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Abstract: The NA62 experiment at CERN targets the measurement of the ultra-rare 𝐾+ → 𝜋+𝜈𝜈̄

decay, and carries out a broad physics programme that includes probes for symmetry violations and
searches for exotic particles. Data were collected in 2016–2018 using a multi-level trigger system,
which is described highlighting performance studies based on 2018 data.
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1 Introduction

The NA62 experiment at CERN is devoted to precision tests of the Standard Model (SM) with
𝐾+ decays using a decay-in-flight technique. The main goal of NA62 is the measurement of the
branching ratio (BR) of the ultra-rare decay 𝐾+ → 𝜋+𝜈𝜈̄, which is both precisely predicted by
the SM and discriminating among possible SM extensions. The branching ratio is predicted to be
BR(𝐾+ → 𝜋+𝜈𝜈̄) = (8.4 ± 1.0) × 10−11 in the SM [1]. The smallness of the expected BR and the
presence of two undetected neutrinos in the final state make this measurement challenging.

Data collected in 2016–2018 allowed significant progress toward the𝐾+ → 𝜋+𝜈𝜈̄measurement.
The analysis of 2016 data demonstrated the feasibility of measuring BR(𝐾+ → 𝜋+𝜈𝜈̄) using a decay-
in-flight technique [2]. With data collected in 2017, NA62 observed two SM 𝐾+ → 𝜋+𝜈𝜈̄ signal
candidates with an expected background of 1.5 events, ensuring the robustness of the measurement
strategy and background suppression capabilities [3]. The result based on data collected in 2018
provided first evidence for the 𝐾+ → 𝜋+𝜈𝜈̄ decay with 17 signal candidates and an expected
background of 5.3 events [4]. The combined result

BR(𝐾+ → 𝜋+𝜈𝜈̄) = (10.6+4.0−3.4
��
stat ± 0.9syst) × 10

−11

gives evidence for this decay with a significance of 3.4 standard deviations.
The availability of a large dataset of 6 × 1012 𝐾+ decays allows several other physics goals to

be pursued, including searches for decays forbidden by SM symmetries and searches for hidden-
sector particles produced in 𝐾+ decays [5]. The NA62 experiment also operates in a beam-dump
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configuration, providing the opportunity to seek decays of hidden-sector particles withmasses above
the 𝐾+ mass; the sensitivity to hidden-sector particles is reported in [6]. A dataset corresponding
to 3 × 1016 protons on target (POT) was collected in beam-dump configuration in 2016–2018.

The diverse physics programme demands a selective and flexible trigger system. In the
following, the structure and performance of the trigger system that operated in 2018 are described.

2 The NA62 experiment

The NA62 experiment is sketched in Fig. 1 and is described in detail in [7]. A beam of positively
charged hadrons is formed by impinging 400GeV/𝑐 protons extracted from the CERN SPS onto
a beryllium target in spills of 3 s effective duration. The target defines the origin of the NA62
reference system: the beam travels along the Z axis in the positive direction (downstream), the Y
axis points vertically up, and the X axis is horizontal and directed to form a right-handed coordinate
system. The beam has a nominal momentum of 75GeV/𝑐 and consists of 70% 𝜋+, 23% protons
and 6% 𝐾+.
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Figure 1: Schematic side view of the NA62 beamline and detector.

Particles in the hadron beam are characterised by a differential Cherenkov counter (KTAG) and
a three-station silicon-pixel beam spectrometer (GTK 1–3). The beam passes through a vacuum
tank which contains a 60m long fiducial volume (FV). Charged products of 𝐾+ decays inside
the FV travel downstream, and are detected by a straw-chamber spectrometer (STRAW), a ring-
imaging Cherenkov detector (RICH), and two plastic scintillator hodoscopes: CHOD made of one
plane of tiles; NA48-CHOD with two planes of slabs. The RICH, filled with neon at atmospheric
pressure, tags the charged products with a timing precision of better than 100 ps and provides particle
identification. Further particle identification is provided by an electromagnetic calorimeter (LKr),
two hadronic calorimeters (MUV1, MUV2), and a scintillator-tile hodoscope (MUV3) located
behind a 80 cm iron wall. Dedicated photon detectors (LAV, IRC, SAC) are placed to form a
hermetic photon-veto system. An argon ionisation chamber (Argonion) located downstream of the
SAC measures the number of particles in the hadron beam in each spill [8].

The beam intensity is defined in terms of the particle rate exiting the GTK. The nominal beam
intensity is 750MHz, of which 45MHz is 𝐾+. There are about 10MHz of 𝐾+ decays within the
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150m region between the exit of the GTK and the MUV3 detector, with 5MHz occurring inside the
FV. A muon halo originating primarily from 𝐾+ and 𝜋+ decays upstream of the FV accompanies the
hadron beam, and introduces an additional particle rate of several MHz in the detectors downstream
of the FV. To handle the high particle rate, NA62 utilises timing measurements with sub-100 ps
precision in the RICH, KTAG, and GTK, and from 100 ps to 1 ns in the other detectors.

The intensity of the hadron beam is estimated in two ways. The average beam intensity during
the spill is evaluated using the number of beam particles observed by the Argonion detector. This
information is available immediately after the spill, with the nominal beam intensity correspond-
ing to about 2.0 × 109 Argonion counts. The instantaneous beam intensity is evaluated on an
event-by-event basis by measuring the GTK signal rate. This information is available after event
reconstruction.

When operating in beam-dump configuration, the target is removed and the proton beam is
stopped in movable collimators that act as a beam dump, located about 45m upstream of the KTAG.
In this configuration, the particle rate in the detectors downstream of the FV is 300 kHz, dominated
by muons produced in the beam dump.

3 The NA62 trigger system

The NA62 trigger system is arranged in two stages. The first stage is a low-level hardware trigger
(L0) that uses custom programmable electronics to process data from a subset of detectors and form
a L0 trigger decision. The subsequent L1 trigger stage is a software trigger running on a dedicated
data-acquisition (DAQ) computing cluster (DAQ-farm). Each trigger stage is designed to reduce the
event rate by roughly a factor of 10, going from about 10MHz of events from 𝐾+ decays occurring
in the detector to about 100 kHz written to permanent storage.

The data are collected through trigger lines. Each trigger line is a sequence of L0 and L1 trigger
conditions designed to select a specific category of events. Each condition can either be required or
forbidden (vetoed). Applying trigger conditions in veto introduces random veto, whereby events are
rejected by the trigger due to unrelated activity in the detector. An event is stored if it is accepted
by at least one of the trigger lines.

Ten trigger lines are defined to serve the 𝐾+ → 𝜋+𝜈𝜈̄ branching ratio measurement and cover
the breadth of the 𝐾+ physics programme. The PNN line collects data for the 𝐾+ → 𝜋+𝜈𝜈̄ branching
ratio measurement. The non-muon (Non-𝜇) line is used to collect 𝐾+ decays without muons in
the final state. The multi-track (MT) line collects samples of multi-track 𝐾+ decays. The di-muon
multi-track (2𝜇MT), electron multi-track (𝑒MT), and muon multi-track (𝜇MT) lines collect 𝐾+

decays to multi-lepton final states. The displaced muon (DV-𝜇) and displaced di-muon (DV-2𝜇)
lines collect events with a vertex in the FV displaced with respect to the nominal beam axis. The
neutrino line collects 𝐾+ → 𝜇+𝜈 events in which the neutrino interacts with the LKr material,
for a proof-of-concept study of flavour-tagged neutrino interaction events. Finally, the control line
collects minimum-bias events for calibration and data-quality monitoring, for the normalization of
the 𝐾+ → 𝜋+𝜈𝜈̄ branching ratio measurement, and for the measurement of detector and trigger
efficiencies. Three trigger lines are defined for use in beam-dump configuration – neutral, charged,
and control – which collect di-photon, multi-track and control data samples, respectively.
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Figure 2: Layout of the tiles and quadrants of the CHOD detector (left), and the tiles, quadrants,
and inner/outer regions of the MUV3 detector (right). The smaller, inner MUV3 tiles are shown
in grey; quadrants only involve the large outer tiles shown in white. The hole in the centre of each
detector allows the passage of the undecayed beam particles.

3.1 The low-level trigger

The hardware implementation of the L0 trigger system is described in detail in [9]. In total, five
detectors are involved. The RICH, CHOD, NA48-CHOD and MUV3 participate via specialised
firmware implemented in the readout hardware, with access to information from each readout
channel. The CHOD, NA48-CHOD, and MUV3 define four regions as quadrants, with the MUV3
excluding eight tiles close to the detector centre from the quadrant definition (Fig. 2). The LKr
participates via a dedicated calorimeter L0 trigger system that uses information from groups of
channels provided by calorimeter readout modules [10].

The data from each detector are processed to identify groups of coincident signals in the
detector. Each group is compared to a programmable set of up to 16 conditions per detector. The
RICH conditions are based on the total signal multiplicity, while the NA48-CHOD conditions are
based on the number of quadrants in which there are signals. The CHOD andMUV3 conditions are
based on the total signal multiplicity as well as the number and pattern of quadrants in which there
are signals. The LKr conditions are based on the total energy deposited and the number of localised
energy deposits (clusters). The full list of L0 trigger conditions is given in Table 1. If at least one of
the conditions is satisfied in a given detector, a trigger primitive is produced. Each trigger primitive
encodes which of the 16 conditions are satisfied, and a timestamp at 100 ps precision.

The trigger primitives are sent to the L0 trigger processor (L0TP) [11]. The L0TP produces
triggers by combining primitives within 6.25 ns of those from a specified reference detector. The
reference detector is either the RICH or NA48-CHOD in 𝐾+ mode, and either the CHOD or LKr
in beam-dump configuration. The time of the primitive from the reference detector defines the L0
trigger time. The time resolutions of the primitives with respect to the RICH primitive are 0.7 ns
for the CHOD and MUV3, and 2 ns for the NA48-CHOD and LKr. These values are larger than
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Detector Condition Description
RICH RICH At least two signals in the detector
CHOD Q1 At least one signal in any quadrant

Q2 At least one signal in each of two different quadrants
QX At least one signal in each of two diagonally-opposite quadrants
UTMC Upper multiplicity condition: fewer than five signals in the detector

NA48-CHOD NA48-CHOD At least one signal in any quadrant
MUV3 M1 At least one signal in the detector

MO1 At least one signal in the outer tiles
MO2 At least two signals in the outer tiles
MOQX At least one signal in each of two diagonally-opposite quadrants

LKr E10 At least 10GeV deposited in the LKr
E20 At least 20GeV deposited in the LKr
E30 At least 30GeV deposited in the LKr
C2E5 At least 5GeV deposited in the LKr by at least two clusters
LKr30 Logical OR between E30 and C2E5

LKr E1 At least 1GeV deposited in the LKr
(beam dump) E2 At least 2GeV deposited in the LKr

E4 At least 4GeV deposited in the LKr
C2E2 At least 2GeV deposited in the LKr by at least two clusters

Table 1: List of L0 trigger conditions. The LKr conditions differ between 𝐾+ and beam-dump
configuration.

those achieved offline, as precise time calibrations are not available at trigger level.
The combinations of primitives are compared to up to 16 criteria, which define the L0 part

of each trigger line. A trigger is generated if at least one of the criteria is satisfied. Each trigger
line can be downscaled individually, with a downscaling of 𝑁 indicating that one in 𝑁 generated
triggers is transmitted. The trigger lines and corresponding L0 trigger conditions for 𝐾+ mode are
given in Table 2, and those for beam-dump configuration are given in Table 3.

3.2 The high-level trigger

The online framework consists of the DAQ software and the high-level trigger (HLT) software.
The framework is deployed on the DAQ-farm, a cluster of 30 computers, with each computer
independently executing both parts of the software on a subset of the L0-triggered events.

The data from all detectors except the GTK and calorimeters (LKr, MUV1, MUV2, IRC,
SAC) are transmitted to the DAQ-farm following a positive L0 trigger decision. The DAQ software
collects and combines event fragments sent by the detectors to produce a L1 event [12]. The
HLT software executes the L1 trigger algorithms on the L1 event after applying detector-specific
decoding and reconstruction. If an event satisfies the L1 trigger requirements, the HLT software
requests data from the GTK and calorimeters, which are then merged with the L1 event to produce
a complete event with an average size of 20 kB.
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Trigger line L0 trigger conditions L1 trigger conditions

PNN RICH · Q1 · UTMC · QX · M1 · LKr30 KTAG · LAV · STRAW
Non-𝜇 RICH · Q1 · M1 KTAG · STRAW-1TRK
MT RICH · QX KTAG · STRAW-Exo
2𝜇MT RICH · QX ·MO2 KTAG · STRAW-Exo
𝑒MT RICH · QX · E20 KTAG · STRAW-Exo
𝜇MT RICH · QX ·MO1 · E10 KTAG · LAV · STRAW-MT
DV-𝜇 RICH · Q2 ·MO1 · E10 KTAG · STRAW-DV
DV-2𝜇 RICH · Q2 ·MO2 · E10 STRAW-DV
Neutrino RICH · Q1 ·MOQX · Q2 KTAG · LAV · STRAW-1TRK
Control NA48-CHOD None

Table 2: 𝐾+ trigger lines and the corresponding L0 and L1 trigger conditions. An overline indicates
that the condition is used in veto.

Trigger line L0 trigger conditions

Neutral C2E2
Charged Q2
Control Q1

Table 3: Beam-dump trigger lines and the corresponding L0 trigger conditions. No L1 conditions
are applied in beam-dump configuration.

The HLT software imposes sets of conditions from different algorithms in a specified order.
These conditions define the L1 part of each trigger line. An HLT processor routine evaluates the
trigger lines and executes the conditions in the defined order. If an event does not fulfil a condition of
a trigger line, the event is discarded without checking the following conditions. A fraction (1%) of
the processed events are accepted by the HLT processor regardless of whether any trigger condition
is satisfied. The resulting autopass events are used to measure the L1 trigger efficiencies.

Three L1 algorithms – KTAG, LAV and STRAW – define the L1 trigger conditions. Each
algorithm is configurable, as discussed below, and the configuration can be different for each trigger
line. The list of 𝐾+ trigger lines and corresponding L1 trigger conditions is given in Table 2. No
L1 trigger conditions are applied in beam-dump configuration.

The L1 KTAG trigger

The L1 KTAG trigger requires a 𝐾+ in time with the L0 trigger, which rejects events triggered at L0
by halo muons and scattered beam pions. The KTAG detects Cherenkov light produced by the 𝐾+

in 8 azimuthal sectors, each consisting of an array of 48 photo-multipliers with a single-photon time
resolution of 280 ps. As the average number of photons detected per 𝐾+ is 18, the KTAG measures
the 𝐾+ time with a precision of 70 ps after all offline corrections have been applied [13]. The
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L1 KTAG trigger requires that more than four KTAG sectors have at least one detected Cherenkov
photonwithin 5 ns of the L0 trigger time. The timewindow includes a safetymargin to accommodate
time drifts in the KTAG readout system.

The L1 LAV trigger

The L1 LAV trigger identifies whether there is activity in the LAV detector in time with the L0
trigger, with the primary aim of vetoing 𝐾+ → 𝜋+𝜋0 decays. The LAV comprises 12 stations of
ring-shaped electromagnetic calorimeters made of lead-glass blocks located inside and downstream
of the vacuum tank, which detect photons with 1.0–1.5 ns resolution. The L1 LAV trigger requires
at least three signals in stations 2–11 within 6 ns of the L0 trigger time. Stations 1 and 12 are
not considered to avoid vetoing events with inelastic interactions in the GTK and RICH detectors,
respectively.

The L1 STRAW trigger

The L1 STRAW trigger reconstructs the tracks of charged particles that traverse the STRAWdetector
in time with the L0 trigger. The STRAW detector comprises four straw-chambers, two at either
side of a dipole magnet, and measures the trajectories and momenta of charged particles. The L1
STRAW algorithm reconstructs tracks and performs a momentum computation by making a two-
dimensional Hough transform of signals in the four straw chambers [14]. The relative momentum
resolution of the L1 STRAW algorithm is 1%, which is larger than 0.3% achieved offline due to
the simpler and faster reconstruction used at L1. A preliminary sample of tracks is selected by
requiring the track momentum to be at least 3GeV/𝑐 and the track direction to satisfy the conditions
|𝑑𝑋/𝑑𝑍 | < 0.02 and |𝑑𝑌/𝑑𝑍 | < 0.02. To reduce the number of fake tracks, quality conditions are
applied on the signal and track times.

The main L1 STRAW trigger condition is optimised for 𝐾+ → 𝜋+𝜈𝜈̄ decays. It aims to reject
multi-track events and one-track events with tracks originating outside the FV or with a momentum
outside the range used for𝐾+ → 𝜋+𝜈𝜈̄ event selection. The track selection requires: positive charge;
momentum below 50GeV/𝑐; closest distance of approach (CDA) of the track to the nominal beam
axis below 200mm; and Z position at the CDA upstream of the first straw chamber. Multi-track
events are identified by the presence of a pair of tracks with CDA between the two tracks below
30mm, which is consistent with the two tracks originating from the same 𝐾+ decay. An event is
accepted if it contains at least one track satisfying the track selection, and is not identified as a
multi-track event.

Several other L1 STRAW conditions share the same pattern recognition and track reconstruc-
tion, only differing in the requirements on the reconstructed tracks: L1 STRAW-1TRK is a less
restrictive version of the L1 STRAW condition that selects final states with at least one positively-
charged track originating in the FV with momentum below 65GeV/𝑐; multi-track final states are
collected by L1 STRAW-Exo, which requires at least one negatively-charged track, and L1 STRAW-
MT, which identifies events with at least three tracks originating in the FV; and L1 STRAW-DV
collects pairs of tracks originating from a displaced vertex (DV) with CDA position at least 100mm
from the nominal beam axis, indicating the decay of a secondary long-lived particle. The L1
STRAW-MT condition is more selective, but less efficient, than L1 STRAW-Exo.
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4 The trigger performance

Throughout 2016–2018, fluctuations in the instantaneous beam intensity during the spill caused the
L0 trigger rate to rise above the 1MHz limit of the L0TP. To avoid this, the beam intensity was
set at 60% of the nominal value, corresponding to a mean instantaneous intensity of 450MHz, or
1.2 × 109 Argonion counts. Late in 2018, a choke system was developed that enables each readout
system and the L0TP to temporarily suppress L0 triggers if the trigger rate is too high. The choke
system allowed operation at 80% of the nominal beam intensity towards the end of 2018.

4.1 Trigger rates

The number of L0 primitives produced by each detector is expected to rise linearly with the average
beam intensity. The number of L0 primitives received by the L0TP is shown as a function of
the average beam intensity in the left panel of Fig. 3. At 1.2 × 109 Argonion counts, the CHOD
(NA48-CHOD) produces 3.7 × 107 (3.8 × 107) primitives per spill. The MUV3, despite only being
traversed by muons, also produces 3.8 × 107 primitives per spill; this is explained by additional
muons from 𝜋+ → 𝜇+𝜈 decays of pions in the beam, which do not enter the other detectors. The
RICH is insensitive to particles below the Cherenkov threshold, and produces 3.4 × 107 primitives
per spill. The LKr is insensitive to minimum ionising particles, and produces 9 × 106 primitives
per spill.

The number of L0 triggers generated by each L0 trigger line per spill is shown as a function of
the average beam intensity in the right panel of Fig. 3. The number of generated triggers increases
linearly with average beam intensity below 1.2 × 109 Argonion counts, and saturates above this
value. The saturation is caused by the rate of primitives temporarily exceeding the maximum
17.3MHz input rate of the L0TP due to fluctuations in the instantaneous beam intensity; this has no
significant effect on the data acquisition. For each trigger line, the downscaling factor and typical
number of triggers per spill after downscaling are shown in Table 4. The total number of L0 triggers
per spill is 2.2 × 106, lower than the sum of the entries in Table 4 as the same event can be triggered
by more than one line.

The number of L1 triggers generated by each trigger line per spill is shown in Table 4. The
total number of L1 triggers per spill is 2.5 × 105, with the majority of events collected by the PNN
and control trigger lines.

In beam-dump configuration only the L0 trigger is utilised. The downscaling factors and
numbers of L0 triggers per spill are shown in Table 5. About 2.1 × 105 events are collected per
spill, with the majority collected by the control trigger line.

4.2 Efficiency of the PNN trigger line

In the context of the 𝐾+ → 𝜋+𝜈𝜈̄ analysis, the combined efficiency of the L0 trigger conditions for
RICH, CHOD, and MUV3 (Table 2) is measured using a sample of 𝐾+ → 𝜋+𝜋0 events selected
from minimum-bias data using criteria based on the 𝐾+ → 𝜋+𝜈𝜈̄ event selection [3]. The efficiency
is 98% at the mean instantaneous beam intensity of 450MHz, and varies with instantaneous beam
intensity (left panel of Fig. 4). The main source of inefficiency is due to random veto from the
MUV3 condition, which arises because a larger time window is applied at L0 than offline. The
efficiency of the L0 trigger condition of the LKr is measured with a sample of 𝐾+ → 𝜋+𝜋0 decays
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Figure 3: Number of primitives (left) and L0 triggers before downscaling (right) per spill as a
function of the average beam intensity.

Trigger line Downscaling L0 triggers [103] L1 triggers [103]

PNN 1 1540 74
Non-𝜇 200 30 12
MT 100 39 4
2𝜇MT 2 150 30
𝑒MT 8 193 22
𝜇MT 5 99 10
DV-𝜇 5 140 0.3
DV-2𝜇 3 160 5
Neutrino 15 10 3
Control 400 94 94

Table 4: List of 𝐾+ trigger lines, L0 downscaling factors, and numbers of L0 triggers after
downscaling and L1 triggers produced per spill at a beam intensity of 1.2 × 109 Argonion counts.
No L1 conditions are applied to the control trigger line.

with the two photons from the 𝜋0 → 𝛾𝛾 detected in the LAV, using 𝜋+ from 𝐾+ → 𝜋+𝜋+𝜋− decays
to determine the relationship between 𝜋+ momentum and the energy deposited in the LKr [3]. The
efficiency decreases from 96.5% to 86% over the 15–45GeV/𝑐 𝜋+ momentum range relevant to
the 𝐾+ → 𝜋+𝜈𝜈̄ analysis (right panel of Fig. 4). The main part of the inefficiency stems from the
requirement that the total energy deposited in the LKr is less than 30GeV.

The overall L0 trigger efficiency is computed as the product of the two independent efficiencies
discussed above. The efficiency varieswith instantaneous beam intensity and 𝜋+momentum (Fig. 5).
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Trigger line Downscaling L0 triggers [103]

Charged 1 1
Neutral 1 30
Control 5 180

Table 5: List of beam-dump trigger lines, L0 downscaling factors, and numbers of L0 triggers
produced per spill at a beam rate of 1012 POT/s.
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Figure 4: Efficiency of the combined RICH, CHOD, and MUV3 conditions of the PNN trigger
line evaluated using 𝐾+ → 𝜋+𝜋0 events as a function of instantaneous beam intensity (left), and
efficiency of the LKr condition of the PNN trigger line evaluated using 𝐾+ → 𝜋+𝜋0 events as a
function of the 𝜋+ momentum (right).

The efficiencies of the L1 KTAG, LAV, and STRAW trigger conditions are measured using
a sample of 𝐾+ → 𝜇+𝜈 events selected from minimum-bias data using the same criteria for the
KTAG, LAV, and STRAW as in the 𝐾+ → 𝜋+𝜈𝜈̄ selection. The L1 KTAG efficiency is 99.9%. The
L1 LAV efficiency ranges from 99.5% to 99.0% depending on the average beam intensity (left panel
of Fig. 6); the inefficiency is due to random veto, as the time window used at L1 is larger than in
the event selection. The efficiency of L1 STRAW varies between 99.6% and 94.6% as a function of
the track momentum (right panel of Fig. 6). Non-gaussian tails in the online momentum resolution
reduce the efficiency in the 40–45GeV/𝑐 region. The total L1 trigger efficiency is computed as
the product of the individual L1 KTAG, LAV, and STRAW efficiencies, and is 98% (94%) for 𝜋+

momentum in the 15–40GeV/𝑐 (40–45GeV/𝑐) range.

The overall trigger efficiency is computed as the product of the L0 and L1 trigger efficiencies
and is found to be 90%, varying by 5% both as a function of instantaneous beam intensity and 𝜋+

momentum.
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Figure 5: Efficiency of the PNN L0 trigger conditions as a function of the instantaneous beam
intensity in bins of 𝜋+ momentum.
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Figure 6: Efficiency of the L1 LAV trigger evaluated using 𝐾+ → 𝜇+𝜈 events as a function of the
average beam intensity (left), and efficiency of the L1 STRAW trigger condition evaluated using
𝐾+ → 𝜇+𝜈 events as a function of the track momentum (right).
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Figure 7: Efficiencies of the L0 trigger conditions measured as a function of the instantaneous
beam intensity using a sample of 𝐾+ → 𝜋+𝜋+𝜋− decays. The hatched areas indicate the statistical
uncertainties of the measurements.

4.3 Efficiencies of the other 𝑲+ trigger lines

The efficiencies of the L0 and L1 trigger conditions used in the other 𝐾+ trigger lines (Table 2) are
measured using a sample of 𝐾+ → 𝜋+𝜋+𝜋− decays collected via the MT and control trigger lines.
This event sample also allows the study of trigger conditions involving muons from 𝜋± → 𝜇±𝜈

decays upstream of the LKr. The efficiencies of a subset of the L0 conditions are shown as a
function of the instantaneous beam intensity in Fig. 7. At the mean instantaneous beam intensity of
450MHz, the RICH, NA48-CHOD, Q1, M1, and MO1 conditions have efficiencies above 99.7%,
while the Q2, QX, MO2 and MOQX conditions have efficiencies above 99%. The efficiencies all
decrease with increasing instantaneous beam intensity.

The efficiencies of the LKr conditions E10 and E20 are measured using 𝐾+ → 𝜋+𝜋+𝜋− events
in which each reconstructed cluster is associated with one of the tracks and is within 6 ns of the L0
trigger time. This requirement ensures that the energy reconstructed offline is assigned to a single
LKr primitive. Both conditions have efficiencies above 99.5% in the plateau region of the turn-on
curve (Fig. 8).

The efficiencies of the L1 KTAG and STRAW-Exo conditions are evaluated using autopass
events as a function of the instantaneous beam intensity and the 𝜋− momentum (Fig. 9). The
efficiency of L1 KTAG is 99.9%, with no dependence on either variable, while L1 STRAW-Exo is
95% efficient with a dependence on both. The inefficiency of L1 STRAW-Exo is due to differences
in the track reconstructions used at L1 and offline.

4.4 Efficiencies of the beam-dump trigger lines

The efficiencies of the L0 trigger conditions Q2 and C2E2 are measured using data collected via the
control trigger line (Table 3), using a sample of events with two oppositely-charged tracks that form
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Figure 8: Efficiencies of the E10 and E20 trigger conditions as a function of LKr energy deposit,
measured with a sample of 𝐾+ → 𝜋+𝜋+𝜋− decays.
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Figure 9: L1 KTAG and STRAW-Exo efficiencies measured with a sample of 𝐾+ → 𝜋+𝜋+𝜋−

decays as functions of instantaneous beam intensity (left) and 𝜋− momentum (right). The hatched
areas indicate the statistical uncertainties of the measurements.

a vertex in the FV. The two tracks are required to extrapolate within the acceptance of the CHOD,
NA48-CHOD, and LKr. When determining the efficiency of the Q2 trigger condition, the two
tracks are required to extrapolate into different CHOD quadrants. When determining the efficiency
of the C2E2 condition, at least 1GeV in the LKr is required to be associated with each track, with
no other LKr energy deposit. The efficiency of the Q2 condition evaluated as a function of the total
momentum of the two tracks (total vertex momentum) is larger than 99% and does not vary as a
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Figure 10: Efficiency of the Q2 trigger condition in beam-dump data, measured as a function of
the total vertex momentum using events collected via the control trigger (left) or the neutral trigger
(right) lines reported in Table. 3. The hatched areas indicate the statistical uncertainties of the
measurements.

function of the total vertex momentum (left panel of Fig. 10). As the Q1 and Q2 conditions are
correlated – both are produced by the CHOD – the efficiency is cross-checked using data collected
via the neutral trigger line (right panel of Fig. 10). The efficiency is consistent between the two
samples. The efficiency of the C2E2 condition is evaluated as a function of the smaller energy
deposit of the two tracks using a data sample collected via the charged trigger line (Table 3). The
efficiency rises to 95% at 3GeV, and is close to 100% at 10GeV (Fig. 11).

4.5 Simulation of the trigger response

To simulate the L0 trigger response offline, a software emulation reproduces the firmware algorithms
incorporated in theL0 trigger. TheL0 emulator output is compared to themeasured trigger efficiency
using a sample of 𝐾+ → 𝜋+𝜋+𝜋− decays obtained via the control trigger line. The QX efficiency,
and its variation with instantaneous beam intensity, is reproduced to within 0.2% (left panel of
Fig. 12). The LKr30 efficiency is also reproduced to within 0.2% for an energy deposit above
20GeV (right panel of Fig. 12). For an energy deposit below 20GeV, the LKr30 efficiency is highly
sensitive to the emulation of the cluster reconstruction, leading to a larger discrepancy between the
emulated and measured efficiencies. For the L1 trigger, part of the HLT software is integrated with
the offline software, and as the libraries and algorithms are shared between the HLT and offline
software, the L1 trigger response is reproduced exactly.
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Figure 11: Efficiency of the C2E2 condition in beam-dump data, as a function of the smaller LKr
energy deposit of the two tracks. The hatched areas indicate the statistical uncertainties of the
measurements.
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Figure 12: Efficiencies of the L0 trigger conditions QX (left) and LKr30 (right) measured using
𝐾+ → 𝜋+𝜋+𝜋− events collected via the control trigger line, and simulated using the trigger emulator
on the same data. The hatched areas indicate the statistical uncertainties of the measurements.

5 Conclusions and outlook

The NA62 trigger system was successfully operated during the 2016–2018 data-taking period,
exhibiting good performance and reliability. The flexibility of the system allowed its evolution
during the data-taking, and several rate limitations have been identified and removed.

– 15 –



Twomajor developments are anticipated for the L0 trigger. The first development is an upgraded
version of the L0TP, installed for testing in 2021, that exploits newer hardware to handle a higher
primitive rate and offer more flexibility in the conditions used to generate triggers. The second
development is a ring-finding algorithm for the RICH detector implemented on commercially-
available Graphics Processing Units (GPU) [15]. The 1ms latency of the L0 trigger is sufficiently
large for such a system to operate.

Improvements to the HLT software exploit advances in the 𝐾+ → 𝜋+𝜈𝜈̄ analysis to refine the
trigger selection used to collect both the signal and the sample of ancillary data required for back-
ground estimation and systematic checks. Several improvements have already been implemented,
namely in the L1 STRAW algorithm to recover the efficiency loss at high 𝜋+ momentum, and in
the L1 LAV algorithm to reduce the inefficiency caused by random veto. Further exploitation of
the available detector information can preserve specific categories of events that would be rejected
by simpler algorithms, allowing a broader physics programme without impacting the 𝐾+ → 𝜋+𝜈𝜈̄

trigger line. One major improvement is to implement particle identification at L1 by matching
tracks in the STRAWwith Cherenkov rings in the RICH or energy deposits in the LKr. The latter is
possible due to new hardware that transmits data from the calorimeter L0 trigger to the L1 trigger.
An additional L2 trigger stage can also be used after the L1 to further reduce the data volume. Trig-
ger algorithms implemented at L2 will have the advantage of being executed on complete events
with information from all detectors.
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