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Abstract: The NA62 experiment at the CERN Super Proton Synchrotron (SPS) is currently taking
data to measure the ultra-rare decay K* — 7mTvy. The high-intensity setup, trigger flexibility,
detector performance and high-efficiency vetoes make NA62 also suitable for direct searches of
long-lived, beyond-the-Standard-Model particles, such as Heavy Neutral Leptons (HNLs), Axion-Like
Particles (ALPs) and Dark Photons (DPs); moreover, many rare and forbidden decays are studied at
NAG62. The status of all these searches is reviewed, together with prospects for future data taking at
NAG62 after the CERN Long Shutdown 2 (LS2).
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1. Introduction

NAG62 is a fixed target experiment located in the North Area of the CERN Super Proton Synchrotron
(SPS). The experiment aims at measuring the Branching Ratio (BR) of the very rare decay K+ — 7ttvv
with a 10% precision in three years of data taking (2015-2018).

The study of this rare decay provides important information on the Cabibbo-Kobayashi-Maskawa
(CKM) matrix and plays a fundamental role in searching for the underlying flavour mixing and
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CP-violating mechanisms. Moreover, this mode is unique, since the theoretical prediction of its BR
can be computed to an exceptionally high degree of precision, not matched by any other Flavour
Changing Neutral Current (FCNC) process involving quarks; this provides an opportunity for new
physics searches, if discrepancies between the Standard Model (SM) prediction and the experimental
measurement were to be found [1]. Discrepancies are expected in several Physics Beyond the Standard
Model (PBSM) scenarios, such as the custodial Randall-Sundrum model [2], Minimal Supersymmetric
Standard Model (MSSM) analysis [3], simplified Z/Z’ models [4], littlest Higgs with T-parity [5] and
Lepton Flavour Universality (LFU) violation models [6]).

2. The NA62 Experiment

2.1. State of the Art
The Standard Model prediction on BR(K™ — ntvv) is [1]:

BR(K" — mvw) = (8441.0) x 10~ 1)

E787 and E949, two experiments at Brookhaven National Laboratory (BNL), had already observed
the Kt — 7ttv7 decay and found its BR to be consistent with the Standard Model prediction [7]:

BRyeas (K™ — mrvw) = (17.37152) x 1071, )

2.2. Experimental Setup

At NA62, a 400-GeV/c proton beam extracted from the SPS impinges on a Beryllium target,
producing a 75-GeV /c positively-charged hadron beam, of nominally 750 MHz, which contains 6%
kaons, 24% protons and 70% pions [1]. With the so-called “decay-in-flight” technique, the 6% content
of positive kaons decays in the 65 m-long Fiducial Volume (FV). The NA62 detectors shown in Figure 1
are briefly described in this section.
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Figure 1. NA62 schematic layout; all the detectors are visible [8].

The particle tracking system is composed of the upstream GigaTracker, used to measure the
direction and momentum of the incoming beam, and the downstream Straw spectrometer, used to
track the final state charged particles.

The particle identification system is composed of the KTAG, a Cherenkov differential detector used
to tag upstream kaons, the RICH, a downstream Cherenkov detector providing pion/muon/electron
identification, and the MUVs, a downstream set of hadronic calorimeters and a muon detector.

While searching for rare decays, the ability to reject products of background processes is essential;
NAG62 uses a hermetic and extremely efficient veto system, in order to reach a signal to background
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ratio of 10:1. The charged particle veto is performed by CHANTI and HASC, whereas the photon veto
is composed of LAV, LKrand SAV. Their task is to veto photons, mainly produced by 7° decays from
the K* — 7+ 719 decay (one of the main background processes to K* — 77 v7) and emitted at several
angles with respect to the beam axis.

3. Exotic and Forbidden-Decay Searches at NA62

Several new physics searches are carried out by the NA62 Collaboration in parallel with the
K™ — mv7 measurement. These analyses include the search for heavy neutral leptons, axion-like
particles, dark photons, lepton-flavour and lepton-number-violating processes. The requirements
that the NA62 experimental setup must meet make this experiment suitable for such searches,
specifically: a high-intensity setup, a flexible trigger system, high-frequency tracking of beam particles,
redundant particle-identification systems and ultra-high-efficiency photon vetoes. In the following
sections, the main exotic-search results achieved by NA62 are presented.

3.1. Heavy Neutral Leptons

Non-zero masses and mixing of the Standard Model neutrinos are now firmly established;
however, many SM extensions have been proposed, involving massive “sterile” neutrinos, or Heavy
Neutral Leptons (HNLs), which mix with the ordinary light “active” neutrinos. The Neutrino Minimal
Standard Model (vMSM) postulates three HNLs to explain dark matter and baryon asymmetry of
the universe in a way consistent with the results of neutrino oscillation experiments [9]. One of these
HNLs, with the expected mass of O (10 keV/ c?), is a dark matter candidate, while the others are
expected to have masses of O (1 GeV/c?). Mixing between HNLs and active light neutrinos gives rise
to HNL production in meson decays, including K™ — I N (I = e, u). The BR of the latter decay is
determined by the HNL mass, my;, and the mixing parameter, |Uj \2, as follows:

BR(K™ — ITN) = BR(K* — ITv) - py(my) - |U4|?, (©)

where BR(K™ — [Tv) is the measured BR of the SM leptonic decay (including inner bremsstrahlung)
and p;(my) is a kinematic factor [10].

A search for HNL production in Kt — [T N decays has been performed at NA62, by analysing
data recorded in 2015 during a minimum-bias run. The results are shown in Figures 2 and 3;
upper limits on the HNL mixing parameters |Ue|? and |U,4|? in the mass ranges 170448 MeV /c?
and 250-373 MeV /c?, respectively, have been established at the level between 107 and 10~ [10].
This improves on the previous limits from HNL production searches over the whole mass
range considered for |Ue4|2 (and extends the mass range in which the limits exist) and above
my =300 MeV /c? for [Uy,|? [10].

Analysis of the much larger dataset collected at NA62 between 2016 and 2018 is ongoing;
the expected upper limits on |U}4|? are expected to improve by at least one order of magnitude.

3.2. Axion-Like Particles

With its high beam intensity and the presence of ultra-high efficiency photon vetoes, NA62 has
the potential to discover new weakly-coupled particles in the MeV /c? to GeV/c? mass range, such as
the Axion-Like Particles (ALPs), pseudoscalar particles coupled to two photons.

For a high energy proton beam, it is possible to compute the cross-section reliably for the
production of ALPs in the MeV to GeV range via photon-photon fusion, the so-called Primakoff
production [11]. In order to perform this search, NA62 has to be run in dump-mode: two collimators
(the TAXes) placed 25 m after the target, the most upstream one being copper-based, while the other one
iron-based, each 1.6 m long, must be closed and hence act as a beam dump; all the beam remnants and
the products of proton-on-target interactions are absorbed by the dump, so that only weakly-coupled
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particles can potentially reach the FV and their decay products detected. Only muons and neutrinos
survive the dump and constitute the major source of background for ALPs [11].
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Figure 2. Distributions of the squared missing mass variable (mzmiSS = (Px — P;)?, where Py and P,

are, respectively, the kaon and lepton four-momenta) for data and simulated events passing the e™

selection. Pairs of vertical lines indicate the boundaries of the SM and Heavy Neutral Lepton (HNL)

signal regions [10].
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Figure 3. Upper limits at the 90% Confidence Level (CL) on |Uj4 |2 obtained for each assumed HNL mass,

compared to the limits established by earlier HNL production searches in 77" decays (TRIUMFand
PIENU) and K decays (KEK, E949 and NA62-2007) [10].
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Primakoff production is particularly interesting for proton beam-dump experiments for two main
reasons: the cross-section of the process is proportional to ~Z2; thus, ALPs’ production is strongly
enhanced for high-Z beam dumps, such as NA62 Copper TAXes. Moreover, ALPs produced via the
Primakoff effect have typically a very small transverse momentum; hence, also small detectors placed
far from the production point (such as NA62) have a good acceptance [11].

The high-efficiency photon-veto system is suitable to search for the decay of an ALP into two
photons (A — ), which is allowed by the coupling gs-.

Expected sensitivity projections can be produced for the beam-dump mode, as shown in
Figures 4 and 5.

Moreover, a short beam-dump data sample (5 x 105 Protons On Target (POT)) has been collected
during the 2017 NA62 data taking; its analysis is ongoing.
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Figure 4. NA62 projected sensitivity, at 90% CL, in the plane coupling vs. Axion-Like Particle (ALP)
mass, under the zero-background hypothesis, for a number of Protons On Target (POT) equivalent to
one day of beam-dump mode (marked with *) and one month (marked with **) [11].

3.3. Dark Photons

In several hidden-sector models, an extra U(1) gauge symmetry leads to the presence of an
invisible vector boson, A’, also known as a Dark Photon (DP), which acts as a portal between the SM
and the dark sector [12]. The DPs would also provide a possible explanation for the positron excess in
cosmic rays and the muon (g — 2) measurement [13]. NA62 can search both for visible and invisible
DP decays.

DPs decay to invisible via the following chain [14]:

Kt - natn% n%—q4A; A X, (4)

where the DP is not detected and X is an invisible decay product. The main kinematic variable studied
for this search is the squared missing mass, defined as:

m%ﬂ'ss:(PK_Pﬂ_P’Y)z/ ()

where Px, Py and P, are, respectively, the four-momenta of the kaon, the charged pion and the photon.
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In the squared missing mass distribution, a peak is expected around 1 4/. The main background comes
from the SM decay 0 — 77, when one photon is lost; however, in that case, the squared missing mass
distribution would peak around zero [14].

Figure 5. Parameter regions of Figure 4, overlaid with previously performed experiments and
astrophysical constraints [11].

The analysis of the partial data sample collected in 2016 allowed setting upper limits on the DP to
invisible decays, as shown in Figure 6.

102
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Figure 6. Upper limits (at 90% CL) in the plane coupling (€) vs. Dark Photon (DP) mass for DP to
invisible decays [14].
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DPs produced in proton interactions with nuclei may decay to visible particles via the two
following chains [15]:
pN — 1°X; 7% = A/, pN — XA’ (6)

with the A’ decaying in both cases to [ 71

Under the zero-background hypothesis, 10'® POT are needed to evaluate the expected NA62
sensitivity to DP to visible decays in a region that has not been excluded by past experiments, as shown
in Figure 7.

A dataset corresponding to 3.5 x 10 POT has been collected in 20162017 at NA62; the analysis
of such a data sample is ongoing.
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Figure 7. NA62 projected sensitivity (at 90% CL) in the plane DP-photon coupling (€) vs. DP mass for
DP to visible decays [15].

3.4. Rare and Forbidden Decays

Measurements of rare kaon and pion decays and searches for decays forbidden in the SM have
been performed at NA62 since 2016. A number of analyses are in progress, based on a partial data
sample comprising 50% of the 2016 data and 25% of the 2017 data.

The status of a search for the Lepton Number-Violating (LNV) decay K* — neTe™ with a
data sample corresponding to 1.3 x 10! kaon decays in the FV is summarised in Figures 8 and 9.
A background-free signal is observed in the mass region mg > 140 MeV/c?. The K — nfete”
process is observed for the first time in the kinematic region n7., < 140 MeV/ c2, which is possible due
to the suppression of the background from the decay chain [15]:

+ +.0. 0 +,-
K™ —= ", Tpui, — e e . (7)
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Figure 8. Reconstructed mass distribution of K* — mtteTe™ candidates in the background-free region
tee > 140 MeV /c2; data and MCestimates of various processes are visible [15].
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Figure 9. Reconstructed mass distribution of K* — ete™ candidates with 488 MeV/ 2 < Mee <
500 MeV/c?; data and MC estimates of various processes are visible, together with the NA62 first
observation of the rare decay 0 — ete [15].
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The status of a search for the LNV decay K™ — 7t u*u~ with a data sample corresponding
to 6.3 x 10 kaon decays in the FV is shown in Figure 10. The world’s largest sample is observed,
practically with no background [15].

—— Data
K sty
[(K'»n*n*n

T T IIIIII|
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Figure 10. Reconstructed mass spectrum of K™ — 7t u* ™ candidates: data and MC estimates of
potential backgrounds are visible. The description of the tails of the K™ — 777 7" 7w~ contribution is
limited by simulated statistics; however, data and MC agree within statistical uncertainties [15].

Searches for the LNV decay K™ — 7~ u"e™ and the Lepton Flavour Violating (LFV) processes
KT — mtu*eT with a data sample corresponding to 2.3 x 10! kaon decays in the FV are in progress;
none of the searches is limited by background [15]. The single event sensitivities achieved improve over
the current limits for the Kt — 7~ ute™ and K™ — 7t~ e™ modes, but not in the K — wuTe™
case. NA62 expects to improve on present limits on the decay 7 — u*eT when analysing the full
2016-2018 dataset [15].

4. Conclusions

NAG62 is currently taking data to measure the FCNC decay K™ — 71" v7 at CERN SPS; the analysis
of the 2016-2018 data will improve significantly the state-of-the-art measurement.

Several hidden-sector searches are also performed at NA62, such as searches for HNLs, ALPs and
DPs; expected sensitivities have been produced, some of which are in view of a possible beam-dump
mode after the CERN LS2. Many rare and forbidden decays, such as LFV and LNV processes, are also
studied at NA62, several of which improve the world’s single event sensitivities.

Author Contributions: E.G. was involved in NA62 level-0 trigger, M.B.B. participated in the High Level Trigger
development and L.I. performed data-analysis.
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