the
precision of all existing measurements of the K* decays. Some changes in the hardware part and the
development of a new readout system are required, while almost the whole infrastructure, except
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the beamline and target complex, might be inherited from the NA62. The schematic layout of the
HIKE experiment during Phase 1 is shown in fig. 7.
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Figure 7: Schematic layout of the HIKE experimental setup during phase 1 (charged Kaon mode)

HIKE Phase Two (schematic layout is shown in fig. 8) changes experimental focus from charged
to neutral kaon mode to study K decays with the new level of precision. Measurements of the
K; — mv¥ decay are going to be discussed later within the HIKE phase 3. During the second
phase, some significant changes in the K12 beamline and the removal of some subdetectors are
foreseen. Additionally the start of the fiducial volume and main spectrometer position are to be
moved several meters downstream, while the position of all the calorimeters remains the same.
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Figure 8: Schematic layout of the HIKE experimental setup during phase 2 (neutral mode).

There is another experiment aiming to be located at the same time and in the same experimental
hall. The decision on the future frontline experiment in the CERN North Area is expected to be
taken in the first half of 2024.
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