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Abstract

The first search for ultra-rare K+ decays into the 7teTe~"eTe™ final state is reported,
using a dataset collected by the NA62 experiment at CERN in 2017-2018. An upper limit of
1.4 x 108 at 90% CL is obtained for the branching ratio of the K+ — ntete ete™ decay,
predicted in the Standard Model to be (7.2 & 0.7) x 107!, Upper limits at 90% CL are
obtained at the level of 10~ for the branching ratios of two prompt decay chains involving
pair-production of hidden-sector mediators: K+ — 7taa, a — eTe™ and K+ — 778,
S — A'A, A — ete”. The QCD axion is excluded as a possible explanation of the
“17 MeV anomaly”.

To be submitted for publication in Physics Letters B



Introduction

Dark-sector models provide plausible dark-matter candidates, and represent a compelling new-
physics direction to explore in its own right [1, 2]. So far, searches for the production of dark-
sector mediators in meson decays have been focused on the production of a single particle,
which is either invisible or decays into lepton or photon pairs. However, the parameter space of
minimal dark sectors not yet excluded by experiment accommodates detectable pair-production
of dark states [3, 4]. In the kaon sector, the process of particular interest is K — 7 XX followed
by prompt X — eTe™ decays, leading to characteristic multi-electron final states. Since this
process has not been studied experimentally so far, O(1079) sensitivity to its branching ratio is
sufficient to improve existing constraints on dark-sector models.

The principal Kt decay channel leading to the 7tete~ete™ final state is the K+ — 770
decay followed by the double Dalitz decay 73, — eTe~eTe™. This decay chain, denoted Ko.pp,
with a measured branching ratio of (6.940.3) x 1076 [5], is used for normalisation in this analysis.
The non-resonant part of the KT — mete eTe™ decay, denoted K 4, is expected to occur
via one-photon (K* — 7+*) and two-photon (KT — 7ty*y*) exchange with an expected
Standard Model (SM) branching ratio of (7.2 4-0.7) x 107! [6]. The resulting final state is of
two-fold interest in the context of dark sectors:

e A short-lived QCD axion (a) decaying into an ete™ pair has not been ruled out by exper-
iment, and provides a plausible explanation [7, 8] for the “17 MeV anomaly” in the mass
spectra of the ete™ pairs produced in the de-excitation of ®Be [9], *He [10] and '2C [11]
nuclei. Assuming an axion mass of 17 MeV/c?, lower bounds of B(K; — mYaa) > 1077
and B(K+ — mTaa) > 2 x 1078 (differing by the K /K™ lifetime ratio) are predicted [3],
which allow a possible test of the QCD axion explanation for the 17 MeV anomaly.

e A scenario involving a dark scalar (S), and a dark photon (A’) with masses satisfying
the condition mg > 2m 4/ leads to a prompt cascade process Kt — 775, S — A’A" [3].
The case of the dark photon predominantly decaying promptly, A" — eTe™, has not been
addressed by direct searches for dark-scalar production or beam-dump experiments.

The NA62 experiment at CERN collected a dataset of K decays into final states containing
lepton pairs in 2017-2018. The first search, performed using this dataset, is reported here for

the K 4. decay, and for pair-production of hidden-sector mediators in the prompt decay chains
Kt — 7taa, a — ete (denoted Krqq) and K+ — 718, S — A’A’, A’ — ete™ (denoted Krg).

1 Beam, detector and data sample

The layout of the NA62 beamline and detector [12] is shown schematically in Fig. 1. An un-
separated secondary beam of 7 (70%), protons (23%) and Kt (6%) is created by directing
400 GeV /e protons extracted from the CERN SPS onto a beryllium target in spills of 3 s effective
duration. The central beam momentum is 75 GeV/c, with a momentum spread of 1% (rms).
Beam kaons are tagged with a 70 ps time resolution by a differential Cherenkov counter
(KTAG) that uses nitrogen gas at 1.75 bar pressure contained in a 5 m long vessel as the radia-
tor. Beam particle positions, momenta and times are measured by a silicon pixel spectrometer
consisting of three stations (GTK1,2,3) and four dipole magnets forming an achromat; a toroidal
muon sweeper (scraper, SCR) is installed between GTK1 and GTK2. A 1.2 m thick steel colli-
mator (COL) with a 76 x 40 mm? central aperture and 1.7 x 1.8 m? outer dimensions is placed
upstream of GTK3 to absorb hadrons from upstream K+ decays; a variable-aperture collimator
of 0.15 x 0.15 m? outer dimensions was used up to early 2018. A dipole magnet (TRIMS5) pro-
viding a 90 MeV /c horizontal momentum kick is located in front of GTK3. Inelastic interactions
of beam particles in GTK3 are detected by an array of scintillator hodoscopes (CHANTT). The
beam is delivered into a vacuum tank evacuated to 108 mbar, which contains a 75 m long
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Figure 1: Schematic side view of the NA62 beamline and detector used in 2018.

fiducial volume (FV) starting 2.6 m downstream of GTK3. The beam angular spread at the
FV entrance is 0.11 mrad (rms) in both horizontal and vertical planes. Downstream of the F'V,
undecayed beam particles continue their path in vacuum.

Momenta of charged particles produced in K decays in the FV are measured by a magnetic
spectrometer (STRAW) located in the vacuum tank downstream of the F'V. The spectrometer
consists of four tracking chambers made of straw tubes, and a dipole magnet (M) located between
the second and third chambers that provides a horizontal momentum kick of 270 MeV/c in a
direction opposite to that produced by TRIMS5. The momentum resolution is o,/p = (0.30 @
0.005 - p)%, with the momentum p expressed in GeV/ec.

A ring-imaging Cherenkov detector (RICH) consisting of a 17.5 m long vessel filled with neon
at atmospheric pressure provides particle identification, charged particle time measurements with
a typical resolution of 70 ps, and the trigger time. Two scintillator hodoscopes (CHOD), which
include a matrix of tiles and two planes of slabs arranged in four quadrants located downstream
of the RICH, provide trigger signals and time measurements with 200 ps precision.

A 27X, thick quasi-homogeneous liquid-krypton (LKr) electromagnetic calorimeter is used
for particle identification and photon detection. The calorimeter has an active volume of 7 m?,
segmented in the transverse direction into 13248 projective cells of 2 x 2 cm? size, and provides
an energy resolution og/E = (4.8/VE®11/E®0.9)%, with E expressed in GeV. To achieve her-
metic acceptance for photons emitted in K decays in the FV at angles up to 50 mrad from the
beam axis, the LKr calorimeter is complemented by annular lead glass detectors (LAV) installed
in 12 positions inside and downstream of the vacuum tank, and two lead/scintillator sampling
calorimeters (IRC, SAC) located close to the beam axis. An iron/scintillator sampling hadronic
calorimeter formed of two modules (MUV1,2) and a muon detector consisting of 148 scintillator
tiles located behind an 80 cm thick iron wall (MUV3) are used for particle identification.

The data sample analysed is obtained from 8.3 x 10° SPS spills recorded in 2017-2018, with
the typical beam intensity increasing over time from 1.8 x 10'? to 2.2 x 102 protons per spill.
The latter value corresponds to a 500 MHz mean beam particle rate at the FV entrance, and a
3.7 MHz mean K" decay rate in the FV. The main trigger line is designed for the measurement
of the ultra-rare K™ — m v decay [13]. The analysis presented here is based on dedicated
electron multi-track (eMT) and multi-track (MT) trigger lines operating concurrently with the
main trigger line [14, 15], typically downscaled by factors of 8 and 100, respectively. The low-
level (LO) hardware trigger is based on RICH signal multiplicity and coincidence of signals in
two diagonally opposite CHOD quadrants, with an additional requirement of at least 20 GeV
deposited in the LKr calorimeter in the eMT line. The high-level (L1) software trigger involves
beam K identification by the KTAG and reconstruction of a negatively-charged STRAW track.



Monte Carlo (MC) simulation of particle interactions with the detector and its response is
performed using a software package based on the GEANT4 toolkit [16]. Accidental activity and
trigger line response are included in the simulation.

2 Event selection

The Korpp events collected concurrently with signal candidates with the same trigger lines are
used for normalisation. Signal and normalisation decay modes have the same set of particles in
the final state, leading to a first-order cancellation of detector and trigger inefficiencies.

Five-track decays lead to final states with multiple soft tracks which are often not fully
contained in the acceptance of the downstream detectors. For example, only 11% of the Koxpp
decays fully reconstructed in the STRAW have all tracks in the CHOD’s geometric acceptance.
To avoid an order-of-magnitude loss of signal acceptance, this analysis relies on the STRAW
information only, and the STRAW tracks are not required to be in the geometric acceptance
of any downstream detectors. The reduction in selectivity caused by the lack of information
from the downstream detectors is compensated by the availability of kinematic constraints on
the five-track final state. The principal selection criteria are described below.

Five-track vertices compatible with K 4. and Ko,pp decays are selected as follows:

e Vertices are reconstructed by extrapolating STRAW tracks backward, taking into account
the measured residual magnetic field in the vacuum tank. Exactly one five-track vertex
should be present in the event within the FV. The longitudinal position of the vertex along
the beam axis, zytx, should be at least 5 m downstream of the start of the FV. The total
electric charge of the five tracks should be ¢ = 41, their momenta should be in the range
5-45 GeV /e, and their trajectories through the STRAW chambers should be within the
respective geometric acceptances. To suppress photon conversions and fake tracks, each
pair of tracks should be separated by at least 15 mm in each STRAW chamber plane.

e The momentum excess defined as Ap = Pytx — Pheam, Where pyix is the total momentum of
the five tracks and ppeam is the central beam momentum, should satisfy |Ap| < 2 GeV/c.
The total transverse momentum of the tracks with respect to the beam axis should be
pr < 25MeV /c. The quantity ppeam and the beam axis direction are monitored throughout
the data taking, typically every few hours, with fully reconstructed K+ — 777~ decays.

e Track times are evaluated using the STRAW information, with a resolution of 6 ns. Each
track is required to be within 20 ns of the trigger time.

Particle identification is based on event kinematics, and is applied as follows:

e The KT — 7mtete ete™ final state involves three positively charged tracks (one 7t

and two e'), and two negatively charged tracks (two e~). Three assignments of the
7T mass to one of the positively charged tracks are considered. In each mass assignment,
the five-track mass, mg4e, the four-electron mass, my4e, and the squared missing mass,
mfmss = (Pg — Py)?, are evaluated, where Py is the kaon four-momentum computed using
the central beam momentum, and P; is the reconstructed 7+ four-momentum.

e The mass assignment corresponding to the minimal value of |mr4e — M| is chosen, where
my is the KT mass, and it is required that 484 MeV/ A < Mpae < 504 MeV/ c?. The
resolution of my4e is 1.7 MeV/c?. The probability of incorrectly assigning the mass is
determined by simulation and found to be 4.5% for K 4. decays after the full selection,
and (’)(10*4) for Korpp decays after the full selection which involves a 7% mass constraint.



The following condition is specific to Ko,pp selection:

e For the mass assignment chosen, it is required that |mye — m 0| < 10 MeV /2, where m. .o
is the 7 mass. The resolution of mua. is 0.9 MeV/ .

The following criteria are specific to K 4. selection:

e To reject events consistent with a Ko,pp decay in any mass assignment, the requirements
|mae — myo| > 10 MeV/c?, mfniss > 0 and |Mmiss — Myo| > 40 MeV /c? are applied for all
three mass assignments. This reduces the K 4. acceptance by a factor of 0.74.

e To suppress the K+ — 7r+7r%7r]03 background, which predominantly enters by incorrect mass
assignment (with a soft e™ from a 72 — yeTe™ decay considered as the 7" candidate),
the reconstructed 77 momentum is required to be p, > 10 GeV /c. This reduces the K 4¢
acceptance by a factor of 0.93.

Selection of the K ., and K g decay chains consists of the K 4. selection with the following
additional criteria:

e Two X — ete™ decay hypotheses are examined for the four e* candidates in the mass

assignment chosen. In each hypothesis, the masses of the two eTe™ pairs, mee1 and Mee,
are evaluated, and a discriminant is computed to quantify the consistency of the two mass
values:

D = (Mee1 — Mee2)? /(4.9 x 1072 - mee)?.

Here mee = (Mee1 + Mee2)/2 is the reconstructed mass of the intermediate pair-produced
particle X, and the denominator represents the squared resolution of the quantity mee1 —
Meez evaluated with simulation. The X — ete™ hypothesis with the smaller D value is
considered, and it is required that D < 9 in this hypothesis.

e For each X mass hypothesis (mx), it is required that |mee — mx| < 0.02-mx.

The signal region in the data is kept masked until the completion and validation of the
background evaluation.

3 Number of kaon decays in the fiducial volume

The reconstructed my 4. distributions of Ko,pp candidates from both data and simulation are
displayed in Fig. 2. The simulation reproduces the gaussian part of the m 4. spectrum but
does not fully describe the radiative tail; this is due to a soft-photon bremsstrahlung approxi-
mation [17] used to model the radiative corrections to the 7l decay.

The number of K+ decays in the FV is computed as

/- Npp
B(Ka) - B0y - App

Ni = = (8.58 £ 0.19¢a¢ & 0.07y1c & 0.410x¢) x 101,

where Npp = 2023 is the number of Ko,pp candidates in the data; B(Ka,) = (20.6740.08)x 102
and B(rdp) = (3.34 4 0.16) x 107° are the K+ — 777° and 7l decay branching ratios [5];
App = (3.41 £ 0.024¢at £ 0.024yst) X 104 is the acceptance of the Ks,pp selection evaluated
with simulation (the systematic error is evaluated by variation of the m 4. selection conditions);
f =0.9987 is the purity of the Ko,pp sample evaluated with simulation and accounting for the
KT — m9,0%v background (¢ = e, ). The three uncertainties quoted in Ny arise from the
limited size of the data sample, the total uncertainty in the acceptance App, and the external
uncertainties in the measured values of B(Ka,) and B(78p).
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Figure 2: Reconstructed m 4. spectra for the data and a simulated Ko,pp sample obtained with
the Ks,pp selection. The signal mass region is indicated by vertical arrows.

The acceptance App includes the effects of accidental activity and trigger efficiencies. The
efficiencies of the CHOD and LKr trigger conditions for the Ko,pp sample are found with
simulation to be 74% and 81% respectively, and are relatively low due to the absence of the
CHOD and LKr geometric acceptance requirements for the tracks. The efficiencies of the RICH,
KTAG and STRAW trigger conditions exceed 99%.

4 Background estimations

Background from five-track and seven-track KT decays is evaluated with simulation; all KT de-
cays with branching ratios exceeding 108 are considered. Background from coincidences of pairs
of three-track K™ decays in time (with one track not reconstructed) is evaluated with dedicated
simulation of pairs of decays occurring within 25 ns; coincidences of all types of three-track K+
decays with products of branching ratios exceeding 2 x 1075 are considered. The probability of
two decays occurring within this 25 ns time window is dependent upon the instantaneous beam
intensity, and is accounted for by normalising the total estimated background to the data in the
momentum excess region Ap > 20 GeV/c.

Contributions from all possible triple coincidences of one or more K+ — 777~ decays
with KT — ptv decays and beam halo particles, and contributions from coincidences of three-
track decays with inelastic interactions of beam particles in GTK3, are found to be much smaller
than those from coincidences of pairs of three-track decays, and are neglected.

The reconstructed momentum excess (Ap) and five-track mass (mg4e) spectra for data and
simulated events after the K 4. selection are shown in Fig. 3. The region of large Ap values is
dominated by backgrounds from coincidences of three-track decays. The integrals of the data
and simulated spectra agree in the region Ap > 20 GeV/c by construction. The region of low
Ap values is dominated by backgrounds from single five-track decays; undetected photons and
neutrinos in the final state lead to negative Ap values.

The background model is validated against the data in the control region Ap < —2 GeV/c
using the standard K4 selection (Fig. 3, left) and a loose K 4. selection with the condition
pr > 10 GeV/c removed. The results are shown in Table 1. The background model is further



validated using the m 4, spectrum outside the signal region. Using the standard K 4, selection,
three data events are observed with an expected background of 2.83 4 0.644.¢ (Fig. 3, right);
using the loose K 4e selection, five data events are observed with an expected background
of 3.99 £ 0.74¢at. In all cases, the data are in agreement with simulation within statistical
fluctuations, and the largest background comes from the K+ — 7r+7r%7r]03 decay.

The background contributions in the signal region after the K 4. selection are summarised
in Table 1. The estimate of the total background, validated by agreement of the data with
simulation in the control regions, is

Np = 0.18 & 0.065¢at &= 0.135y5¢ = 0.18 4= 0.14,

where a 100% relative systematic uncertainty is assigned to the contribution from coincidences
of three-track decays, based on the level of agreement of data and simulation in the momentum
excess region 2 GeV /c < Ap < 20 GeV/c.

The requirement that the two reconstructed eTe™ masses (Mee1, Mee2) are consistent with
each other, applied in the K 4, and K g selection, leads to a reduction of the background with
respect to the K 4 selection. The probability of the reconstructed mee1 and meeo values being
consistent is found to be 2% in simulated samples of K+ — 77 7d7Y and K+ — 777l decays.
Furthermore, the probability of |me. —mx| < 0.02 - mx for the above samples does not exceed
10% in each mx hypothesis considered (where X = a, A’). The background to the K4, and
K s processes in each myx hypothesis is estimated as

Np = (0.440.4) x 1073,

where a 100% relative uncertainty is conservatively assigned.

5 Search for the signal decays

The Kr4e decay is modelled according to the SM description [6]. The non-resonant part
of the decay amplitude is considered, including the dominant one-photon exchange diagram
(K™ — 7%4*), the two-photon exchange diagram (K — mT~y*~*), and their interference. The
contribution from the 7° pole in the two-photon exchange is neglected; it does not interfere with
the other amplitudes, peaks at mg4e &~ m_ o, and accounts for 3% of the total decay rate in the
region |mye —myo| > 10 MeV/c? used in this analysis. The acceptance of the K4 selection for
the K 4 signal is found to be Arge = (1.85 £ 0.06a¢) x 1074,

The prompt decay chain K™ — 77aa, a — eTe™, allowed kinematically for axion masses
in the range 2m. < mq < (mg —my)/2, is simulated with a uniform K+ — 7" aa phase-space
distribution [3] and isotropic a — eTe™ decays, for 33 equally-spaced m, hypotheses in the
range 10-170 MeV/ ¢2. The acceptance of the K4, selection reaches a maximum of 7.1 x 1073
for m, = 155 MeV /c?.

The prompt decay chain KT — 778, § — A’A’, A’ — ete™, allowed kinematically in the
mass region 2m, < ma < mg/2 < (mg —my)/2, is simulated as a series of isotropic decays for
m 4 hypotheses in the range 10-170 MeV/c? and mg hypotheses in the range 20-340 MeV/c?,
with a 5 MeV/c? step in both m 4 and mg. The region 120 MeV/c? < mg < 165 MeV/c? is
excluded from the search as the signal acceptance is suppressed in this region by the selection
conditions that reduce the Ko,pp background. The acceptance of the K g selection reaches a
maximum of 1.1x 1072 at the kinematic boundary for m 4 = 150 MeV /c? and mg = 300 MeV /c?.

The K 4, and K,g decays lead to more energetic electrons in the final state than for K4
and Ko,pp decays, and therefore to significantly larger acceptances.



-e-Data
m K+%n+n§n§)
I K'—nnn

Events / (4 MeV/&)
=
=
\:
a
5
:‘CU
o

+
[ K+enDDu+v
= (K >nnin-

K*—>n*n?
EK .
WK -nriry
[ K:%n‘éwv

+

[ | K+—>1t+De v+
[JK'>n*'ne’v

llllllllllllllllllllllll1111 10—2

10 20 30 40 50 60 70
Ap=p -p [GeV/c]

vertex ~ beam

| I I
400 450 500 550 600
m_,. [MeV/c?]

Figure 3: Reconstructed momentum excess (Ap, left) and five-track mass (mg4e, right) spectra
for data and simulated samples after the K 4. selection. The m 4, condition is applied to obtain
the Ap spectrum, and the Ap condition is applied to obtain the mg4. spectrum. Contributions
from three-track K™ decays (the last six entries in the legend) are due to coincidences with a
KT — mtaT 7~ decay. The signal region is shown with pairs of vertical arrows in both plots.
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Table 1: Backgrounds to the K 4. decay, their branching ratios (or products of branching ratios
for coincidences of two decays), and estimated backgrounds with their statistical uncertainties
in the control (Ap < —2 GeV/c) and signal (|Ap| < 2 GeV/c) momentum excess regions shown
in Fig. 3 (left). Estimated backgrounds in the control region for a loose K4, selection, with the
pr > 10 GeV /c condition removed, are also shown. The KT — 7T+7T%6+6_ decay, as well as the
KT — mt7~etv decay in coincidence with a K™ — 7777~ decay, and coincidences of any of
the two decays, K+ — 77 t7~ and KT — 7r+7r]03, lead to negligible backgrounds in the control

and signal regions, and are not listed.

Control region, Signal region

loose selection

Branching ratio
(or their product)

Source Control region

Single decays

KaxpD 6.9 x 10°° 0.06 = 0.06 0.06 = 0.06 -

KT — atrdrd 2.4 %1076 0.30 £ 0.06 2.47 +£0.16 0.04 £ 0.02
Kt = dpetv 1.7x 1076 0.10 £ 0.05 0.10 £ 0.05 -

Kt — atn%7d, 1.2 x 1076 0.03 £ 0.03 0.03 £ 0.03 —

KT — ndputv 1.1x107° 0.02 £ 0.02 0.03 £ 0.02 -

Kt — atalrd 1.4 %1078 0.05 £ 0.02 0.10 £ 0.02 0.01 £0.01
Coincidences with a KT — 7ta "7~ decay

KT — ety 3.3x107° 0.15 £ 0.07 0.15 £ 0.07 0.08 £ 0.05
Kt — 777070 2.3x107° 0.03 £ 0.03 0.08 £ 0.05 -

KT — aluty 2.2 x107° 0.03 £ 0.02 0.04 £ 0.02 0.05 £ 0.02
Total 0.77 £0.13 3.06 £ 0.21 0.18 & 0.06
Data 1 4 0
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Figure 4: Left: upper limit at 90% CL of the branching ratio of the prompt decay chain
KT — naa, a — eTe™ as a function of the assumed axion mass. Right: upper limit at 90% CL
of the branching ratio of the prompt decay chain K+ — 7+S, § — A’A'", A — ete™ as a
function of the assumed dark-photon and dark-scalar masses. Discrete sets of points obtained
with a step size of 5 MeV/c? are approximated by polynomial functions in each case.

6 Results

No data events are observed in the signal region after unmasking. In this case, upper limits at
90% CL on the signal branching ratios computed using the CLg method [18] do not depend on
the expected background and are equal to 2.3 /(A Nk ), where A denotes the signal acceptance.

An upper limit of B(K4e) < 1.4 x 1078 is established at 90% CL for the branching ratio of
the non-resonant part of the K 4. decay, which is a factor 200 larger than the SM expectation [6].

Upper limits obtained at 90% CL for the branching ratios of the K ., and K,g decay chains
are shown as functions of the assumed masses of the dark-sector mediators in Fig. 4. For the
product B(K™ — ntaa) x [B(a — eTe™)]?, the most stringent upper limit of 3.7 x 10710 is
obtained for m, = 155 MeV/c?. The upper limit of 2.1 x 1079 obtained for the above quantity
for mg = 17 MeV/c? excludes the QCD axion explanation [3] of the “17 MeV anomaly” in the
mass spectra of the eTe™ pairs produced in nuclear de-excitation [9, 10, 11]. For the product
B(K+ — nt8) x B(S — A’A’") x [B(A" — eTe™)]?, the most stringent upper limit of 2.5 x 10710
is obtained for m 4 = 150 MeV /c? and mg = 300 MeV /c%.

Summary

The first search for ultra-rare KT decays into the 7TeTe~ete™ final state is reported, using a
dataset collected by the NA62 experiment at CERN in 2017-2018. An upper limit of 1.4 x 1078
at 90% CL is obtained for the branching ratio of the K+ — nteTe eTe™ decay, with the
expected SM branching ratio of (7.2 4+ 0.7) x 1071, Upper limits at 90% CL are obtained at
the level of 10~ for the branching ratios of two prompt decay chains involving pair-production
of hidden-sector mediators: K™ — 7wtaa, a — ete” and KT — 7S, S — A'A", A" — eTe.
The QCD axion is excluded as a possible explanation of the “17 MeV anomaly”.
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