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1 Introduction

The relevance of the decay π0 → νν̄ was first highlighted in the study of neutrino properties

such as mass, helicity and number of families [1, 2]. The decay is forbidden for pure left-

handed massless neutrinos due to angular momentum conservation. The observation of

neutrino oscillations demonstrated the existence of non-zero neutrino masses, allowing the

π0 → νν̄ decay via Z-boson exchange. The direct experimental limit on the tau neutrino

mass, mντ
< 18.2 MeV/c2 at 95% confidence level (CL) [3], corresponds to a branching

ratio (BR) for π0 → νν̄ below 5 × 10−10 at 90% CL. A more stringent limit is set by

cosmological constraints on the sum of the neutrino masses: Σmν . 1 eV/c2, implying

BR(π0 → νν̄) < 10−24, which is well below the current experimental sensitivity. The BR

for the decay π0 → νννν is expected to be well below the current experimental sensitivity,

too [4]. The current experimental limit is 2.7 × 10−7 at 90% CL [5].
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Beyond determining neutrino properties, the search for a π0 decay to any invisible final

state (“π0 → invisible” in the following) allows tests of new-physics scenarios involving

feebly-interacting long-lived particles. Any observation of π0 → invisible at the currently

available sensitivity would be an indication of new physics. The results of the analysis

presented here may also be interpreted as a search for the production of axion-like particles

(ALPs) with dominant fermion couplings or dark scalar particles from K+ decays [6, 7].

The search for π0 → invisible is performed with tagged π0 mesons from the decay

chain

K+ → π+π0(γ), π0 → invisible, (1.1)

inclusive of final states with additional photons from radiative processes.

An abundant flux of K+ mesons is provided by a 75 GeV/c unseparated hadron beam

from the CERN Super Proton Synchrotron (SPS). The search is performed with NA62, a

fixed target experiment operating in the SPS North Area with the main goal of measuring

the BR of the ultra-rare decay K+ → π+νν̄. The design of the experiment enables op-

eration at high beam intensity, hermetic photon veto coverage, full particle identification

and high-rate tracking with low material budget. The NA62 detector has been fully op-

erational since 2016. The results reported here are obtained from the analysis of a data

sample collected in 2017. By exploiting the performance of the NA62 photon-veto system,

a rejection of O(108–109) for any visible π0 decay in K+ → π+π0(γ) events is obtained for

π+ momenta in the range 10–45 GeV/c.

2 Beam line and detector

The NA62 beam line and detector are shown in figure 1, with a detailed description pre-

sented in [8]. The beam line defines the Z-axis of the experiment’s right-handed coordinate

system. The origin is the kaon production target, and beam particles travel in the positive

Z-direction. The Y-axis is vertical (positive up), and the X-axis is horizontal.

The kaon production target is a 40 cm long beryllium rod. A 400 GeV proton beam

extracted from the CERN SPS impinges on the target in spills of 3 s effective duration.

Typical intensities during data taking range from 1.7 to 1.9 × 1012 protons per pulse. The

resulting secondary hadron beam of positively charged particles consists of 70% π+, 23%

protons, and 6% K+, with a nominal momentum of 75 GeV/c and 1% rms momentum

spread.

Beam particles are characterized by a differential Cherenkov counter (KTAG) and a

three-station silicon pixel array (Gigatracker, GTK). The KTAG uses N2 gas at 1.75 bar

pressure (contained in a 5 m long vessel) and is read out by photomultiplier tubes grouped

in eight sectors. It tags incoming kaons with 70 ps time resolution. The GTK stations

are located before, between, and after two pairs of dipole magnets (a beam achromat),

forming a spectrometer that measures beam particle momentum, direction, and time with

resolutions of 0.15 GeV/c, 16µrad, and 100 ps, respectively. The typical beam particle rate

at the third GTK station (GTK3) is 450 MHz. This last station is immediately preceded

by a 1 m thick, variable-aperture, steel collimator. Its inner aperture is typically set at
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K+ decays emitted at angles between 1 and 10 mrad. The LKr provides particle identi-

fication information complementary to that of the RICH. The LKr energy resolution is

σE/E = 1.4% for energy deposits of 25 GeV. Its spatial and time resolutions are 1 mm and

between 0.5 and 1 ns, respectively, depending on the amount and type of energy released.

Two hadronic iron/scintillator-strip sampling calorimeters (MUV1,2) and an array of scin-

tillator tiles located behind 80 cm of iron (MUV3) supplement the pion/muon identification

system. MUV3 has a time resolution of 400 ps. A lead/scintillator shashlik calorimeter

(IRC) located in front of the LKr, covering an annular region between 65 and 135 mm from

the Z-axis, and a similar detector (SAC) placed on the Z-axis at the downstream end of

the apparatus, ensure the detection of photons down to zero degrees in the forward direc-

tion. Additional counters (MUV0, HASC) are installed at optimized locations to extend

coverage for charged particles produced in multi-track kaon decays.

All detectors are read out with time-to-digital converters (TDCs), except for LKr and

MUV1,2, which are read out with 14-bit flash analog-to-digital converters. The IRC and

SAC are read out with both. All TDCs are mounted on custom-made (TEL62) boards,

except for GTK and STRAW, which each have specialized TDC boards. TEL62 boards

both read out data and provide trigger information. A dedicated processor interprets LKr

calorimeter signals for triggering. A custom-made board combines logic signals (primitives)

from the RICH, CHOD, NA48-CHOD, LKr, LAV, and MUV3 into a low-level trigger (L0)

whose decision is dispatched to sub-detectors for data readout [9]. A software trigger (L1)

exploits reconstruction algorithms similar to those used offline with data from KTAG, LAV,

and STRAW to further reduce the data before storing it on disk.

The L0 trigger condition used to search for the decay chain of equation (1.1), referred

to as the πνν̄ trigger, aims to select final states with one emitted π+ and missing energy.

It requires a primitive in the RICH in coincidence within 10 ns with a primitive from at

least one CHOD tile. No primitive deriving from signals in opposite CHOD quadrants

must be found within the 10 ns window, reducing the contribution of K+ → π+π+π−

decays and in general of final states with multiple charged particles. No in-time primitive

from MUV3 must be present, reducing the contribution of K+ → (π0)µ+ν decays. In the

LKr no more than one energy deposit above 1 GeV must be found within 6.5 ns of the

RICH primitive and the total reconstructed energy is required to be below 30 GeV. These

conditions reduce the contribution of multi-photon final states and are particularly effective

in rejecting forward-boosted photons from π0 decays. Additional conditions are applied at

L1 to further ensure the presence of a charged kaon decaying to a single charged particle,

while rejecting final states with additional particles emitted at large angle. The charged

kaon must be positively identified using KTAG information within 10 ns of the L0 trigger

time derived from the RICH. At least one track must be reconstructed with the STRAW

as a particle with momentum below 50 GeV/c and forming a vertex with the nominal beam

axis upstream of the first STRAW chamber. Events with in-time signals from three or

more LAV blocks are rejected. These conditions reduce the trigger rate by a factor of 100.

The analysis also uses data collected with a minimum-bias L0 trigger (control trigger)

based on NA48-CHOD information, downscaled by a factor of 400, for signal normalization,

efficiency measurement, and background estimation.
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The detector response is simulated with a Monte Carlo simulation programme based

on the GEANT4 package [10]. The main K+ decay modes are simulated including final

states with additional photons from radiative processes.

3 Analysis principle

A high-statistics sample of tagged π0 mesons is obtained by the reconstruction of the

charged particles in the process K+ → π+π0(γ). The K+ track, called the beam track, is

reconstructed with the GTK spectrometer; the π+ track, called the downstream track, is

reconstructed with the STRAW spectrometer. The beam and downstream tracks must be

positively identified as a K+ and a π+, have consistent timing and form a vertex inside a

defined fiducial volume. Kaon and pion energies are obtained from the measured kaon and

pion momenta assuming the PDG mass values [11]. The two-body kinematics of the π+π0

final state is enforced by the requirement that the squared missing mass computed from

the kaon and pion 4-momenta (PK+ and Pπ+),

M2
miss = (PK+ − Pπ+)2 , (3.1)

be compatible with the squared π0 mass [11]. Requirements on the multiplicity of charged

tracks efficiently reject events with π0 decays other than π0 → γγ. This selection is applied

to control-trigger data to determine, after the correction for the trigger downscaling factor,

the number of tagged π0 mesons Nπ0 used for normalization.

Further requirements are applied to πνν̄-trigger data to reject events with any addi-

tional activity correlated in time with the incoming K+ and its daughter π+. The branching

ratio for π0 → invisible is computed as:

BR(π0 → invisible) = BR(π0 → γγ) ×
Ns

Nπ0 × εsel × εtrig
, (3.2)

where Ns is the number of signal events, obtained after background subtraction from the

observed number of candidate events, and εsel and εtrig are the efficiencies of the signal-

selection algorithm and the πνν̄ trigger, respectively. In equation (3.2), the efficiency for

the selection of the normalization sample cancels when considering the ratio of π0 → γγ

and π0 → invisible, while the control-trigger efficiency for π0 → γγ is equal to one to within

a few parts per thousand.

After the signal-sample selection, the residual background is dominated by K+ →

π+π0(γ) events with π0 → γγ where all the photons are undetected. The rejection power

against this background is estimated a priori from a combination of data-based studies and

Monte Carlo (MC) simulations. The single-photon efficiencies of the sub-detectors compos-

ing the photon-veto system are evaluated in control-trigger data and MC simulation sam-

ples. The detector efficiencies are combined to evaluate the expected background rejection,

which strongly depends on the π+ momentum, with a sample of simulated K+ → π+π0(γ)

events. The analysis is performed in a range of the π+ momentum chosen to optimize the

sensitivity in the no-signal hypothesis. The data sample is kept masked until validation of

the background evaluation. The validation is performed with data sub-samples in which

no signal is expected on the basis of results from previous searches.
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4 Selection of the normalization sample

The normalization sample consists of K+ → π+π0(γ) events selected from the control-

trigger data sample by the use of information from only the K+ and π+ particles. The

selection criteria require the presence of a good-quality, positively charged downstream

track, in-time and geometrically associated with activity in the NA48-CHOD, CHOD,

LKr, RICH and MUV1,2 detectors. The time of the downstream track is evaluated with

a resolution at the level of 100 ps by combination of the STRAW, NA48-CHOD, LKr, and

RICH time measurements.

Information from the LKr and MUV1,2 calorimeters and from the MUV3 and RICH

detectors are used to achieve high-purity pion identification: no in-time MUV3 activity

must be found geometrically associated with the downstream track; the spatial energy

profiles in the LKr and MUV1,2 calorimeters are combined into a multivariate classifier

trained to distinguish charged pions from muons or positrons and a minimum probability

for π+ is required; finally, the Cherenkov ring associated with the downstream track must

be compatible with that expected from a charged pion. The identification of π+ mesons

is achieved with an efficiency around 70% and a muon contamination of the order of 10−6

for momenta in the range 10–50 GeV/c.

The identification of a K+ meson from the beam is ensured by the requirement of

signals in time with the downstream track from at least five KTAG sectors. The momen-

tum and direction of the K+ are measured with the GTK. For any GTK track, the time

difference with respect to the KTAG signal and the closest distance of approach (CDA)

to the downstream track are combined into a likelihood variable. The GTK track with

the highest likelihood is selected, provided it satisfies stringent quality criteria, and called

beam track. The beam track momentum must lie within the range 72–78 GeV/c and its

direction is required to be consistent with the distribution expected for beam particles.

If more than one downstream track reaches this stage of the selection, the one closest

in time to the trigger is selected. The vertex is defined as the point of closest approach

between the downstream and beam tracks. The vertex is required to lie in a fiducial volume

(FV) beginning 105 m downstream of the target and extending for 60 m along the Z-axis.

Beam particles decaying upstream of the decay volume or interacting in the GTK

material can produce secondaries leading to an incorrect K/π association. Additional

requirements are applied to reject such beam-related backgrounds. The most relevant

conditions are: no in-time activity must be present in the CHANTI detector; the backward

extrapolation of the downstream track to the plane Z = 102 m must be outside a beam-

activity region defined as |X| ≤ 100 mm and |Y| ≤ 500 mm; the longitudinal position of the

vertex and the position of the downstream track at the first STRAW chamber are required

to be in a region determined by the distribution of the π+ angle of emission for real K+

decays. These criteria reduce the contamination from beam-related background to less

than 10−5, as determined from data control samples [12].

Using the measured beam and downstream track momenta, the squared missing mass

M2
miss is evaluated with mass assignments as in equation (3.1). The distribution of M2

miss as

a function of the downstream track momentum, shown in figure 2, is dominated by K+ →
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Figure 2. Distribution of the squared missing mass versus the downstream track momentum for

control-trigger data, where the selection algorithm for the normalization sample is applied except

for the conditions of equations (4.1) and (4.2).

π+π0(γ) decays peaking around the squared π0 mass with a resolution of 10−3 GeV2/c4.

Events with K+ → π+π0π0 decays populate the region M2
miss > 0.07 GeV2/c4. The follow-

ing condition is required:

0.015 < M2
miss < 0.021 GeV2/c4. (4.1)

To refine the kinematic identification of the K+ → π+π0(γ) signal, an alternative deter-

mination of the π+ momentum is obtained from the RICH ring associated with the down-

stream track. Such RICH-based momentum is used to obtain an additional evaluation of

the squared missing mass, called M2
miss(RICH). The following condition is applied:

0 < M2
miss(RICH) < 0.07 GeV2/c4. (4.2)

The conditions applied reduce the contribution from events with a hard photon ra-

diated in the final state. The total number of selected events is 2 × 107 for downstream

track momenta in the range 10–45 GeV/c. The number of tagged π0 mesons is obtained,

after the correction for the control-trigger downscaling factor, to be Nπ0 = 8 × 109 with an

estimated background contamination below 10−5.

5 Selection of the signal sample

The signal selection starts with the application to πνν̄-trigger events of the same criteria

(section 4) used to select the normalization sample. Further conditions are applied to reject

events with any in-time activity from π0 → γγ decays. No signal must be found in the

photon-veto detectors LAV, IRC, and SAC within 5 ns from the downstream track time.
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In the LKr, synchronous energy deposits in nearby cells are grouped into clusters and no

cluster must be present more than 10 cm away from the π+ impact point in an energy-

dependent time window; to recover residual inefficiencies of the clustering algorithm for soft

photons, no energy deposit in the LKr above 0.5 GeV must be found in any 20 × 20 cm2

area with centroid at least 30 cm away from the π+ impact point.

Photons from π0 decays can convert in the material before reaching the photon-veto

detectors and the emitted electron-positron pair might escape detection in the photon ve-

toes. This can occur because the e± energy is too low or because a shower is initiated,

producing secondaries with small enough energy to escape detection. Moreover, if the

conversion happens upstream of the STRAW spectrometer magnet, the particles can be

bent into the regions between LAV stations or inside the beam tube, which are not instru-

mented. The most relevant contributions to the induced photon-veto inefficiency are due

to conversions in the STRAW chamber material and in the RICH and CHOD mechanical

structures. Similar topologies can occur for π0 Dalitz decays, π0 → γe+e−.

Criteria making use of information from various detectors are used to reject the e+e−

backgrounds: no additional track segments compatible with the decay vertex must be

reconstructed with the STRAW; no positively charged track other than that from the

charged pion must be found with the STRAW, with a CDA to the π+ track below 30 mm

and point of closest approach in the decay volume; no in-time signals must be found in

the MUV0 and HASC detectors; no in-time signals must be found in the RICH except for

those associated with the π+ Cherenkov ring; fewer than four (one) in-time signals in the

NA48-CHOD (CHOD) must be found, apart from those associated with the π+.

To increase the veto capability against visible π0 decays, an event is rejected if in-time

signals are found in at least two out of three detectors NA48-CHOD, CHOD, and LKr that

are spatially unrelated to the charged pion.

The signal selection achieves a rejection power of O(108) against K+ → π+π0(γ) with

π0 decays to visible particles for π+ track momenta in the range 10–45 GeV/c (see sec-

tion 7), corresponding to about 100 background events expected. Taking the statistical

and systematic uncertainties into account, the π+ momentum interval 25–40 GeV/c pro-

vides the expected upper limit with the lowest median and 68%-coverage upper bound for

BR(π0 → invisible) in the absence of signal.

6 Selection and trigger efficiencies

The probability of wrongly vetoing events with neither photons nor photon conversions in

the final state is evaluated with a sample of K+ → µ+νµ events selected in control-trigger

data. To obtain this sample, K+ decays to a single positively-charged particle are selected

as described in section 4; a positive muon identification is obtained from the LKr, MUV1,2,3

and RICH detectors; the absolute value of the squared missing mass (under the muon

mass hypothesis) is required to be below 0.005 GeV2/c4. About 108 K+ → µ+νµ decays

are selected in the muon momentum range 10–45 GeV/c. The signal-selection conditions

described in section 5 are then applied, resulting in a 54.2% efficiency. The signal loss

is dominated by accidental activity in the detector. Simulation studies indicate that the
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probability to satisfy the signal-selection conditions differs when considering muons or pions

in the final state: about 2.5% (10%) of the K+ → µ+νµ (K+ → π+π0) decays are rejected

by the signal-sample selection as a result of µ+ (π+) interactions. The signal-selection

efficiency is

εsel = (50.1 ± 1.6)%, (6.1)

where the uncertainty quoted is systematic and accounts for the reliability of the simulation

in reproducing the response to π+ interaction secondaries.

The πνν̄-trigger efficiency εtrig is determined from control-trigger samples of K+ →

π+π0 and K+ → µ+νµ decays for the L0 and L1 πνν̄-trigger levels, respectively, using the

same techniques applied in the context of [12]. The trigger efficiency is evaluated given

the selection conditions and depends on the π+ momentum: it varies from about 90% at

10 GeV/c to about 75% at 45 GeV/c, mainly due to the LKr-based L0 condition and to the

STRAW-based L1 condition. A 3.5% relative systematic uncertainty is estimated, due to

the assumptions behind the technique used to evaluate offline the efficiency of the hardware

conditions applied at L0. In the π+ momentum range 25–40 GeV/c,

εtrig = (82.8 ± 2.9)%. (6.2)

7 Evaluation of the expected background

Studies based on data and simulation show that, after signal selection, the residual back-

ground events are due to K+ → π+π0(γIB) decays where photons emitted in the π0 → γγ

decay and in the K+ decay via the inner bremsstrahlung (IB) process, are undetected.

The IB amplitude is completely determined by the K+ → π+π0 amplitude after QED

corrections [13]. The background from the direct-emission (DE) process K+ → π+π0γ,

including both the structure-dependent DE transition and the interference between the

DE and IB amplitudes [14–16], is negligible. The total background from the decay chan-

nels K+ → µ+νµ(γ), K+ → π+π+,0π−,0, K+ → π0e+νe(γ), K+ → π0µ+νµ(γ), K+ →

π+,0π−,0e+νe(γ), K+ → π+,0π−,0µ+νµ(γ), and K+ → e+νe(γ) is expected to be below 0.1

events for the analyzed data sample, by extension of the background estimation for the

NA62 search for K+ → π+νν̄ [12]. The background from K+ → π+νν̄ is expected to be

0.2 events when assuming the Standard Model (SM) value for the BR [17].

To evaluate the expected background, single-photon detection efficiencies are deter-

mined from an analysis of data control samples, as described in section 7.1. The expected

veto inefficiency ηπ0 for K+ → π+π0(γIB), π0 → γγ decays is obtained from simulated

events as the average probability that all photons escape detection, as described in sec-

tion 7.2. The expected number of background events Nbkg is evaluated from the number

of tagged π0 mesons, Nπ0 , by accounting for the πνν̄-trigger efficiency, εtrig:

Nbkg = Nπ0 × ηπ0 × εtrig. (7.1)

7.1 Single-photon detection efficiencies

The single-photon efficiency for each detector in the photon-veto system (LKr, LAV, IRC

and SAC) is determined from a tag-and-probe (TP) analysis of control-trigger data. Cri-
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teria in addition to those described in section 4 allow selection of K+ → π+π0, π0 → γγ

events with one or two photons from the π0 decay reconstructed in the LKr. Specific

kinematic requirements are applied to reduce any contribution from the radiative process

K+ → π+π0γ, so that selecting one of the two photons from the π0 decay as the tagging

photon precisely determines the expected position and energy of the probed photon.

The energy and position of the tagging photon in the LKr, the 4-momenta of the K+

and π+ particles and the vertex position are used to determine the photon-veto detector

towards which the probed photon is pointing (expected detector). An inaccurate recon-

struction of the energy and/or position of the tagging photon may lead to an incorrect

determination of the expected detector and/or the energy of the probed photon. To reduce

the resulting systematic effects, events with in-time signals in the veto detectors other than

the expected detector are rejected. The single-photon efficiency εData,TP is defined as the

fraction of remaining events with an in-time signal in the expected detector and is a func-

tion of the expected energy of the probed photon. Because of the limited angular resolution

of the probed photon direction, all the LAV stations are treated as a single detector in the

efficiency evaluation; moreover, signals expected in the IRC and found in the SAC con-

tribute to the IRC efficiency and vice versa. The statistical uncertainty in the efficiencies

is evaluated with the Feldman-Cousins method [18] for 68% confidence intervals.

The efficiencies obtained must be corrected to account for two different effects: acci-

dental activity alone can result in an in-time signal even in the absence of a photon-induced

signal, while residual systematic effects can alter the result of the TP technique.

The effect of accidental activity is independent of the photon energy, depends on the

expected detector considered, and systematically leads to an efficiency higher than the true

value. For each expected detector, the probability A that an in-time signal is detected due

to accidental activity is evaluated with K+ → µ+νµ events selected from control-trigger

data as described in section 6. The results are:

ALAV = (35.3 ± 1.1)%, ALKr = (32.8 ± 1.0)%, AIRC-SAC = (26.4 ± 0.8)%, (7.2)

where the errors are dominated by systematic uncertainties, resulting from the same effects

discussed for the selection efficiency in equation (6.1). The A(i) factors in equation (7.2)

refer to the probability of vetoing an event due to accidental activity only in detector i.

Residual systematic effects inherent in the TP technique arise from incorrect determi-

nation of the energy and position of the tagging photon: these effects depend on both the

expected energy and detector of the probed photon, and can lead to an efficiency higher

or lower than the true value. As shown by MC simulation, if the tagging photon interacts

before entering the sensitive volume of the LKr, the expected energy of the probed photon

can be higher than the true value. The corresponding systematic uncertainties are deter-

mined with simulated K+ → π+π0, π0 → γγ decays. The true photon energy and the

true detector to which the photon is pointing are given by the MC simulation and used

to compute the true efficiency εMC,true; the TP method is applied after simulation of the

detector response and the resulting single-photon efficiencies εMC,TP are computed as for

the data. The ratio

b =
1 − εMC,TP

1 − εMC,true
(7.3)
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Figure 4. Expected veto inefficiency ηπ0 as a function of the charged pion momentum.

equation (7.4) are combined to obtain an event weight equal to the probability that all the

photons escape detection. The expected veto inefficiency, ηπ0 , is obtained from the average

of the event weights.

The result strongly depends on the π+ momentum, as shown in figure 4: a π+ mo-

mentum above 40 GeV/c corresponds to a π0 momentum below 35 GeV/c and to a higher

probability that one of the photons escapes detection by passing through one of the re-

gions not instrumented between two LAV stations; a π+ momentum below 15–20 GeV/c

corresponds to a higher probability that one of the two π0-daughter photons traverses the

beam pipe at a grazing angle and converts to an e+e− pair escaping detection. The ex-

pected veto inefficiency strongly depends on the momentum of the radiative photon from

the IB process: decays with a radiative photon harder than 10 keV in the K+ rest frame

are rejected with an inefficiency at the level of or below 10−10. In the π+ momentum range

25–40 GeV/c,

ηπ0 =
(

2.8+5.9
−2.1

)

× 10−9. (7.5)

Three sources of uncertainty are considered:

• the limited statistics of the MC simulation sample. The resulting uncertainty is

evaluated as the standard deviation of the values of ηπ0 obtained from 20 MC sub-

samples;

• the statistical uncertainties on the underlying inefficiencies ε
(i)
Data. The resulting un-

certainty is evaluated from the distribution of the values of ηπ0 obtained by varying

each inefficiency ε
(i)
Data within its asymmetric uncertainty. In particular, each point in

energy ε
(i)
Data is varied independently within its uncertainty providing a set of 1 000 al-

ternative inefficiency curves for the four detectors. A 68.8%-coverage band is quoted
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and asymmetric errors are evaluated with respect to the value of ηπ0 obtained from

the central values of ε
(i)
Data;

• the systematic uncertainty of the correction applied for the TP bias in equation (7.3).

The direction and energy of the probed photon are largely determined from the energy

and position measurements of the tagging photon in the LKr, so that the LKr becomes

the most significant source of systematic effects. In particular, the reliability of the

MC simulation in describing the non-Gaussian tails of the LKr energy resolution is

studied with K+ → π+π0(γ) decays with π0 → e+e−γ. The reconstructed charged

particle momenta are used to determine the expected 4-momentum of the photon

from the π0, which is required to point to the sensitive volume of the LKr. The

presence of a photon signal in the LKr within 50 cm of the expected impact point is

required. The distribution of the difference between the expected and reconstructed

photon energy from data and MC simulation are compared and the distribution from

data is found to have longer tails. The observed data-MC difference is due to the

simulation of the LKr response, while the reconstruction of charged particle momenta

has a negligible effect. The resolution observed in data is parametrized as a function

of the photon energy and used to simulate the LKr detector response to obtain

an alternative evaluation of εMC,TP. A systematic uncertainty is assigned as the

change in the result obtained for ηπ0 when using the alternative evaluation of εMC,TP

accounting for the tails in the LKr energy response. The LAV inefficiency is the

most sensitive to the LKr energy resolution model and the corresponding systematic

uncertainty in the region Eγ,probe > 1 GeV is singled out in table 2.

The second source of uncertainty dominates the total error. In particular, the uncertainty

on the three bins with highest energy of the LKr inefficiency curve is the leading contributor

to the overall error on ηπ0 : these events correspond to π0 → γγ decays with one photon

in the LKr and the other emitted at such large angle that it escapes detection passing

between two LAV stations. Additional sources of systematic uncertainty due to accidental

in-time activity in the photon-veto detectors and trigger effects are found to be negligible.

Further sources of systematic uncertainty specific to the identification of in-time signals

(section 5) are considered. In particular, the criteria defining the regions of NA48-CHOD,

CHOD, and LKr spatially unrelated to the charged pion are varied, leading to negligible

changes of the results.

The expected background is evaluated from equation (7.1) and the results are listed

in table 1. It must be noted that the uncertainties on Nbkg for the momentum bins in

the range 20–40 GeV/c are highly correlated. The various sources of uncertainties on the

expected veto inefficiency ηπ0 in the π+ momentum region 25–40 GeV/c are summarized

in table 2.

8 Analysis validation

The reliability of the evaluation of ηπ0 is verified with data in the sideband regions of the

π+ momentum, pπ+ , in which ηπ0 is large enough that the current experimental limit on

π0 → invisible [5] is sufficient for excluding the presence of signal events.
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π+ Momentum [GeV/c] Nπ0 [106] ηπ0 [10−8] εtrig [%] Nbkg

10–15 84 14.3+7.1
−7.4 91.6 ± 3.2 11.1+5.5

−5.8

15–20 923 5.8+3.0
−3.2 86.3 ± 3.0 46+24

−25

20–25 1 383 1.16+0.87
−1.04 85.2 ± 3.0 14+10

−12

25–30 1 612 0.26+0.55
−0.20 84.3 ± 3.0 3.5+7.5

−2.7

30–35 1 504 0.15+0.64
−0.10 83.1 ± 2.9 1.9+7.9

−1.3

35–40 1 313 0.45+0.74
−0.43 80.7 ± 2.8 4.8+7.8

−4.5

40–45 1 058 2.3+1.9
−1.5 75.5 ± 2.6 18+15

−12

Table 1. Summary of the number of tagged π0 mesons (Nπ0), expected veto inefficiency (ηπ0),

πνν̄-trigger efficiency (εtrig), and expected number of background events (Nbkg) in bins of the π+

momentum.

Source ∆(1 − εData) ∆(ηπ0)

Uncertainty on εData See figure 3 +5.9
−2.1 × 10−9

Data driven TP bias, LAV +0.5
−0.2 × 10−2, Eγ,probe > 1 GeV +0.6

−0.3 × 10−9

Cut variation, in-time activity, trigger effects negligible

Total +5.9
−2.1 × 10−9

Table 2. Summary of the uncertainties (∆) of the single-photon inefficiencies 1 − εData and of the

veto inefficiency ηπ0 in the π+ momentum region 25–40 GeV/c.

The low-momentum sideband region consists of events with 10 GeV/c < pπ+ <

15 GeV/c, for which the expected veto inefficiency is of the order of 10−7 and any

π0 → invisible signal can be excluded at 90% CL by the current experimental limit. Us-

ing the CLs method [19], frequentist 90% confidence intervals in the absence of signal are

determined for the number of expected background events and, after simulation of the

number of observed events, for the number of background-subtracted signal events. No

excess is observed in data: the number of observed events is compatible with statistical

fluctuations of the background only. In the low-momentum sideband region, the single-

photon inefficiencies of the IRC and SAC detectors for photon energies above 10 GeV are

the leading contributors to the total background rejection. The test performed validates the

uncertainty for the IRC-SAC inefficiency. A bias on the SAC (IRC) inefficiency for photon

energies above 10 GeV exceeding ±5 × 10−4 (+2.0
−1.0 × 10−4) would have produced a deviation

of ±1σ between expected and observed values of ηπ0 . The bias quoted approximately cor-

responds to two (three) times the total uncertainty on the SAC (IRC) inefficiency and to

an uncertainty on ηπ0 of ±0.1 × 10−9 (+0.5
−0.2 × 10−9).

For π+ momenta above 15 GeV/c, the LKr inefficiency dominates the expected back-

ground rejection, with a sub-leading contribution from the LAV. Given an expected veto

inefficiency of the order of 10−9–10−8, the current experimental limit [5] does not provide a

useful constraint, and a different test is performed. The background rejection inefficiency

is artificially increased to the level of 10−7–10−6 by the introduction of an artificial energy-
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independent contribution ∆ε to the single-photon LAV inefficiency. This procedure has

two advantages: i) the current experimental limit excludes the presence of signal events for

a rejection power of 107 or less, and the background expectation can be directly validated

by comparison to data, maintaining blind analysis principles; ii) events with one photon

from the π0 in the LAV and the other in the LKr become dominant, allowing a validation

of the uncertainty on the LKr inefficiency. For each value of ∆ε considered, the expected

rejection power is validated against data, where, in a fraction of events equal to ∆ε, no use

is made of information from the LAV. To avoid any correlation with the signal sample, the

procedure is applied to control-trigger data after the selection of the normalization sample

(section 4). The values of the expected and observed rejection power are compatible within

the quoted uncertainties. The result validates the uncertainty for the LKr inefficiency. A

bias on the LKr inefficiency for photon energies above 20 GeV exceeding +4.6
−1.0 × 10−6 would

have produced a deviation of ±1σ between expected and observed values of ηπ0 . The bias

quoted approximately corresponds to 1.5 times the total uncertainty on the LKr inefficiency

and to an uncertainty on ηπ0 of +4.6
−1.0 × 10−9.

9 Results

In the π+ momentum range 25–40 GeV/c, 4.4 × 109 π0 mesons are tagged. With the

veto inefficiency evaluated from equation (7.5) and the trigger efficiency evaluated from

equation (6.2), the expected number of backgrounds events from equation (7.1) is Nbkg =

10+22
−8 . In the absence of a signal, the 90% CL upper limit on the number of signal events

Ns is expected from the CLs technique to have a median of 7.2 and a 68% (95%) coverage

interval of 4.3–12.0 (2.4–17.7).

In the sample of πνν̄-trigger data selected with the criteria described in section 5,

12 events consistent with a π0 → invisible decay are observed. The number of observed

counts is compatible within the uncertainties with a pure-background hypothesis. The CLs

method is applied to determine a frequentist 90% confidence upper limit on the number of

signal events: Ns < 8.24. From equation (3.2), the upper limit on the branching ratio for

π0 → invisible is

BR(π0 → invisible) < 4.4 × 10−9. (9.1)

This result improves on the previously most stringent upper limit [5] by a factor of about

60. A light, feebly-coupled, spin-1 boson U beyond the SM might generate the decay

channel π0 → UU . The U boson might be invisible, decaying to a dark matter particle

pair or to a νν pair. The vector couplings of the U boson to quarks can be constrained by

the present result, allowing an improvement by a factor of 2.7 [20].

As an illustration of the agreement of the observed data with the expected background,

a study is performed based on πνν̄-trigger events selected with the criteria described in

section 5 apart from the cut on the π+ momentum. The distribution of the squared missing

mass M2
miss of equation (3.1) is shown as a function of the π+ momentum in the left panel of

figure 5. The M2
miss distribution for the 12 events in the signal region, enclosed within the

vertical dashed lines, is compatible with that expected from K+ → π+π0(γ) decays. The

π+ momentum distribution for data is shown along with the expected background in the
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Figure 6. The upper limit on the branching ratio for a decay K+ → π+X is indicated by the solid

line, where X is a particle (or a system of particles) with mass mX escaping detection. The dashed

lines are obtained with the assumption that X is a single particle with values of the lifetime, τX ,

as shown in the figure.

9.2 Interpretation in terms of ALP production from K
+ decays

The ALP model denoted as BC10 in [7] assumes an ALP field a interacting with SM

fermions according to the Lagrangian:

LSM =
∂µa

fℓ

∑

α

ℓ̄αγµγ5ℓα +
∂µa

fq

∑

β

q̄βγµγ5qβ, (9.4)

where, for simplicity, the coupling parameters f are assumed to be universal for quark

(q) and lepton (ℓ) fields: fq = fℓ. In Yukawa-like scenarios, the interactions between the

ALP a and the charged SM fermions arise from a mixing with the Higgs boson, so that

the couplings are proportional to the fermion masses. The corresponding Yukawa coupling

is defined as gY = 2v
fq

, where v ≃ 246 GeV is the vacuum expectation value of the SM

Higgs field. The dynamics of equation (9.4) induces a flavour-changing neutral current

transition K+ → π+a.

If, within the accessible mass range, the ALP width is assumed to be dominated by

decays to SM particles, the ALP rest lifetime must be taken into account when converting

the analysis result into an upper limit for the coupling gY as a function of the ALP mass

ma. The present result excludes a previously unexplored region of the parameter space, as

shown in the left panel of figure 7.

If, within the accessible mass range, the ALP width is assumed to be dominated

by decays to invisible particles, the corresponding ALP lifetime can be assumed to be

significantly lower than that of the previous scenario. Nevertheless, the branching fractions

for ALP decays to SM particles would be suppressed, so that the ALP would effectively be
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