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Exotic searches at NA62
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Summary. — Very weakly coupled new-physics particles in the MeV-GeV range
appear as mediators in various “portals” to a hidden sector. Their interaction with
Standard Model particles is feeble and these states are usually long-lived, so that
the experimental search fully profits of a high-intensity setup, such as that of fixed-
target experiments. The high-intensity setup and detector performance of the NA62
experiment at CERN SPS perfectly adapts to this concept. The status and prospects
of such “exotic” searches in the NA62 framework are discussed.
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1. — Introduction

Firm cosmological indications exist of a gravitationally-active abundant dark matter
(DM). No Standard Model (SM) field satisfies the proporties of DM, as deduced from
observational cosmology. If DM has been generated as a thermal relic from the hot early
universe, one can hunt for it in particle physics. In particular, the dominance of DM on
ordinary matter in the universe might suggest the existence of an entirely new “dark”
sector with specific forces and particles fleebly coupled to the SM.

As an example, in a rather general set of hidden sector models with an extra U(1)
gauge symmetry [1], the interaction of a dark photons (denoted A’) with the visible sector
proceeds through kinetic mixing with the SM hypercharge. Such scenarios with GeV-
scale dark matter provide possible explanations to the observed rise in the cosmic-ray
positron fraction with energy and the muon gyromagnetic ratio (g — 2) measurement [2].

NAG62 [3] is a fixed target experiment at CERN with the main goal of measuring
the BR of the ultra-rare decay K+ — 7t with 10% precision. The SM predicts [4]
BR(Kt — 7tvi) = (8.4+1.0) x 1071, therefore about 10 KT decays for a 10% signal
acceptance need to be collected. At full intensity, a beam of 102 400 GeV protons in a 3.5
s long spill from the Super-Proton-Synchrotron (SPS) hit a beryllium target to produce
a 75 GeV momentum-selected 750-MHz intense secondary beam of positive particles,
6% of which are charged kaons. Keeping the background to signal ratio to about 10%
requires the use of redundant experimental techniques to suppress unwanted final states.
Fig. 1 shows a schematic view of the NA62 experimental apparatus [3]. NA62 has been
designed and built requiring high intensity, full particle identification, hermetic coverage
and low material badget, high rate tracking.

2. — The NA62 experimental apparatus

X [m]

Target KTAG GTK

o ] W Ea=Ess CHANTI =
. HASC

IRC Dump
i Decay LKr

Fig. 1. — Scheme of the NA62 experimental apparatus

Primary SPS protons hit a berillium target from which a secondary charged hadron
beam of 75 GeV /c is selected and transported to the decay region, more than 100 m down-
stream the target. Incoming kaons are positively identified by a differential Cerenkov
counter (KTAG). This particle-ID information can be time-matched with the measure-
ments of momentum and direction of each charged particle in the beam, which are
provided by an achromat system hosting three stations of Si-pixel detectors (GTK).
Kaon decays in a ~ 60 m long sensitive volume in a 10~% mbar vacuum can be recon-
structed: the momentum of daughter particles is measured by a spectrometer made of a
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~ 270 MeV-Pr-kick bending magnet and 4 straw-based chambers; photons are detected
by an hermetic system made of two small angle calorimeters in the very-forward region
(IRC and SAC), an electromagnetic calorimeter based on liquid krypton (LKr) in the
forward region, and lead-glass annular calorimeters (LAV) if emitted at large angle. The
total rejection capability for a 7° of energy above 40 GeV is at 10%. A RICH identifies
secondary charged pions; plastic scintillators (CHOD) are used for triggering and tim-
ing. Hadron calorimeters (MUV1,2) and a plastic scintillator detector (MUV3) placed
downstream an iron-based absorber are used to detect hadrons and muons. The overall
p-versus-m rejection in the chosen signal momentum range, between 15 and 35 GeV/e,
is at 107. Information from CHOD, RICH, MUV3 and LKr are hardware processed to
issue level zero trigger conditions up to 1 MHz bandwidth. Software-based algorithms
from KTAG, CHOD, LAV and STRAW information provide tigher higher level trigger
requirements, reducing the rate by a factor of 100. Low-intensity data have been taken in
2015 to study detector performances and to perform physics analysis. Since 2016, NA62
is collecting data for the measurement of the BR(K* — nTv) and other physics goals.
Such setup is suited for a number of exotics searches.

3. — Search for exotic particles from Kaon decays

A large variety of searches for hidden sector particles can be performed at NA62
using its high-intensity kaon beam. By-products of the main physics case are the search
for a axion-like particle (a) from the decay K™ — 7ta and for a dark scalar from the
decay KT — ©tS. In both cases, one assumes that the new-physics particle decays to
invisible particles or escape detection being long-lived and faintly interacting with the SM
fields. In a similar fashion, heavy neutral leptons (N) have been searched in the decays
K* — ut/et N, /e, by exploring the region of positive missing mass hunting for peaks.
Data from 2007 (with the same apparatus of the NA48/2 experiment) corresponding
to ~ 10" K+ — pTv decays have been used to explore the leptonic muon mode [5].
Minimum-bias triggered data from 2015 equivalent to ~ 3 x 108K+ decays have been
used to explore both leptonic modes [6]. No signal has been observed and upper limits
have been placed, improving the sensitivity with respect to previous experiments for both
the electron and muon modes, see fig. 2.

A search for invisible decays of a dark photon (A4’) in the decay chain K+ — 7+ 7% 70 —
~A’ has been performed using 1.5 x 10'® K+ decays, corresponding to about 5% of the
dataset collected in 2016. Events with a single downstream track reconstructed in the
STRAW spectrometer are selected within the same trigger stream used for the K+ — mvv
decay. The downstream track is required to match in time and space a GTK track, form-
ing a vertex in the fiducial volume of the experimental apparatus and the GTK track is
identified as a K™ by the KTAG detector. The RICH and the calorimeter system allow
identification of the downstream track as a pion. The missing mass obtained from the
momentum of the downstream and GTK tracks is required to be around the 7° mass
peak. Events with a single photon cluster in the LKr calorimeter are selected. No activity
in time with the selected events in LAV, IRC and SAC detectors is required. Given the
kaon, pion, and photon momenta, the squared missing mass M2,,,, = (Px — Pr — P,)?
is expected to peak around the A’ mass for the 7° — A’ decay and around zero for
the background process 7 — 7y decays with one photon undetected. 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,
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Fig. 2. — 90% CL exclusion limit in the plane of coupling (|U;4|?) versus mass mx from various
pion and kaon leptonic modes. The limits from TRIUMF [7], PIENU [8], KEK [9] and E949 [10]
are also shown together with the results from NA62 data taken in 2007 [5] and 2015, labelled
as “this result” [6].

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 exclusion limit on the kinetic mixing param-
eter versus the mass of the dark photon is shown in fig. 3 together with the limits from
BaBar [11], NA64 [12] and E949 [13] experiments.

4. — Search for exotic particles in NA62 beam-dump mode

Feebly-interacting exotic particles can be originated also by the decay of beauty and
charm hadrons, mesons and virtual photons produced in the interaction of protons with
a dump. Their couplings to SM particles are very suppressed leading to expected produc-
tion rates of 10719 or less. Since in this energy range the charm and beauty cross-sections
steeply increase with the energy, a high-intensity, high-energy proton beam is an advan-
tage: the 400 GeV /c primary proton beam line serving the NA62 experiment can produce
high intensity fluxes of beauty and charm hadrons: 10'® POT per nominal year corre-
spond to an order of 10 D gy mesons, 10 kaons, and 1018 7%/n/n’ /®/p/w mesons in
the approximate fractions 6.4/0.68/0.07/0.03/0.94/0.95.

The beryllium target used by NA62 is followed by two 1.6 m long, water-cooled,
beam-defining copper collimators (TAX) which can act also as a dump (~ 10.7 nuclear
interaction lengths). In the standard NA62 operation, roughly 50% of the beam protons
punch through the beryllium target and are absorbed by the TAX collimators. The
simplest experimental signatures of hidden sector visible decays into SM particles corre-
spond to two opposite-charge tracks or two photons originating from the same point of
the decay volume (usually displaced from the beam line) and no additional activity in
the detector.
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Fig. 3. — 90% CL exclusion limit in the e versun m 4/ plane for 7° — A’ events with A’ decaying
into invisible final states. The limits from BaBar [11], NA64 [12] and E949 [13] 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).

Dark photons, for example, can be produced in decays of mesons created in the
beam dump, assuming the A’ is coupled to quarks, or in hard Bremsstrahlung from
the beam protons. NA62 can search for visible decays of A’ to ete™ and ptpu~ pairs
and other final states. Fig. 4 shows the expected sensitivities assuming 10'® protons on
target (equivalent of 1 year of running) and zero background for the search of dilepton
vertices. The sensitivity takes into account the trigger efficiency and detector acceptance.
NAG62 could be sensitive to even larger phase space than shown, since in the estimate in

o 107
Uigs S

107

107"

10714

—— Excluded regions
..... Belle Il, 50 ab ', 202
= = = LHCb, 15 b *, 2023

_17[|— HPs, 2016.2020

107 f.eees APEX, 2018+
---n: SeaQuest, 2017-201
VEPP, proposed

Wl Muge, 2017+
—20 [} cams MESA, 2020+
1077 SHIP, 2026++

2 3 4

1 10 10 10 !0

, .
m(A') (MeV/c?)

Fig. 4. — NA62 sensitivity (90% CL exclusion limit) for 10*® proton on target in the coupling
versus mass plane for dark photon (blue solid line) originated by the dump.

fig. 4 only production in the beryllium target is considered and not in the TAX. Trigger
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lines have been designed to acquire multi-track final states in parasitic mode during the
standard data taking. A total of ~ 3 x 1017 (5x 10'6) POT have been acquired to search
for di-muon (electron-positron) modes and are being analyzed. During the 2016 runs,
NAG62 collected several hours of data at different intensities with the beryllium target
lifted from the beam and closed TAX. The collected data is used for feasibility studies
and tests of the zero background hypothesis. A preliminary analysis of a fraction of data
indicates that a zero-background condition might be achievable [14].

Other physics cases similarly under study concern the search for visible decays of
dark scalars, heavy neutral leptons. The expected sensitivity for dark scalars and heavy
neutral leptons after collection of 10'® POT and assuming zero background are shown in
fig. 5 and 6, respectively.
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Fig. 5. — NA62 sensitivity (red region labelled as “NA62-BD” corresponding to a 90% CL
exclusion limit) for 10'® proton on target in the coupling versus mass plane for a dark scalar [15]
originated by the dump.
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Fig. 6. — NA62 sensitivity (90% CL exclusion limit) for 10'® proton on target in the coupling
versus mass plane for a three theoretical scenarios of heavy neutral lepton models [16], corre-
sponding to the highest possible couplings to electrons (left panel), muons (central panel), and
taus (right panel) and normal neutrino hierarchy.

The search for axion-like particles decaying to two photons is peculiar, since it can
be pursued solely using a beam-dump setup. The explored production mechanism is
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the Primakoff [17]. The related analysis of 5 x 10'® POT taken in 2017 is in progress.
The expected sensitivity in the zero-background scenario after collection of 10'® POT is
shown in fig. 7.

E

NA62++73

Gay [GeV™']

m, [GeV]

Fig. 7. — NA62 sensitivity (90% CL exclusion limit indicated as NA62++) for 10*® proton
on target in the coupling versus mass plane for an axion-like particle new-physics scenario
with photon-coupling dominance [18]. Previous results from electron and proton beam-dump
experiments are shown. The bottom region has been excluded after the observation of the
supernova SN1987A [19].

5. — Conclusion

NAG62 is successfully running in the North Area of the CERN SPS. Owing to the high
beam energy and high beam intensity, the long decay volume and the hermetic detector
coverage, NA62 has the opportunity to directly search for a plethora of hidden-sector
particles, both in visible or invisible final states. Before the LS2 (2018) many searches in
the hidden sector will be performed. Recent results on invisible decays of heavy neutral
leptons and preliminary results on invisible decays of dark photons were shown. The
NAG62 collaboration is currently discussing the possibility to use a fraction of the beam
time during Run 3 (2021-2023) to operate NA62 in beam-dump mode: this would open
a window of opportunity to search for hidden particles. The current NA62 run can be
exploited to evaluate background rejection capability up to 10'7 —10'® protons on target.
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