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Fixed target experiments are a particularly useful tool in the search of very weakly coupled parti-
cles in the MeV-GeV range that could explain the baryon asymmetry of the Universe, the nature
of the Dark Matter and the origin of the neutrino masses and oscillations. The NA62 experiment
at the CERN SPS is currently taking data to measure the rare decay K™ — 7t vV. Owing to the
high beam-energy and high beam intensity, a long decay volume and a hermetic detector cover-
age, NA62 also has the opportunity to directly search for a plethora of hidden-sector particles,
both in visible or invisible final states. We will detail on status and prospects of these searches,
with special focus on those that can be performed with the experiment operated in beam-dump

mode.
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1. Introduction

After the discovery of the Higgs boson at the LHC [1, 2], the experimental validation of the
Standard Model (SM) is now completed. An additional LHC result of great importance is that a
large parameter space has been explored and no New Physics (NP) was found, so far. These results,
together with the constraints on NP from flavour phenomenology and the absence so far of charged
lepton flavour violation processes allow us today to seriously consider the possibility that the SM
could hold well beyond the electroweak (EW) scale [3, 4, 5].

However there are experimental facts today that call for an explanation: what is the nature of
Dark Matter (DM), why the Universe is dominated by matter, which is the origin of the neutrino
masses. So far the experimental efforts have been concentrated on the discovery of new particles
with masses at or above the EW scale with sizeable couplings with SM particles. Another viable
possibility, largely unexplored, is that particles responsible of the still unexplained phenomena
beyond the SM are below the EW scale and have not been detected because they interact very
feebly with the SM particles [6].

The minimal set of particles needed to explain these phenomena are three right-handed singlet
neutrinos which generate Majorana’s masses and oscillations for the three SM neutrinos through the
see-saw mechanism [7, 8, 9, 10] and are responsible of the baryogenesis through leptogenesis [11,
12], and some DM candidate which, if in the sub-GeV mass range, requires light mediators to
deplete the overabundance in the early Universe [13, 14, 15, 16, 17, 18].

These hidden sector mediators are light, long-lived, feebly-interacting particles and mix with
SM fields that do not carry electromagnetic charge, like the Higgs and the Z-bosons, the photon
and the neutrinos. A vibrant and lively search for HNLs, light DM and hidden-sector mediators in
the MeV-GeV range is currently ongoing world-wide [19]. The NA62 experiment [20], operated
both in beam and in beam-dump mode, will be one of the players in this field in the coming years.

2. The beam and detector of the NA62 experiment

A measurement of the branching ratio (BR) of the K™ — 77 vV decay with 10% precision at
least is the main goal of the NA62 experiment which is currently taking data at the CERN SPS. In
order to achieve this goal the experiment needs to collect about 10'3 kaon decays, o(few x 10'2)
have been already collected in the current run. Figure 1 shows the layout of the experiment.

In the NA62 beam line, the primary protons impinge on a 400 mm long, 2 mm diameter cylin-
drical Beryllium (Be) target used to produce a secondary positively charged hadron beam of 75
GeV/c momentum that reaches the 120 m long, 2 m diameter, in-vacuum decay volume, 100 m
downstream of the target. A Cherenkov counter (KTAG) filled with N, along the beam line iden-
tifies and timestamps kaons, which are about 6% of the hadron beam. Three silicon pixel stations
(Gigatracker, GTK) measure the momentum and the time of all the particles in the beam at a rate
of 750 MHz. A guard ring detector (CHANT]I) tags hadronic interactions in the last GTK station at
the entrance of the decay volume. Large angle electromagnetic calorimeters (LAV) made of lead
glass blocks surround the decay vessel can be used to veto particles up to 50 mrad. A magnetic
spectrometer made of straw tubes in vacuum measures the momentum of the charged particles. A
17 m long RICH counter filled with Neon separates 7, i and e up to 40 GeV/c. The time of charged
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Figure 1: Layout of the NA62 experiment.

particles is measured both by the RICH and by scintillator hodoscopes (CHOD and NA48-CHOD)
placed downstream to the RICH. The electromagnetic calorimeter filled with liquid kripton (LKr)
covers the forward region and complements the RICH for the particle identification. A shashlik
small-angle calorimeter (IRC) in front of LKr detects y directed on the inner edges of the LKr
hole around the beam axis. The hadronic calorimeter made of two modules of iron-scintillator
sandwiches (MUV1 and MUV?2) provides further 7 — u separation based on hadronic energy. A
fast scintillator array (MUV3) identifies muons with sub-nanosecond time resolution. A shashlik
calorimeter (SAC) placed on the beam axis downstream of a dipole magnet bending off-axis the
beam at the end of the NA62 detector, detects ¥ down to zero angle. A multi-level trigger archi-
tecture is used. The hardware-based level-0 trigger uses timing information from CHOD, RICH
and MUV3, and calorimetric variables from electromagnetic and hadronic calorimeters. Higher-
level software-based trigger requirements are based on variables from KTAG, LAV and magnetic
spectrometer.

3. Search for hidden particles with NA62 operated in beam mode

A large variety of searches for hidden sector particles can be performed at NA62 using kaon
decays. Examples are: search for a Dark Scalar (S) or axion-like particle (ALP) from the decay
K" — " S/ALPs, search for HNLs in the decays K* — u*/e*v,, ,, search for a Dark Photon A’
in the decay K+ — 777", 10 — A’y, with A’ decaying to invisible final states. The searches for
HNLs in K — u*v, and K™ — eV, decays has been performed using data sets collected by
NAG62 in 2007 [21] and 2015, respectively, and are described in M. Koval’s report [22] in these
proceedings.

A search for A’ decaying into invisible final states has been performed using the decay K+ —
nt 10 with 70 — A’ and A’ escaping the detection. About 1.5 x 10'% K+ decays from the sample
used for the K™ — 77 vV analysis have been analyzed. This corresponds to about 5% of the dataset
collected in 2016. Events with a single downstream track reconstructed in the straw spectrometer
and matching in time and space energy depositions in calorimeters and hits in the NA48-CHOD
are selected. The RICH and the calorimeters’ system identify the downstream track as a pion, with
a i — 7 misidentification of 0(10~7). The missing mass obtained from the momentum of the
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downstream and GTK tracks is required to be around the 7° mass peak. The selected sample is
normalized to a sample of K™ — n+ 70 events with two photons reconstructed. Given the kaon,
pion and photon momenta, the squared missing mass M2 = (Px — Py — Py)2 is expected to peak
around the A’ mass for the 7° — YA’ decay and around zero for the background process 7° — 7y
decays with one photon undetected. The peak of the background events has a width left-right
symmetric, hence a data-driven background estimate based on the tail with negative missing mass
values is used. For each A’ mass, the signal region is defined as a 1.5-standard deviation range
around the expected invariant mass peak. Frequentistic 90% CL intervals have been determined,
taking into account the uncertainties of signal efficiency from MC determination, and the statistical
uncertainties of data counts and background expectations. No statistically significant excess has
been detected and upper limits have been computed on the number of signal events. The 90%
confidence level (CL) exclusion limit on the kinetic mixing parameter € versus the mass of the dark
photon my is shown in Figure 2 together with the current limits from BaBar [23], NA64 [24] and
E949 [25] experiments, and the region of the parameters that could explain the current (g —2),
anomaly or that excluded by the agreement of the anomalous magnetic moment of the electron
(g —2), with the expectations.
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Figure 2: 90% CL exclusion limit in the £ versun m, plane for 70 — yA’ events with A’ — invisible final
states. The limits from BaBar [23], NA64 [24] and E949 [25] are also shown together with the region of the
parameters that could explain (g —2), anomaly (red band) and the region excluded by the agreement of the
anomalous magnetic moment of the electron (g — 2), with the expectations (dark blue shaded area).

4. Search for hidden particles with NA62 operated in beam-dump mode

Feebly-interacting long-lived particles can be originated also by the decay of beauty and charm
hadrons, and by photons produced in the interaction of protons with a dump. Their couplings to
SM particles are very suppressed leading to expected production rates of 10~1? or less.

Since the charm and beauty cross-sections steeply increase with the energy [26]-[28], a high-
intensity, high-energy proton beam is required to improve over the current results [29]: the 400
GeV/c primary proton beam line serving the NA62 experiment with a nominal intensity of 3 x
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10'2 protons per pulse, with pulses 4.8 sec long, can produce high intensity fluxes of beauty and
charm hadrons and photons through the interactions of protons on a dump. To operate the NA62
experiment in dump-mode, the Be target can be pulled up and the primary proton beam can be
sent directly onto the Cu-Fe based NA62 collimators (TAXes) that act as a hadron stopper 20 m
downstream of the Be target. This operation can be done with the current beam setup easily, quickly
( 15 minutes) and in a fully reversible manner. In this configuration, about 2 x 10'3 D-mesons and
~ 10! b-hadrons would be produced with ~ 10'® protons-on-target (pot), which correspond to
~ 80 days of data taking at the nominal NA62 beam intensity.

The experimental signature of hidden sector decays into SM particles is two or more tracks or
two photons originating from the same point of the decay volume and nothing else. The experi-
mental challenge is to disentangle the signal from backgrounds that mimick the same signature.

Figure 3 shows the expected NA62 sensitivity with 10'8 pot for the interaction strength versus
mass for Heavy Neutral Leptons (HNLs) for the three scenarios described in Refs. [30, 31]. Other
shaded areas are excluded regions by past experiments and dotted lines are expected sensitivities
of future experiments [19, 29]. For the HNLSs, the allowed parameters range is defined by the see-
saw mechanism and Big Bang Nucleo-synthesis (BBN) lines [32, 33], and the (model-dependent)
Baryon Asymmetry of the Universe (BAU) line [34]. The sensitivity curves assume to detect all
2-track final states with zero background and include the geometrical acceptance and the trigger
efficiency. The selection efficiency is assumed to be 100%, however the inclusion of the selection
efficiencies is expected to worsen the limits by 20% at most. The sensitivities achievable with 10'3
pot for a vector mediator (Dark Photon) decaying to dimuon final states, for a scalar mediator (Dark
Scalar) decaying to eTe™,utu~, "7~ K"K~ final states, and for an Axion Like Particle (ALP)
decaying to 2-photon final states [35] are shown in Figures 4 left, center and right, respectively. In
all plots the shaded areas are excluded regions by past experiments and dotted lines are expected
sensitivities of future experiments [19, 29, 36]. In all cases the effect of the geometrical acceptance
and the trigger efficiency is included and zero-background is assumed. The validity of the last
assumption is discussed in Section 5.
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Figure 3: NAG62 sensitivity (90% CL exclusion limit) for 10'® pot in the coupling versus mass plane for
HNLs originated by the dump (blue solid lines) for the ratio of coupling parameters U2 : U, ﬁ :U2=1:16:38
(left), 52 : 1 : 1 (center) and 0.061 : 1 : 4.3 (right), as described in Refs. [30, 31]. The sensitivity below the

kaon mass comes mostly from kaon experiments, as, for example, in Ref. [37].
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Figure 4: NAG62 sensitivity (90% CL exclusion limit) for 10'® pot in the coupling versus mass plane for
Dark Scalar (left, blue solid line), Dark Photon (center, blue solid line), and ALPS (right, blue solid line)
originated by the dump.

5. Analysis of the background of NA62 operated in beam-dump mode

The sensitivity to hidden sector particles can be greatly spoiled by the presence of background.
In fact, the proton interactions on the dump, along with the signals, give rise to a copious direct
production of short-lived resonances, and pions and kaons. While the length of the dump (~ 22 ;)
is sufficient to absorb the hadrons and the electromagnetic radiation, the decays of pions, kaons and
short-lived resonances result in a large flux of muons and neutrinos, which are the major sources
of background in the apparatus. About 18 kHz of muons have been measured at 40% nominal
intensity in the NA62 acceptance in a o(10) hours long run taken in dump mode in November
2016, where about 2 x 10'3 pot were recorded, and a preliminary study of the background rates
and topologies has been performed.

A simple selection has been applied to this sample to search for generic 2-track final states,
requiring good quality tracks and 2-track vertices, no further activity in time with the 2-track candi-
dates, no additional track close to the selected vertices, and in-time coincidence of the two tracks at
the NA48-CHOD. The reconstructed 2-track vertex is required to lie in the interval 115 < z < 180
m. Particle identification information has been used to study the background topologies. The
opposite-charge 2-track sample is the dangerous component as it can mimick a signal signature: it
comprises random combinations of tracks from the muon halo and muon inelastic interactions in
the last A; of the final collimator of the NA62 beam line, with one or no muons in the final state.
In this category, the recontructed vertices are mostly concentrated at the beginning of the fiducial
volume and the two tracks are mostly coincident in time.

Overall 28 events of the opposite-charge category are left after the selection. A powerful
handle to further reduce the background while searching for fully reconstructed signal final states
(eg: HNL — m™IT with [ = u,e; Dark Photon or Dark scalar — f*f~, with f = e, u,,K) is to
require the events to point backwards to the dump: as expected, all the events from the analyzed
data sample do not satisfy this condition and can be removed by a mild cut in impact parameter.
However, also most of the HNLs’ decays do not point backwards to the dump, as they contain
along with the 2-tracks, also photons and neutrinos in the final state that are not detected (eg:
HNL — ntt%; HNL — [T17v or pTIT, with [ = e, 1,7 and p* — 7 7% and 7 — 1 prong X).
Generic models of asymmetric Dark Matter [38], with A — x1x2, and y, — f1f~ also contain
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partially reconstructed final states.

The extrapolation of the residual background tracks at the entrance of the decay vessel shows
that they are all concentrated in a zone not covered by the current apparatus. The addition of an
Upstream Veto in front of the fiducial volume with 10~ detection inefficiency and 200-300 ps time
resolution would allow to reduce the background for 2-track final states to a few events for 108
pot allowing NAG62 to reach the ultimate sensitivity for this number of protons on target for a wide
variety of hidden sector models.

6. Conclusions

NAG62 is successfully running in the North Area of the CERN SPS with the main goal of
measuring the BR(K™ — mtvV) with 10% accuracy. Data collected so far [39] show that an
accuracy of ~20% can be reached in the current run (2016-2018). Owing to the high beam energy
and high beam intensity, the long decay volume and the hermetic detector coverage, NA62 also
has the opportunity to directly search for a plethora of hidden-sector particles, both in visible or
invisible final states.

A large variety of searches for hidden sector particles can be already performed in beam mode
using kaon decays and an even broader and richer physics programme can be proposed for the
2021-2023 data taking, including ~ 10'® pot (~80 days) in dump-mode while the large majority
(~85%) of the beam time will be dedicated to kaon physics. Preliminary studies with data taken in
beam and beam-dump modes show that the background can be kept under control for most of the
decay channels with 2-track final states when an Upstream Veto is added to the current setup.
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