Vol. 14 (2021) Acta Physica Polonica B Proceedings Supplement No 1

THE K™ — n"vv DECAY AND NEW PHYSICS
SEARCHES AT NA62*

Ri1cCcARDO LOLLINI
for the NA62 Collaboration®

Universita degli Studi di Perugia and INFN — Sezione di Perugia, Italy
riccardo.lollini@pg.infn.it

(Received August 26, 2020)

The NA62 experiment at CERN was designed to measure the branching
ratio of the ultra-rare K™ — 7t vi decay with a decay-in-flight technique.
The Standard Model prediction for this branching ratio is very precise and
this process is an ideal candidate for the indirect search of New Physics at
high-mass scale. NA62 took physics data from 2016 to 2018: the results
of the K+ — 7wy analysis in the 2016+2017 data sets are presented.
Moreover, the high-intensity setup, the flexibility of its trigger system, and
the hermetic coverage of the experiment make NA62 a useful tool for the
search of exotic particles in the MeV—-GeV range weakly coupled to the
Standard Model, such as heavy neutral leptons and dark photons. The
status of these analyses will be reviewed, along with other New Physics
studies carried out at NA62, such as the search for lepton flavour and
lepton number violating K+ decays.
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1. The KT — ntvi decay

The branching ratio of the ultra-rare K — 7" v decay (hereafter also
refered to as mrv) provides an extremely interesting test of the Standard
Model (SM). This decay is a flavour changing neutral current, proceeding
through box and electroweak penguin diagrams. Theoretically, this process
is very clean and the main sources of uncertainty on the branching ratio
originate from the uncertainties on the CKM matrix elements. The SM
prediction for the branching ratio is BR(KT — ntvi) = (8.4 £ 1.0) x
10711 [1], while the branching ratio was measured by the BNL E797/E949
experiments that found a value of BR(K+ — 7tvp) = (17.37]52) x 10711,
using stopped kaons [2].
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The branching ratios of K+ — ntvi and K — 7w define the CKM
unitarity triangle independently of the measurements on the B-meson sector,
and a plethora of models beyond the SM (BSM) predict sizeable differences
with respect to the SM value [3]|. This, together with the accurate theoreti-
cal prediction, make KT — mTv an ideal candidate for the search of New
Physics (NP) at high-mass scale.

2. The NA62 detector

NAG62 is a fixed target experiment located at the North Area of the
CERN SPS. The experiment aims at measuring the branching ratio of the
K* — 7ntvp decay with a decay-in-flight technique that allows to have
a significant flux of kaons (O(10'3)) over a few years of data taking.

The NA62 detector is schematically depicted in Fig. 1. A 400 GeV/c
proton beam extracted from the SPS impinges on a beryllium target, pro-
ducing a 75 GeV /¢ positively charged hadron beam, with 6% K. Charged
kaons are identified by the KTAG, a Cerenkov differential counter, while
their momentum is measured by a silicon pixel beam tracker composed of
three stations, the GTK. Inelastic interactions in the last GTK station are
vetoed by the CHANTI. The fiducial decay region is a 60 m long vacuum
vessel, ending with a magnetic spectrometer, measuring the decay products
momentum; the spectrometer is made of four straw chambers with a dipole
magnet between the second and the third chamber. The particle identifi-
cation (PID) relies on a RICH detector that is used to distinguish muons
from charged pions, and an electromagnetic calorimeter filled with liquid
krypton (LKr) that allows to identify vs and e*s from KT decays, followed
by the hadronic calorimeters MUV1 and MUV2. Further muon suppression
is provided by the MUV3, a fast scintillator array at the downstream end
of the detector. The CHOD, a scintillator hodoscope, measures the crossing
time of charged particles and produces an LO trigger signal. Finally, a set of
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Fig. 1. Schematic top view of the NA62 detector. The trajectory of an undecayed
beam particle in vacuum is shown.
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several photon veto detectors (LAV, LKr, IRC and SAC) provide hermetical
coverage up to 50 mrad. A detailed description of the NA62 apparatus can
be found in [4].

NAG62 took its first physics run in 2016; in 2017 and 2018, the experiment
collected, respectively, ~ 10 and ~ 20 times more data than in 2016, with
an overall better collection efficiency.

3. The K+ — wT v analysis

The results of the K™ — 7w analysis of 2016 data were published
in 2019, with the observation of one event in the signal region [5]; in the
following, the preliminary results of the analysis of 2017 data (corresponding
to ~ 2 x 10'2 K+ decays) will be presented, together with the upper limits
on the BR obtained from the combination of 2016 and 2017 data. The
signature of K™ — wTvi consists in a charged track in the initial state
and one in the final state, with undetected energy from the neutrinos. The
main variable used for the kinematic selection is the squared missing mass,
defined as m2 . = (Px — Pr)?, where Px and P, are the 4-momenta of
the Kt and the 7™, respectively. The kaon decays mainly contributing
to the background are K+ — utv, (Ku), KT — 7t7 (Kir), KT —
at T (Kpnr), KT — 7tn7eTv, (Keq), and KT — 1T7%, (Kj3). Since
the mfniss distribution of K, decays form a sharp peak around the 7° mass,
right in the middle of the signal distribution, two separate signal regions
are defined: Region 1 (R1) between the K, and K, contributions, and
Region 2 (R2) between the Kr; and Krrr contributions. K, and K,
events can enter anyway these regions through the non-Gaussian resolutions
and radiative tails, and K, could enter R2 through the non-Gaussian
resolution. Another important contribution to the background comes from
the so-called upstream background, i.e. early kaon decays or beam particle
interactions happening upstream the fiducial decay volume and reaching the
fiducial region.

A single-track topology is required, asking for a STRAW track matched
to a signal in the CHOD and in the RICH. The downstream track is then
matched to the upstream track, identified as a kaon in the KTAG and whose
momentum is measured by the GTK; the decay vertex is required to be in
the fiducial volume. The PID relies on the RICH and on the calorimet-
ric energy reconstructed in the LKr, MUV1 and MUV2. Further suppres-
sion against K, is achieved rejecting events with extra-activity in time
coincidence with the 7+ in LAV, LKr, IRC and SAC. The selection is re-
stricted to 77 with a momentum range of (15,35) GeV/c in order to have
at least 40 GeV /c of extra-energy to veto background events. Combining the
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information from the CHOD and the STRAW, events with photon interact-
ing with the material upstream the calorimeter are rejected. Furthermore,
events with activity in the CHANTI or extra hits in the GTK are rejected.

In order to evaluate the background from K, K and Kz, the kine-
matic tails of the distributions are extrapolated into the signal regions. In
particular, the shape of the tails inside the signal region is modelled using
data collected with the control trigger; subsequently, the tails are applied
to the number of events surviving the wrr selection in each background
region. Several control regions, adjacent to the signal regions, are defined
in order to validate the background evaluation procedure. The evaluation
of the background from other K* decays relies on the Monte Carlo sim-
ulations, validated with the analysis of background-enriched data samples.
The contribution of upstream background events in the signal region is com-
puted using the probability of matching a 7 to a pile-up beam particle and
the number of events surviving the mvv selection with inverted K+ — 7
matching criteria. The single event sensitivity (SES), which by definition is
BRvu /Ny, is measured to be SES = (0.389 4 0.021) x 10719, correspond-
ing to Ny = 2.16 + 0.12 £ 0.26x¢ expected signal events in R1 and R2.
The number of expected background events in the signal region is reported

in Table I, together with the number of signal events expected assuming
the SM.

TABLE 1

Expectation for signal and the background events in the signal region.

Process Expected events

K+ — 7+up (SM) 2.16 4+ 0.12 4 0.260x¢
K™ — at7%~) IB 0.29 £ 0.03gat £ 0.03gyst
Kt — pty,(y) IB 0.11 £ 0.024at £ 0.03gyst
Kt — pty,(pt — et decay) | 0.04 £ 0.024y
Kt wrta=ety, 0.12 & 0.054¢at £ 0.034yst
Kt —snatata~ 0.02 £ 0.02ys¢
KT — gy 0.005 %= 0.005gyst
K+ — Itn0%, negligible
Upstream background 0.9 % 0.2g¢at £ 0. 2495t

Total background 1.5 £ 0.2¢at £ 0.26ys¢

4. Results of the KT — wTvi analysis

After un-blinding the signal regions, 2 events were found (Fig. 2), in
agreement with the number of signal and background events expected. Once
combined with the event observed in 2016 data, the three events lead to an
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overall SES = (0.346 £0.017) x 107! and 1.6540.31 background events ex-
pected. Upper limits on the branching ratio of K™ — 7 v can be computed
using the CLs method [6]. In particular, a simple counting approach gives as
a preliminary result BR(K+ — ntvi) < 1.85 x 10719 at 90% C.L. This re-
sults indirectly lead to an upper limit on the branching ratio of Kj — 7%
thanks to the Grossman—Nir limit [7]: BR(K — 7vp) < 8.14 x 10710 at
90% C.L.

Due to the extremely good 7° rejection needed to suppress the K .
background, NA62 can perform the search for the decay 7° — invisible as
a direct byproduct of the wvr analysis. In particular, using roughly one
third of the 2017 7vv data, this search leads to an upper limit BR(7% —
invisible) < 4.4 x 1072 at 90% C.L., which is a significant improvement of
the state of the art.

"; 01l « data
% TR ‘e q e SM K*—mw
3 - 2B A B SVE
N% 0.05
Hmaiw.-v - uu-o O ) .-,..-- A -."
0 [
-b-m«*w
—0.05
0.1 P - P - Lo P - FTI T
10 15 20 25 30 35 40

7" momentum [GeV/c]

Fig. 2. (Colour on-line) m?2 . versus p, distribution of events surviving the K+ —
7Tvw selection. The signal regions 1 and 2 are defined by grey/red boxes, the grey
area corresponds to the distribution of simulated signal events.

5. Exotic searches

Thanks to its hermetic, high-efficiency photon veto, redundant PID, and
a high-intensity hadron beam, NA62 is particularly suitable for the search of
NP in the MeV—-GeV range, feebly coupled to SM particles, via detection of
long-lived particles produced in the target or in the beam collimators when
used as a beam dump, or via detection of NP in kaon decays.

Lepton number and lepton flavour violations (LNV/LFV) in kaon decays
are predicted in NP models via Majorana neutrinos |8, 9]. In particular,
NA62 can search for K+ — 77 ete™ and K™ — nmtuTu~. The 90% C.L.
upper limits resulting from these analyses are BR(KT — 7 ete™) < 2.2 X
10719 and BR(KT — 7ntptp~) < 4.2 x 107 [10]. These results are based
on a subset of 2017 data, three times more data are still to be analysed in



46 R. LOLLINI

the full data set (2016-2018); nevertheless, these upper limits improve the
state of the art by a factor 3 (for the electron channel) and 2 (for the muon
channel).

NAG62 can also search for heavy neutral leptons (HNL) [11] of a few hun-
dreds MeV produced in kaon decays, such as K™ — e™N and K+ — u™N
[12]. A mass scan was performed in the range of 141-462 (220-383) MeV /c?
in the e™ (u*) channel. The preliminary results of the analysis on 2016-+2017
data have recently been presented in [13]: no excess was found and the new
upper limits on the mixing parameters improved by more than 2 orders of
magnitude with respect to previous results (Fig. 3, left). Another factor 2
of improvement is expected when the full data set will be analysed.

Searches for a dark photon (DP) [14] not decaying into SM particles can
be performed at NA62. Figure 3, right shows the 90% C.L. exclusion limits
in the mass of the DP wversus coupling plane (M, €?) for the search of an
invisible DP [15]. The search is performed selecting K+ — 7779 decays
where 7 — yA’ and A’ — invisible. This result relies on the analysis of
a subsample of 2016 data, corresponding to 1% of the complete data set
(2016-2018). As a byproduct of this analysis, with just a few modifications,
it is possible to search for the 7% — v decay. The SM expectation for the
branching ratio of this process is of the order of 107¥: NA62 put an upper
limit of BR(7% — yvp) < 1.9 x 10~7 at 90% C.L., improving by more than
3 order of magnitudes with respect to earlier searches.
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Fig. 3. (Colour on-line) Left: preliminary upper limits at 90% C.L. on |Uj4|? for each
HNL mass compared to the results obtained from earlier searches. Right: upper
limits at 90% C.L. in the coupling versus M, for the NA62 search of 70 — vA’
with A" — invisible (grey/red area), together with the limits obtained by NA64
and BaBar.
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Finally, NA62 can perform several direct searches of exotic particles vis-

ible decays produced dumping the beam after the target (Fig.

4), such as

axion-like particles (ALPs) decaying into two photons, DPs decaying into

two charged leptons, dark scalars decaying into a pair of muons,

and HNLs

decaying into a pion and a charged lepton. NA62 already took some beam
dump data to study the background for future beam dump data taking: in

particular, beam dump runs are foreseen after the long shutdown
O(10'®) protons on target. More details can be found in [16].
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Fig.4. (Colour on-line) NA62 expected 90% C.L. exclusion limits for 10'® protons
on target in the coupling versus mass plane for ALPs decaying into two photons
(left, orange solid line) and for the visible decay of a DP (right, magenta solid line).
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